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Abstract

Off-policy evaluation (OPE) in reinforcement
learning allows one to evaluate novel decision
policies without needing to conduct exploration,
which is often costly or otherwise infeasible. We
consider for the first time the semiparametric ef-
ficiency limits of OPE in Markov decision pro-
cesses (MDPs), where actions, rewards, and states
are memoryless. We show existing OPE estima-
tors may fail to be efficient in this setting. We
develop a new estimator based on cross-fold es-
timation of g-functions and marginalized density
ratios, which we term double reinforcement learn-
ing (DRL). We show that DRL is efficient when
both components are estimated at fourth-root rates
and is also doubly robust when only one compo-
nent is consistent. We investigate these properties
empirically and demonstrate the performance ben-
efits due to harnessing memorylessness.

1. Introduction

Off-policy evaluation (OPE) is the problem of estimating
mean rewards of a given policy (target policy) for a sequen-
tial decision-making problem using data generated by the
log of another policy (behavior policy). OPE is a key prob-
lem in reinforcement learning (RL) (Precup et al., 2000;
Mahmood et al., 2014; Li et al., 2015; Thomas & Brunskill,
2016; Jiang & Li, 2016; Munos et al., 2016; Liu et al., 2018;
Bibaut et al., 2019) and it finds applications as varied as
healthcare (Murphy, 2003) and education (Mandel et al.,
2014). Because data can be scarce, it is crucial to use all
available data efficiently, while at the same time using flex-
ible, nonparametric estimators that avoid misspecification
error.

In this paper, our goal is to obtain an estimator for policy
value with minimal asymptotic mean squared error under
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Figure 1. Non-Markov decision process (NMDP)
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Figure 2. Markov decision process (MDP)

Table 1. Comparison of estimators under MDP. DR (doubly robust)
means only one nuisance is needed for consistency. Efficient refers
to whether the estimator achieves the efficiency bound under MDP.

Estimator DR  Efficient Nuisances
IS v
DM q

DR (Jiang & Li, 2016) v~ v, q
MIS (Xie et al., 2019) n
DRL (Proposed) v’ v’ i, q

nonparametric models for the sequential decision process
and behavior policy, that is, achieving the semiparametric
efficiency bound (Bickel et al., 1998). Toward that end, we
explore the efficiency bound and efficient influence function
of the target policy value under two models: non-Markov
decision processes (NMDP) and Markov decision processes
(MDP). The two models are illustrated in Figs. 1 and 2
and defined precisely in Section 1.1. While much work
has studied efficient estimation under NMDP (Jiang & Li,
2016; Thomas & Brunskill, 2016; Dudik et al., 2014; Kallus
& Uehara, 2019a), work on MDP has been restricted to the
parametric, finite-state-finite-action case (Jiang & Li, 2016)
and no globally efficient estimators have been proposed.
The two models are clearly nested and indeed we obtain that
the efficiency bounds are generally strictly ordered. In other
words, if we correctly leverage the Markov property, we can
obtain OPE estimators that are more efficient than existing
ones. This is quite important, given the practical difficulty
of evaluation in long horizons (see, e.g., Gottesman et al.,
2019) and given that many RL problems are Markovian.

We propose the Double Reinforcement Learning (DRL) es-
timator, which is given by cross-fold estimation and plug-in
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of the ¢- and density ratio functions into the efficient influ-
ence function for each model, which we derive for the first
time here. We show that DRL achieves the semiparametric
efficiency bound globally even when these nuisances are
estimated at slow fourth-root rates and without restricting
to Donsker or bounded entropy classes, enabling the use
of machine learning method for the nuisance estimation in
the spirit of Chernozhukov et al. (2018). Especially, the
asymptotic MSE of DRL is polynomial in horizon 7, i.e,
O(T?/n) under mild condition though the one of existing
estimators is exponential in 7". Further, we show that DRL
is consistent even if only some of the nuisances are consis-
tently estimated, known as double robustness. To the best
of our knowledge, this is the first proposed estimator shown
to be globally efficient for OPE in MDPs. Properties of
DRL are summarized in Table 1 in comparison with other
estimators.

1.1. Problem Setup

A (potentially) non-Markov decision process (NMDP) is
given by a sequence of state and action spaces S;, A; fort =
0,1,...,7, an initial state distribution P (so), transition
probabilities Ps, (s; | Ha,_,) fort =1,...,T+1, and emis-
sion probabilities P, (r; | Hq,) fort = 0,...,T, where
Ha, = (50,00, ..., St a¢) is the state-action history up to
a+. A (non-anticipatory) policy is a sequence of action prob-
abilities 7 (a; | Hs, ), where Hy, = (S0,a0, .., 0t—1,5t)
is the state-action history up to s;. Together, an NMDP and
a policy define a joint distribution over trajectories H =
(80, 0,70, 81,01,71,---,ST, a1, 7T, ST+1), given by the
product PSo (50)7(0(0'0 | HSO)PTO (TO | Hao) T PTT (TT |
Har)Psriy (5741 | Har). The dependence structure of
such a distribution is illustrated in Fig. 1. We denote this
distribution by P, and expectations in this distribution by
E, to highlight the dependence on 7.

