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Abstract

There have been many recent advances on provably efficient Reinforcement
Learning (RL) in problems with rich observation spaces. However, all these works
share a strong realizability assumption about the optimal value function of the true
MDP. Such realizability assumptions are often too strong to hold in practice. In
this work, we consider the more realistic setting of agnostic RL with rich ob-
servation spaces and a fixed class of policies II that may not contain any near-
optimal policy. We provide an algorithm for this setting whose error is bounded
in terms of the rank d of the underlying MDP. Specifically, our algorithm enjoys a

sample complexity bound of O ((H*K3?log [II|)/e?) where H is the length of
episodes, K is the number of actions and € > 0 is the desired sub-optimality. We
also provide a nearly matching lower bound for this agnostic setting that shows
that the exponential dependence on rank is unavoidable, without further assump-
tions.

1 Introduction

Reinforcement Learning (RL) has achieved several remarkable empirical successes in the last
decade, which include playing Atari 2600 video games at superhuman levels [Mnih et al., 2015],
AlphaGo or AlphaGo Zero surpassing champions in Go [Silver et al., 2018], AlphaStar’s victory
over top-ranked professional players in StarCraft [Vinyals et al., 2019], or practical self-driving
cars. These applications all correspond to the setting of rich observations, where the state space is
very large and where observations may be images, text or audio data. In contrast, most provably
efficient RL algorithms are still limited to the classical tabular setting where the state space is small
[Kearns and Singh, 2002, Brafman and Tennenholtz, 2002, Azar et al., 2017, Dann et al., 2019] and
do not scale to the rich observation setting.

To derive guarantees for large state spaces, much of the existing work in RL theory relies on a
realizability and a low-rank assumption [Krishnamurthy et al., 2016, Jiang et al., 2017, Dann et al.,
2018, Du et al., 2019a, Misra et al., 2020, Agarwal et al., 2020a]. Different notions of rank have been
adopted in the literature, including that of a low-rank transition matrix [Jin and Luo, 2019], a low
Bellman rank [Jiang et al., 2017], Wittness rank [Sun et al., 2019], Eluder dimension [Osband and
Van Roy, 2014], Bellman-Eluder dimension [Jin et al., 2021], or bilinear classes [Du et al., 2021].
These studies also show that learning without any such structural assumptions requires a sample size
that grows exponentially in the time horizon of the MDP [Dann and Brunskill, 2015, Krishnamurthy
et al., 2016, Du et al., 2019b]. The choice of the most suitable and most general notion of rank is
the topic of much active research in RL theory.
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In comparison, the realizability assumption has received much less attention. This is the strong
premise that the optimal value function belongs to the class of functions considered, which typically
does not hold in practice. In many applications, the optimal value function Q* is highly complex
and we cannot hope to accurately approximate it in the absence of some strong domain knowledge.
Can we relax the realizability assumption in RL?

Value-function realizability can be viewed as the analogue of the PAC-realizability assumption in
classical statistical learning theory. That assumption rarely holds, which has motivated the de-
velopment and analysis of numerous algorithms for the agnostic PAC learnability model. Those
algorithms provably learn to predict as well as the best predictor in the given function class, in-
dependently of whether the Bayes predictor belongs to the class. The counterparts of such results
in reinforcement learning are mostly unavailable, which prompts the following question: Can we
derive a theory of agnostic reinforcement learning?

Here, we precisely initiate that study. In this agnostic setting, we adopt common structural assump-
tions, e.g. small rank of the transition matrix, but seek to learn to perform as well as the best policy
in the given policy class, independently of how close this class represents the Bellman-optimal pol-
icy. Specifically, we study agnostic Reinforcement Learning (RL) with a fixed policy class II in
the episodic MDPs with rich observations. Provably sample-efficient algorithms for agnostic RL
would be highly desirable but it is still unknown to what degree learning is possible in this setting.
Our work provides new insights about learnability with structural assumptions in the absence of
(approximate) realizability in RL.

Agnostic RL without any additional structural assumptions has been considered in the past. By
evaluating each policy in the class individually, one can easily obtain a sample complexity upper
bound of O(|II|/£2). Kearns et al. [2000] also showed that an upper bound of (K log |I1|) /&% is
possible, where K is the number of actions and H is the time horizon. However, as discussed in
prior work such as [Krishnamurthy et al., 2016], bounds of this form are rather unsatisfactory as one
of them admits a linear dependence on the size of the function class, which is prohibitively large, and
the other one admits an exponential dependence on the length of the episodes H, which is typically
long. Using existing constructions, one can derive a lower bound on the sample complexity of the
form min{|II|, K*} /&2 in the rich observation setting. This further justifies our adoption of rank as
a natural structural assumption.

Our Contributions: The following highlights our main technical contributions, where d is the
rank of the state transition matrix induced by any policy in the class II, and is assumed to be small.

e We provide a uniform exploration-based algorithm that can find an e-sub-optimal policy w.r.t.
the policy class II after collecting O((H K /d)*®log(d|T1|)/?) samples in the MDP. This
bound shows that one can achieve a sample complexity that is polynomial in both H and
log |TI|, while being exponential in rank d only (which we assume is small).

In addition to the sample complexity bound obtained here, the algorithmic techniques itself
might be of independent interest and useful beyond this work. The algorithm is based on
showing that for every policy, the expected rewards follows an autoregressive model of degree
d. Thus obtaining samples of O(d)-length paths for a policy we show that one can extrapolate
expected rewards for the entire episode.

e We complement this upper bound with a sample complexity lower bound of Q((H/ d)d/ 2/ e?)
(when K = 2), thereby showing that the H°(%) term in the upper bound is unavoidable. The
lower bound also highlights which structures in the policy class induce the H(®) terms thus
shedding light on what structural assumptions could help alleviate the exponential dependence
on the rank.

e Finally, we seek to improve upon the H¢ term and provide an adaptive algorithm that admits
a sample complexity that depends on the eigenspectrum of the transition matrix of the MDP;
while in the worst case that bound matches the above one, it provides a significantly better
guarantee when the eigenspectrum is more favorable.

However, we view the main benefit of our work to be the initiation of the study of agnostic rein-
forcement learning and the presentation of an in-depth analysis of a natural structural assumption
within that setting. This can form the basis for future research in this domain with alternative and
perhaps more favorable rank-type assumptions.



2 Problem Setup

We consider an episodic Markov decision process with episode length H € N, observation space
X and action space A := {1,...,K}. For ease of exposition, we assume that the observa-
tion space X is finite (albeit extremely large), but our results can be readily extended to count-
ably infinite and possibly uncountably infinite observation spaces. Each episode is a sequence
((z1,a1,7m), (x2,02,72), ..., (xH,am,7H)) € (X x A x R)H, where the initial observation g is
drawn from the initial distribution g € A(X), the actions are generated by the learning agent and
all the following observations are sampled from the transition kernel @1 ~ T(:|zp, an) € A(X)
that depends on the previous observation and action. Finally, the rewards rj are drawn from a sub-
Gaussian distribution with mean r(xy, ap) where r: X x A — [0, 1]. The learning agent does not
know the transition kernel 7', the initial distribution p, or the reward function 7.

In our setting, the agent is given a policy class IT C {X — A(A)} consisting of policies that map
observations to distributions over the actions .A. For any policy 7 € II, we denote by 77 € RY*¥,
the transition matrix induced by 7, i.e., for any z, 2’ € X,

[T™)(@2) = Eamn(a) T(@" | 7, 0).
Assumption 1 (Low-rank transition). There exists d € N such that rank(T™) < d for all w € TL.

For the main part of the paper, we assume that the learner knows the value of d, but later extend
our results to the case where d is unknown. We define A\™ = (AT,...,A")" € C? to denote the
eigenvalues of the transition matrix 7" with rank at most d. Without any loss of generality, assume
that [AT| > [A3] > ... > |A]].

