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Abstract

The use of pessimism, when reasoning about datasets lacking exhaustive explo-
ration, has recently gained prominence in offline reinforcement learning. Despite
the robustness it adds to the algorithm, overly pessimistic reasoning can be equally
damaging in precluding the discovery of good policies, which is an issue for the
popular bonus-based pessimism. In this paper, we introduce the notion of Bellman-
consistent pessimism for general function approximation: instead of calculating
a point-wise lower bound for the value function, we implement pessimism at the
initial state over the set of functions consistent with the Bellman equations. Our the-
oretical guarantees only require Bellman closedness as standard in the exploratory
setting, in which case bonus-based pessimism fails to provide guarantees. Even
in the special case of linear function approximation where stronger expressivity
assumptions hold, our result improves upon a recent bonus-based approach by O(d)
in its sample complexity when the action space is finite and small. Remarkably, our
algorithms automatically adapt to the best bias-variance tradeoff in the hindsight,
whereas most prior approaches require tuning extra hyperparameters a priori.

1 Introduction

Using past experiences to learn improved behavior for future interactions is a critical capability for a
Reinforcement Learning (RL) agent. However, robustly extrapolating knowledge from a historical
dataset for sequential decision making is highly challenging, particularly in settings where function
approximation is employed to generalize across related observations. In this paper, we provide a
systematic treatment of such scenarios with general function approximation, and devise algorithms
that can provably leverage an arbitrary historical dataset to discover the policy that obtains the largest
guaranteed rewards, amongst all possible scenarios consistent with the dataset.

The problem of learning a good policy from historical datasets, typically called batch or offline RL,
has a long history [see e.g., Precup et al., 2000; Antos et al., 2008; Levine et al., 2020, and references
therein]. Many prior works [e.g., Precup et al., 2000; Antos et al., 2008; Chen and Jiang, 2019]
make the so-called coverage assumptions on the dataset, requiring the dataset to contain any possible
state, action pair or trajectory with a lower bounded probability. These assumptions are evidently
prohibitive in practice, particularly for problems with large state and/or action spaces. Furthermore,
the methods developed under these assumptions routinely display unstable behaviors such as lack
of convergence or error amplification, when coverage assumptions are violated [Wang et al., 2020,
2021].
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Driven by these instabilities, a growing body of recent literature has pursued a so-called best effort
style of guarantee instead. The key idea is to replace the stringent assumptions on the dataset with a
dataset-dependent performance bound, which gracefully degrades from guaranteeing a near-optimal
policy under standard coverage assumptions to offering no improvement over the data collection
policy in the most degenerate case. Algorithmically, these works all leverage the principle of
pessimistic extrapolation from offline data and aim to maximize the rewards the trained agent would
obtain in the worst possible MDP that is consistent with the observed dataset. These methods have
been shown to be typically more robust to the violation of coverage assumptions in practice, and their
theoretical guarantees often provide non-trivial conclusions in settings where the previous results did
not apply.

Even though many such best-effort methods have now been developed, very few works provide
a comprehensive theory for using generic function approximation, unlike the setting where the
dataset satisfies the coverage assumptions [Antos et al., 2008; Munos, 2003; Szepesvari and Munos,
2005; Munos and Szepesvari, 2008; Farahmand et al., 2010; Chen and Jiang, 2019; Xie and Jiang,
2020]. For example, [Kidambi et al., 2020] provides a partial theory under the assumption of an
uncertainty quantification oracle, which however is highly nontrivial to obtain for general function
approximation. [Fujimoto et al., 2019; Kumar et al., 2020] develop sound theoretical arguments in
the tabular setting, which were only heuristically extended to the function approximation setting. The
works that explicitly consider function approximation in their design either use an ad-hoc truncation
of Bellman backups [Liu et al., 2020] or strongly rely on particular parameterizations such as linear
function approximation [Jin et al., 2021]. In particular, [Liu et al., 2020] additionally requires the
ability to approximate stationary distribution of the behavior policy, which is a challenging density
estimation problem for complex state spaces and cannot be provably performed in the standard linear
MDP setting (see Section 3.1).

Our paper takes an important step in this direction. We provide a systematic way to encode pessimism
compatible with an arbitrary function approximation class and MDP and give strong theoretical
guarantees without requiring any coverage assumptions on the dataset. Our first contribution is an
information theoretic algorithm that returns a policy with a small regret to any comparator policy, for
which coverage assumptions (approximately) hold with respect to the data collection policy. This
regret bound is identical to what can be typically obtained when the coverage assumptions hold for all
policies [Antos et al., 2008; Chen and Jiang, 2019]. But our algorithm requires neither the coverage
assumptions, nor additional assumptions such as reliable density estimation for the data generating
distribution used by existing best-effort approaches [Liu et al., 2020]. We furthermore instantiate
these results in the special case of linear parameterization; under the linear MDP assumption, our
sample complexity bound leads to a factor of O(d) improvement for a d-dimensional linear MDP,
compared with the best known result translated to our discounted setting [Jin et al., 2021], when
the action set is small in size. In addition to the information theoretic algorithm, we also develop
a computationally practical version of our algorithm using a Lagrangian relaxation combined with
recent advances in soft policy iteration [Even-Dar et al., 2009; Geist et al., 2019; Agarwal et al., 2019].
We show that this algorithm can be executed efficiently by querying a (regularized) loss minimization
oracle over the value function class, although it has slightly worse theoretical guarantees than the
information theoretic version. Both our algorithms display an adaptive property in selecting the best
possible form of a bias-variance decomposition, where most prior approaches had to commit to a
particular point through their choice of hyperparameters (see the discussion following Theorem 3.1).

2 Preliminaries

Markov Decision Processes We consider dynamical systems modeled as Markov Decision Pro-
cesses (MDPs). An MDP is specified by (S, A, P, R,, so), where S is the state space, A is the
action space, P : S x A — A(S) is the transition function with A(-) being the probability sim-
plex, R : S X A — [0, Rax] is the reward function, v € [0, 1) is the discount factor, and sg
is a deterministic initial state, which is without loss of generality. We assume the state and the
action spaces are finite but can be arbitrarily large. A (stochastic) policy 7 : S — A(A) spec-
ifies a decision-making strategy, and induces a random trajectory sg, ag, 7o, S1,@1,71, - - ., Where
ay ~ w(-|s¢), e = R(s¢,ap), sp41 ~ P(|st, ar), ¥t > 0. We denote the expected discounted return
of a policy m as J(m) := E[>_;°, ~'r¢|r], and the learning goal is to find the maximizer of this
value: 7* := argmax, J(m). A related concept is the policy-specific Q-function, Q™ : S x A — R.
Q7 (s, a) is the discounted return when the trajectory starts with (s, a) and all remaining actions



are taken according to w. Q™ is the unique fixed point of the (policy-specific) Bellman operator
T RSXA s RSXA defined as:

va (wa)(S, a) = R(Sz a) + ’YES’NP(-|57¢1) [f(3/7 ﬂ-)]v
where f(s',) is a shorthand for Eq/ (.o [f(s', a")].

Another important concept is the notion of discounted state-action occupancy, d, € A(S x A),
defined as d.(s,a) := (1 —v)E[}_72,7"1[s¢ = s,a; = a]|n], which characterizes the states and
actions visited by a policy 7.

Offline RL. In the offline setting, the learner only has access to a pre-collected dataset and cannot
directly interact with the environment. We assume the standard i.i.d. data generation protocol in our
theoretical derivations, that the offline dataset D consists of n i.i.d. (s, a,r, s") tuples generated as
(s,a) ~ p,r = R(s,a),s" ~ P(:|s, a) for some data distribution ;1. We will also use E,,[-] for taking
expectation with respect to p. We will frequently use the data-weighted 2-norm (squared) || fH% p =
E.[f 2], and the definition extends when we replace ; with any other state-action distribution . The

empirical approximation of || f[3, is [ fI13.p := & > (s arsnyen f(5,0)%

Function Approximation Function approximation is crucial to generalizing over large and complex
state and action spaces. In this work, we search for a good policy in a policy class IT C (S —
A(A)) with the help of a value-function class F C (S x A — [0, Vinax]) to model Q7, where
Vinax = Rmax/(1 — 7). Such a combination is commonly found in approximate policy iteration
and actor-critic algorithms [e.g., Bertsekas and Tsitsiklis, 1996; Konda and Tsitsiklis, 2000]. For
most part of the paper we do not make any structural assumptions on II and F, making our approach
and guarantees applicable to generic function approximators. For simplicity we will assume that
these function classes are finite but exponentially large, and use log-cardinality to measure their
statistical complexities in the generic results (Section 3 and Section 4). These guarantees easily
extend to continuous function classes where log-cardinalities are replaced by the appropriate notions
of covering numbers, which we demonstrate when we instantiate our results in the linear function
approximation setting and work with continuous linear classes (Section 3.1).

We now recall two standard expressivity assumptions on F [e.g., Antos et al., 2008]. To our
knowledge, no existing works on offline RL with insufficient data coverage have provided guarantees
under these standard assumptions for general function approximation, and they often require stronger
or tweaked assumptions (see Section 1).

Assumption 1 (Realizability). For any m € I, we have

inf su S 2 <e
fe}-admixsilz/eu Hf fH2;V F

where an admissible distribution v means that v € {d. : ' € II}.

Assumption 1 requires that for every w € 11, there exists f € F that well-approximates Q™. This
assumption is often called realizability.! Technically this is asserted by requiring f to have small
Bellman error w.r.t. 7™ under all possible admissible distributions. As a sufficient condition, we have
er=0ifQ™ € F,vr eIl

Assumption 2 (Completeness). For any w € 11, we have

sup inf |[f —T"f? <err.
fegf,efﬂf fllz, <err

Assumption 2 asserts that F is approximately closed under 7.2 Such an assumption is widely used
in RL theory and can be only avoided in some rare cases [Xie and Jiang, 2021], and the hardness of
learning with realizability alone has been established in various settings (e.g., [Weisz et al., 2021;
Zanette, 2021]). We also emphasize that we only measure the violation of completeness under p and
do not need to reason about all admissible distributions.

any m € II. However, the exploratory setting also usually has data coverage assumptions in the form of
sup,, ||¥/u]|lec < C. Combining them together implies Assumption 1.

Sometimes completeness implies realizability, so the latter does not need to be assumed separately [Chen
and Jiang, 2019]. However, this often relies on p being exploratory, which is not the case here.

'In the exploratory setting, realizability is usually stated in the form of inf je = || f — 7™ f H§ u SEF for



Distribution shift A unique challenge in RL is that the learned policy may induce a state (and action)
distribution that is different from the data distribution p, and the issue is particularly salient when
we do not impose any coverage assumption on p. Therefore, it is important to carefully characterize
the distribution shift, which we measure using the following definition, which generalizes prior
definitions specific to linear function approximation [Agarwal et al., 2019; Duan et al., 2020]:

Definition 1. We define € (v; u, F, ) as follows to measure the distribution shift from an arbitrary
distribution v to the data distribution u, w.r.t. F and T,

If=T7fl3.
C(vipu, F,m) =max ———————=—.
i Fom) = X =T

Intuitively, € (v; i, F, 7) measures how well Bellman errors under 7 transfer between the distribu-
tions v and p. For instance, a small value of €'(d; i, F, m) enables accurate policy evaluation for 7
using data collected under . More generally, we observe that

v(s,a)

Cg(l/nuw/_'.aﬁ) S ||V/IU‘HOO N Ssl,lcll) u(&a)a
and the RHS is a classical notion of bounded distribution ratio for error transfer (e.g., [Munos and
Szepesvari, 2008; Chen and Jiang, 2019; Xie and Jiang, 2020]). Moreover, our measure can be
tighter than ||~/ || ~: Even two distributions v and p that are sufficiently disparate might admit a
reasonable transfer, so long as this difference is not detected by 7 and F. To this end, our definition
better captures the crucial role of function approximation in generalizing across different states. As
an example, in the special case of linear MDPs, full coverage under our definition (i.e., boundedness
of € for all admissible v) can be implied from the standard coverage assumption for linear MDPs
that considers the spectrum of the feature covariance matrix under p; see Section 3.1 for more details.

for any 7, F.

3 Information-Theoretic Results with Bellman-consistent Pessimism

In this section, we provide our first theoretical result which is information-theoretic, in that it uses a
computationally inefficient algorithm. The approach uses the offline dataset to first compute a lower
bound on the value of each policy 7 € 1I, and then returns the policy with the highest pessimistic
value estimate. While this high-level template is at the heart of many recent approaches [e.g., Fujimoto
et al., 2019; Kumar et al., 2019; Liu et al., 2020; Kidambi et al., 2020; Yu et al., 2020; Kumar et al.,
2020], our main novelty is in the design and analysis of Bellman-consistent pessimism for general
function approximation.