A Markov decision process (MDP) is an NMDP where
transitions and emissions only depend only on the recent
state and action, P, (st | Ha,_,) = Ps, (St | St—1,01—1)
and Py, (r¢ | Ha,) = Pr,(r4 | ¢, ar), and where we restrict
to policies that depend only on the recent state, m+(a; |
Hs,) = m(ar | st). MDPs have the important property
that they are memoryless: given s;, the trajectory starting
at s; is independent of the past trajectory, so that s; fully
captures the current state of the system. This imposes a
stricter dependence structure, which is illustrated in Fig. 2.
To sum up, a model for the data generating process P, of D
in NMDP is given by the set of products

PSo (50) Hz:o TFt(a‘t | Hst)P"'t (Tt | Hllt)PSt+1 (St-‘rl | Hut)?
(1)

over some possible values for each probability distribution

in the product. In MDP, it becomes

Pyy(50) TTi—o me(as | s¢)Pr, (re | se,ae) Poyyy (Se41 | 8¢, ar).-
2)
Our ultimate goal is to estimate the average cumulative re-
ward of a policy, p™ = E, |:Z?:O rt} . The quality and
value functions (g- and v-functions) are defined as the fol-

lowing conditional averages of the cumulative reward to go,
respectively:

T
0(Ha,) = Ex[>_ 14 | Ha,]s ve(Hs,) = Exlae | Hs,].
k=t

Note that the very last expectation is taken only over a; ~
mi(as | Ms,). For MDPs, we have g (Ha,) = qi(s¢,at)
and vy (Hs,) = ve(st) = Ex [qe(st, ar) | s, where again
the last expectation is taken only over a; ~ m(as | st).
For brevity, we define the random variables ¢: = ¢:(H,,),
Ve = VUt (Hst)

The off-policy evaluation (OPE) problem is to estimate
the average cumulative reward of a given (known) target
evaluation policy, 7¢, using n observations of trajectories
D ={HW, ..., 1™} independently generated by the dis-
tribution P induced by using another policy, 7, in the
same decision process. This latter policy, 7, is called the
behavior policy and it may be known or unknown. The
parameter of interest, p™ , is a function of just the part that
specifies the decision process (initial state, transition, and
emission probabilities).

To streamline notation, when no subscript is denoted, all
expectations E[-] and variances var[-] are taken with respect
to the behavior policy, 0. At the same time, all v- and
g-functions are for the target policy, 7¢. The LP-norm is de-
fined as ||g||, = E[|g|"]'/?. For any function of trajectories,
we define its empirical average as

Ealf(H)] =n~' 30, f(HD).
We denote the density ratio at time ¢ between the target and
behavior policy by
_ mi(aHsy)
ne(Ha,) = 7 (0| Ha,)

We denote the cumulative density ratio up to time ¢ and the
marginal density ratio at time ¢ by, respectively,

Prg (s¢,at)

Prb (st,a1)’

t
Vt(Hllt) = H nt(HGk)7 /J't(staat) =
k=0

where p, (s¢, ar) denotes the marginal distribution of s¢, a;
under P,. Note that under MDP, n:(H,,) = n(az, st)-
Again, for brevity we define the variables 1, = m:(H,, ),
ve = vi(Ma, ), e = pe(se; ar).

We assume the following throughout this paper.
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Assumption 1 (Sequential overlap). The density ratio 7
satisfies 0 < 7, < C' forallt = 0,...,T. The marginal
density ratio i, satisfies 0 < y, < C’forallt =0,...,T

Assumption 2 (Bounded rewards). The reward r, satisfies
0<7r; < Rpaxforallt=0,...,T.

1.2. Summary of Semiparametric Inference

We give a concise summary of semiparametric theory as
it applies to our problem. Additional detail is given in
Appendix B. For a complete treatment of semiparametric
theory, refer to van der Vaart (1998); Tsiatis (2006).

Our target estimand is p™" so a natural question is what is
the least-possible error we can achieve in estimating it. In
parametric models, the Cramér-Rao bound lower bounds
the variance of all unbiased estimators and, due to Héjek
(1970), also the asymptotic MSE of all regular estimators
(or, all estimators at all almost everywhere). Our model,
however, is nonparametric as it consists of all MDP distri-
butions, i.e., any choice for Ps,(so), Ps, (st | St—1,at—1),
P.,(r¢ | st,a¢), and m(ae | s¢) in Eq. (2), or of all NMDP
distributions, i.e., any choice for Ps,(so), Ps, (st | Ha,),
P, (ry | Ha,), and 7 (as | Hs,) in Eq. (1).

Semiparametric theory gives an answer to this question.
Given an estimand and a model, it defines a function called
the efficient influence functions (EIF) as a particular path
derivative of the estimand for paths in the model, and this
function produces a lower bound of the asymptotic mean
squared error of most estimators. This lower bound is some-
times achievable by an estimator, in which case the estimator
is known as efficient. We informally state this key property
of the EIF below in terms of our own model, which is all
MDP distributions, and our estimand, which is p’TE.

Theorem 1 (Informal description of van der Vaart
(1998), Theorem 25.20). The EIF ¢MPY(H) satisfies

E[¢MPY (H)] = 0 and that for any regular estimator p™

var[pMPP (H)] < AMSE[p™],

where AMSE[p™ ] = [ 22TdF (%) is the second moment of
F the limiting distribution of \/n(p™ — p™).

The same theorem holds for the EIF ¢XMPF () in NMDP.
Here, var[¢p iPY] and var[¢pXMPF] are the efficiency bounds
under NMDP and MDP, respectively. A regular estimator
is any whose limiting distribution is insensitive to small
changes of order O(1/4/n) to P, that keep it an MDP
(respectively, NMDP) distribution (see van der Vaart, 1998,
Chapter 25). So the above provides a lower bound on the
variance of all regular estimators, which is a very general
class. It is in fact so general that the bound also applies to
all estimators at all in a local asymptotic minimax sense
(see van der Vaart, 1998, Theorem 25.21).

A remaining question is do there exist efficient estimators
achieving these bounds and how to find them. Theoreti-
cally, we could use the estimator E,[p™ + ¢MPFT(H)] -
that would be unbiased for p™ and have exactly the right
variance. But, of course, the function p”e + ¢2§IDP (H) is not
generally known. Even if we know its theoretical form, as
we will derive it in Section 3, it will involve many unknown
quantities such as, for example, the g-function. An approach
we will take is to carefully approximate this function, take
its sample average, and show that this approximation be-
haves almost the same as this theoretical ideal estimator up
to tiny errors that do not appear in the 1/ scale. Therefore,
we will have constructed an efficient estimator.