We denote by P™ the distribution over episodes when following policy 7 and by E™ its expectation.
We call the expected rewards obtained at time h by policy 7 expected policy rewards:

r o= E[r(zh, an))]. (1)

The value function of 7 at time h is given by V;7 (z) = E” {Zg:h r(zp,ap) | Tp = ;v} . Further,
when using V'™ without a time index and arguments, we mean the value or expected H -step return:

H H
V= BV (wo)] = BT rlen,an)] = 3 RE @
h=1 h=1

the value function averaged over initial observations.

Learning objective. The goal of the learner is to return a policy 7, after interacting with the MDP
for n episodes of length H, such that the value of the returned policy is as close as possible to the
value of the best policy in II, that is,

VT >max V™ — ¢,
well

where the error ¢ is a small as possible and may depend on n, the policy class II and the MDP.

3 Related work

We give a brief overview of the most closely related works here, and defer a more detailed discussion
to Appendix A.

Recently there has been great interest in designing RL algorithms with general function approxima-
tion [Jiang et al., 2017, Dann et al., 2018, Sun et al., 2019, Du et al., 2019a, Wang et al., 2020, Du
et al., 2021]. In particular, Jiang et al. [2017] introduced the notion of Bellman rank, a measure of
complexity that depends on the underlying environment and the value function class F, and provide
statistically efficient algorithms for learning problems for which Bellman rank is bounded. This was
later extended to model-based algorithms by Sun et al. [2019]. While these algorithms work across
a variety of problem settings, their sample complexity scales with log(|.F|). Furthermore, these al-
gorithms also require the optimal value function f* to be realized in F. In our work, we do not



assume that the learner has access to a value function class . In fact, given a value function class
F, we can construct the policy class IIz that corresponds to greedy policies induced by the class F.
However, given just a policy class 11, one cannot construct a value function class, without additional
knowledge of the underlying dynamics.

Our Assumption 1 implies that for any policy 7w € 1I, the transition dynamics exhibits a low-rank
decomposition with dimension d, that is T7(z'|z) = (¢™(z),¥™(2)), for some d-dimensional
feature maps ¢™, " : X — R?. Low rank MDPs and linear transition models have recently gained
a lot of attention in the RL literature [ Yang and Wang, 2020, Jin et al., 2020, Modi et al., 2020, Wang
etal., 2021a]. The works most closely related to our setup are those of Jin et al. [2020] and Yang and
Wang [2020], who give algorithms to find an optimal policy in low rank MDPs with known feature
maps ¢. Similarly, the other algorithms also assume that the learner either observes the feature ¢(x),
or the feature 1(x). Agarwal et al. [2020a] and Modi et al. [2021] learn under weaker assumptions
and only assume that the learner has access to a function class that realizes ¢. However, in our
setup, the learner neither observes the features ¢™, 1)™ nor has access to a realizable function class
for them, and thus these methods are not applicable.

Several of the works mentioned above recognize the issue of a strict realizability assumption and
provide results only when the function class contains a good approximation to the optimal value
function of model. However, the goal in our agnostic setting is more ambitious. We would like to
find a policy that can compete with the best policy in the given class II, independent of how close
the best return in the class max, ¢ V™ is to the return of the optimal policy V™" for that MDP.

There have also been several approaches for provably efficient RL with non-parametric function
classes [Yang et al., 2020, Long et al., 2021, Shah et al., 2020]. However, these approaches still
aim to learn the optimal value function and their regret necessarily scales with the complexity of
the optimal value function in the RKHS which can be very high. Instead, in our agnostic setting
we would like to be able to quickly identify the best policy from the given policy class with low
complexity containing a good but not necessarily optimal policy. Finally, there are a few prior
works in agnostic RL that directly compete against a policy class [Abbasi-Yadkori et al., 2013, Azar
et al., 2013]. However, they either make strong assumptions on the feedback model, e.g. Abbasi-
Yadkori et al. [2013] assumes that the the agent fully observed the current transition kernel and
reward instead of just a sample from it, or the provided bound [Azar et al., 2013] scales linearly with
the size of the policy class, instead of logarithmically.

4 Upper bound

In this section, we describe our main algorithm for finding a policy that is close to the best-in-
class in II. This algorithm presented in Algorithm 1, is an instance of policy search with uniform
exploration. Specifically, we first collect a dataset D of n episodes by picking actions uniformly at
random and subsequently use those episodes to estimate the value of each policy in II. The algorithm
then simply returns the policy 7 with the highest estimated value.

Our main technical innovation is a new estimation procedure for policy values in Algorithm 2 that
leverages the low-rank structure of the transition matrix. A straightforward way to estimate the
policy value is to take the sum of the rewards on average across all episodes where all actions are
consistent with the policy [Kearns et al., 2000]. Unfortunately, this rejection sampling approach
yields an error of Q(v KH). Instead, our procedure only estimates the expected policy rewards
for the first 3d steps. Specifically, when invoked with a given policy 7, ValEstimate estimates the
expected rewards for that policy by considering the subset of trajectories in D where m agrees with
the chosen action till the first 3d steps, and by averaging the observed rewards in those trajectories.
ValEstimate then predicts the future expected rewards for that policy by extrapolating these 3d esti-
mated expected rewards. The prediction is computed by recognizing that the expected rewards for
any policy 7 satisfy an autoregressive relation of order d as shown in Lemma 1.

In order to find the coefficients of this autoregression, ValEstimate computes Xec? by solving the
optimization problem (4), where the coefficient v (\) are the sum of degree k monomials:

ap(\) = > ATINZ2 L \T 3)

2€{0,1}9 st. ||z||1 =k



After estimating \, ValEstimate then predicts the expected rewards for all future time steps for the

~

policy 7 by unfolding the autoregression model whose coefficients are given by «x(A). The estimate

for the value of the given policy 7, denoted by V™, is then computed as the sum of the predicted
expected rewards for H steps.

Finally, Algorithm 1 returns the policy ™ whose estimated value function is highest amongst all
the policies in II. The following theorem characterizes the performance guarantee for the policy 7
returned by our algorithm.

Algorithm 1 Policy search algorithm

Input: horizon H, rank d, number of episodes n, finite policy class IT
1: Collect the dataset D = {(z},al,ri )}, of n trajectories by drawing actions from
Uniform(.A).
2: for policy m € II do
3: Estimate V™ by calling ValEstimate(H, d, D, m).
4: Return: policy 7 with best estimated value, i.e. T € argmax, .y v,

Algorithm 2 Value estimation by autoregressive extrapolation

1: function VALESTIMATE(H, d, D, 7):
2: for timesteph =1,...,3d do

3: Estimate expected rewards by importance sampling
~ 1 &
Ry, = - Zr,tl H (K1{m(z},) = aj, })
t=1 W<h
4: Estimate eigenvalues of the autoregression by solving the optimization problem:
(X,ﬁ) + argmin A st M| <1 fork=1,...,d 4)
AeCe AcR

d
and ‘Z(_l)k+lak()\)fih—k — Ryl <A forh=d+1,...,3d
k=

5: Predict E;, as:

Ry — Ry, for 1 <h<d )
" ()M k(N Ry for d+1<h<H
. ~ o~
6: return: Estimate of the value V = >";" | Ry,.

Theorem 1 (Main Theorem). For a given 6 € (0,1), d-rank MDP, horizon H > d and a finite
policy class 11, after collecting n episodes, Algorithm I returns a policy T that with probability at
least 1 — § admits the following guarantee:

(d3 . (E)M K34 log(GHd/é)).

VT > max V™ — O
d n

mell

Theorem 1 implies that Algorithm 1 can find an e-optimal policy with probability 1 — ¢ as long as
the number of samples n satisfies

= o (L) K osl6d/0))

d

The key idea used in ValEstimate, is that for any policy 7 for which rank(7™) < d, the expected
rewards satisfy an auto-regression of order d. The following lemma formalize this idea.