For a policy 7, we first form a version space of all the functions f € F which have a small Bellman
error under the evaluation operator 7 ™. We then return the predicted value of 7 in the initial state sg
by the functions in this version space. The use of pessimism at the initial state, while maintaining
Bellman consistency (by virtue of having a small Bellman error) limits over pessimism, which is
harder to preclude in the pointwise pessimistic penalties used in some other works [Jin et al., 2021].
More formally, given a dataset D, let us define

1
L fmDy=— 3 (f(sa) = =2f(s'm),
(s,a,r,s’) €D
and an empirical estimate of the Bellman error £(f, 7; D) is
E(f,mD) = L(f, f,mD) - gleir}ﬁ(fﬂfmﬂ?). (3.1)

Our algorithm. With this notation, our information-theoretic approach finds a policy by optimizing:

7T =argmax min f(sg,7), where . ={f€ F:E&(f, mD)<e}, (3.2)
rell  feF

In the formulation above, F . is the version space of policy 7. To better understand the intuition
behind the estimator in Equation 3.2, let us define

fmmin = afrgminf(so, 7T)7 fﬂ',max = a;"gmaxf(so, 7T)7 and Afﬂ'(sv a) = fmmax(sa a)_fﬂ',min(87 Cl).
fE€Fn.e fE€Fr.e



Intuitively, if the parameter ¢ is defined to ensure that Q™ (or its best approximation in F) is in Fr ¢,
we easily see that A f(sg, ) is an upper bound on the error in our estimate of J(7) for any 7 € II.
In fact, an easy argument in our analysis shows that if Q™ € F . forall 7 € II, then A f(s¢, ) is an
upper bound on the regret J(7) — J(7) of our estimator relative to any 7 we wish to compete with.

Theoretical analysis. To leverage this observation, we first define the a critical threshold ¢,. which
ensures that (the best approximation of) @ is indeed contained in our version spaces for all 7

139V2,, log KM
Ep = - + 39 £. (3.3)

With this definition, we now give a more refined bound on the regret of our algorithm (3.2) by further
splitting the error estimate A f (so, 7) which is random owing to its dependence on the version space,
and analyze it through a novel decomposition into on-support and off-support components. While
we bound the on-support error using standard techniques, the off-support error is akin to a bias term
which captures the interplay between the data collection distribution and function approximation in
the quality of the final solution. Also note that our choice of ¢, requires the knowledge of €, which
is a common characteristic of version-space-based algorithms [e.g., Jiang et al., 2017]. The challenge
of unknown € can be possibly addressed using model-selection techniques in practice and we leave
further investigation to future work.

Theorem 3.1. Let € = ¢, where is ¢, defined in Eq.(3.3) and T be obtained by Eq.(3.2). Then, for
any policy m € Il and any constant Co > 1, with probability at least 1 — 9,

J(’]T)—J(%) S O max\/i / ‘}—HH‘ \/ 5]:]:"'5}'

€ITon (71').‘ On-support error

L S (e \0)(s,a) [Af(s,0) — A(PTAL) (s, a)],

1-— E (v, F,m)<C
v v Fms 2(s,a)ESX.A

ertopr () off-support error

where € (v; u, F, ) is defined in Definition 1, (d. \ v)(s,a) = max(d.(s,a) — v(s,a),0) and
(,Pﬂ—f)(sv a) = ES'/NP(~\S,(L) [f(slv 7T)]fO}" any f.

Bias-variance decomposition. Note that decomposition =~ max d./u ~ 258
of our error bound into on-support and off-support parts ef- | max d/p~ 3.7
fectively achieves a bias-variance tradeoff. A small value !

of the concentrability threshold Cy requires the choice
of the distribution v closer to p, which results in better
estimation error guarantee (which is O(4/C2/n)) when we
transfer from p to v, but potentially pays a high bias due
to the mismatch between d, and v. A larger threshold
permits more flexibility in choosing v similar to d, fora Figure 1: An example illustrating dif-
smaller bias, but results in a larger variance and estimation ~ferent on-support and off-support split-
error. Rather than commit to a particular tradeoff, our tings (denoted by two different vertical
estimator automatically adapts to the best possible split- lines). Different splitting has different
ting (Figure 1 illustrates this concept) by allowing us to C values, and further yields different
choose the best threshold Cy. The on-support part matches ~bias-variance trade-offs.

the n rate (fast rate error bound) of API or AVI analysis

(e.g., [Pires and Szepesvari, 2012; Lazaric et al., 2012; Chen and Jiang, 2019]). The dependency on
horizon is only linear and matches the best previous result with concentrability assumption [Xie and
Jiang, 2020]. For the off-support part, it depends on the off-support mass d \ v and the “quality” of
the off-support estimation: if all value functions in the version space are close to each other in the
off-support region for policy 7, the gap between J () and J(7) can still be small even with a large
off-support mass. The following corollary formally states this property.

Corollary 1 (“Double Robustness™). Under conditions of Theorem 3.1, for any m and Cy > 0,
erro (1) = 0 when either (1) € (dy; u, F,7) < Co, o1, (2) Afr —vPTAfr = 0.




Adaptive guarantees by algorithm design. As mentioned above, Theorem 3.1 implicitly selects the
best bias-variance decomposition through the best choice of C in hindsight, with this decomposition
being purely a proof technique, not an knob in the algorithm. In contrast, many prior approaches [Liu
et al., 2020; Fujimoto et al., 2019; Kumar et al., 2019] employ explicit thresholds to control density
ratios in their algorithms, which makes the tradeoff a hyperparameter in their algorithms. Since
choosing hyperparameters is particularly challenging in offline RL, where even policy evaluation can
be unreliable, this novel axis of adaptivity is an extremely desirable property of our approach.

Comparison to guarantees in the exploratory setting. When a dataset with full coverage is given,
classical analyses provide near-optimality guarantees that compete with the optimal policy 7* with
a polynomial sample complexity, when 7* € II and both realizability and completeness hold for
F; see [Antos et al., 2008] for a representative analysis. As mentioned earlier, such analysis often
requires boundedness of ||v/ ||« for all admissible distributions v € {d, : = € II}. On the other
hand, it is easily seen that we can compete with 7* under much weaker conditions.

Corollary 2 (Competing with optimal policy). Under conditions of Theorem 3.1, if
C(dpe; by F, ) < Co, we have

sy~ g < 0 Y/, log i VLS serz 7]

Notably, these milder coverage assumptions in Corollaries 1 and 2 provide offline RL counterparts
to the benefits of policy-gradient-style methods with online access to the environment [Kakade and
Langford, 2002; Scherrer, 2014; Agarwal et al., 2019].

Comparison with Liu et al. [2020]. The closest prior result to our work is that of [Liu et al.,
2020], who develop a pessimistic estimator that truncates Bellman backups from state-action pairs
infrequently visited by p, and analyzes the resulting pessimistic policy and value iteration algorithms
under general function approximation. For truncating Bellman backups, however, their work requires
estimating the state-action distribution of data, which can be challenging in high-dimensions and
they incur additional errors from density estimation which we avoid. Further, their algorithms only
compete with policies m where ||d, /|| is bounded instead of the more general result that we
provide, and makes their results vacuous in a linear MDP setting under typical feature coverage
assumptions.

Safe Policy Improvement. Some prior works [e.g. Laroche et al., 2019; Liu et al., 2020] discuss the
scenario where the dataset D is collected with a behavior policy 7, with ¢4 = d,, and demonstrate
that their algorithms always return a policy competitive with 7. In our setup, this is straightforward
as d, is always covered, as shown next.

Corollary 3 (Bounded degradation from behavior policy). Under conditions of Theorem 3.1, if
W = dg, for some policy m, € 11, we have

Tm) ~ IR <O | 7 o8 = Veflf“f

Proof sketch of Theorem 3.1. We now briefly describe the core ideas in the proof. More detailed
arguments are deferred to the full proof in Appendix B.1.

The key to prove Theorem 3.1 is to translate the J () — J(7) to the Bellman error of value functions
in the version space F .. Our main proving strategies are as follows:

1. As the selection of € = ¢, ensures the accurate estimation (™ is contained in the version space
Fz,e for any m, we can obtain J(7) — J(7) < maxser, . f(s0,m) — minger. _ f(S0,7T) +
approximation error.

2. By the optimality of 7, we have minyc 7. _ f(so,7) > minge 7, . f(so, 7). This indicates that
J(m) = J(7) <maxyer, . f(s0,m) —minger, . f(s0,7) + approximation error.



3. By using a standard telescoping argument (e.g., [Xie and Jiang, 2020, Lemma 1]),
maxyser, . f(s0,m) — mingex, . f(so,7) can be upper bounded by the Bellman error of
argmax;cz__ f(so,m) and argmingc z__ f(so, ) over distribution d..

After combining all the three steps above together and considering the distribution shift effect, we
complete the proof. O

3.1 Results for Linear Function Approximation

Here we perform a case study in linear function approximation. We will show that our results—when
instantiated under linear function approximation (with realizability and completeness assumptions)—
automatically provides state-of-the-art guarantees, improving over existing results specialized to this
setting by a factor of O(d) [Jin et al., 2021] when the action space is finite and small.

We recall the linear function approximation setup (we set Ryax = 1 and Vijax = ﬁ for consistency
with literature).

Definition 2 (Linear Function Approximation). Let ¢ : S x A — R? be a feature mapping. Without
loss of generality, we assume ||¢(s,a)||2 < 1, V(s,a) € S x A. We define the value-function class
Foas Fo = {6(,)10:0 € REB(-,-)T0 € [0, Vinax]}, and the policy class Tlg consists of the
greedy policies of each value function in Fg.

Assumption 3 (Realizability and Completeness). er, 7 = er = 0.

Note that, when the feature mapping ¢(-, -) is the one induced by the linear MDP [Jin et al., 2020], it
automatically ensure that 7* € Ilg and Fg satisfies Assumptions 3. In contrast, we highlight that
the standard linear function approximation or linear MDP setup does not entail all the assumptions
needed by Liu et al. [2020] as mentioned earlier.

Below is our main result in the linear function approximation setting.

Theorem 3.2. Suppose the value-function class F is a linear function class that satisfies realizability
and completeness (Definition 2 and Assumption 3) and T is the output of Eq.(3.2) using value-
function class Fp and policy class Tlg. If we choose ¢ = cV,2, dlog V’"%‘Ald /n, then, for any
policy w: S — A(A), we have

Vinase | dlog YmaxlAld

1—7v n

J(r)—J(F) <O

Ba. |yo(s.0 S50 0] |

where c is an absolute constant, and ¥p = Ep [¢(s, a)g(s, a)T].

The detailed proof of Theorem 3.2 is provided in Appendix B.2. Our guarantee is structurally very
similar to that of Jin et al. [2021, Theorem 4.4], except that we only need linear function approximation
with realizability and completeness assumptions, and they consider the finite-horizon linear MDP
setting. If we translate their result to the discounted setting by setting H = O(1/(1 — v)), we enjoy
a net improvement of order O(d) in sample complexity when the action space is finite and small. To

make it concrete, that is O(y/d” log(dn/8)/n) vs. O(4/dloe(dlAl/5)/5) error bounds. The bound also

shows that having a full-rank ¥p (which is ensured by a full-rank covariance under p) is sufficient
for consistent offline RL in linear function approximation. Crucially, the full-rank covariance is an
easily checkable condition on data, as opposed to unverifiable concentrability assumptions. As a
caveat, our results do not imply a computationally efficient algorithm, as a naive implementation
involves evaluating each policy pessimistically to pick the best. We discuss a computationally efficient
adaptation of our approach in the next section.

4 Practical Algorithm — Regularized Offline Policy Optimization

A major challenge using the proposed algorithm in Section 3 in practice is that searching the policy
with the best pessimistic evaluation over the policy space 11 is not computationally tractable. In
this section, we present a practical algorithm that is computationally efficient assuming access to a
(regularized) loss minimization oracle over the value function class F, and also comes with rigorous
theoretical guarantees.

Our practical algorithm is summarized in Algorithm 1. It has three key differences from the
information-theoretic version in Eq.(3.2):



Algorithm 1 PSPI: Pessimistic Soft Policy Iteration
Input: Batch data D, regularization coefficient \.

1: Initialize policy 7 as the uniform policy.

2: fort=1,2,...,T do

3: Obtain the pessimistic estimation for m; as f;,

f+ + argmin (f(so, ) + AE(f, m; D)), 4.1
feF

where E(f, m; D) is defined in Eq.(3.1).
4: Calculate 7441 by,

71 (als) o mi(als) exp (nfi(s,a)), Vs, a € 8 x A.

5: end for
6: Output 7 = Unif (771.77). > uniformly mix mwy, . ..,y at the trajectory level

1. The pessimistic policy evaluation is now performed via regularization (Line 3) instead of con-
strained optimization.

2. Instead of searching over an explicit policy space II, we search over a policy class implicitly
induced from F (defined in Eq.(4.2)) and therefore no longer have a policy class independent of
F separately, which is a common practice in API-style algorithms [Munos, 2003; Antos et al.,
2008; Lazaric et al., 2012].

3. We optimize the policy using mirror descent updates, which yields computationally tractable
optimization over the implicit policy class. This property has been leveraged in many prior works,
although typically in online RL settings [Even-Dar et al., 2009; Agarwal et al., 2019; Geist et al.,
2019; Cai et al., 2020; Shani et al., 2020].

Note that the use of a specific policy class above can be relaxed if a stronger structural assumption is
made on the MDP (e.g., linear MDPs [Jin et al., 2020, 2021]).

4.1 Analysis of Algorithm 1

We now provide the analysis of Algorithm 1 in this section. For ease of presentation, we formally
define the implicit policy class for this section:

t
Mspr := {7'(+]s) o Cxp(an(t)(s, 1<t < T,f(l), .. .,f(i) e F}, 4.2)

i=1
which is the natural policy class for soft policy-iteration approaches. The following theorem describes
the performance guarantee of 7.