2. Summary of Literature on OPE

Methods for OPE can be roughly categorized into three
types. The first approach is the direct method (DM), wherein
we directly estimate the ¢g-function and use it to directly es-
timate the value of the target evaluation policy. More specif-
ically, once we have an estimate g of the first g-function,
the DM estimate is simply

e

pim = En [Exe [do(s0,a0)]so]]

where the inner expectation is simply over ag ~ w¢(- | so)
(Ernst et al., 2005; Le et al., 2019). However, DM is weak
against model-misspecification of g—functions.

The second approach is importance sampling (IS), which
averages the data weighted by the density ratio of the eval-
uation and behavior policies (Precup et al., 2000). Given
estimates 7y of the cumulative density ratios (or, letting
1, = vy if the behavior policy is known), the IS estimate is
simply

P T ~

prs = En {Zt=o Vtrt] ‘
When behavior policy is known, IS is unbiased, but its
variance tends to be large due to extreme weights.

The third approach is the doubly robust (DR) method, which
combines DM and IS and is given by adding the estimated g¢-
function as a control variate (Scharfstein et al., 1999; Dudik
et al., 2014; Jiang & Li, 2016). The DR estimate has the
form

P = Bn [ S0 (71(rs = @) + 911 Bne [dlsi)]

Many variations of DR have been proposed (Thomas &
Brunskill, 2016; Farajtabar et al., 2018; Kallus & Uehara,
2019a). However, all of the aforementioned IS and DR
estimators do not exploit MDP structure and, in particular,
will fail to be efficient under MDP. Recently, in the same
finite-state-and-action-space setting studied by Jiang & Li
(2016), Xie et al. (2019) studied an IS-type estimator that
exploits MDP structure by replacing density ratios with
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marginalized density ratios, estimated by within-state-action
averages since state and action spaces are assumed finite.
More spefically, the estimator has the form

o T .
Prms = En [Zt:o Mﬁ“t} )

given estimates [i;. However, this estimator is also not
efficient, even in the finite setting though near optimal. In
fact, the asymptotic MSE is O(T/n), not O(T? /n).

Finally, note that our focus is a finite horizon problem. This
setting is different from the recent work of infinite horizon
OPE utilizing the existence of stationary distributions (Liu
et al., 2018; Nachum et al., 2019; Kallus & Uehara, 2019b).
Their methods cannot be directly applied to a finite horizon
problem since the stationary distribution does not exist.

3. Semiparametric Inference for Off-Policy
Evaluation

In this section, we derive the efficiency bounds and efficient
influence functions for p™ under MDP and NMDP.

3.1. Semiparametric Efficiency in Non-Markov
Decision Processes

First, we consider the efficiency bound under NMDP. We
do this mostly for the sake of completeness since, while the
influence function we derive below for the NMDP model ap-
pears as a central object in the structure of various previously
proposed doubly-robust OPE estimators for RL (e.g., among
others, Jiang & Li, 2016; Farajtabar et al., 2018; Kallus &
Uehara, 2019a; Thomas & Brunskill, 2016), we are aware
of no result showing rigorously that it in fact corresponds
to the efficient influence function in the NMDP model or
deriving the semiparametric efficiency bound. (Note that,
in contrast, the influence function we derive for the MDP
model in the next section appears to be novel.)

Theorem 2 (Efficiency bound under NMDP). The efficient
influence function of p™ under NMDP is

¢efoMDP(H) = —ch + ZtT:O (v (1t — q) + ve_1ve),
3

where vpy1 = 0,v_1 = 0. The semiparametric efficiency
bound under NMDP is

EfBA(NMDP) = 7 | E [v2var (r + veg1 | Ha,)] s
4

Remark 1. When the action and state spaces are discrete,
NMDP is necessarily a parametric model. In this discrete-
space parametric model and with r, = 0 for¢t < T — 1,
Theorem 2 of Jiang & Li (2016) derives the Cramér-Rao
lower bound for estimating p™ . Because the semiparamet-
ric efficiency bound is the same as the Cramér-Rao lower

bound for parametric models, the bound coincides with ours
in this special discrete setting. There is a significant gap to
deriving the semiparametric bound, which generalizes these
results to more general action and state spaces and non-
parametric models. Our result is more general, establishing
the limit on estimation in non-discrete, nonparametric set-
tings and, moreover, establishes that the efficient influence
function coincides with the structure of many doubly-robust
OPE estimators used in RL (see references above).

Remark 2. The efficient influence function ¢pXMPY has

the oft-noted doubly robust structure. Specifically, p™ +
E [¢XMPP (H)] is equal to

T T
=E Z vre| +E Z (—veqe + thvt)‘|
t=0 t=0
e =0
T
=E[v] +E Zl/t(rt—Qt—i-th)] .

=0

The first term in each line corresponds to IPW and direct
method (DM) estimators, respectively. The second term in
each line is a control variate, which remain mean zero even
if we plug in different (i.e., wrong) ¢- and v-functions or
density ratios, respectively. In this sense, it is sufficient to
estimate only one part of these for consistent OPE. We will
leverage this in Theorem 9 to achieve double robustness for
DRL.

3.2. Semiparametric Efficiency in Markov Decision
Processes

Next, we derive the efficiency bound and efficient influ-
ence function for p™* under MDP. To our knowledge, not
only have these never before been derived, the influence
function we derive has also not appeared in any existing
OPE estimators in RL. We recall that under MDP, we have
@t = qi (e, ar) and vy = vy (sy).

Theorem 3 (Efficiency bound under MDP). The efficient
influence function of p™ under MDP is

MT (M) = —p™ + Ztho (te (e — qu) + e—1ve)
@)

where vr41 = 0, p_1 = 0. The semiparametric efficiency
bound under MDP is

EffBA(MDP) = 23:71 E [pfvar (ry + vigr | s, a)]
(6)
Remark 3. Again, when the action and state spaces are

discrete, MDP is necessarily a parametric model. In this
discrete-space parametric model and with r, = 0 for
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t < T — 1, Theorem 3 of Jiang & Li (2016) derives the
Cramér-Rao lower bound, which must (and does) coincide
with ours in this setting. Again, our result is more general,
covering nonparametric models and estimators, and, impor-
tantly, derives the efficient influence function, which we will
use to construct the first globally efficient estimator for p™"
under MDP.