Lemma 1 (Autoregression on expected rewards). Let m be any policy for which the transition matrix
T7™ has rank at most d. Then, for any time step h > d + 1, the expected reward for policy m at time



step h, denoted by R}, satisfies the auto-regression

d

Ry => (-1 (\)RE_y, (6)
k=1

where \™ € C? denotes the set of eigenvalues of the matrix T™, and o, (\™) is as defined in (3).

We defer the proof of Lemma 1 to Appendix C.1. The proof uses the fact that for any policy
m € II, the distribution over observations at time step h is given by uj = (T™)" 1o, where 1o
denotes the distribution over the observation space at initialization. If rank(7T™) < d, an applica-
tion of the Cayley-Hamilton theorem implies that we can write (7)" as a linear combination of
((T™)h=1, ..., (T™)"=4). This implies that 417, and thus the expected rewards R, satisfy an auto-
regression of order d. While the expected rewards R} satisfy an auto-regression for every policy
m, note that we cannot hope for a similar relation between the instantaneous rewards 7, (sh, 7(sp))
observed when taking actions according to 7.

The following result shows that we can simultaneously estimate the expected rewards for the first
3d steps for every policy 7 € II. Let D be a dataset of n episodes in the MDP collected by drawing
actions uniformly at random from A. Then, for any policy , there are approximately n/K3?
episodes in D where the actions taken during the first 3d time steps matches the predictions of
m on those observations. We compute R} as the empirical average of the hth step reward in the
corresponding n/ K¢ episodes that match with 7 for the first 3d steps.

Lemma 2 (Importance sampling). For any ¢ € (0, 1), with probability at least 1 — 6, for any policy

7w € II and time step h € [3d], the estimates ﬁ’,fb computed using importance sampling satisfy the
error bound

~ 2K3d1og(6d|1|/8)  2K3%log(6d|TI|/6
A ms\/ os(Gal/D) | 2 log(6di/5)

For a given policy , if we had access to the expected rewards {RT,...,R7}, we could have
solved for the coefficients () exactly. However, we only have access to the empirical estimates

{ﬁl, ce Ed} of the expected rewards, and thus we compute the coefficients ak(X) by solving the
optimization problem in (4). We predict the future expected rewards by extrapolating using c ().
The following lemma bounds the error propagated due to this mismatch in our estimation.

Lemma 3 (Error propagation bound). Let A, A € C% be such that max{|A1], \X1|} < 1. Further,
with the initial values Ry, ..., Rqand Ry, ..., Rg, let the sequence { Ry} and { Ry} be given by

d d
Rh = Z(*l)kJrlOék(/\)Rh_k and Rh = Z(*l)k+1ak(>\)Rh—ka
k=1 k=1

o~

where the coefficients oy, () and o (\) are define as in (3). Then, for all h > 3d + 1,

166h)2d

d + max ‘Rh’ — Rh"-

[Rn — Ral <24 (
h'<3d
We defer the proof of Lemma 3 to Appendix C.3. The proof of Theorem 1 follows from com-
bining the above three technical results. Lemma 1 suggests that for any policy m € II for which
rank(7™) < d, the expected per step rewards satisfy an auto-regression of order at most d. The
error propagation bound in Lemma 3 and the bound on the estimation of the expected rewards for
the first 3d steps given in Lemma 3 implies that, for every policy 7 € II, the estimated value V™
is close to the true value V™. Specifically, the estimation error in the value of every policy in 7 is

bounded by O((H/d)?%\/K3d1og(|I])/n). Thus, when n = O((H/d)*.K3%/2), we have that
|[V™ — V7| < ¢ for every policy 7 € II simultaneously. This implies that the returned policy , that

maximize the estimated value V™, is 2¢ sub-optimal w.r.t. the best policy in II. We defer full details
of the proof of Theorem 1 to Appendix C.5.



Figure 1: Latent state construction: contextual combination lock. As long as the agent follows
actions of 7w*(blue arrows), the agent remains in good states (i, g) and receives a Bernoulli(1/2 + ¢)
reward but otherwise transits to bad states (¢, b) and receives a Bernoulli(1/2) reward.

5 Lower Bound

After presenting an algorithm with sample-complexity bound of O((H/d)2¢ K3 /¢2), we now show
through a lower-bound that the dependency on H and d cannot be improved significantly:

Theorem 2 (Lower bound). Letr ¢ € (0,1/26), 6 € (0,1/2),d > 4, K = 2 and H > 219d.
There exists a policy class of size (H/d)? and a family of MDPs with rank at most ©(d), finite
observation space, horizon H and two actions such that the optimal policy for each MDP in the
Sfamily is contained in the policy class and the following holds: Any algorithm that returns an -
optimal policy, with probability at least 1 — 0, for every MDP in this family has to collect at least

(= (1) ox(35))
He2\a1d)  *®\25)) -
episodes in expectation in some MDP in this family.

The above lower bound shows that an exponential dependency on d in the form of (H/d)? is un-
avoidable, even when a realizable policy class with 7* € II and moderate size log |II| = dlog(H/d)
is given to the learner. We now provide a brief description of the problem class used in the proof of
our lower bound but defer details of our construction and the proof to Appendix E.

The Markov decision processes in the proof of our lower bound bear some similarity to the so-called
combination lock constructions used in prior works [Krishnamurthy et al., 2016, Du et al., 2019b],
where the algorithm only receives positive feedback after playing a certain sequence of actions.
Modelling a combination lock typically requires K states in MDPs and ©(H) latent states in
POMDP. In contrast, our contextual version of a combination lock uses a low-rank MDP with very
large observation space but where the transition dynamics are governed by ©(d) < H hidden states
(and thus the rank is ©(d)). The latent state structure is shown in Figure 1. The agent starts at the top
left latent state and always progresses with probability p = d/H to the right. As long as it chooses
good actions (blue edges), it progresses in the top chain where it will eventually reach state (d, g)
with constant probability and receive a reward of 1 with probability 1/2 + . If at any time before
reaching state (d, g), it chooses a bad action (red edges), then it moves to the lower chain where it
eventually has a 1/2 chance of receiving a reward of 1.

If the latent states s € S were directly observable, an e-optimal policy could be learned with
O(dH/<?) samples. However, in the latent state s, the agent only receives an observation drawn
uniformly from a large set X;. The sets {X;}scs form a partition of the entire observation space X
and there is a mapping ¢: & +— S that identifies the latent state for each observation. Each MDP
M~ 4 in our problem class is parameterized by the mapping ¢ and a policy 7* € II. The class
of policies II can be arbitrary as long as each pair of policies differ on at least a constant fraction
of X. In MDP M- 4, only the action 7*(x) is a good action (blue action) and allows the agent to



stay in the top latent state chain. Thus, finding the ©(¢)-best policy in II for M- 4 is equivalent to
identifying 7*.

Importantly, our problem class contains MDP M.« 4 for every possible 7* € II and latent state
mapping ¢. We pick the number of observations large enough so that observations become uninfor-
mative and it is virtually impossible for a learner to learn ¢. Instead it can only hope to learn 7* by
identifying the bias ¢ in the rewards. We can show that this requires number of samples that are not

much smaller than collecting ©(1/¢21n(1/4)) episodes with each of the (H/d)” policies in II.

While the lower bound in Theorem 2 does not have a dependence on log(|II|). The simple observa-
tion that the contextual bandit problem can be seen as an instance of our setup where d = 1, implies
that some dependence on log(|II|) is necessary based on standard contextual bandit lower bounds
[Lattimore and Szepesviri, 2020]. However, getting a lower bound of the form Q(H ¢ log(|I1|)) is an
interesting question, which we leave open for future work. Finally, while the provided lower bound
is constructed using an MDP with two actions, it can easily be extended to incorporate multiple
actions, and when the learner has access to a generative model.