Theorem 4.1. Let A = {/Vmax/(1—+)2<> with €, in Eq.(3.3), 1 =/ ;‘(}%‘AIT, and 7 be obtained from

Algorithm 1. For any policy 7 : § — A(A) we wish to compete with, suppose Assumptions 1 and 2
hold with respect to the policy class Ugp; U {n}. Then, for any constant Cy > 1, we have with
probability at least 1 — §,

J(m) = J(T)

|7
VEFF T EF Vinax 3 T log 5 Vinax€F Vinax log |-’4‘
<OV ' ¥ o
- 2 1—7 +1—7 n * (1—7)2 * 1—+ T

optimization error

erron (7): on-support error

1 & ) d- \v)(s,a) [fe(s,a) — (T™ fe)(s,a
A5 S U\l - (s

€ (vip, F,my ) <C 1—
v (v Fim)sCe | NexA v

erross (1) off-support error

where € (v; u, F,m¢) is defined in Definition 1, (d; \ v)(s, a) := max(d.(s,a) — v(s,a),0).



We provide a proof sketch of Theorem 4.1 at the end of this section, and defer the full proof to
Appendix C. We now make a few remarks about the results in Theorem 4.1.

Measurement of distribution shift effect. Compared with the information-theoretical result
(provided in Theorem 3.1), the measurement of distribution shift in Theorem 4.1 depends on the
optimization trajectory. That is, it measures the distance between two distribution v and p by
C (v; u, F, ) (1.7 is the sequence of policies produced by the algorithm) whereas Theorem 3.1
uses € (v; u, F, ) (m is the baseline policy we compete with). We remark that both of these two
measurements are weaker then traditional density-ratio definitions (e.g., [Munos and Szepesvari,
2008; Chen and Jiang, 2019; Xie and Jiang, 2020]) as we demonstrated before, as the dependence of
% on 7 is relatively secondary.

Dependence on 7. The number of optimization rounds 7" affects the bound in two opposite ways:
as T increases, the optimization error term decreases, whereas the second term of the on-support
error increases. The latter increase is due to the complexity of the implicit policy class II growing
exponentially with T', which affects our concentration bounds. To optimize the bound, the optimal
choice is T = O(n?/%), leading to an overall O(n~'/%) rate. While such a rate is relatively slow,
we remark that the complexity bound of II is conservative, and in certain cases it is possible to
obtain much sharper bounds: for example, in linear function approximation (Section 3.1), Ilgp; are a
priori captured by the space of softmax policies, whose complexity has no dependence on 1" (up to
mild logarithmic dependence due to norms). That is, the err, (7) term in Theorem 4.1 reduces to
O(‘l/fi;‘ {/d/n) (er.7 = 7 = 0in linear function approximation), and yields an overall O(n~1/3)
rate.

Bias-variance decomposition. Similar to Theorem 3.1, Theorem 4.1 also allows arbitrary decom-
position of the error bound into on-support and off-support components by setting the concentrability
threshold C', which serves as a bias-variance tradeoff as before. In fact, the splitting can be done
separately for each 7, in 1 < ¢ < T and we omit such flexibility for readability. The optimization
error does not depend on the splitting. Our performance guarantee naturally adapts to the best possible
decomposition as before. As in Theorem 3.1, if the estimation on the off-support region is “high-
quality”, we can further simplify the performance guarantees, but the requirement of “high-quality”
is different from that of Corollary 1. We make it formal in the following corollary.

Corollary 4 (“Double Robustness”). For any m and Cy > 0, errog(m) = 0 when either (1)
C(dn 1y Fyme) < Coforallt € [T), o, (2) ft — T™Afy = 0forallt € [T)].

We note that the conditions above depend on the optimization trajectory through their dependence
on 74, but can be made algorithm-independent by instead asserting the stronger requirement that
€ (dr,p, F, ') < Cy for all 7’ € Tgpy in the first condition.

Competing with the optimal policy. As before, we can provide a guarantee for competing with
the optimal policy, under coverage assumptions weaker than the typical batch RL literature, albeit
slightly stronger than those of Corollary 2. We state the formal result below.

Corollary 5 (Competing with optimal policy). Under conditions of Theorem 4.1, if
C(dpv; i, F,m) < Co forall m € Tgpy, we have

1/5
Vinax v Co <log @ IOg |"4> + 02(5.7:,./—- + 5}—)

N —J7m) <
Jr*)=J7m) < O T - T

Note that the conditions of Corollary 5 are satisfied as before whenever ||dq+ /0o < Co.

Computationally-efficient implementation with linear function approximation We remark
that our algorithm is computationally efficient when the value-function class F is linear, that is,
F = {#(-,-)T0 : 6 € R?}. In this case, the objective of Eq.(4.1) has a closed-form expression
which is quadratic in 6. In addition, under additional matrix invertibility conditions, Eq.(4.1) has a
closed-form solution which generalizes LSTDQ [Lagoudakis and Parr, 2003; Sutton et al., 2009;
Dann et al., 2014]. A similar connection has been made by Antos et al. [2008], but our derivation is
more general. See Appendix Appendix D for further details.

We conclude the section with a proof sketch showing the key insights used in establishing the proof.



Proof sketch of Theorem 4.1. Our proof constructs a corresponding MDP M, for every f;, m; pair.
Each M, has the same dynamics as the ground-truth MDP, but chooses a different reward function,
such that f; is the @-function of m; in My, Qﬂt (we use the subscript of M; to denote the
corresponding value or operator in MDP M,). Our proof relies on some key properties of M, such
as Q" — T3, Q" = f; — T f;. We decompose J () — J(7) as follows.

J(r) = J(7) < ~

=l

T T
S Um0~ T )+ ()~ Tag, ()

t=1

optimization error controlled by |Q™ =T, Q7 ll2,dr =lIfe =Tt fell2,ar
-+ approximation/statistical errors.

The proof is completed by bounding || f;—7 ™ f¢||2,4, on both on-support and off-support regions. [

5 Conclusions

This paper investigates sample-efficient offline reinforcement learning without data coverage assump-
tions (e.g., concentrability). To achieve that goal, our paper contributes several crucial improve-
ments to the literature. We introduce the concept of Bellman-consistent pessimism. It enables the
sample-efficient guarantees with only the Bellman-completeness assumption which is standard in the
exploratory setting, whereas the point-wise/bonus-based pessimism popularly adopted in the literature
usually requires stronger and/or extra assumptions. Algorithmically, we demonstrate how to implicitly
infer a policy value lower bound through a version space and provide a tractable implementation. A
particularly important aspect of our results is the ability to adapt to the best bias-variance tradeoff
in the hindsight, which no prior algorithms achieve to the best of our knowledge. When applying
our results in linear function approximation, we attain an O(d) improvement in sample complexity,
compared with the best-known recent work of offline RL in linear MDPs, whenever the action space
is finite and small.

As of limitations and future work, the sample complexity of our practical algorithm is worse than
that of the information-theoretic approach, and it will be interesting to close this gap. Another future
direction is to empirically evaluate PSPI on benchmarks and compare it to existing approaches.

Acknowledgment

Part of this work was carried out while TX and AA worked at Microsoft Research. NJ acknowledges
funding support from the ARL Cooperative Agreement W911NF-17-2-0196, NSF 11S-2112471, and
Adobe Data Science Research Award.

References

Doina Precup, Richard S Sutton, and Satinder P Singh. Eligibility traces for off-policy policy
evaluation. In Proceedings of the Seventeenth International Conference on Machine Learning,
pages 759-766, 2000.

Andris Antos, Csaba Szepesvari, and Rémi Munos. Learning near-optimal policies with bellman-
residual minimization based fitted policy iteration and a single sample path. Machine Learning, 71
(1):89-129, 2008.

Sergey Levine, Aviral Kumar, George Tucker, and Justin Fu. Offline reinforcement learning: Tutorial,
review, and perspectives on open problems. arXiv preprint arXiv:2005.01643, 2020.

Jinglin Chen and Nan Jiang. Information-theoretic considerations in batch reinforcement learning. In
International Conference on Machine Learning, pages 1042-1051, 2019.

Ruosong Wang, Dean Foster, and Sham M Kakade. What are the statistical limits of offline rl with
linear function approximation? In International Conference on Learning Representations, 2020.

Ruosong Wang, Yifan Wu, Ruslan Salakhutdinov, and Sham M Kakade. Instabilities of offline rl
with pre-trained neural representation. arXiv preprint arXiv:2103.04947, 2021.

10



Rémi Munos. Error bounds for approximate policy iteration. In Proceedings of the Twentieth
International Conference on International Conference on Machine Learning, pages 560-567,

2003.

Csaba Szepesvdri and Rémi Munos. Finite time bounds for sampling based fitted value iteration. In
Proceedings of the 22nd international conference on Machine learning, pages 880—-887, 2005.

Rémi Munos and Csaba Szepesvdri. Finite-time bounds for fitted value iteration. Journal of Machine
Learning Research, 9(5), 2008.

Amir Massoud Farahmand, Rémi Munos, and Csaba Szepesvdri. Error propagation for approximate
policy and value iteration. In Advances in Neural Information Processing Systems, 2010.

Tengyang Xie and Nan Jiang. Q* approximation schemes for batch reinforcement learning: A
theoretical comparison. In Conference on Uncertainty in Artificial Intelligence, pages 550-559.
PMLR, 2020.

Rahul Kidambi, Aravind Rajeswaran, Praneeth Netrapalli, and Thorsten Joachims. Morel: Model-
based offline reinforcement learning. In NeurIPS, 2020.

Scott Fujimoto, David Meger, and Doina Precup. Off-policy deep reinforcement learning without
exploration. In International Conference on Machine Learning, pages 2052-2062, 2019.

Aviral Kumar, Aurick Zhou, George Tucker, and Sergey Levine. Conservative g-learning for offline
reinforcement learning. arXiv preprint arXiv:2006.04779, 2020.

Yao Liu, Adith Swaminathan, Alekh Agarwal, and Emma Brunskill. Provably good batch reinforce-
ment learning without great exploration. arXiv preprint arXiv:2007.08202, 2020.

Ying Jin, Zhuoran Yang, and Zhaoran Wang. Is pessimism provably efficient for offline r1? In
International Conference on Machine Learning, pages 5084-5096. PMLR, 2021.

Eyal Even-Dar, Sham M Kakade, and Yishay Mansour. Online markov decision processes. Mathe-
matics of Operations Research, 34(3):726-736, 2009.

Matthieu Geist, Bruno Scherrer, and Olivier Pietquin. A theory of regularized markov decision
processes. In International Conference on Machine Learning, pages 2160-2169. PMLR, 2019.

Alekh Agarwal, Sham M Kakade, Jason D Lee, and Gaurav Mahajan. On the theory of policy gradient
methods: Optimality, approximation, and distribution shift. arXiv preprint arXiv:1908.00261,
2019.

Dimitri P. Bertsekas and John N. Tsitsiklis. Neuro-Dynamic Programming. Athena Scientific, 1st
edition, 1996. ISBN 1886529108.

Vijay R Konda and John N Tsitsiklis. Actor-critic algorithms. In Advances in neural information
processing systems, pages 1008—1014. Citeseer, 2000.

Tengyang Xie and Nan Jiang. Batch value-function approximation with only realizability. In
International Conference on Machine Learning, pages 11404—11413. PMLR, 2021.

Gellért Weisz, Philip Amortila, and Csaba Szepesvéri. Exponential lower bounds for planning in
mdps with linearly-realizable optimal action-value functions. In Algorithmic Learning Theory,
pages 1237-1264. PMLR, 2021.

Andrea Zanette. Exponential lower bounds for batch reinforcement learning: Batch rl can be
exponentially harder than online rl. In International Conference on Machine Learning, pages

12287-12297. PMLR, 2021.
Yaqi Duan, Zeyu Jia, and Mengdi Wang. Minimax-optimal off-policy evaluation with linear function

approximation. In International Conference on Machine Learning, pages 2701-2709. PMLR,
2020.

11



Aviral Kumar, Justin Fu, Matthew Soh, George Tucker, and Sergey Levine. Stabilizing off-policy
g-learning via bootstrapping error reduction. Advances in Neural Information Processing Systems,
32:11784-11794, 2019.

Tianhe Yu, Garrett Thomas, Lantao Yu, Stefano Ermon, James Y Zou, Sergey Levine, Chelsea Finn,
and Tengyu Ma. Mopo: Model-based offline policy optimization. Advances in Neural Information
Processing Systems, 33:14129-14142, 2020.

Nan Jiang, Akshay Krishnamurthy, Alekh Agarwal, John Langford, and Robert E Schapire. Contex-
tual decision processes with low bellman rank are pac-learnable. In International Conference on
Machine Learning, pages 1704-1713. PMLR, 2017.

Bernardo Avila Pires and Csaba Szepesviri. Statistical linear estimation with penalized estimators:
an application to reinforcement learning. In Proceedings of the 29th International Coference on
International Conference on Machine Learning, pages 1755-1762, 2012.

Alessandro Lazaric, Mohammad Ghavamzadeh, and Rémi Munos. Finite-sample analysis of least-
squares policy iteration. Journal of Machine Learning Research, 13:3041-3074, 2012.

Sham Kakade and John Langford. Approximately optimal approximate reinforcement learning. In
ICML, volume 2, pages 267-274, 2002.

Bruno Scherrer. Approximate policy iteration schemes: a comparison. In International Conference
on Machine Learning, pages 1314—1322. PMLR, 2014.

Romain Laroche, Paul Trichelair, and Remi Tachet Des Combes. Safe policy improvement with
baseline bootstrapping. In International Conference on Machine Learning, pages 3652-3661,
2019.