Remark 4. The difference between the efficient influence
functions in the NMDP and MDP models, ¢XMPF and

MDP s that (a) the cumulative density ratio v, is replaced
with the marginalized density ratio y; and (b) that ¢- and v-
functions only depend on recent state and action rather than
full past trajectory. Note that the latter difference is slightly
hidden in our notation: in ¢XMPY, ¢, refers to ¢:(Ha, ).

while in pMPF | g, refers to the much simpler g, (s, a;).

Although the efficient influence function in Theorem 3 is de-
rived de-novo in the proof, which is the most direct route to
a rigorous derivation, we can also use the geometry of influ-
ence functions to understand the result relative to Theorem 2.
The efficient influence function is always given by project-
ing the influence function of any regular asymptotic linear
estimator onto the tangent space (Tsiatis, 2006, Thm. 4.3).
Under MDP, the function ¢pXMP¥ (#) from Theorem 2 can
be shown to still be an influence function of some regular
asymptotic linear estimator in MDP. Projecting it onto the
tangent space in MDP, where we have imposed the indepen-
dence of past and future trajectories given intermediate state,
can be seen to exactly correspond to the above marginal-
ization over the past trajectory, explaining this structure of

MDP

eff (H)
Remark 5. The efficient influence function ¢ MPT(H)
also has a doubly robust structure. Specifically, p™ +
E [¢MPP (#)] is equal to

T T
E Z wery | +E Z (—peqe + ,Utlvt)]
t=0 t=0
=pme =0
T
=Ev] +E Zut(rt_Qt+Ut+1)] .

=0

The first term on the first line corresponds to the marginal-
ized IPW estimator of Xie et al. (2019). The first term on the
second line corresponds to the DM estimator. The second
term on each line corresponds to control variate terms. We
will leverage this in Theorem 12 to achieve double robust-
ness for DRL.

By comparing the efficiency bounds of Theorem 2 and The-
orem 3 and using Jensen’s inequality, we can see that the
Markov assumption reduces the efficiency bound, usually
strictly so.

Theorem 4. If P.v € MDP (i.e., the underlying distribu-
tion is an MDP), then

EffBd(MDP) < EffBd(NMDP).

Moreover, the inequality is strict if there exists t < T
such that both v,_1 and ry_1 + v, are not constant given
St—1,0¢—1.

We can in fact show that the two efficiency bounds are on
different scales: one polynomial and the other exponential.

Theorem 5.

EffBA(MDP) < C'R2,, (T + 1)?,
EffBA(NMDP) < CTT'R2 (T +1)%

Moreover, if  Erellog(n:)] > Cupin and
Ere llog(var(ry + vr11 | Ha,))) > log(V2,,) then

EffBA(NMDP) > CLH1y2

This shows that EffBd(MDP) is at most polynomial in 7',
more specifically O(T?/n), if C’ is bounded in T". We ex-
pect this to happen unless the MDP is highly degenerate.
For example, this occurs whenever 75.(s7) converges in
distribution as T' — oo, which for example happens if MDP
transition distributions are time-invariant and the chain in-
duced by 7, is ergodic. On the other hand, EffBd(NMDP)
is always exponential in 7', more specifically ©(CTT?), as
long as the evaluation and behavior policies do not become
arbitrarily similar as 7' grows and the MDP is not degenerate
enough so that variances vanish. Together, this implies that
the curse of horizon is inevitable in NMDPs, while it can
potentially be avoidable in MDPs.

4. Efficient Estimation

In this section, we construct the DRL estimator and then
study its properties in the various models. In particular, we
show that DRL is globally efficient under very mild assump-
tions. In the NMDP model, these assumptions are generally
weaker than needed for efficiency of previous estimators. In
the MDP model, this provides the first globally efficiency
estimator for OPE. We further show that DRL enjoys cer-
tain double robustness properties when some nuisances are
inconsistently estimated.

DRL is a meta-estimator; it takes in as input estimators for
g-functions and density ratios and combines them in a par-
ticular manner that ensures efficiency even when the input
estimators may not be well behaved. This is achieved by
following the cross-fold sample-splitting strategy developed
by Chernozhukov et al. (2018). We proceed by presenting
DRL and its properties. Especially,in the MDP setting, DRL
is the first semiparametrically efficient and doubly robust
estimator.
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4.1. Double Reinforcement Learning for NMDPs

Given a learning algorithm to estimate the g-function ¢(#H,,, )
and cumulative density ratio function v¢(H,,), DRL for
NMDPs proceeds as follows:

1. Split the data randomly into two halves, Dy and D;.
Let J® € {0,1} be i’s half so that i € D ;.

2. For 5 = 0,1, construct estimators f/t(j)(’Hat) and
(j,gj ) (H,,) based on the training data D; alone.

3. Let phgp,(nmpp) be

EnlS o (77— a7 + #0e),
where @t(l_‘]) = Ege [(jt(l_‘]) | Hs,], which is com-
putable as a sum or integral over the known E .. Here,

in ™ term of the empirical expectation, .J refers to the
data J(),

In other words, we approximate the efficient influence func-
tion pNMPP (H) 4- p™" from Theorem 2 by replacing the un-
known ¢- and density ratio functions with estimates thereof
and we take empirical averages of this approximation, where
for each data point we use ¢- and density ratio function esti-
mates based only on the half-sample that does not contain
the data point.

This estimator has several desirable properties. To state
them, we assume the following conditions for the estimators,
reflecting Assumptions 1 and 2:

Assumption 3. 0 <, < C' 0< g < (T +1— t)Rmax
for0 <t <T.

We first prove that DRL achieves the semiparametric effi-
ciency bound, even if each nuisance estimator has a slow,
nonparametric convergence rate (sub-/n).