6 Adaptive algorithms

In Section 4, the algorithm introduced benefits from the guarantee provided by Theorem 1, which is
near optimal in the worst case as the lower bound construction shows. However, in cases where the
transition matrix induced by the policy class all have nicer eigenspectra, one could expect to have an
improved sample complexity. Ideally, the algorithm should automatically adapt to more favorable
eigenspectra. This is precisely what we describe in this section. We give an adaptive algorithm
whose sample complexity improves when the eigenspectrum of transition matrices induced by the
policy class admits a more favorable property.

6.1 Adaptivitity to the eigenspectrum

Our adaptive algorithm, presented in Algorithm 3 in Appendix D.3, is a policy search algorithm
similar to Algorithm 1 where, instead of invoking the procedure ValEstimate, we compute the value
function for every policy 7 by invoking the procedure AdaValEstimate given in Appendix D.3.

AdaValEstimate follows along the lines of ValEstimate. When invoked for a policy 7, it first esti-
mates the expected rewards for the first 3d time steps. Then, AdaValEstimate computes the auto-

regression coefficients ak(X), and uses them to predict the expected rewards for all future time
steps by extrapolatlng The major difference between ValEstimate and AdaValEstimate is the way

the coefficients ak()\) are computed. Specifically, using A = 2d4%/(8 K37 1og(6d|I1[) /) /n, the
procedure AdaValEstimate computes the coefficients p) by solving the optimization problem

d H-1
)\eargmm TTO ) st =10 <1 for 2 < k < d,
k=2 h=0
k+1
and ’Z NRy_r— Rp| < A ford+1<h < 3d.

The above modification to the computation of A allows our error propagation bound to adapt to
A, which defines the coefficients of autoregression for the expected rewards in policy 7 (given in
Lemma 1). The propagated error would be small if the coordinates of A\ are bounded away from 1.
The policy 7, returned by Algorithm 3, thus enjoys the following adaptive performance guarantee.

Theorem 3 (Adaptive upper bound). For a given 6 € (0,1), d-rank MDP, horizon H and a finite
policy class 11, after collecting n episodes, Algorithm 3 returns a policy T that with probability at
least 1 — § admits the following guarantee:

d H-1 )
VT 2maxV”—O<dH2 (16¢)? H( | Z/\j)

K34 1og(611d/5) )
mell ’
ms =0

n



Proof of Theorem 3 follows along the lines of the proof of Theorem 1 where we replace the error
propagation bound (in Lemma 3) by a similar bound that adapts to the eigenspectrum of the transi-
tion matrix 7. We defer the proof details to appendix Appendix D.3. Note that for any |A\;| < 1
and thus ZhH;Ol |A\x|" < H. Using this fact in Theorem 3 recovers the result of Theorem 1, albeit
upto a multiplicative factor of 22¢. In the following, we provide an example of a low rank MDP
problem in which the adaptive bound above could be much better than the worst case upper bound
in Theorem 1.

Corollary 1 (Well mixing MDP). Given 6 € (0,1), horizon H and a finite policy class TI. Let
M be a d-rank MDP such that the second largest eigenvalue of the transition matrix T™ satisfies
[AZ| < 1 —~ forevery policy m € II. Then, after collecting n episodes, our adaptive algorithm
returns a policy T that with probability at least 1 — § admits the following guarantee:

L (G ™)

where the O hides polynomial factors of d, H,log(1/9) and multiplicative constants.

We next show through a lower bound that the adaptive upper bound in Theorem 3 cannot be im-
proved further. We defer the proof details to Appendix E.3.

Theorem 4 (Adaptive lower bound). Let e € (0,1/16), § € (0,1/2), d > 4 and (););c(q € [0,1]¢
satisfy

d* < ﬁ LIS exp(H) and Z L < Ll .
Ni:11_)\i ~ 1—X; ~ 4In(4d)

i=1 v

Then, there is a realizable policy class and a family of MDPs with rank at most ©(d), finite obser-
vation space, horizon H and two actions such that: For each i € [d], policy m and MDP M in this
class, there is an eigenvalue of the induced transition matrix T7; in [\;/2, \;]. Furthermore, any
algorithm that returns, with probability at least 1 — § an e-optimal policy for any MDP in this family,
has to collect at least

episodes in expectation in some MDP in this family.

Adaptivity to rank. In Appendix D.4, we also provide an adaptive algorithm that can find the best
policy in the class IT without knowing the value of the rank parameter d*. Our adaptive algorithm,
given in Algorithm 5, follows from standard techniques in the model selection literature. For every
d € [H], we compute an optimal policy 74 assuming that the rank d* = d. Then, for each d € [H],
we estimate the value function for the policy 7, by drawing n/2H fresh trajectories using that
policy. Finally, we return the policy 7 from the set {74} de[H] with the highest estimated value. The

returned policy 7 satisfies, with probability at least 1 — 4,
~ ~ 7 H\2d" K)3d* ] 11
Ve > e v - 6((2) \/(8 )**" log(| |/5)>_
mell d* n
We defer full details of the analysis to the Appendix.

7 Conclusion

We presented a new analysis of reinforcement learning with rich observations in the agnostic setting,
under the low rank MDP assumption. We gave both a non-adaptive and an adaptive algorithm for
learning a quasi-optimal policy in this scenario, which we showed to benefit from guarantees that
are only polynomial in the horizon and the number of actions, and only logarithmic in the size of the
policy class considered. While our bound is exponential in the MDP rank, we give nearly matching
lower bounds proving that that dependency is unavoidable. The agnostic setting is a more realistic
setting that has received less attention in the literature. We view this work as initiating the study
of this general setting under workable assumptions and believe that many other algorithmic and
theoretical aspects of such scenarios need to be studied further.
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A Detailed comparison to prior work

Provably sample-efficient learning algorithms have been well studied in the classical tabular RL
literature [Kearns and Singh, 2002, Brafman and Tennenholtz, 2002]. However, the number of
samples required by these algorithms to find the optimal policy 7* scales with the size of the state
space | X| [Jaksch et al., 2010, Lattimore and Hutter, 2012], and thus these methods fail to scale to the
rich observation settings where | X'| could be astronomically large. There have been significant recent
advances in developing efficient algorithms for such rich observation settings, albeit under additional
assumptions. The two main styles of assumptions considered in the literature to make learning
tractable are: (a) the learner has access to a value function class F that realizes the optimal value
function f* for the underlying MDP, and (b) the underlying transition dynamics admits additional
structure such as low rank or linear decomposition, etc. We note that the goal of these works is to
find the optimal policy for the underlying MDP. In comparison, in our work, we assume access to a
policy class IT and our goal is to find a policy 7 that could compete with the best policy in the class
II. In the following, we compare our setup with the assumptions made in the prior work.

RL with general value function approximation. Recently there has been great interest in de-
signing RL algorithms with general function approximation [Jiang et al., 2017, Dann et al., 2018,
Sun et al., 2019, Du et al., 2019a, Wang et al., 2020]. In particular, Jiang et al. [2017] introduced
the notion of Bellman rank, a measure of complexity that depends on the underlying environment
and the value function class JF, and provide statistically efficient algorithms for learning problem for
which Bellman rank is bounded. This was later extended to model-based algorithms by Sun et al.
[2019]. While these algorithms work across a variety of problem settings, their sample complexity
scales with log(]F|). Furthermore, these algorithms also require the optimal value function f* to be
realized in F. In our work, we do not assume that the learner has access to a value function class
F. In fact, given a value function class F, we can construct the policy class II+ that corresponds to
greedy policies induced by the class F. However, given just a policy class II, one can not construct
a value function class, without additional knowledge of the underlying dynamics.