Chi Jin, Zhuoran Yang, Zhaoran Wang, and Michael I Jordan. Provably efficient reinforcement
learning with linear function approximation. In Conference on Learning Theory, pages 2137-2143.
PMLR, 2020.

Qi Cai, Zhuoran Yang, Chi Jin, and Zhaoran Wang. Provably efficient exploration in policy optimiza-
tion. In International Conference on Machine Learning, pages 1283-1294. PMLR, 2020.

Lior Shani, Yonathan Efroni, Aviv Rosenberg, and Shie Mannor. Optimistic policy optimization with
bandit feedback. In International Conference on Machine Learning, pages 8604-8613. PMLR,
2020.

Michail G Lagoudakis and Ronald Parr. Least-squares policy iteration. The Journal of Machine
Learning Research, 4:1107-1149, 2003.

Richard S Sutton, Hamid Reza Maei, Doina Precup, Shalabh Bhatnagar, David Silver, Csaba
Szepesvari, and Eric Wiewiora. Fast gradient-descent methods for temporal-difference learning
with linear function approximation. In Proceedings of the 26th Annual International Conference
on Machine Learning, pages 993—-1000, 2009.

Christoph Dann, Gerhard Neumann, Jan Peters, et al. Policy evaluation with temporal differences: A
survey and comparison. Journal of Machine Learning Research, 15:809—-883, 2014.

Amit Daniely, Sivan Sabato, Shai Ben-David, and Shai Shalev-Shwartz. Multiclass learnability and
the erm principle. In Proceedings of the 24th Annual Conference on Learning Theory, pages
207-232. JMLR Workshop and Conference Proceedings, 2011.

Shai Ben-David, Nicolo Cesa-Bianchi, David Haussler, and Philip M Long. Characterizations of
learnability for classes of {0, ..., n}-valued functions. Journal of Computer and System Sciences,
50(1):74-86, 1995.

David Haussler and Philip M Long. A generalization of sauer’s lemma. Journal of Combinatorial
Theory, Series A, 71(2):219-240, 1995.

David Haussler. Sphere packing numbers for subsets of the boolean n-cube with bounded vapnik-
chervonenkis dimension. Journal of Combinatorial Theory, Series A, 69(2):217-232, 1995.

Mehryar Mohri, Afshin Rostamizadeh, and Ameet Talwalkar. Foundations of machine learning. MIT
press, 2018.

12



Appendix

A Estimating Mean-Squared Bellman Error

We provide theoretical properties of £(f, 7; D) (defined in Eq.(3.1)), when using it to bound Bellman
error. Over this section, we use p x (P, R) to denote the joint distribution of (s, a,r, s’).

All of our results in the appendix strongly depends one following two constants

1. e, — Forany 7 € I1, if f is the “best estimation” of Q™ in F (formal definition of f;: Eq.(A.1)
for general function approximation, Q)™ for Linear function approximation), then £(f, m; D) <
Ep-

2. &, — For any function f € F and any 7 € IL if £(f,m; D) < &, then || f — T™f|3 , < &s.

The detailed discussion about ¢, and €, is provided in Appendix A.1 (general function approximation)
and and Appendix A.2 (linear Linear function approximation).

A.1 Results for General Function Approximation

This section summarizes the results regarding £(f, 7; D), we defer the full proof of Theorem A.1
and Theorem A.2 to Appendix A.1.2.

Theorem A.1. Forany w € 11, let f; be defined as follows,

fri=argmin sup [If =T f3,. (A.1)
fEF  admissible v

Then, for E(fr,m; D) (defined in Eq.(3.1)), we have

2 |F] ]|
139V;5 .« log —5—

E(frn,m;D) < maxn + 3% F = &,. (A.2)

We now show that £(f, m; D) could effectively estimate || f — 77 f]|3 .
Theorem A.2. Foranyw €11, f € F, andanye > 0, if E(f, 7; D) < ¢, then,

231log Sallst
1f =T fllz < Vmax\/T-F VEFF+ \VEFF teE (A.3)

We also define /g, when setting € = €, in Eq.(A.3), i.e.,

231 log Z1HI
Ve = V|| —— == T VErF + Ve s e (A4

A.1.1 Complementary Lemmas for General Function Approximation

We first provide some complementary lemmas that used in our detailed proofs of Theorem A.1 and
Theorem A.2.

Lemma A.3. Forany f1, fo € Fandw € 1l, wp. 1 — 6,

5V2 log ZIH
[1£1(5,0) = (T7 £2)(5,0) ], = I a(s, @) = (T ) (5.) | p | < || 20

n

Proof of Lemma A.3. The proof of this lemma follows the similar proving strategy of [Xie and Jiang,
2021, Lemma 10]. We first apply Bernstein’s inequality with a union bound over F x F, and obtain:
w.p. 1 =9, forany f1, fo € F,

165, @) = (77 £2)(5, 3, = a5, 0) = (T o) (5,0) 3 |
= B [(s0) - (T R)s.a)2 == S (fils,a) — (T ) (s,a))°

(s,a,r,s’)ED
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\I4Vu [(fl(sva)—(T’ffzﬂs, ))]log FE oy 10 g F
< +

n 3n
4vn2nxl jRai| 2Vrr2nx1 |FT]
< fals,a) = (T f2)(s,0), —— TR (A.5)

where the last inequality is obtained by the following argument,
Vixpom) [(fi(s,0) = (T7 f2)(s5, )|
< Epxpom [(fils.0) = (T"£2)(5,0))"]
< VEBupm [(Ai(s,0) = (T7f2)(s,)°)

where the last inequality follows from |f1(s,a) — (T™ f2)(s, a)| < Vinax, V(s,a,7,8).
By the fact of |a — b|? < |a? — b?|, we know

[1£2650) = (T 25, @), = 1 f2(5,0) = (T f2)(5, ) |

< i) = (T ) 6,1, ~ Ua(ss) — (=126, )

4v2, log 1M | 2Wialo Ll

< J 1f1(s;,a) = (T f2)(s,0)lly,, ng ?mg (by Eq.(A.5))
42 log FIL [opa o0 L7

< \/Hfl(&a) — (T f2)(s, )l M\/ ——— o ?m . (A.6)

On the other hand,
[1£1(5,0) = (T £2)(5, ), = 125, @) = (T 2) (5.0 | )

B ’||f1(8,a) — (T f2)(s,0)|3,, — | f1(5,0) — (T’sz)(s»a)H;D’
B [ fi(s,a) — (T”f2)(87a)\|2,u

o axlogil'rym 2V 10 lFHH‘
_ 15,0 = (T )5 @), % i 4 2Vmas 108 oy B (A5)
= [fi(s.a) — (T f2) (s, a5,
4V2 1 |-7:l5|m 2v2 1og ‘—FHH‘
< max + max . A.7
= n Bl (e a) - (T F)(s )l A7)
Combining Eq.(A.6) and Eq.(A.7), we obtain
[1£1(5,0) = (T £2)(5, @), = 125, @) = (T f2) (5. )
4Vr‘121a,x1 ||| 2Vn21ax1 |F|II|
<mm< 11(s,a) — (T 2)(s, >||2M =<4 4
=:g€R
4v2,, log IZ1M 2V2,, log 21T
max + max
n a0 - (770G, >||2u>

42 |]‘-HH\ 2V2  log [Ralig; 412 \]‘-HH\ 2v2 |]‘-HH\
< max min (f \/ i | o 4 maXS LI max | 5 max3 5
n n ng
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42 |]‘-HH\ 2V2  log [Ealiss] 412 \]‘—HH\ 2v2 |]‘-HH\
< I’l’lln max (f\/ max ) 4 max ™ ) , max - 5 m&xgng 5

@ a2, log T Joyz qog L Jay2 qog IZIIL - Jyr2 g IZIT
< max + ) +
n 3n n In

RG]
5V2,, log 11

max
— )

n

where (a) is by selecting g = {/4Vinax log 24 /n. This completes the proof. O

Lemma A.4. Forany f,g1,g92 € F and w € 11, we have

\|gl TR g - T

LS S (galsia) — 7 — (s ™)

n n
(s,a,r,s’) €D (s,a,r,s") €D

F|II F||IT
log‘ |5| | 2V1121ax ‘ |§| |

H n 3n

S 4Vmax||gl - 92| 2

Proof of Lemma A.4. By a standard calculation,

LY @i - Y (asie) 7= m)’
(s,a,r,s’) €D (s,a,r,s")ED

1 ’ 2 / 2

=~ Y ((ls@) =r =75, m)" = (gals,0) =7 = 7f (5, 7)°)
(s,a,r,s’)€ED

LS (05,0~ 0(5,0) (@1(5,0) + gas,0) — 2 — 29 f(s, 7). (AB)

n
(s,a,r,s’)ED
Similarly, we also have the following fact,
Eyx(pory [(91(5,0) =1 = 1/(8',1)°| = Euipmy [ (92(5,0) =7 = 7 (5, 7))’
(@)
ZEuxp.r) [(91(5,0) — g2(5,0)) (91(s, a) + g2(s,a) — 2r — 2vf(s, )]

=E, [E[(91(s,a) — g2(s,0)) (91(s, a) + ga(s,a) — 2r — 2vf(s",m))|s, d]
=K. [(91(s,0) = 92(5,0)) (91(s,0) + g2(s,a) = 2(T7 f) (s, 0))] (A.9)

2B, [(g1(5,0) = (T71) (5,0))°] = B [(92(5,0) = (T71) (5, 0))°] (A.10)
where (a) and (b) follow from the similar argument to Eq.(A.8).
By using Eq.(A.8) and Eq.(A.10), we know

Eyx (P, ) li > (gl<s,a>fr—vf<s'm>>27% Y (ga(s.a) =7 —vf(s', 7))

(s,a,r,s’) €D (s,a,r,s")€ED

=B, [(91(5,0) = (T71) (5,0))°| = E,. [(g2(s.0) = (T"f) (s.))"] .
Then,

By |(91(5:0) = (T7) (5,0))°| = B, |(92(s,0) = (T7F) (5, )" | -
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LY a6 Y (gz(s,a)—r—vf(S’m))z‘

(s,a,r,s’) €D (s,a,r,s’)ED

= [Eu [(91(5.0) = (T71) (5,0))°| =B, [(g2(s,0) = (T"F) (s5,))°] -

LY (@0 - (0 (1060 + an(ss) 2 26 m)|

(s,a,r,s")€ED
< ¢ W p, [(92(5:0) = 92(5,0)) (91(5.0) + a(s,0) 20 — 29f (%, )} o Y1
i \n.
n
n 2Vrr21ax log LQHI
3n ’

where the first equation follows from Eq.(A.9) and the last inequality follows from the Bernsiten’s
inequality.

We now study the term V... (p. ) [(91(5, @) — 62(5,)) (1(5, @) + ga(5,0) — 2r — 29f(, 7)),
(5,0)) (91(5,0) + g2(s,0) — 2r = 29f(s', 7))
< Eucpmy (9105, @) — 02(5,0))” (91(5,0) + 9a(s, @) — 2 — 294 (', 7))

<AV2LE, [(9:(5.0) = ga(s,0))’

Vxp,r) [(91(s,a) — ga
g2

where the last inequality follows from the fact of |g1 (s, a) + g2(s,a) — 2r — 2y f (s, 7)| < 2Vijax.
This completes the proof. O

Lemma A.5. For any 7 € 11, let f. and g be defined as follows,

. 2
fr = argmin sup If = Tﬂf”zu
feF admissible v

.1 2
g=argmin— Y (g(s,a) = r —7fu(s's ).
ger N ;
(s,a,r,s’)€ED
Then, we have

|||

log =

n

=~ +2\/E]:.

||f7r -9

2,1 < 9Vmax

Proof of Lemma A.5. By applying Lemma A.4, we have

B, [(fr(s,0) = (T7fx) (5,0))° | = B, |(9(s.0) = (T"£) (5,0)°] =

D SR R A R T SR ORISRy

(s,a,r,s’)ED (s,a,r,s’) €D
E, [(fﬂ(s,a) - g(s,a))ﬂ log % 22 log \f|6|H\
S 4Vmax —+
n 3n

In addition,

B, [ (fx(s,0) — g(s,0))%]

= ||f71' - g”;u
<2 fr — Tﬂfwng,u +2llg — Tﬂfﬂ”%,y
=2|lg = T fall3 = 2l fx = T fall3, + 4l fx = T fxll5
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@
<2)lg =T fall3, = 20fx = T" i3, +der

o By (s, — (s, log H gy,
<8V,

max

log Z1Iml

+ deF, (A.12)
n 3n

where (a) follows from the fact of || fr — T™ fx |3, < e by Assumption 1, and (b) is obtained by
the following argument

||g - Tﬂ-fﬂ'| %,M - HfTF - Tﬂfﬂ'”%,u
1 2 1 2
<= Yo (g(sa) —r —fxls',m)" = - S (fal(sia) = r = vfa(s', 7))
(s,a,r,s") €D (s,a,r,s’)€ED
w [(Fns,0) = g(s,0)) | 1og TP gp2 g I
+ 4Vinax + —= (by Eq.(A.11))
n 3n
By |Uns.) — gl lom T 52t L2 -
< 4Vinax (by the optimality of g)
n 3n
By solving Eq.(A.12), we obtain
B [Uets0) — 5,007
log \fIIHI 5172 \fIIH\
< 4Vmax 2 max
/ \fIIHI 5log \fIIH\
1 \fIIHI
= W || 20 4 2./,
This completes the proof. O

A.1.2 Detailed Proofs of Theorem A.1 and Theorem A.2
Proof of Theorem A.1. Let g be defined as

g = argmin 1 Z (9(s,a) —r— ’wa(S/,W))2 .

n
geF (s,a,r,s")ED

By applying Lemma A .4,
T 2 T 2
e =T £l = o = T 115, -

,rll Z (fw(sva)_r_'}/fﬂ(s/aﬂ))z—’—% Z (g(S7CL)—T—’yf7T(S/77T))2

(s,a,r,s’) €D (s,a,r,s’)eD
log I 972, 1og 1741
< 4me1x T 8 e 8
< Walfr — gl || 22— -
[l
By Lemma A.5, we know || f= — g|2,1 < 9Vmax L + 2,/eF. Thus,

I fr = T fall3, = llg = T7 fxll3
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% Z (fw(87a)_r_7f7f(5/’77))2+% Z (g(s,a)—r—yfﬂ(s',ﬂ))z

(s,a,r,s’)ED (s,a,r,s’)ED
log T log UL 9y2 1o 17
< 4Viax | 9Vimax 2 L J
< + 24/¢ - + 3
log I g7z 1o 101
= 8Vimax 0 _er+ max | o (A.13)
n n

We now bound || f — T“fﬂllg,# —|lg — Tﬂf‘“’”%,p’
T 2 ™ 2
[ fe =T fella, = llg =T fxllz,,

< (1fx = T fallays + g = T Fallny,) 1 = T Frllzys = g = T filly
S (2 =T Sl 1= = 9l ) 1 = 6l
S | 4yeF + Wi bg:m Wi log - W
log IZ1II , log ZIII
= 54Vimax Te F+81V2, + 8¢, (A.14)

where (a) follows from triangle inequality, and (b) is obtained by Lemma A.5 and the fact of
| fr = T frll? . < &7 (Assumption 1).