Theorem 6 (Efficiency of pprymvpp) under NMDP).
Suppose |57 — v ll2l|af” — aill2 = ep(n1/?), 97 ~
villz = op(1), 137 = atlla = 0p(1) for0 <t < T,j =
0, 1. Then, the estimator ﬁERL(NMDP) achieves the semi-
parametric efficiency bound under NMDP.

Remark 6. There are two important points to make about
this result. First, we have not assumed a Donsker condition
(van der Vaart, 1998) on the class of estimators 7; and ;.
This is why this type of sample splitting estimator is called
a double machine learning: the only required condition is a
convergence rate condition at a nonparametric rate, allowing
the use of complex machine learning estimators, for which
one cannot verify the Donsker condition (Chernozhukov
et al., 2018). Second, relative to the efficient influence
function, which is defined in terms of the true g-function
and cumulative density ratio, there is no inflation in DRL’s

asymptotic variance due to plugging in estimated nuisance
functions. This is due to the doubly robust structure of
efficient influence function so that the estimation errors
multiply and drop out of the first-order variance terms. This
is in contrast to inefficient MIS estimator.

Often in RL, the behavior policy is known and need not be
estimated. That is, we can let ﬁt(] ) = v. In this case, as
an immediate corollary, we have a much weaker condition
for semiparametric efficiency: just that we estimate the

g-function consistently, without a rate.

Corollary 7 (Efficiency of pprr,(nmpp) When the behavior
policy is known ). Suppose iy = vy and ||(j,£]) —qll2 =
op(l) for 0 < t < T,j = 0,1. Then, the estimator
pABERL(NMDP) achieves the semiparametric efficiency bound
under NMDP.

Without sample splitting, we have to assume a Donsker
condition for the class of estimators in order to control
a stochastic equicontinutiy term (see, e.g., van der Vaart,
1998, Lemma 19.24). Although this is more restrictive, for
completeness, we also include a theorem establishing the
semiparametric efficiency of the standard plug-in doubly
robust estimator for NMDPs (Jiang & Li, 2016) when assum-
ing the Donsker condition for in-sample-estimated nuisance
functions, since this result was never precisely established
before.

Theorem 8 (Efficiency without sample splitting). Let 0, Gy
be estimators based on D and let

e

P = En [S0 (71 (7 — @) + 911 B [d0 | Ha,])]

Suppose |0y —v4]l2 = op(n™1), [|Gr—qell2 = op(n™ "),
ary+asy > 1/2,00,004 > 0for 0 < t < T and
that G;, Uy belong to a Donsker class. Then, the estimator
p“geR achieves the semiparametric efficiency bound under
NMDP.

Thus, in NMDP, in comparison to the standard doubly
robust estimator, DRL enjoys efficiency under milder con-
ditions. To our knowledge, Theorems 6 and 8 are the first
results precisely showing semiparametric efficiency for any
OPE estimator.

In addition to efficiency, DRL enjoys a double robustness
guarantee (as defined in Rotnitzky & Vansteelandt, 2014).
Specifically, if at least just one model is correctly specified,
then the DRL is estimator is still /n-consistent.

Theorem 9 (Double robustness). Suppose ||f/t(] ) vl lla =
Op(n=2e1) and ||i" — gf[l2 = Op(n~042) for 0 < t <
T,7 =0,1. If foreach 0 <t < T, either l/tT = 1y and
a1 > 1/2, a0 > Oorq;r =qand oy >0, 000> 1/2,
then the estimator ﬁgeRL(NMDP) is \/n-consistent.
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In particular, if the behavior policy is known so that z?t(j ) =

v, we can always ensure the estimator is /n-consistent (an
example is the IS estimator, which has q(J ) = qZ =0).

4.2. Estimation of Nuisance Functions for ﬁgm (NMDP)

A remaining question is when can we get nonparametric
estimators achieving the necessary rates for the density ratio
and g- functions.

Cumulative density ratio: When the behavior policy is
unknown, vy, can be estimated by estimating and plugging in
7, which can in turn be estimated by nonparametric regres-
sion. Specifically, we let & (J ) = Ho LT 729 where 70"
is a standard kernel regressron estimator or sieve regression
estimator (Newey & Mcfadden, 1994; Stone, 1994). When
7 (as | Hs,) belongs to the Holder class with smoothness
parameter « and the dimension of the space Hs, is dy,,
and the dimension of the action space is 1, it can be shown
(ibid.) that ||#27 — 7?||y = Op(n_“/(2a+‘i”sz )). We there-
fore have the followrng result.

Lemma 10. Assume 7 7rt I and 7rt are uniformly bounded by
some constant below and that 7% (a; | Hs,) is Holder with
~(3) _ vil|s = Op(n*a/(Qaermt))'

parameter o. Then,

Q-function: The g-function estimation is discussed in
many literature. For example, recursive type fitted Q-
iteration based on Bellman—equation is one of the common
estimators (Le et al., 2019). The rate is obtained in some
literature (Antos et al., 2008). The other possible estimator
is a nonparametric regression estimator based on the rela-
tion: E[q:(Ha,)] = E,,[ZkT:t Tk | Ha,). In this case, the
standard nonparametric regression results can be applied
(Chen, 2007).

Remark 7. Alternatively, parametric models can be used
for ¢; and (if behavior policy is unknown) ;. Then, un-
der standard regularity conditions, using MLE and other
parametric regression estimators for behavior policy would
@ O, (n~1/2), where vf = v, if the
model is well- spe01ﬁed Similarly, we have ||qm - qI ll2 =
O,(n~1/2), where ¢/ = ¢ if the model of Q-function is
well-specified. If both models are correctly specified then
Theorem 6 immediately implies DRL achieves the efficiency
bound. When using parametric models, this is sometimes
termed local efficiency (i.e., local to the specific paramet-
ric model). If only one model is correctly specified then
Theorem 9 ensures the estimator is still \/n-consistent.

yield ||2,” — v] ||

4.3. Double Reinforcement Learning for MDPs

Given a learning algorithm to estimate the g-function
qi(s¢, a;) and marginal density ratio function p(sq, at),
DRL for MDPs proceeds as follows:

1. Split the data randomly into two halves, Dy and D;.
Let J() € {0,1} be 4’s half so that i € D ;.

2. For j = 0,1, construct estimators ﬂgj )(st,at) and
rj,fj ) (st, a;) based on the training data D;.

3. Let ﬁgRL(MDP) be

T

B |2 ("

t=0

i) )

where @,517‘]) = Ege [q}(k]) | s¢], which is com-
putable as a sum or integral over the known E ..