Example 1. Ler X = {0,1,...,N}, A = {0,1}, IT = {mg,m1} and H = 2. For every action
a € A, we define the reward r(x,a) = 1 when x is even, and r(x,a) = 0 when x is odd. Further,
we assume that the transition dynamics T is parameterized by a vector p € {0, 1}N such that for
any state x, if p(x) = 1, then the next state x' is sampled uniformly at random from the set of
even numbers in X, independent of the chosen action. When p(x) = 0, we sample an odd number
uniformly at random for x'. Thus, in order to learn the optimal value function, the leaner needs to
recover the value of the vector p on at least O(N) states. From standard packing arguments, we get
that in N dimensions there are at least 2°N) vectors that are O(N) apart. Thus, any appropriate
value function class F that contains p must have size at least 2°0N).

Linear MDP assumption. Our Assumption 1 implies that for any policy 7 € II, the transition dy-
namics exhibits a low-rank decomposition with dimension d, that is 7™ (z'|z) = (¢™ (z),¥™(z')),,
for some d-dimensional feature maps ¢™, 9™ : X — R?% Low rank MDPs and linear transition
models have recently gained a lot of attention in the RL literature [ Yang and Wang, 2020, Jin et al.,
2020, Modi et al., 2020, Wang et al., 2021a]. The works most closely related to our setup are those
of Jin et al. [2020] and Yang and Wang [2020], who give algorithms to find optimal policy in low
rank MDPs with known feature maps ¢. Similarly, the other algorithms also assume that the learner
either observes the feature ¢(x), or the feature (). However, in our setup, the learner neither
observes the features ¢™ nor the features ™, thus restricting application of these algorithms to our
setting.

A new line of work, initiated by Agarwal et al. [2020a], focuses on the representation learning
question in the above setting. They assume that the feature functions ¢ and 1, although not known
to the learner, are realized in the given classes ® and W respectively. In order to find the optimal
policy, their algorithm first identifies the underlying feature functions ¢* and v¥*, and thus, their
sample complexity guarantees scale with log(|®||¥|). Later, Modi et al. [2021] show that a similar
approach also works when the learner has only access to a ¢ but not ¥. In comparison, we do not
assume knowledge of either classes ® or ¥, and instead work with a policy class II. In fact, the
following simple illustrative example shows that the feature function ® could be arbitrarily complex
even when |II| is small, and thus we can not hope to learn the feature function from samples.
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Example 2. Let X = [N], A = {0,1}. We define the feature function v)(x) € R? such that
(1/2N,0)7 if x is even and (0,1/2N) T if x is odd. Further, for X > 0, define the feature function
éx(x) € R? such that ¢ (z) = (1,0)7 if sin(x/\) > 0, and ¢ (x) = (0,1)" otherwise. In this
MDP, the next state ¥’ is either sampled uniformly at random from the set of even numbers in X or
sampled uniformly at random from the set of odd numbers in X, depending on the value of sin(x /).

Note that the mapping x — sin(x/\) could be arbitrarily complex when X is small. In fact, the
Sunction class ® = {\ | z — sin(xz/A)} has infinite VC dimension. Thus, one cannot hope to learn
the feature function ¢, from samples.

It is worth noting that in the above example, FLAMBE [Agarwal et al., 2020a], MOFFLE [Modi
et al., 2021], or in fact any other approach that attempts to recover the feature function ¢, as men-
tioned above will not succeed. Furthermore, when |II| is large and the length of the episode H is
£ IELQ\ or 2 IOEgQ(IHD

large, the previously known agnostic upper bounds o are also prohibitively large.

However, in the above example, our algorithm enjoys a sample complexity bound of w.
Finally, note that in our setup, the decomposition of the induced transition kernel (into ¢™ and ¥™)
may be different for each policy 7 in the class II. Furthermore, there may be policies outside of II
that do not even exhibit such a low-rank decomposition. Thus, although our low rank assumption is
similar to those in linear or low-rank MDPs [Agarwal et al., 2020a], our model is more general.

Comparison to Block MDP model. Krishnamurthy et al. [2016] introduced the block MDP
model, where a small number of latent states S govern the transition dynamics, and the observa-
tions x € X are generated depending on the current latent state s. In this model, there is a decoding
function g* that maps observations x back to the latent state s that generates x. Du et al. [2019a],
Misra et al. [2020] assume that the learner is given a realizable class of decoding functions G and
show that the true mapping ¢g* € G can be learnt efficiently, both computationally and statistically,
which can then be used to find the optimal policy. However, note that the transition matrix in a
Block MDPs with S latent states has rank at most | S|, and thus their model is captured by our As-
sumption 1. However, in our setup, we do not assume that the leaner has access to the class G. In
fact, Example 2 above shows that the latent state map g* (the mapping ¢ () in that case) could be
arbitrarily complex even when 11 is small, and thus we can not hope to learn g* from samples.

Policy gradient methods. Model free direct policy search algorithms that directly maximize the
value function have shown tremendous empirical success [Kakade, 2001, Kakade and Langford,
2002, Levine and Koltun, 2013, Schulman et al., 2015, 2017], and recently, have been analysed
from a theoretical perspective [Agarwal et al., 2019, Abbasi-Yadkori et al., 2019, Bhandari and
Russo, 2019, Liu et al., 2020, Agarwal et al., 2020b]. While these methods operate directly on a
policy class II, as we do in our work, they require additional modelling assumptions in order to
succeed; foremost being that the policy class II exhibits a differentiable paraeterization. Further
assumptions include that the policy class 11 contains the optimal policy 7*, the policy class II has a
good coverage over the state space [Agarwal et al., 2019], and that the underling MDP has a linear
factorization with known feature maps [Agarwal et al., 2020b]. We do not require these assumptions.

DICE/DualDICE algorithms. Recent works of Liu et al. [2018] and Nachum et al. [2019] pro-
vide estimators that do not suffer the curse of horizon, i.e. the factor of A¥, in off-policy estimation
of expected policy rewards by applying importance sampling on average visitation distributions of
single steps of state-action pairs, instead of the much higher dimensional distribution of the whole
trajectories. However, their estimator requires access to a function class H that contains the impor-
tance weights of the average visitation distribution. We do not require access to such a class H in
our estimator of expected policy rewards.

POMDP with reactive policies. We will show in the following that our theory and algorithm ap-
plies to partially observable Markov decision processes (POMDPs), as long as policies are reactive,
that is, only take the current observation into account. Although existing works such as [Jiang et al.,
2017] show polynomial sample-complexity bounds for POMDPs with reactive policy classes, they
require the optimal policy to be reactive, which is not true in POMDPs in general. In contrast, we
can handle the important scenario where reactive policies can achieve good but not necessarily close
to optimal performance and we are interested in finding the best such policy.
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A POMDP consists of a MDP with finite state space S, action space A and horizon H where
observed rewards at each step are drawn from a distribution with mean (s, a;) that depends
on the current state s; and action ay. Similarly, the next state is drawn fron a transition kernel
P(sp+1|sh,an). However, in a POMDP, the current state is not observable and the agent instead
receives an observation x;, € X. We consider the formulation where the observation is drawn from
a distribution O(xp,|sy,) that depends on the current latent state sp. Unlike in, e.g., Block MDP
models, x;, does not need to be sufficient to decode s;, and this model does not need to be an MDP
over the observation space X. As a consequence, the optimal actions do in general depend on all
previous observations. Nonetheless, reactive policies which are of the form X — A and only take
the current observation into account, often achieve good performance and are of particular interest
in practice due to their simplicity.

Since a POMDP may not be a MDP over observations, such models are formally outside of our
scope. However, as our technique never explicitly accesses observations except through the policy,
we can cast a POMDP problem as follows in our framework. For any policy 7: X — A in our policy
class IT we define a stochastic policy 7’ over latent states as 7' (als) = >, 1{m(z) = a}O(z|s)
and denote the class of these policies by II' C S — A(.A). Running our algorithms on a POMDP
with policy class II is equivalent to running them on an MDP with direct access to latent states S
and policy class IT'. Since an MDP with finite state space S has rank at most |S|, our guarantees
apply to POMDPs with a reactive policy class and we can set d = |S]|.