Combining Eq.(A.13) and Eq.(A.14), we obtain

Y Uelsa) ) = Y (glsa) =7 = el )

n
(s,a,r,s")€ED (s,a,r,s’) €D
log ZUI 37y2 g 7 T o L1
1 ATNY R N & AV || 20 81V, B g,
n n n n
log ZUTL 11812 l0g 1211
< 62‘/111&)( EFr+ maX 8 + 86]:
n n

_ 1392, log

max

+ 39¢ F,

n
where the last inequality follows from Cauchy—Schwarz inequality. This completes the proof.  [J

Proof of Theorem A.2. Let g be defined as follows,

gimargmins S (f(s,0) — -2 f(ssm)°

n
frer (s,a,r,s’)eD

Bounding ||g — 77 f||2.,. We show that g could approximate 7™ f well over distribution p. We
define f; as follows

. 2
fr = argmin [[f* = T7f|[;, -
frer

Then, we consider the following function

LY a6 - Y (alsa) - (s m)

(s,a,r,s’)ED (s,a,r,s’)€D
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We have

Y GG - Y (Al -7 = (6 m)’
(s,a,r,s’)ED

E. xR
(s,a,r,s’)ED
= llg =T flop = s =T fll5-
by similar arguments of Eq.(A.8) and Eq.(A.10).
Then
2
Z (g(s,a)—r—vf(s’,ﬂ'))

(s,a,r,s’) €D

1
g =T 118, = 15 = T 115, -

1Y (s ) ()

(s,a,r,s")€ED
log I 272, 10g 71
< 4Vmax _ 5 max 5
>~ Hg f1||2,/14 n 3n 3
where the inequality follows from Lemma A .4.
Thus,
T 2
||g =T f||2,,u,
1 2 1 2
< = o / ot o /
<= ) () —r—afm) -~ >0 (filsa) —r—f(s )
(s,a,r,s")ED (s,a,r,s’)€D
log I 972, log 1711
T 2 max K
+ ||f1 - T f||2,p, + 4VmaX||g - f1||27N n 3TL
log I 972, 1og 1711
T 2 max K
< s = T3+ Winanllg = il 2 -
log AT log T g P EalLL
S EF.F + 4Vmax||g - Tﬂ—fHQ,,u + 4Vmax\/ EF.F + max 3n 8
log ZIL 5172 Jog 12U
< Wanaxllg = Tz = 4 B8 5, (A.15)

where the second inequality follows from the optimality of g, and the third inequality is by Assump-
tion 2, and the last equation follows from the Cauchy—Schwarz inequality.

By solving Eq.(A.15), we obtain
lg = T7 fll2.

log Z [513,,1og 7
IfHHI 510g ESI
> max max + 55}- F
log
= 5Vinax T + \/oEF,F. (A.16)

Bounding || f — 77 f||2,,. Similar to Eq.(A.8) and Eq.(A.10), we have
]. / 2 ]- / 2
2 2 e —rafWa =D 3 (ol =r=of()m)

(s,a,r,s")ED
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- % > ((f(&a) —r =y f(s', 1) = (g(s,a) —r — v f (5, W))Q)

(s,a,r,s")ED

== > ((fls.a) = g(s.a)) (f(s,a) + g(s,a) = 2r = 2y f(s', 7))

(s,a,r,s")ED

and

EHX(P,R) [(f(sa a) -r- ’Yf(slv W))Z} - E;AX(’P,R) [(Q(S, a) -r- ’Yf(slv 7T))2
=E,x(p,r) [(f(s,0) — g(s,a)) (f(s,a) + g(s,a) — 2r — 2vf(s', m))]

=E, [E[(f(s,a) = g(s,a)) (f(s,a) + g(s,a) = 2r — 2¢f (s, m))|s, d]]
=E,[(f(s,a) — g(s,a)) (f(s,a) + g2(s,0) = 2(T"f) (s,0))]

=, [((s,0) = (T"F) (5,0)°] =By [(g(s,0) = (T7F) (5,))°] -
It implies that
1 =TS~ g =T Fl3,
=E, [(f(s:0) = (T7f) (5:0))°| =E, |(g(s.0) = (T"f) (5,0))’]

1 2 1 2
:EMX(P,R) g Z (f(S,a) —T—’yf(s/ﬂ'(')) - 5 Z (g(S,G) _r_’Yf(SI,W)) :
(s,a,r,s’)€ED (s,a,r,s’)€ED
By applying Lemma A .4,

]nf TR~ g - TR,

1 2 1 2
1 Y Ul Y (gl - f( )|
(s,a,r,s")ED (s,a,r,s")ED
log |7HH| ergax [
< AViax| f — 9||2u 2
F|1] 2V2 IFHH\
< Wanax (1f = T fllzu + lg = T fll2,) : .
_ log |]"HH| |7"HH\ 13Vn21 n \-7:||H|

<4Vmax”f T f||2,u max — e 2 0 )

where the last inequality follows from Eq.(A.16).

Rearranging the inequality above, we obtain
If =T fII3,

- 1 2 1 2
lg = T™f15,, + - Yo (fsa) —r—yf(s',m)” - - Yo (glssa) =7 —f(s'm)

(s,a,r,s")ED (s,a,r,s")ED

\fllnl 2 I]:HHI
13va&X
max

IN

log

+ 4‘/111ax||f - Tﬂf”lu

log 171jm|
5Vmax \/ +e

—
o
=
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) /1og |f\|m = 13V£dx Ealll
+ 4Vmax||f T f||2 i max
f1og I [ = LB ¢ ZI
= Wiax|lf = T fllau\| ——2— + 14Vinax max 08 75 erF+te

(A.17)

where (a) follows from Eq.(A.16) and the definition of € in the theorem statement.

Solving the quadratic form of Eq.(A.17), we have

Hf - wa||2,u
log \J"|6|H| 38V2, log |]"HH| log \J"HH\
< 2Vinax ” + i + 14Vinax TE}‘,}' +erFte

log U [38172 10g I log ESITH
S 2Vmax n + ax n o + 14‘/max —— —¢F,F + \/m
67log TN 4 /196V2,. log ZIM
< Vinax \/gn o 4+ tax 08 erF+ erFte

n

231 log Z11
_Vmax n 0 +\/5]-‘7]-'+ E]:J:—I—E’

where the last inequality follows from Cauchy—Schwarz inequality. This completes the proof. [

A.2 Results for Linear Function Approximation

We now provide results regarding ( f, 7; D) for linear function approximation.

The results for linear function approximation differ from those in general function approximations
in two perspectives: (1) Since our linear function approximation setup are well specified, we have
€Fp = EFp,Fs = 0. It also implies that Q™ € F, Vr € Ilg. (2) The uniform convergence argument
for F¢ and Il can be studied more precisely (Lemma A.12 in Appendix A.2.2). We summrize the
results in this section, and we defer the detailed proof to Appendix A.2.1 and Appendix A.2.2. We
also define K = |.A] over all the linear function approximation results.

Corollary 6 (Alternative of Theorem A.1 in Linear Function Approximation). For any m € Ilg, we
have

V2 dl Vinax Kd
E(QmD) < Tt (A18)

where c is an absolute constant.

We define the RHS of Eq.(A.18) to be ¢, in linear function approximation.

Corollary 7 (Alternative of Theorem A.2 in Linear Function Approximation). For any 7 € Ilg and
f € Fa, if E(f,m; D) < € for any € > 0, then,

dlog 7‘/‘““3‘](‘1

||f - Tﬂf”l# < cVmax + \@,

n
where c is an absolute constant.
Theorem A.6. Forany 7 € llg and | € Fo, if E(f, ;D) < e for any € > 0, then,

d log ‘/n)a()sch

lf=T" flle,p < ¢Vinax + Ve, (A.19)

where c is an absolute constant.

We also define the RHS of Eq.(A.19) with € = ¢,. to be /€, in linear function approximation.
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A.2.1 Definitions and Basic Lemmas Used in Linear Function Approximation Results

Lemma A.7 ([Daniely et al., 2011], Theorem 21). Consider the hypothesis class H defined as
follows,

H = {h@(s) = argmax ¢(s7a)T6‘ 10 € @} . (A.20)
acA

Then, the Natarajan-dimension of H is bounded by, Ndim(H) < codlogd, where co > 0 is an
absolute constant.

Lemma A.8 (Sauer’s Lemma). For the hypothesis class H C X — {0, 1} with VCdim(H) = d; <
oo, then for any X = {x1,29,...,,} € X",

[Hx| < (nt+ D)™,
where Hx = {(h(zx1), h(z2),...,h(xy)) : h € H} is the restriction of H to X.

Lemma A.9 (Sauer’s Lemma for Natarajan Dimension [Ben-David et al., 1995; Haussler and Long,
1995]). Let S = {s1,82,...,8n} € 8", H follow the same definition as Eq.(A.20), and Hg be the
restriction of H to S. Then, for any S € 8", if Ndim(H) < dy and |A| = K,

ne(K + 1)2>d2 |

<
sl < (257

Definition 3 (L; Covering Number). Given hypothesis class H C X — R, ¢ > 0, and X =

{x1,22,..., 20} € X" We define the Ly covering number N (¢,H, X) to be argmin |Cx |, where
Cx satisfies
(i) Cx CR™
(ii) Forany h € H, there existsacp, = {c1,ca,...,cn} € Cx, suchthat 2 377 | |h(z;)—c;| <
€.

Lemma A.10 (Bounding L; Covering Number by Pseudo Dimension, [Haussler, 1995]). Given
hypothesis class H C X — [0, 1] with Pdim(H) < dy, we have for any X € X™,

2e

N(e, 1, X) < e(dy +1) <€>dH .

A.2.2 Detailed Proofs for Linear Function Approximation Results

Lemma A.11. Let X =S x Aand |A| = K. Let 11 C S — A be a policy class with Natarajan
dimension Ndim(II) = dry, and G C X — [0, Vinax| with pseudo dimension Pdim(G) = dg. Then,

(i) The hypothesis class H1 = {(z,2") — f(x)g(2’) : f,g € G} has pseudo dimension
Pdlm(%g) S Cldg 10g(dg)
(ii) The hypothesis class Ha = {(z,2') — f(z) + g(2') : f,g9 € G} has pseudo dimension
Pdim(H3) < cadglog(dg).
(iii) The hypothesis class Hz = {(x,a,2’) — f(x)1(a = 7(z)) : f € G, 7 € II} has pseudo
dimension Pdim(H3) < cs3(dn + dg) log(K (dn + dg)).

V

Proof of Lemma A.11. We first prove (i). Let H = {(z,2',¢) — 1(f(x)g(a")
¢) : f,bg € G} € X x X xR — {0,1}. It suffices to show that for any X
{(z1,27,C1), (w2, 25, Ca), ooy (T, @0, Co)} € (X X X x R)™, log [H{ x| < n, where n =
c1dg log(dg) for some absolute constant ¢; > 0.

Let 6% = {(z,§) = 1(f(z) > & : f € G
have 1(f(z)g(z') > ¢) = L(f(z) > §L(g(z') >
{(.%‘17.%‘/1,@),(Jig,xé,gg),...7(.7;‘“,.7;/”,(“)} € (X X X x

C X xR — {0,1}. Since we
¢/€), this implies that for any X =
R)"™, there exists

= (331,51),(.’22,52),...,(ftn,fn }E (X X R)na
o

X' ={ )
X7 ={(@), 1), (22, 82), -, (2, §,)} € (X x R)™,
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where &£ = (;,Vi € {1,2,...,n}, such that,

g;// .

[ x| = 9%

By Lemma A.8 and the fact of Pdim(G) = VCdim(G ™), we know
G5 < (n+1)%, VX € (X x R)™.