Again, what we have done is approximating the efficient
influence function ¢MPY(H) + p™ from Theorem 3 and
taken its empirical average, where for each data point we
use ¢- and marginal density ratio function estimates based
only on the half-sample that does not contain the data point.

Again, to establish the properties of DRL for MDPs, we as-
sume the following conditions for the estimators, reflecting
Assumptions 1 and 2:

Assumption 4. 0 < 2; < C%, 0 <
for0<t<T.

j S (T+ 1 _t)Rmax

The following result establishes that DRL is the first efficient
OPE estimator for MDPs. In addition, from Theorem 5, this
implies that the asymptotic MSE is O(C'T?/n). In fact,
it is efficient even if each nuisance estimator has a slow,
nonparametric convergence rate (sub-y/n). Moreover, as
before, we make no restrictive Donsker assumption; the
only required condition is the convergence rate condition..
This result leverages our novel derivation of the efficient
influence function in Theorem 11 and the structure of the
influence function, which ensures no variance inflation due
to estimating the nuisance functions.

Theorem 11 (Efficiency of ﬁEeRL(MDP) under MDP). Sup-

pose " — 216" ~aell2 = op(n=/2), 3" — 2 =

op(1), 13" = qill> = 0p(1) for 0 < t <T,5 = 0,1. Then,
the estimator pDRL(MDP) achieves the semiparametric effi-
ciency bound under MDP.

In addition to efficiency, DRL again enjoys a double robust-
ness guarantee in MDP, as in NMDP.

Theorem 12 (Double robustness). Suppose ||\ — juf[|2 =
Op(n=) and ||¢;” — gfl|2 = Oy(n=2) for 0 < t <
T,7 =0,1. 1If, foreach0 <t < T, eitheruz = u and
a1 > 1/2, a0 > Oeor q;r =qandae > 1/2, ap 1 >0,
then the estimator ﬁgRL(MDP) is \/n-consistent.
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4.4. Estimation of Nuisance Functions for [)ESRL (MDP)

A remaining question is how to estimate the nuisances at
the necessary rates. Regarding g-functions, see Section 4.2.
Here, we discuss how to estimate the marginal ratio py.

For estimating px, one can leverage the following relation-
ship to reduce it to a regression problem:

pe(st, ar) = ni(st, ar)we(se), (7
where wy(s;) = E[v—1 | s¢-

Thus, when the behavior policy is known, we need only es-
timate w;, which amounts to regressing v;_1 on s;. So, for
example, if wy(s;) belongs to Holder class with smooth-
ness « and s; has dimension dg;, we can estimate w;
with a sieve-type estimator w,; based on the loss function

(Vi1 — wt(st))23
Wy (sy) = arg minwt(st)eAgSt En[(we(se) — v-1)°], (8)

where AG - is the space of Holder functions with smooth-
ness « and the dimension dg,. By letting /lgj)(st, ay) =
ne(se,a0) (s;) , the convergence rate is || i\ (¢, ar) —
e (s, ap)|l2 = Op(n=/(@+ds)) (Chen, 2007). If the be-
havior policy is unknown, we can first estimate 7; as 7§ /72,

and then plug it into the regression:
We(sy) = argmin,, (,,)es En[(we(se) — ﬁt71)2]-

As long as the convergence rate for 7 is the same as the rate
of the second-stage regression, we will obtain the same final
rate for w.

In the finite-state-and-action-space setting in (Xie et al.,
2019), the other example is a histogram estimator:

N n H[S(i)zst}l/tfl

t(s0) "y lsV =] &)
In continuous space cases, the histogram estimator in Eq. (9)
can also easily be extended to a kernel estimator:

i1 K}L(SEZ)_‘st)thl (10)
P Kns) s

d}t(st) =

where K}, is a kernel with a bandwidth A.

Remark 8 (Parametric model case). In the special case
where we use parametric models for p; and g, under
some regularity conditions, parametric estimators will gen-
erally satisfy ||z — if[l2 = Op(n=/?) and ||d; — q{ [l =
O, (n~'/2), where ¢/ = ¢, and ] =y, if the models are
well-specified. Thus, if both models are correctly specified,
then Theorem 11 yields local efficiency. If only one model
is correctly specified, Theorem 12 yields double robustness.

5. Experiments

We now turn to an empirical study of OPE and DRL. We
study comparative performance of different OPE estima-
tors ffs » PHRL(NMDP)» PDM> Aiits A Phgp, (vpp) 1N TWO
standard OpenAl Gym tasks: (Brockman et al., 2016):
Cliff Walking and Mountain Car. Here, the IS estimate

and DM estimate are simply pfs = E, [ZZ:O ﬁtrt} and

P50 = En [Exe [do(s0,a0)|50]]. We do not compare re-
cent infinite horizon OPE estimators assuming the existence
of stationary distributions (Liu et al., 2018; Nachum et al.,
2019; Kallus & Uehara, 2019b) since it cannot be directly
applied to these environments.

First, we used g-learning to learn an optimal policy for the
MDP and define it as 7. Then we generate the dataset from
the behavior policy 7° = (1 — a)7¢ + an™ where 7% is a
uniform random policy and o = 0.8. We define the target
policy similarly but with « = 0.9. Again, we assume the
behavior policy is known. Note that this 74 is fixed in each
setting.