Exponential lower bounds for planning and offline RL. Several publications [Wang et al.,
2021b, Zanette, 2020, Weisz et al., 2021] recently provide exponential lower bounds for learning
the optimal policy with access to a realizable linear Q-function class F of dimension d in several
settings. Most related is Wang et al. [2021b], wo study offline RL where the agent has only access
to a dataset of transition samples and show even if the dataset has good coverage of the features of
F, asample complexity that is exponential in d or H is unavoidable. In contrast, we allow the agent
to collect samples arbitrarily by interacting with the MDP and although our algorithms first collect
a dataset non-adaptively, the uniform action choices ensure good state coverage as opposed to just
feature coverage which avoids the existing lower bounds.
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B Cayley-Hamilton theorems

The following result holds for any matrix A with rank d.

Lemma 4 (Cayley-Hamilton Theorem for rank d matrices [Segercrantz, 1992]). Let A € CN*N
be a matrix with rank at most d, where d < N, and let A\ = (A1,...,\q) € C4 denote the set of
eigenvalues of A. Then, A satisfies the relation

d
Ad+l — Z(il)kJrlo%()\)AdJrlfk7
k=1
where the coefficient oy, () are given by the sum of degree k monomials:
ap(\) = > ATINZ2 AT
z€{0,1}% s.t. ||z|[1=k

The proof of the above follows from the characteristic polynomial for rank d matrices, which allows
us to express d + 1-th power for any matrix A in terms of the lower powers.

We will soon provide an extension of the above result which allows us to express the n-th power
of the matrix A in terms of the lower powers. Before doing so, we need to define some additional
notation.

B.1 Coefficients oy, 1.

For any m > 0 and k > 0, we first define the coefficients vy, .
Definition 1. Forany k > 0 and A = (A1, ..., \q) € C% define oy, 1 (N) to denote the quantity
d d d
AUk (A) 1= Z ]l{z 1{y; > 0} = k and Zyj = m} H AY (7)
vef0,..m}d i=1 j=1 j=1

whenever m > k and oy, j, = 0 when m < k or k > d. Further, for the ease of notation, for any
k € [d], we define ay(\) to denote the quantity ay, ().
The following lemma provides a useful technical relation between the coefficients «,, j defined
above.

Lemma 5. Foranym > 0, k € [d] and X € C%, the quantities (k) keld),m>0 given in Definition
satisfy

mAd (m+k)Ad j,
> s = 3 (4 Jancis
Jj=1 j'=k+1

Proof. For the sake of the proof, we will be interpreting a,,, ;(A\) and ay ;(\) as symmetric poly-
nomials with A as the formal variables. The value of these quantities can be computed by plugging
in the value of Ay, ..., Aq for A.

Thus, «,, ; denotes a symmetric sum of monomials, where each monomial term has j variables
with sum of all the powers in that monomial being m. Similarly, oy, denotes a symmetric sum
of monomials, where each monomial term has k variables each with the power of 1. Subsequently,
when we take the product o, ;- o 1, we will get monomial terms, where in each term the sum of all
the powers is m+k, but the total number of distinct variables can range from k+1 to min{j + &, d}.
Since, the polynomials «, ; and oy, 1 are symmetric in A, the resultant polynomial that we will get
after taking their product will also be symmetric. Furthermore, each of the monomial terms with ;'
distinct variables can be generated through (Jk/ ) different splits with k variables that go into cv ()
and the rest j/ — k variables that go into cuy, j/—k(A). Hence, the coefficient of a1 ;7 would be

exactly (Jk’ ). We formalize this in the following:

mAd

> am() - arp(d)
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:"Wi(z {z:]l{yZ >0} = j and Zyl —m}HAy’

j=1 \y>0 =1
3 {Z 1{y, > 0} = k and Zyl - k}H)\y>
y'>0 i=1
mAd d d d )
- 1{21{% > 0} f]/\Z]l{yl > 0} szyl mAS gl = k}HAi’L‘”i
J=1 y,y’'>0 1=1 i=1 i=1
(m+k)Ad § d d d
_ . / o , r_ yi+y)
= Z (k) ]l{zll{yz+yi>0}—y andZyl—i—yi—m—i—k}HAi
j'=k+1 v,y >0 i=1 i=1 i=1
(m+k)Ad j/ d d d ,
_ 1! _ " Y;
= (k) JI{Z]I{yi>O}—j andZyi—m-i-k}H/\i
j'=k+1 y' >0 i=1 i=1 i=1
(m+k)Ad .
_ J
= 2 (1) emer
'=k+1
where y; = y; + y. and the third equality in the above follows by rearranging the terms while
satisfying the constraints inside the indicator. O

We next provide a bound on the value of a, j as a function of m and &.

Lemma 6. Foranyd > 1, m > 0, k < min{d,m} and X € C% that satisfies |\;| < 1 for all
J € [d], the quantities cp, 1;(\) given in Definition 1 satisfy the bound

|atm k (V)] < (%Y'

Furthermore, for k = m < d, we have that ay()\) = ay, 1 (A) < 4%,

Proof. Starting from the definition of oy, (), we note that
d

Iam,k(A)|=] > {il{yj >0} =k and Zyj _m}H,\gj

y€{0,...,m}? Jj=1 Jj=1

> {Zn{yj > 0} =k and ZyJ —m}‘HA%‘

ye{0,...,m}? Jj=1

= Z {il{yg>0}—kand Zyj_m}H)\%

y€{0,...,m}¢ Jj=1 j=1

{Zd:]l{yj >0} = kand Zyj —m}

y€{0,...,m}? j=1

IN

(]

where the inequality in the second line follows from an application of Triangle inequality. The last
line holds because |A;| < 1, and thus | [] )\?" | <1 for any y. We note that the right hand side in the
above expression denotes the number of ways of distributing m balls into d bins such that exactly &
of them are non-empty. If m = k = 1, we get that |a,, (A)| < 1. Otherwise, a simple counting

argument implies that
d\ (m-—1 m—1
me\N)| < < 2d. .
el = (1) (520) =2 (72 ))

When m < d or k = 1, we can simply upper bound the above as

| i (A)] < 24 2™ < 4%
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Next, when m > d and k > 2, using the fact that (JZ) < (eN/n)" forany 0 < n < N, we get that

lemk(AN)] < 27 <e(km—11))>k

k
2em
<od. | ==
<2 (%7)
d
2em
<od, [ 222
<ot (21

where the inequality in the second line above holds because (m — 1)/(k — 1) < 2m/k for k > 2,
and the inequality in the last line holds because the function (z/y)? is an increasing function of y
when x > ey.
Considering the above two bounds together implies that:
4emax{m,d}\4
o) < (22 A

B.2 Coefficients 3,, 1,

We next define the coefficients /3,,, ;, which will be useful in our upper bound analysis.
Definition 2. Foranyd > 1, A € C? and m > 0, define the vector 3,,(\) € C? using the following
recursion:

(a) Bo(N) :i= (a1(N),...,aq(\) T, and,

(b) Form > 1, deﬁne 6m(>\) = (Bm,l(/\)a cee aﬂm,d(/\))—r as

Bk(N) = Bm—1,1(A) - (X)) = Bn—1,k41(A) for1 <k <d—1
kA Bm—1,d(A) - aa(X) fork=d ’

where ay(X) is as defined in (7) , and [y 1, denotes the k-th coordinate of the vector Jy.

The next technical lemma provides a relation between the 5 and « values defined above.
Lemma 7. Foranym > 0and k € [d],
(m+k)Ad

j— 1
/Bm,k(A) = Z (}i . 1> 057n+k,j(>\)- (8)

=k

Proof. We prove the desired relation via induction over m. For the base case, when m = 0, from
the definition of /3 , we note that

k
Bok = ar k(X)) = Z (:_ 1) o, (A).