Therefore,

log ‘H;FX’ < 2log (n+1)%
< 2dg log (¢1dglog(dg) + 1) .
It is easy to verify that
2dg log (c1dg log(dg) + 1) < e1dg log(dg)
if we choose c; properly.

The proof of (ii) can be derived similarly, as we have 1(f(z)g(z') > ¢) = 1(f(x) > &) +1(g(z') >
¢/&). Therefore, we obtain log |’H§r | < cadg log(dg) by following the same amendments above.

(iii) is obtained by [Jiang et al., 2017, Lemma 21]. This completes the proof. O

We now provide an alternative of Lemma A.4 in linear function approximation.

Lemma A.12 (Alternative of Lemma A.4 in Linear Function Approximation). For any f, g1, 92 € Fo
and 7 € Ilg, we have

T 2
Hgl - Tﬂf”;u - ||92 =T fH2,/,1,

1 2 1 2
- > (gils,a) —r —f(s,7) + > (g2s,0) —r —f(s, M)
(s,a,r,s’) €D (s,a,r,s’) €D
dlog g Viaxdlog Tt

< Vimax [|91(5, @) — ga2(s, a’)HQ,p n c n )

where c and ¢’ are absolute constants.

Proof of Lemma A.12. The only difference between this lemma and Lemma A .4 is the concentration
of

LY a6 Y (eals,a) —r (s m)’
(s,a,r,s’) €D (s,a,r,s’)ED
=Y (01(5,0) — 92(5,0)) (9105, 0) + ga(s,0) — 27 ~ 291 (s', )
(s,a,r,s") €D
= % Z ((gl (8?0’) - 92(57 a’)) (91(87 a) + 92(570’) —2r — 2’7 Z f(S/a a/)ﬂ(a/ = ﬂ-(S/)))) .
(s,a,r,s")€ED a’€A

Therefore, we define the hypothesis class H as follows

1= {(5.0.m5) = (1(5.0) = (6,0 (1600 + a(o.0) = 2 = 27 3 J)1 = 7() ) :
a’eA

Vgl,QQ,f S ]:@,7'&' S H@}.
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By definitions of F3 and IIp, we have
Pdim(Fg), Ndim(Ilp) < ¢1dlogd,

where c; > 0 is an absolute constant, d is the feature dimension of linear function approximation,
the upper bound of Pdim(Fg) follows from the standard argument of VC-dimension for the linear
function class (e.g., [Mohri et al., 2018, Section 3.3]), and the upper bound of Ndim(IIg) is obtained
by Lemma A.7.

Since H is an composited class of F11 and I and the composition only uses the operations studied
in Lemma A.11, we can also obtain that Pdim(H) < codlog(Kd), where c2 > 0 is an absolute
constant.

Then,

Ey [(g1(s,0) = (T7) (5,0))%] =B, [(92(s,) = (T"F) (s, ))°] -

S @lsa) i) S (gz(s,a)—r—vf(s’,ﬂf’

(s,a,r,s’) €D (s,a,r,s’)ED

Ey [(91(s,0) = (T7) (5,0))%] =B, [(92(5,) = (T"F) (s, ))°] -

S|

LY (@0 - () (106, + gn(ss0) 2 276 m)|

(s,a,r,s’)€ED
B ¢ AV,ux(p.r) [(91(5,@) = 92(5, @) (91(5, @) + ga(5,a) — 2r — 29 (s/, 7))] log =30
o n
N 2v2. log ./\/'7(8,;—[,)()
3n ’

where the last inequality follows from the Bernsiten’s inequality and the definition of NV'(e, H, X).
Similar to the proof of Lemma A.4, we also have
Vixp,r) [(91(s,a) — g2(5, ) (91(s, @) + g2(s, a) — 2r — 2y f(s', m))]
< AV axEul(91(s, @) — g2(s,))].
Then, we obtain

B, [(91(5,@) = (T71) (5.0))| — B, [(ga(s.0) = (T7F) (5,0))% | =

1 2 1 2
LY @Gy Y (a0
(s,a,r,s")ED (s,a,r,s’)ED
N(e,H,X) 2 N(e,H,X)
IOg -5 2vaa»x lOg -5
< 4Vinax [|91(s, @) — g2(s, a)“z,u n 2 3n :

We now prove that, for any H' C X — [a, b],
d /
2e(b — H
N, H, X) < eldw +1) (e( . “)> ,

Let H' = {(h(-) —a)/(b—a): h € H'} C X — [0,1], then we have dys = dg» by Lemma A.11.
By Definition 3 and Lemma A.10, it implies that

dyyr
N HX) = N/, 3) = e 1) (2222) ™

£
by simple algebra. Since H C X — [-2V2, ,2V:2. ], we can just plug in a = —2V2,_ and
b=2V2, _,and obtain
8eV2, | "
N(e,H, X) = (dy + 1) ( ¢ ;d*) , (A21)
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forany X e S x A xR x S.
By plugging in the definition of N (e, H, X) in Eq.(A.21), we can verify that

By [(91(s:0) = (T7) (5,0))°| =B, |(g2(s,0) = (T7F) (s5,))* ] -

LY @Gy Y (a0

n
(s,a,r,s")ED (s,a,r,s’)€D
dlog YwaxKd 2 (]og Ymaxkd
< Vmax [|91(s,a) — g2(s,a)ll , +c )
' n n
where c and ¢’ are absolute constants. This completes the proof. [

Corollary 8 (Alternative of Lemma A.3 in Linear Function Approximation). For any f1, fo € Fo
and w € llg, wp. 1 — 6,

dlog 7‘/"‘&3‘ Kd

[ f1(s,a) = (T7 f2)(s,a)ll,, — [ f1(s,a) — (T“fz)(s,a)llwl < Vinax\[ — =
where c is an absolute constant.

Proof of Theorem A.6. By combining Corollary 8 and Corollary 7, we complete the proof. O

B Detailed Proofs in Section 3

B.1 Detailed Proofs for General Function Approximation

Over this section, the definition of ¢, follows from Eq.(A.2).

VE
Lemma B.1. Forany m € 1], ; Ir}in QT — fll2,v < T z for any admissible distribution v.
E€Fr e, -7

Proof. Let f := argmin y. r MmaXudmissible » I|f — T fll2,v- By definition of F ., we know fr €
Fr e, Then,

: 1 VEF
"= v < - rll2py < —— T i 2w < . O
fern.;wr,lar ||Q f |2$ B ”Q f 2y = 1-— i adrzirisaiﬁeu ”f T f ”2’ 1— ol
Lemma B.2. Foranym € I, min f(so,7) < J(7) + E
JE€EFm er 1—7
Proof of Lemma B.2. let f, = argminfej_- MaXdmissible v || f — Tﬁf||2,u-
~ VEF VEF
< ™ ) < B ) =J . |
in Flonm) < frloo.m) £ Q(sorm) + 225 = I+ 125

Therefore, the optimization objective is actually a valid lower bound of J(7). Similarly, we have the
following symmetrical result.

Lemma B.3. Forany w € 1], flr}ax f(so,m) > J(m) — 17””.
S T, e - ’}/

Proof of Lemma B.3. Let f = argmin ;. r maXamissible lf—T7 fll2,-

jmax f(s0,7) = fr(s0,m) > Q" (s0,7) — ﬁ =J(m) - 1\/,?: =

We now ready to provide the proof of Theorem 3.1.
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Proof of Theorem 3.1. Using the optimality of 7, we have

max S0,7T) — min 50,7) < max S0,T) — min S0, ).
; Mrf( 07—, fhrf( 07 < mrf( 0™ = 2 m‘f( 0, )
Now, let fr min = argminfefmr f(s0,m) and fr max = argmax ez f(so, 7). By a standard
telescoping argument (e.g., [Xie and Jiang, 2020, Lemma 1]), we can obtain

ffr,max(ﬂ-y 30) - fﬂ',min(ﬂ—a SO)
= fTr,maX(Tr, 30) - J(ﬂ-) + J<7T) - fﬂ',min(ﬂa 50)
= % (IEd7r [fﬂ’,max - Tﬂ—fﬂ,max] - IEd7r [ffr,min - Tﬂ—ffr,min})
1
= E(EM [V/M : ((f‘n',max - Tﬂfﬂ’,max) - (fmmin - Tﬂ—ffr,min))]
+ Edw [(fw,max - Tﬂfﬂ’,max) - (fﬂ’,min - Tﬂfﬂ,min)]
- Eu [(f‘n',max - Tﬂ—fﬂ,max) - (fTr,min - Tﬂ—fﬂ,min)])
1
= m (Eu [V/H ' ((fw,max - Tﬂfﬂ',max) - (fﬂ',min - Tﬂ—fﬂ,min))])

@

= (B (AL = AP AL =By [Afy = 7P"ALD. (Afr = frmae = frmi)

an

where v is an arbitrary on-support state-action distribution. We now discuss these two terms above
separately.

For the term (1),

1 . -
(I) S lf |E;L [D/M . (fw,max - T fﬂ',max)” + i ‘EM [V/N : (fﬂ,min - T f‘n’,min)“
Y Y
< C(v; u, F,m)
ST,
because of the Cauchy-Schwarz inequality for random variables (|E[XY]| < +/E[XZ2]E[Y?)).
For the term (II),

(”fmmax - Tﬂfﬂ',max”lu + ||f7r,min - Tﬂfﬂ',min”Q,u) )

(D) = — (Eq. [Afs —yP Afe] —Ey [Afs — vPAL))

I—vy
= Y de(sa) s )] [Ax(5,0) — Y (PTAL)(s,0)
v (s,a)eSxA
<l Y 1da(s.@) > vl(s,0)) [de(s.)  v(s.)] [Afr(5.0) — /(PTAS)(s.0)]
v (s,a)ESXA
| Y Awls.0) > de(s,) [v(s,0) — de(s,0)] [Af(s,0) ~ ¥(PTAL) (s, a)]

(s,a)eESxA

<1 i > (de\v)(s,0) [Afr(s,a) = Y(PTAfx)(s,a)]
v (s,a)ESx.A
1 i > 1(w(s,a) > da(s,a) [V(s,a) — dr(s, )] |Afx(s,a) = Y(PTAfr)(s, a)]
v (s,a)eSxA

<L S @\ )(50) [Afa(s,0) — A(PTAL)(5,0)

- (s,a)eSxA

H
2
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1 2 2
+ 7EV Hfrr,max - T fﬂ,max| + |f7'r,min - T fﬂ,min”

I—x
1
7T > (de \V)(5,0) [Afr(s,a) = Y(PTAfx)(s,0)]
v (s,a)eSxA
C(v;u, F,m W -
+ (1_,7) (”f?r,max -T f‘n-,max”Z,u + ”fﬂ',min -T f‘n-,minHQ,p,) 5

where the second last inequality follows from the fact of v(s,a) > 1(v(s,a) > dx(s,a))[v(s,a) —
dr(s,a)] for any (s,a) € S x A and the triangle inequality for the absolute value, and the last
inequality uses the Cauchy-Schwarz inequality for random variables (similar to the argument for the
term (1)).

Combining the bounds of both term (I) and term (II), we have

fw,max(ﬂ-a 80) - fﬂ,min(ﬂ-v SO)
1

<7 > @\ 0)(s,0) [Afx(s,a) = ¥ (PTASx) (s, ) (B.1)
v (s,a)eSx.A
2./€ 3 ,f7 T ™
+ w (Hffr,max - T f'n’,max”Z,p, + ||f7r,min - T f‘n’,min| 2,;1,) .

Since Eq.(B.1) holds for arbitrary on-support state-action distribution v, we take the minimal over
the set of all {v : € (v; u, F,7) < Cz} (Ca denotes the L? concentrability threshold), and obtain

fﬂ',max(ﬂ-7 SO) - fﬂ,miﬂ(ﬂ-7 50)

2\/C(v; pu, F, )
< i —— max ~ " max min — " min
< Mu;i?;r}mcz( T (= T Sl + i = T Frmin2)

+71i Y. [da\v)(s.a) [Afw(57a)—’Y(PﬂAfﬂ)(s,a)}>
(s,a)eSxA
2/Cy

1—7 2.1)

IN

(Hfmmax - Tﬁf‘fr,max”Q,u + ||f7r,min - Tﬁf‘fr,min

LS (@ \v)(5,0) [Dfa(5,0) = 1(PTALL) (s, a)]

+ min
Vi€ (vip, F,m)<Cy \ 1 — ol

(s,a)eSxA
I
b m Y @\ 05s0) (Al ) A(PTAL) (5,0)
min — = \V)(s,a w5 @)~ A
Vi€ (v, F,m)<Co | 1 — 7y (s,a)eSx A '

This implies the bound of J(7) — J(7),

J(m) = J(7) < jmax f(s0,m) — ferrlfi*r}sr F(s0,7) + 1 5
. 2\/eF
< — vV
< max f(s0,m) fern]gwr}&f(s(),ﬂ)ﬂL T
21/5}‘
= frr,max(’rr, SO) - f‘n’,min(ﬂ—v 50) + 1— ~y
< 4\/02\/5 n 2. /eF
- 1—y 1—7~

ST e\ V)(5,) [Afa(s,0) — A(PTALL) (5, a)]

min 1
:E (v, F,m)<C —
vi€ (vin, Fm)SCo v (s,a)eSx.A
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Plugging the definition of €, (in Eq.(A.4)), we complete the proof. O

B.2 Detailed Proofs for Linear Function Approximation Results

Proof of Theorem 3.2. We use © to denote the parameter space of Fg, i.e., Fo = {¢'0 : 0 € O}.
And we also use © . to denote the version space in the parameter space accordingly, i.e., O ., =
{0 € ©: E(f,m;D) < &, }. Now, using the optimality of 7, we have

T : ~\T T : T
max  ¢(sg,T) 0—9H®1m d(80,7) ngenéax (80, 7) 0—9611@1111 d(s0,7)" 6. (B.2)

0 TEr e T,Ep T, Ep

Let O min = argmingce _ ¢(s0, ™) "0 and O max ‘= argmaxyce__ ¢(so,m)"0. By a standard
telescoping argument (e.g., [Xie and Jiang, 2020, Lemma 1]), we can obtain

|¢(80, ’/T)Tgﬂ,min - J(’]T)|
1
- m ’Edﬂ [d)(saa)-roﬂ',min - (Tﬂ—gb-reﬂ',min) (87 a)”
1
1—v
1

= E
1—7 o

S II'-Tdd,r ’QS(Sa a)TGTr,min - (TW¢T9ﬂ,min) (S,(l)|

QS(Saa)T(aﬂ',min - 0/> ’7 (B3)
———

where 6’ must exist by the linear completeness assumption.