We estimate all p-functions by first estimating w-functions
and using Eq. (7). For Cliff Walking, we use a histogram
estimator for w as in Eq. (9). For Mountain Car, we use a
kernel estimator for w as in Eq. (10). We use the Epanech-
nikov kernel and choose an optimal bandwidth based on
an L2-risk criterion for ¢ = 1; we then use this band-
width for all other ¢ values as well for simplicity. For
g-functions, we use backward-recursive regression. For
Cliff-Walking, we use a histogram model, ¢(s,a;3) =
>s;anes.aBiklls; = s,ax = a]. For Mountain-Car,
we use the mode q(s,a;3) = BT ¢(s,a) where ¢(s,a)
is a 400-dimensional feature vector based on a radial ba-
sis function, generated using the RBF Sampler method of
scikit—-1learn based on Rahimi & Recht (2008).

We compare p1s, PDRL(NMDP); ADM, PMIS; PDRL(MDP)-
In each setting we consider varying evaluation dataset sizes

and for each consider 1000 replications. We report the
RMSE of each estimator in each setting (and the standard
error) in Tables 2 and 3.

We find that the performance of pprr,(mpp) is superior to
all other estimators in either setting. This is especially true
in Cliff Walking. The estimator pprr,(vpp) also improves
upon prs and ppy but not as much as ppryvpp)- The
estimator pypyg offers a slight improvement over prg, but is
still outperformed by pADRL(MDP)e ﬁDRL(NMDP)s and ﬁDM.
That the improvement of pyirs over prs and the overall
improvements of pprrupp) is starker in Cliff Walking
than in Mountain Car may be attributable to the difficulty of
learning w; nonparametrically in a continuous state space.
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Table 2. Cliff Walking: RMSE (and standard errors)

Size p1s PDRL(NMDP) DM pMIS ADRL(MDP)
500 18.8 (7.67) 3.78(1.14) 2.63 (0.01) 12.8 (4.96) 1.44 (0.29)
1000  7.99 (0.89) 0.28 (0.026) 1.27 (0.002) 5.92(0.78) 0.22 (0.34)
1500  7.64 (1.63)  0.098 (0.013) 1.01 (0.001) 5.55(1.10)  0.075 (0.008)
Table 3. Mountain Car: RMSE (and standard errors)
n P18 ADRL(NMDP) ADM pmis ADRL(MDP)
500 6.85(0.13) 3.72(0.08) 4.30 (0.05) 6.82(0.12) 3.53(0.12)
1000  4.73(0.07) 2.12(0.04) 3.40(0.008) 4.83(0.06) 2.07 (0.04)
1500  3.41(0.04) 1.82(0.02)  3.30(0.008) 3.40(0.05 1.69 (0.03)
6. Conclusions References

We established the semiparametric efficiency bounds and
efficient influence functions for OPE under either NMDP
or MDP model, which quantify how fast one could hope
to estimate policy value. In the MDP case, the influence
function is novel and has not appeared in existing estimators.
Our results also suggested how one could construct efficient
estimators. We used this to develop DRL, which used our
newly derived efficient influence function, with nuisances
estimated in a cross-fold manner. This ensured efficiency
under very weak and mostly agnostic conditions on the
nuisance estimation method used. Notably, DRL is the
first efficient OPE estimator for MDPs. In addition, DRL
enjoyed double robustness properties. This efficiency and
robustness translated to better performance in experiments.

DRL opens the door to many avenues of further research.
For one, our results suggest a new form for effective esti-
mators for policy value in MDPs involving the combination
of marginalized importance sampling with a control variate.
It may be fruitful to combine this new estimator form with
methods built for NMDPs that optimize the control variate
(Kallus & Uehara, 2019a; Farajtabar et al., 2018), blend or
switch to DM when importance weights are large (Thomas
& Brunskill, 2016; Wang et al., 2017), or select weights to
directly optimize balance (Kallus, 2018; 2020). Another im-
portant direction is to apply DRL to to policy optimization
from off-policy data. One possible way is to use DRL to
efficiently estimate policy gradients, as done by Kallus &
Uehara (2020), while other possibilities may include policy
search, backward induction, or policy improvement.

Acknowledgments

We would like to thank the anonymous reviewers for their
insightful comments and suggestions.

This material is based upon work supported by the National
Science Foundation under Grant No. 1846210. Masatoshi
Uehara was supported in part by MASASON Foundation.

Antos, A., Szepesvéri, C., and Munos, R. Learning
near-optimal policies with bellman-residual minimiza-
tion based fitted policy iteration and a single sample path.
Machine Learning, 71:89-129, 2008.

Bibaut, A., Malenica, I., Vlassis, N., and van der Laan, M.
More efficient off-policy evaluation through regularized
targeted learning. In Proceedings of the 36th Interna-
tional Conference on Machine Learning, volume 97 of
Proceedings of Machine Learning Research, pp. 654-663,
2019.

Bickel, P. J., Klaassen, C. A. J., Ritov, Y., and Wellner, J. A.
Efficient and Adaptive Estimation for Semiparametric
Models. Springer, 1998.

Bowsher, C. G. and Swain, P. S. Identifying sources of varia-
tion and the flow of information in biochemical networks.
Proceedings of the National Academy of Sciences, 109,
2012.

Brockman, G., Cheung, V., Pettersson, L., Schneider, J.,
Schulman, J., Tang, J., , and Zaremba, W. Openai gym.
arXiv preprint arXiv:1606.01540, 2016.

Chen, X. Chapter 76 large sample sieve estimation of semi-
nonparametric models. Handbook of Econometrics, 6:
5549-5632, 2007.

Chernozhukov, V., Chetverikov, D., Demirer, M., Duflo, E.,
Hansen, C., Newey, W., and Robins, J. Double/debiased
machine learning for treatment and structural parameters.
Econometrics Journal, 21:C1-C68, 2018.

Dudik, M., Erhan, D., Langford, J., and Li, L. Doubly robust
policy evaluation and optimization. Statistical Science,
29:485-511, 2014.