Jj=k

Now, we proceed to the induction step. Assume that the relation (8) holds for all m’ < m. Thus, for
any k € [d], from the definition of 3,, (), we have that

ﬁm,k(A) = ﬂm—l,l()\) . ﬂO,k(A) - ﬂm—l,k—‘—l()\)

mA (m+k)Ad .
= (Zjam,j()‘)) cagk(A) = +Z (j ; 1) gk, (A)s

j=k+1

where the equality in the second line follows from using the relation (8) for time step m — 1. Using
the identity in Lemma 5 in the above, we get that

(m+k)Ad (m+k)Ad

Bua = % (1) amens = 3 (T amins)

j=k j=k+1
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(m+k)Ad

7j—1
= 2 (k - 1) ot (A)
j=k
where the last line uses the relation (i) = (ij) + (j ;1) This completes the induction step. Thus,
proving that the relation (8) holds for all m > 0 and k € [d]. O

We next provide a bound on the value of the coefficients /3, 5, as a function of m and k.

Lemma 8. Foranyd > 1, m > 0, k < d and A\ € C%, such that IN;| < 1forallj € [d], the
quantities By, 1 () defined in Definition 2 satisfy the bound

8emax{m + k,d}\ 4
()] < (SRR Oy
Proof. As a consequence of Lemma 7, we have that for any m > 0 and & € [d],
(m+k)Nd j— 1
BnL,k(A) = Z (k‘ _ 1> : am+k,j(>\)~
j=k
Thus, using Triangle inequality, we have that
(m+k)Ad i
j—1
sl = X (121) amensV]
j=k
(m+k)Ad .
j—1
< Z L)l
]:

Plugging in the bound on |cp, 4%, ()| from Lemma 6 in the above, we get that

d .
sl <3 (15 (R

j=k
2) (d) . <4e max{m + k, d})d
- \k d
(é’i) (86 max{m + k, d} ) d
< d )
where the inequality in (7) is given by the fact that any N and n, we have Z;\;n (7’1 )= (i\{ :11) and
the inequality in (4¢) holds because for any k < d, (Z) < 24, O

B.3 Extension of the Cayley-Hamilton theorem
The following result is an extension of the Cayley-Hamilton theorem (Lemma 4) for rank d matrices,
and relies on the coefficients /3,, ;. defined above.

Lemma 9 (Cayley-Hamilton Theorem extension). Let A € CV*¥ be a matrix with rank at most
d, where d < N, and let \ = (\1,...,\q) € C? denote the set of eigenvalues of A. Then, for any
m > 0,

d
ATHIEL =3 ()P B p (M) AT ©
k=1

where the coefficients vector B, (X) := (Bm.1(A), ..., Bm.k(N)) are given in Definition 2.

Proof. We give a proof by induction over m. For the base case, when m = 0, Lemma 4 implies that

d d

Ad+L — Z(_l)lﬁ-lak()\)Ad-‘rl—k _ Z(_l)k+150,k(>\)Ad+l_k, (10)
k=1 k=1
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where the second equality follows form the definition of the vector 5y (\). We next prove the induc-
tion step.

Assume that the relation (9) holds for all m’ < m. We note that
Ad+1+m _ AAd+1+(7TL7l)

_ d
ALY ) B k() - AT

k=1
= Bm—1a (WA £ (1) B gk (N) - ATTEF
k=2

n—1
= Bt WA 4 (= 1)F B (V) - AR,
k=1

where the equality in (¢) following from using the relation (9) for time step m — 1. Plugging in the
expansion for A1 from (10) in the above, we get that

d d—1
Ad+1+m _ Bn-1.1(N) (Z(_Dk-&-lﬁo’k()\) ,Ad—i-l—k) n Z(—l)kb’mq,kﬂ()\) . AdH1—k
k=1 k=1
d
= (=DM (Bro1a (V) - Bok(A) = Brn—1kr1(N)ATTE, (an

1
where in the second line, we defined §,,—1 4+1 = 0. We next note that for any k € [d],
Bm-1,1(A) - Bok(A) = Bm—1,k41(A) = Bm—1,1(A) - ar(N) = Brm—1,k41(N)

= ﬁm,k(A)7

where the second line above follows from the definition of /3, ;. Using this relation in (10), we get
that

d
Ad+1+m — Z(_l)kJrlﬂm’k(A)Ad+lfk’
k=1
hence completing the induction step. Thus, the relation (9) holds for all m > 0. O

C Missing proofs from Section 4

C.1 Proof of Lemma 1

Lemma 1 (Autoregression on expected rewards). Let w be any policy for which the transition matrix
T™ has rank at most d. Then, for any time step h > d + 1, the expected reward for policy T at time
step h, denoted by R}, satisfies the auto-regression

d

Ry = (-1)* M (\)RE_y, 6)
k=1

where \™ € C? denotes the set of eigenvalues of the matrix T™, and a,(\™) is as defined in (3).
Proof. For any time step h > 1, let uj; denote the distribution over the observation space X’ at time

step h when starting from the initial distribution o and taking actions according to the policy .
Using the definition of the transition matrix 7'", we note that

py, = T7 prp—;s (12)

where ;17 is defined as pio. Further, let v™ € R denotes the vector of expected rewards under policy
« on the observation space, i.e., for any observation z € X,

Vﬂ(l‘) = EaNﬂ'(m) [r(s,a)].
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Thus, for any h < H, the expected reward RJ, is given by the expression

n= ) = W (T ), (13)

where the second equality follows from recursively using the relation (12). Using the Cayley-
Hamilton theorem (Lemma 4) for the matrix 7™, with rank at most d, we get that

d
(T7r)d+1 _ Z(fl)kJrlak ()\) (T‘/r)d+17k’
k=1
where A = (AT, ..., A7) denotes the set of eigenvalues of 7. Plugging the above in relation (13)

for h > d + 1, we get that

d
R = (", ) arN(T™) gy )
k=1

d d
Z k+1 < Tra :u;zrfk> = Z(_1>k+1ak()‘> ka’
k=1 k=1
where the last equality follows from plugging back the expression for R} _, from (13). O

C.2 Proof of Lemma 2

The following result provides an upper bound on the error in our estimates for the expected reward
for any policy 7 € II.

Lemma 2 (Importance sampling). For any ¢ € (0, 1), with probability at least 1 — 6, for any policy

m € II and time step h € [3d), the estimates ]?Z computed using importance sampling satisfy the
error bound

~ 2K3d] d|IT| /o 2K3%], d|IT| /&
iy — g < o 2B | 2K (6 0)

Proof. First fix any h € [3d] and 7 € II. The expected policy reward estimate is given by

A7 = >k [T (K1{n(et) = ab )

i=1  h<h

Clearly, ﬁg is an unbiased estimate of I} as

E[RT] = % SE [rf TT (5 {m(at) = af})]
t=1 h'<h
1 n P a /|.’L' ’
HZE [ H T a:,|x:, }
t=1

1 & -
- ZEW[TM = ZRZ =
t=1 t=1

where 7 denotes the stochastic policy that picks actions uniformly at random and is used to draw
the trajectory (!, al,rt)H_, for t € [n]. The equality in the second line above follows from the
definition of 7 and the last line follows by a change of measure to the case where the trajectories
are sampled using the policy 7. We next consider the second moment of each individual term in the
estimator

7 [14)° TT (1 ¢n(ah) = o })7] < K TT ¥ (rtoh) = ai)

h'<h h'<h

(u) 1 _ Kh'

2h
K- g = &5
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where the inequality (i) uses that 0 < r} < 1, and the inequality (i) holds because 7 draws actions
uniformly at random which implies that P™ (afl, =m(xi,) | x}b,) = 1/K. Therefore the variance
for the tth sample,

G [r; I (Ki{x(a}) = ag,})} < K.
h'<h

Since all episodes are i.i.d., an application of Bernstein’s inequality implies that with probability at
least 1 — §

. ww[mn{ag:hw(am:h}r;;] log(2/9) | 4K™ log(2/5)

RT — RT
‘ h h n 3 n

2K"log(2/4) N 2K"log(2/6)
n n '

Taking a union bound, we get that with probability at least 1 — 4, for all A € [3d] and 7 € II,
_ \/2Kh log(6d|11]/3) 2K log(6d|T1| /5)

‘ﬁ’,{—RZ

n n

C.3 Proof of Lemma 3

Before providing the proof of Lemma 3, we first introduce the matrix P()) that depends on the
eigenvalues A € C¢, and establish a technical result about the eigenspectrum of P()\).