We now define >p,
Yp=Ep [¢(5,a)¢(s,a)q ,
and &,
&, (5,a) = |6(5,0) &rmin| , V(s5,0) €S x A.
By definition of & min and Theorem A.6, we have
§7Tr,minED€7r,min <eyp

1
g ‘Z£2£W,min ) < Vés-

Then, for any (s,a) € S x A,

£ (5,0) = [6(5,0) TS5 S H e i

< Jlotssa ™, 28 6,
< \J5(5 T2 005 @)V, B.4)

Plugging Eq.(B.4) into Eq.(B.3), we obtain
|¢(SO7 7T)Tefr,min - J(T‘—)’

1
< - ’YEd” [Ee, (s,a)]
< 71\/_5;15301# {\/¢(S,a)T251¢(s,a)] . (B.5)
Similarly, we also have
T NG —)
|#(s0,m) " O mmax = T (m)| < { — B \/¢(s7a) Xp o(s,a)| - (B.6)
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Combining Eq.(B.2), Eq.(B.5), and Eq.(B.6),

max  ¢(so, 7)) 6 — , Igin H(s0,7)760 < p ax B(s0, )70 — , min  ¢(s, )" 0
€

€Or ¢ T,ep €Ox ¢, eeﬂ,sr
2\/€p ~
< 1{;]&1” [\/¢(s,a)T2D1¢(s,a) : (B.7)

By the definition of ¢,., we know 6, € © . for any m € II. This implies

J(m) = J(®) = Q" (s0,7) — Q" (s0,7)
= ¢(50a 7T)TeTr - ¢(507 %)Tgﬁ
< Q%ax ¢(8077T)T9 - Qe%in ¢(807%)T9

T, Eq T,er

IN

%Ed” [\/¢(Sﬂa)szl¢(87a) :

where the last inequality follows from Eq.(B.7). Plugging the definition of ¢; (defined in Theo-
rem A.6), we completes the proof. O

C Detailed Proofs in Section 4

C.1 Some Lemmas

We first introduced the necessary lemmas that used in our proofs.

In the following lemma, we show that at every iteration ¢ of Algorithm 1, the estimated Q-function
(f: obtained at the step 3 of Algorithm 1) is actually the true Q-value of 7; in a specific MDP M,,
denoted by Q7 , where dynamic of M, is same as the ground-truth MDP M and the difference
between the reward functions of M and M, can be controlled.

Lemma C.1. Let f; satisfies E(fr, m; D) < € for some . Then, there exists an MDP My = (P, R+)
(the other elements of My are same as the environment MDP M, and also let Ry(s,a) = E[R(s,a)])
with Py = P and | Ry(s,a) — R(s, a)|3 ,, < e, such that fy = Q7 , where &, is defined in Theorem
A.2.

Proof of Lemma C.1. We can simply set R; = R; is deterministic as,

Ri(s,a) = fi(s,a) —~ Z 7rt(a'|s’)ft(s',7r)] . (C.1)

E
s’ ~Pi(-]s,a) aed
Note that, this R; always exist because the definition above is equivalent to R, = (I — vP) f;.
With this P; and R; (M; = (P, R+)), it directly implies that

ft(sva) = Rt(saa) +v Z ﬂ—t(a/|5/)ft(8/’7r)] = ( ./Clttft)(&a%

E
snPills.a) | S

which means that f; is the Q-function of 7; in MDP My, ie., fi(s,a) = Q7},,(s,a) for any
(s,a) € S x A

For || R;(s,a) — R(s,a)]|3 ,,, we have

IRe(s,a) = R(s,a)ll3 . = | fe(s,0) =7 E [Z m(a'ls") fe(s's )| — R(s,a)
s'~Pi(+]s,a) oA 24
(by Eq.(C.1))
2
i@ -r B | m@ls)hsm | - Risa)
s'~P(+]s,a) Pt )
"
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2
= lfe =T fell3,
< €b,

where the last inequality follows from the definition of ¢, (in Appendix A.1). This completes the
proof. O

Definition 4. Consider following procedure: for any t € [T
1. fy = argminc z (f(s0, ™) + AE(f, 7; D)) (step 3 of Algorithm 1)
2. mry1(als) o< m(als) exp (nfi(s,a)), Vs,a € S x A.

Let Jaq () denotes the policy return under MDP M. Then, we define the total regret of the procedure
above as

T
Regrety = w3~ Jaa, () = o ().

Over this section, we define ¢,(7) as

1

ly(m) = — Z m(als)logm(als).
acA
Lemma C.2. Foranym € Il and s € S,
T T
D (miepa(ls), fols, ) = Lo(m) = Y (w(:[s), fils, ) — Ls(m). (€2

Proof of Lemma C.2. We establish our proof by induction. The case of 7' = 0 holds as 7 is the
uniform policy. We assume Eq.(C.2) holds at T' = T", then for the case of 77 + 1, we have the
follows forany 7 € Illand s € S

T'+1
Z <7T('|8)7 ft(37 )> - 65(7()
o T4
< (mrr42(:[5), fe(s,°)) — €s(mrr42(:s))
= (mrga(:ls), fils, ) = La(mrrga(-]s)) + (mrvya(Cls), froga(s,-)
t=1
) L
< D (meaaCls), fuls, ) = L(m) + (mrvyalls), frrga(s,)
-
= <7Tt+1('|s)7ft(sv')> 765(771)3

where (a) follows from the fact that 77/ o(-|s) maximizes ZT +1( (:|s), fi(s,+)) — £s(m) over any
7 € II, and (b) uses the induction hypothesis that Eq.(C.2) holds at T = T”. This completes the
proof. O
Lemma C.3. Foranyw € lland s € S,

Z ) — (- Z Ter1(c]s) — me(+|s), fe(s,-)) — L(m1).
t=1

t=1
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Proof of Lemma C.3. We use the result of Lemma C.2 to establish the proof.

B

(m(-|s) = me(-|s), fe(s,-))

o~
I
—

(w(-]s), (s, ) = bs(m) +Ls(m) = D (me(]s), fils, )

t=1

[M]=

~
I
—

T
(me1(:18), fe(s, ) — Ls(m1) — Z(Wt('|8),ft(8, Y+ Ls(m) (by Lemma C.2)

[M]=

t=1 t=1
T
<D (mera(ls) = mlls), fils, ) = Lo(m). O
t=1
Lemma C4. Foranym € lland s € S,
T
Z<7T(‘S) - ’/Tt("‘s)a ft(sa )> < 2Viax V 210g |A|T7
t=1

if we take n = 4/ 21€/g2|«47\m

Proof of Lemma C.4. We define L, ; as

t

cs,t(ﬂ—) = Z<7T(|S)v fr (Sa )> - 65(7'().

t'=1
Let Bz, ,(-||-) and By, (-||-) be the Bregman divergence w.r.t. L, (-) and £,(-), then we have

Loa(me) 2 Lop(morr) + (me(-]s) — s (1), VL t(T)lr=reyr) + Be, (T (-[8) |71 (-]5))

(d)
< Lst(mepr) + Be, (me(|s) w41 (-]5))

© Lst(me41) — Be, (e (o] 8)[|me41(:]s)),

where (a) is obtained the the definition of Bregman divergence, (b) follows from the fact that 7y
maximizes L () by definition, and (c) is because L () + ¢() is linear, which does not affect
the Bregman divergence.

By reordering the inequality above, we obtain
By (mi(|s) w1 (-[s)) < (Lse(meqr) — Lse(me))
= [Log—1(meq1) = Log—1(me) + (mes1(t[s) — me(-[s), fe(s, )]
< (mea(c]s) = me(:s), fils, ), (C3)
where the last inequality is because m; maximizes L, ;—1(-).
By applying the Taylor expansion and the mean-value theorem on By, , we can rewrite By_ as
1

By, (me(c]s)[|mes1(]s)) = 5“7Tt('|5) - ”t+1("5)||%H€s)(m/) (C4)
= 2 (mls) = mea Cls)TICHE) (o))l 13) — e (),

where 7} = am; + (1 — @) w41 for some a0 € [0, 1], and H{; denotes the Hessian matrix of /.

We now bound (m¢41(+|s) — m¢(-|s), fi(s,+)) using the results above. By the generalized Cauchy-
Schwarz theorem,

(meg1(]s) — me(c[s), fels, ) < llmega(cfs) — Wt("S)H(HES)(ﬂ't/) 1 fe(s, ')H(HZS)*l(Trt/)

— V2B, (e (1) et (1)) 12, Ml a1y
(by Eq.(C.4))
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< 2By, (e (18) [mes1 (1) /A [1fe (s, ) oo

< V2(mei(ls) = me(cls), fels, DV 1 fe(s, )l
(by Eq.(C.3))

< Vmax\/277<77t+1('|5) —mi(]s), fe(s, 7))
= (i1 (-[s) = me(:s), fi(s,-)) < 20Vimax:

As 1 is the uniform policy, we know £5(m1) = — log |.A| /7. Therefore, by applying Lemma C.3, we
obtain

T T
Sl < 3 (malls) = mlls), fuls, ) = )
t=1 t=1
<mV2, T+ log |A|
= Wpnay/2T log |A
where the last step is attained by taking n = ;‘C}gz‘Al O
Theorem C.5. Let T = argmax, . ZtT=1 Ipm, () — I, () and n = ;3%'“47‘,, we have
2Vimaxy/ 2T log | A
Regret, < W.
-

Proof of Theorem C.5. Using the performance difference lemma, we have

T
Regret, = Z I, (7) = Ipm, ()
t=1

=

[fe(s, ) — fe(s,m)] (by Lemma C.1)

T
1—7 ;swz,},m
T
)

=

[(7(|s) = me(-]s), fi(s, )]

srvdz

By Lemma C.1 and its proof, we know the dynamics of My, ¢t € [T are identical (same as that of the
true environment MDP). Let dz = dx uq, Which holds for any ¢ € [T7], and we have

Regret, = 72 s) — me(:]s), fe(s, )]

9~d~

1 .
- m SNH%;r [Z<7T(S) - Trt('|s)’ ft(sa )>]

t=1

1
< ﬁ E {ZVmax\/QT log |A|} (by Lemma C.4)
- SNd;r
~ 2Vinax/2T log | A|
= 1 .
This completes the proof. O
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C.2 Proof of Theorem 4.1

Lemma C.6. For any w € 11, we have,

min(f(so. 1) + NE(f. 7 D)) < J(m) + g e

and,

(50, ) = AE(f,m5 D) 2 J(m) = 222 e,

where ¢, is defined in Eq.(A.2), i.e.,
[F 1T

139V2,, log ZIM

max

log

e

Proof of Lemma C.6. For any 7 € 11, let

f7T = argmin sup ||f - Tﬂf“g,w
fEF admissible v

then we know || f — 77 f ||§l, < e for any admissible . We now also the following arguments

J(m) = J(m) = (fa(s0, ) = Ae(fr, ™ D)) + (fx(s0,7) = AE(fx, ™3 D))
= (fx(s0,m) = Ae(fr, m; D)) + (J(7) — fx(s0,7)) + AE(fx, ™ D)

T Tﬂ- ™
< (fo(o0:7) = A6 eymiD)) + =T e, i)
(by [Xie and Jiang, 2020, Lemma 1])

S (f‘n'(SOaTr) - Ag(f?‘ﬁ W,D)) + 1\/5?7 + )‘ET (by EQ(A4))
< rflea]{_((f(so,ﬂ) —XE(f,m; D))+ g + A,
and
J(Tf') = J(ﬂ-) - (fﬂ'(SOaTr) + )‘g(fﬂ'a 7T7D)) + (f‘IT(SOvTr) + )\5(.](‘7.” 7T7D))
= (f‘n'(5077r) + Ag(fﬂ'a 7T7D)) + (J(ﬂ-) - f‘n’(SOvTr)) - )\g(fﬂ'a 7T7D)
> (fx(s0,7) + A(fr, ™ D)) — /= _1 ﬂj;ﬂnz’d” — AE(fr,m; D)
(by [Xie and Jiang, 2020, Lemma 1])
> (fr(s0,m) + A (fr,m; D)) — 1\/572 — Ay (by Theorem A.1)
> i f(s07) + X7 D)) = T .
This completes the proof. O

Proof of Theorem 4.1. We use M, to denote the corresponding MDP of f; (see Lemma C.1). For
any 7 € II, let

. 2
fr=argmin sup |f-T"fl3, -
f€F admissible v

By Lemma C.6, we know

J(m) > ;réig(f(so,m) + X(f,m; D)) — g — A&y

NG
= fi(s0,m) + AE(ft, m; D) — ﬁ — ey
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> fe(so, m) — 11—~
= Jm, (m) — g — Agp. (C.5)

Now, we have

Jm) — J(7) = 7 ium ()
< % iu(ﬁ) T, (1) + T, (1) — Ta, () + g + e, (by Eq.(C.5)
<z i(mt(w) T (m) + é (J(7) = Tag, (1) + g e,
S 21lea; 210§|A| N % tZT; (J(x) = Tan, (7)) + g + e,

(by Lemma C.5)

We now provide the bound on J(7) — Ja4, (7) for any ¢ € [T]. By a standard telescoping argument
(e.g., [Xie and Jiang, 2020, Lemma 1]), we can obtain

J(m) = Jm, (7)
= Qﬂ-(SOvﬂ-) - JMt (7'()

1
= 1= [ [ (@7 = TR, Q)] + B, [Q7 - T, Q7] — B [Q7 - T, @]

1 1
=125 By [/ (@7 = TR, Q) ]| + T [Ea, [Q7 = TF, Q7] — B [Q7 = T3, Q]|

@ an

where v is an arbitrary on-support state-action distribution. We now discuss these two terms above
separately. Note that, the d,, we used above is defined to be the distribution under the true environment
MDP M, which is equal to d. a4, as we define M, to have the same dynamic as M, (details in
Lemma C.1).