Ernst, D., Geurts, P., and Wehenkel, L. Tree-based batch
mode reinforcement learning. Journal of Machine Learn-
ing Research, 6:503-556, 2005.



Double Reinforcement Learning

Farajtabar, M., Chow, Y., and Ghavamzadeh, M. More
robust doubly robust off-policy evaluation. In Proceed-
ings of the 35th International Conference on Machine
Learning, pp. 1447-1456, 2018.

Gottesman, O., Johansson, F., Komorowski, M., Faisal, A.,
Sontag, D., Doshi-Velez, F., and Celi, L. A. Guidelines
for reinforcement learning in healthcare. Nat Med, 25:
16-18, 2019.

Hijek, J. A characterization of limiting distributions of reg-
ular estimates. Zeitschrift fiir Wahrscheinlichkeitstheorie
und verwandte Gebiete, 14:323-330, 1970.

Jiang, N. and Li, L. Doubly robust off-policy value evalu-
ation for reinforcement learning. In Proceedings of the
33rd International Conference on International Confer-
ence on Machine Learning, pp. 652—661, 2016.

Kallus, N. Balanced policy evaluation and learning. In
Advances in neural information processing systems, pp.
8895-8906, 2018.

Kallus, N. Generalized optimal matching methods for causal
inference. Journal of Machine Learning Research, 21(62):
1-54, 2020.

Kallus, N. and Uehara, M. Intrinsically efficient, stable, and
bounded off-policy evaluation for reinforcement learning.

In Advances in Neural Information Processing Systems
32, pp. 3320-3329. 2019a.

Kallus, N. and Uehara, M. Efficiently breaking the curse
of horizon: Double reinforcement learning in infinite-
horizon processes. arXiv preprint arXiv:1909.05850,
2019b.

Kallus, N. and Uehara, M. Statistically efficient off-policy
policy gradients. arXiv preprint arXiv: 2002.04014,
2020.

Le, H., Voloshin, C., and Yue, Y. Batch policy learning un-
der constraints. In International Conference on Machine
Learning, pp. 3703-3712, 2019.

Li, L., Munos, R., and Szepesvari, C. Toward minimax
off-policy value estimation. In Proceedings of the 18th
International Conference on Artificial Intelligence and
Statistics, pp. 608-616, 2015.

Liu, Q., Li, L., Tang, Z., and Zhou, D. Breaking the curse
of horizon: Infinite-horizon off-policy estimation. In
Advances in Neural Information Processing Systems 31,
pp. 5356-5366. 2018.

Mahmood, A. R., van Hasselt, H. P, and Sutton, R. S.
Weighted importance sampling for off-policy learning
with linear function approximation. In Advances in Neu-
ral Information Processing Systems 27, pp. 3014-3022.
2014.

Mandel, T., Liu, Y., Levine, S., Brunskill, E., and Popovic,
Z. Oft-policy evaluation across representations with ap-
plications to educational games. In Proceedings of the
13th International Conference on Autonomous Agentsand
Multi-agent Systems, pp. 1077-1084, 2014.

Munos, R., Stepleton, T., Harutyunyan, A., and Bellemare,
M. Safe and efficient off-policy reinforcement learning.
In Advances in Neural Information Processing Systems
29, pp. 1054-1062. 2016.

Murphy, S. A. Optimal dynamic treatment regimes. Jour-
nal of the Royal Statistical Society: Series B (Statistical
Methodology), 65:331-355, 2003.

Nachum, O., Chow, Y., Dai, B., and Li, L. Dualdice:
Behavior-agnostic estimation of discounted stationary
distribution corrections. In Advances in Neural Informa-
tion Processing Systems 32. 2019.

Newey, W. K. and Mcfadden, D. L. Large sample estimation
and hypothesis testing. Handbook of Econometrics, IV:
2113-2245, 1994.

Precup, D., Sutton, R., and Singh, S. Eligibility traces
for off-policy policy evaluation. In Proceedings of the
17th International Conference on Machine Learning, pp.
759-766, 2000.

Rahimi, A. and Recht, B. Random features for large-scale
kernel machines. In Advances in Neural Information
Processing Systems 20, pp. 1177-1184. 2008.

Rotnitzky, A. and Vansteelandt, S. Double-robust methods.
In Handbook of missing data methodology. In Handbooks
of Modern Statistical Methods, pp. 185-212. Chapman
and Hall/CRC, 2014.

Scharfstein, D., Rotnizky, A., and Robins, J. M. Adjusting
for nonignorable dropout using semi-parametric models.
Journal of the American Statistical Association, 94:1096—
1146, 1999.

Stone, C. J. Rejoinder: The use of polynomial splines and
their tensor products in multivariate function estimation.
The Annals of Statistics, 22:179-184, 1994.

Sutton, R. S. Reinforcement learning : an introduction.
MIT Press, Cambridge, Mass., 2018.

Thomas, P. and Brunskill, E. Data-efficient off-policy policy
evaluation for reinforcement learning. In Proceedings of
the 33rd International Conference on Machine Learning,
pp- 2139-2148, 2016.

Tsiatis, A. A. Semiparametric Theory and Missing Data.
Springer Series in Statistics. Springer New York, New
York, NY, 2006.



Double Reinforcement Learning

van der Vaart, A. W. On differentiable functionals. Ann.
Statist., 19:178-204, 03 1991.

van der Vaart, A. W. Asymptotic statistics. Cambridge
University Press, Cambridge, UK, 1998.

Wang, Y.-X., Agarwal, A., and Dudik, M. Optimal and
adaptive off-policy evaluation in contextual bandits. In
Proceedings of the 34th International Conference on Ma-
chine Learning, pp. 3589-3597, 2017.

Xie, T., Ma, Y., and Wang, Y.-X. Towards optimal off-policy
evaluation for reinforcement learning with marginalized
importance sampling. In Advances in Neural Information
Processing Systems 32, pp. 9665-9675. 2019.