For the term (1),
1 ™ U T
0 = 1 B [ (@7 - TH,@))
1
< T _ Jm K
< T 10T - TR
because of the Cauchy-Schwarz inequality for random variables (|E[XY]| < \/E[XZ2]E[Y2]).

We define (d, \ v) as (dr \ v)(s,a) = max(d,(s,a) — v(s,a),0) for any (s,a) € S x A. Then,
for the term (II)

(H)zﬁ!Edﬂ [Q" =77, Q7] - E. [Q" - TF, Q]|

=T i Z [dr(s,a) —v(s,a)] [Q7(s,a) — (T, Q™) (s,a)]
v (s,a)eSXA

= 1% Z 1(dx(s,a) > v(s,a)) [dr(s,a) — v(s,a)] [Q“(s,a) — (T/&tQW)(S,a)]
v (s,a)ESXA
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+ T—= Z L(v(s,a) > dx(s,a)) [v(s,a) — dx(s,a)] [Q"(s,a) — (T, Q™) (s,a)]
(s,a)eSx.A
St Y 6 @76 - (75,76 a)
v (s,a)eSx.A
+ ﬁ Z L(v(s,a) > dx(s,a)) [v(s,a) — dx(s,a)] |Q"(s,a) — (T/Cthﬂ)(S’a)‘

(s,a)ESx.A

| T @060 (@60 - (77,0 s 0] |+ T E (107 - TE, Q7

(s,a)eSx.A N

S| T 060 (@60 - (77, Q)6 0)]) |+ 10— TE Qe

(s,a)eSxA

(La)

where the second inequality follows from the fact of v(s,a) > 1(v(s,a) > dr(s,a))[v(s,a) —
dr(s,a)] for any (s,a) € S x A, and the last inequality uses the Cauchy-Schwarz inequality for
random variables (similar to the argument about the term (I)).

We now discuss the term (I1a),

Ma)=| > (de\¥)(s,0) [Q7(s,a) — (T, Q")(s, )]

(s,a)eSxA

=| > (@ \v)(s,0) [Q7(s,0) = R, (s,0) = 1 (PR, Q7)(s. )]

(s,a)eSxA

=| > (@ \v)(s,0)[Q7(s,0) = (fels,a) =1(P™ fi)(5,a)) = ¥(PTQ")(s,a)]

(s,a)eSxA

=1 > (d=\V)(s5,0)[fels,a) — R(s,a) = y(P™ fi)(s, a)]

(s,a)eSxA

=| X @ \»)(s.a)fils,0) = (T fi)(s.0)]

(s,a)eSxA

)

where the third equation follows from the definition of R4, (s, a) = fi(s,a) — y(Pxy, fi)(s,a) =
fi(s,a) — v(P™ fi)(s, a) (refer to Lemma C.1 and its proof).

Thus,

A< D (de\)(5,0) [fils,a) = (T™ fi)(s,a)]

1 U Uy Iy
+ T—> 1Q™ — T, Q" |2,
(s,a)eSxA v

Combining the bounds of both term (I) and term (II), we have
Q" (7, s0) = Jam, ()
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sﬁl\@“—m,@’rllaw S 4\ (50 [fi(s,0) — (T™ fo)(s,a))|. (C6)

(s,a)eSx.A
For the term || Q™ — T 5, Q™ [|2,0.,

lo™ = T, Q7[l,, = [1Q7 = Be = 7PR0,Q7,,

= Q" — Ry —yP"Q"|,,, (by Lemma C.1)
= [|[R— R,

= |R+~P™ fr — fillo, (by Lemma C.1)
= [|T™fe = fella,

<NVEWim Fom) [T fr = filla,,
<V, Fom) (Ve + v Vinax/ V),
where the last step is obtained by the following argument:
fe(so,mt) + AE(fr, ;D) = ?éig(f(so,m) + XE(f,m; D))

< fr (50, 7t) + AE(fr,, T3 D)
< Vinax + Aer. (by Theorem A.1)
Vmax

A

- g(ftth;D) S Ep +

Then, applying Theorem A.2, we transfer the bound on £( f;, m; D) to the bound on || 7™ fi — fi|l2,.-

Since Eq.(C.6) holds for arbitrary on-support state-action distribution v, we take the minimal over
the set of all {v : € (v; p, F,m) < Cay} (Coy denotes the L? concentrability threshold), and obtain

Q™ (50, ) — Jm, ()
_ . (2%@; 11, Fy 70) (y/E + v/ Vina/ )

- v:€ (vip, F ) <Ca ¢ 1-— Y

+1 D> (e \v)(s,a) [fils,a) = (T™ fi)(s,a)] )

(s,a)eSx.A

min
- Vi€ (v, Fom) <C2,t

. Q@Wiw vV /) ~ Y (@ \v)(s,0) [fi(s.a) — (T f)(s,0)]|.

(s,a)eSxA

Therefore, we complete the proof as follows.

J (77) (7)

Vinax [2log |A] 1 « G
o JHRIAL 4 23 () = Taas () + 22

t

T
C max
max /210g|A 1\/ +>\€T+ 12( 2t \/ +\/ /

Il
_

v t=1 I=7
u:%(u;#rqrﬁgt)SC‘z,t (dﬂ- \ V)(S,a) [ft(sa a) - (T ‘ft)(sva)] )
(s,a)eSx.A
/ VEF ~ (2,/C VVinax /A
_ rnax 210g |-’4 + )\87- + l Z < 2,t(\/5)+ / )
1 ¥ T~ 1—7v



* Vi(ﬁ(”?ﬂ?}iygt)ﬁcz,t Z (dﬂ' \ V)(S7 a’) [ft(S, Cl) - (Tﬂ-tft)(& a’)] > 5
(s,a)eSx.A

where C5 ; can be chosen arbitrarily for any ¢ € [T)]. Since the complexity of Igpy is at most |F |7

by it definition, setting A = {/Vmax/(1—+)%c2 and plugging the definition of ¢, and ¢, (defined in
Appendix A) completes the proof. O

D Linear Implementation of PSPI
In this section, we provide the details of implementing PSPI with linear function approximation, that
is, F == {¢(-,-) 70 : 0 € R}, where ¢ : S x A € R% s a given feature map.
Recall that Eq.(4.1) is
f(so,m) + AE(f,m; D)
= ¢(s0,7m)" 0

+ A (]ED {((b(s, a)'0 —r —~o(s, W)T9)2] — min Ep {((Z)(s, a)T0 —r —yo(s, W)T9)2}> .

0’cR4

We first provide a closed-form solution to the inner ming, cga. Note that this inner min is a linear
regression objective, so the minimal value can be achieved with

0 = STEp[o(s, a)(r + vo(s',m) T0)].

where 3 = Ep[¢(s, a)é(s,a)T] is the sample covariance matrix and X1 is its pseudo-inverse. Here,
we do not require the invertibility of 3, since we only care about the min value instead of the
argming,. The min value is therefore

Ep [(qﬁ(s, a) TS Ep[p(s, a)(r +vo(s', 7)1 0)] —r — yo(s, W)TQ)Q} ) (D.1)

It should be clear at this point that Eq.(4.1) is quadratic in 6. The rest of the derivation provides a
simplified closed-form expression. Define shorthand notation

¢=¢(s,a),  ¢=¢(s',7),
B=Ep[¢yT], C=Ep[pv'], b=Eplr], c:=Epyr].
Then, Eq.(D.1) is

Ep [(¢"SEnlo(r + 107 0)] - 7 — 10760)"]
—Ep |(¢TE1(b+7B0) — 7 — 1w70)’]
—Ep [(7(6"STB-4T) 0+ ¢S —1)’]

=’ Ep[0T(BTEg — ) (¢"STB — ¢ 1)) + 29Ep[0T (BTS¢ — 4)(¢"X1b — 7)] + constant,

where “constant” is any term that is independent of # and will not affect the optimization. Dropping
the constant, the above is equal to

YEp[0T(BTE1¢¢ TS B — ¢ "STB — BTSTgp™ + pT)0)]
+ 29Ep[0T (BT T80 — 4TS — BTS o + )]
=~20T(BTSTEXB - 2BTSB + )0 4+ 2907 (B"ET22Tb — 2BTS 1 + ¢)

=720"(B"S'B - 2B"Y'B + 0)0 + 270" (c — BTS'b)
(Property of pseudo-inverse: TL LT = 3T

=720"(C — B"2'B)0 4+ 240" (c — BTSb).
We now handle the first expectation in Eq.(4.1):

Ep {(d)(s, a)td —r —~o(s, W)TQ)Q]
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=Ep {(@T — )6 - 7”)2]
=Ep [07(¢ —v¢)(¢" — v ")0] — 2Ep[r - (¢ — v3) 6] + constant
=0"(X —vBT — 4B +~2%C)8 — 2(b — y¢)f + constant.
We now combine the two terms and consider the quadratic term 7 (-)8 and the linear term 67 (-)
separately. The matrix in the quadratic term is
Y —yB" — 4B ++2C —4*(C — B'Y'B)
=Y —9B" —yB++’B"Y'B
= (I -~%'B)™2(I —4%'B).
To verify the last step, we can expand the last expression and obtain ¥ — yXXTB — ~(3XTB)T 4

'yzBTETB, and the identity holds due to »>tB = B: we defer the proof of this fact to the end of
this section.

The vector in the linear term is
—2(b — v¢) — 2y(c — BTSTb) = —2(I — vBTE)b.
Putting all together, Eq.(4.1) divided by A is equal to (up to a constant independent of 6):
0T(I —7S'B)TS(I —4ZTB)0 — 07 (2(1 — £1yB)Tb — ¢(s0,7)/A) - (D.2)

Note that this objective is quadratic in 6, and the Hessian is always positive semi-definite.

Closed-form solution under invertibility and connection to LSTDQ We show that the above
objective is intimately connected to LSTDQ [Lagoudakis and Parr, 2003]. In particular, assuming >
and ¥ — v B are both invertible, Eq.(D.2) becomes

0T(I—~E7'B)'S(I —27'B)0 — 07 (2( —v=7'B)"b — ¢(s0, m)/A) .

Note that the quadratic term is now positive definite, and we are minimizing the objective, so the
minimizer can be found simply by setting the gradient to 0, i.e.,

2(1 =X 'B)TS(I —427'B)0 = 2(I — X7 'B)Tb — ¢(s0, )/ \.
Define A =1 — 72_13, the closed-form solution is
O =A1S" 1A HT(ATD — ¢(s0,m)/2))
=ATIS T — AT TN AT To(s0, ) /2.

Note that when we drop the pessimistic term f(sg, 7) (i.e., setting A\ — o0), the solution becomes
A~1¥71b, which is exactly LSTDQ Lagoudakis and Parr [2003]. Antos et al. [2008, Proposition
2] shows a similar result, but their proof is restricted to the invertible case and directly verifies that
Eq.(4.1) achieves its minimal possible value O when the LSTDQ solution is plugged in. In contrast,
our result in Eq.(D.2) is substantially more general as it does not rely on the invertibility assumptions.

Proof of Xt B = B We rewrite ¥ = Ep[¢¢'] = ®TD®, where D is a diagonal matrix represent-
ing the empirical measure of D over S x A, and ® € RIS*AIX4 s the matrix representation of the
entire feature map. Similarly we may write B = Ep|[¢yT] = ®TDV for some suitable matrix ¥.?
Define X = DY/2® and Y = D'/2¥, and Y% B = B becomes (X' X)(X' X)) (XTY) = XY,
which is what we need to show.

To show this, let X = UZV'T be the SVD of X, where Z € R"*" is an invertible diagonal matrix
with 7 being the rank of X. Note that UTU = V'V = I, i.e., the 7 x r identity matrix. Then,

XTX)(XTX)H(XTY)
=VzZ?V'vz2v'vzZU'Y
=VvvTvzUy
=VZU'Y = XY,

This completes the proof.

3The (s, a)-th row of W is Ep[p(s’,7)"|s, a] for (s, a) in the data, and does not matter otherwise.
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