Definition 3. Foranyd > 1, A\ = (\1,..., \q) € C%, define the matrix P(\) € C¥? such that

(=1)**lag(\) wheni=1land1 <k <d
[PMN)]ik =11 when2<i<d-1landk=1—-1,
0 otherwise

where the value of ay, () is given in Definition 1.
The following technical result considers the eigenspectrum of the matrix P()).

Lemma 10. For any A € CY, the eigenvalues of the matrix P()\) are given by (A1, . .., \q).

Proof. For the ease of notation, define a;, to denote v, 1, (A) for k € [d]. We start by computing the
characteristic polynomial of the matrix P(\), which is given by

(z—a1) s —asz --- (—l)dad
det(2] — P(\)) =det | 0 -1z 0
0 o 0 .- .

Computing the determinant by expansing along the first row, we get that
d
det(zI — P(\)) = (z — a)2% !t + Z(—l)kJrl ((=1)Fag) - (—1)FL . gk
k=2

=2 a2 a2t (—1)dad.

Using the definition of o, from Definition 1, we can factorize the above polynomial as
d

det(zI — P(N) = [ [ (z = &)

k=1

Since, the eigenvalues of any matrix are given by the roots of its characteristic polynomial, the above
computation shows that the eigenvalues of the matrix P()) are given by (A1, ..., Aq). O
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The following structural lemma shows that for any autoregression with coefficients
(a1 (A), ..., ax(A)), the (m + d)-th term can be expressed using the m-th power of the ma-
trix P()). Recall that the expected rewards for any policy satisfy such an autoregression whenever
the underlying MDP has low rank (see Lemma 1).

Lemma 11. Let A € CYand R,, ..., Ry € R. Forany h > d + 1, let R}, be given by

d

Rh = Z(—l)k—i_lak()\)Rh,k, (14)
k=1

where the coefficient ay,(\) are defined in Definition 1. Then, for any m > 0,
where the vector U = (1,0,...,0)" € R?, the vector V := (Rq, Rq_1,...,R1)" € R? and the
matrix P(\) € C% is defined in Definition 3.

Proof. For any h > d, define the vector U, € R such that

Up = (Rn, Rn—1, ., Rn_as1) "
We first note that for any j € [d] such that j > 2,

Unlj] = Rh—(jy—1 = Un—1[j — 1].
Further, using the recurrence relation (14), we get that forany h > d + 1,

d d

Uh[l] = Rh == Z(—l)k—ﬂak()\)Rh,k = Z(—l)k—’_lak()\)Uh,l[k‘].
k=1 k=1

The above two relation imply that for any h > d + 1,
Un = P(\)Un-1, (16)

where the matrix P () is defined such that

(-1)**'lap whenj=1land1 <k <d

[PM)]je=11 when2 < j<dandk=j+1.

0 otherwise

Setting h = d + m in relation (16), we get that for any m
Untd = PN)Up—144a = -+ = P(\)™"U,.

Finally, we note that for any m > 0,

Rerd = <V7 Um+d> = <‘/7 P()‘)’r’LUd)?
where the vector V = (1,0,....,0) € R? and the vector Uy = (Rg, ..., Ry)' € R% O

We are finally ready to prove Lemma 3. The following proof is based on the extension of the
Cayley-Hamilton theorem for rank d matrices (see Lemma 9) and uses Lemma 11.

Lemma 3 (Error propagation bound). Let A, A € C? be such that max{| 1], \Xl |} < 1. Further,
with the initial values Ry, ..., Ry and Ry, ..., Ry, let the sequence { Ry} and { Ry, } be given by

d d
Rh = Z(il)kJrlak(A)Rh—k and Rh == Z(fl)kleak(X)éh—k,

k=1 k=1
where the coefficients oy, (\) and oy, (X) are define as in (3). Then, for all h > 3d + 1,

16;h)2d

- max ‘Rh/ - Eh/|.

|§h - Rh‘ < 2d - (
h’'<3d
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Proof. Using Lemma 11 for the sequences { R} and { R}, } respectively, we get that for any m > 0,
Rd+7n = <U7 P(/\)mv> and Ed-‘rm = <ﬁ>P(X)m‘7>v
where the matrices P(A), P(A) € R*? are defined according to Definition 3 and the vectors
U,U,V,V € R? are independent of A and m. Thus, for any m > 0,
|Rinta = Rngal = (U, PO)™V) = (U, PA)"V)]
= |<U,PmV>‘7 (I7)
where the vectors U, V € R?? and the block diagonal matrix P € R?¢*2? are defined as
5._ |V - | U 5._ [PV 0
rm[%) 0n (0] e p [P 0T

~

An application of Lemma 10 implies that the eigenvalues of the matrix P()) and the matrix P()\)
are given by )\ and )\ respectively. Since the matrix P is block-diagonal, we note that the set of

eigenvalues of the matrix P is given by A = (\y, X,h cey A, Xd). Note that the vector \ is not
sorted except for the first two coordinates, however |A;| < 1 for all & € [2d]. Using Lemma 9 for
2d x 2d matrix P, we get that for any m > 2d + 1,

2d
p2dtm+1 _ Zﬁm k(;\) . p2d+1-k
k=1
Using the above relation with (17) and setting m = h — 3d — 1, we get that for any h > 3d + 1,

2d
By, = Bl = (0. P"=0)| = (0,3 Busamra() - PHRD)|
k=1

2d
= >0, Basa- 1) - PR
k=1
Using the triangle inequality on the right-hand side in the above, we obtain:

2d
| B = Bi| <Y |Br-sa-16(N)| - (T, P4V
k=1

o 2d R
(7‘:) Z|Bh—3d—l7k()\)| : |R3d+1—k - R3d+1—k|
k=1

(i1) 4 h—3d—1+k,2d}\2d ~
S 2d( emaX{ 3 + K, }) . max |Rh’*Rh’|
d h/'<3d
16e max{h,d}\2d ~
< . - - . ’r — ’
<2d ( pi ) Jnax, |Rn — Rl
16eh\ 2d ~
=2d- ( d ) . }glgagid |Rh’ - R}L' ‘7

where the equality in (¢) holds due to relation (17) and the inequality (i7) is given by the bound on
|Bh—3d—1,%(A)| from Lemma 8. The last line is due to the fact that & > 3d. O

C.4 Supporting technical results for the proof of Theorem 1

Lemma 12. Let A € C? be such that |\| < 1 for all k € [d). Using the initial values Ry, ..., Rq,
let Ry, be defined as

d
Ry =Y (1) ap(\)Ru_s. (18)
k=1
Further, let I’%l, ]/3:2, e ﬁgd denote the estimates for R1, ..., Rsq respectively, such that
5 .
ing%}u(l ‘Rh Rh| =n (19)

Then,
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(a) The optimization problem (4) in Algorithm 2 has a solution (X, 3) such that

A < 2d-4 -

(b) Further, let Eh be predictions according to line 5 in Algorithm 2 using the solution \. Then,

max |Rj, — Rp| < 2d - (64e)?
h<3d

Proof. We prove the two parts separately below.

(a)

We first show that the optimization problem in (4) is feasible. Specifically, we show that there
exists a tuple (), A’) that satisfies all the constraints in (4) such that |A’| < 2d4%97. Set
X' = X. We note that |\]| = 1 and |\} | < 1 forall £ < d and thus all the constraints in (4) are
satisfied. Furthermore, for any i < 3d,

d
|Z 1! () Rii — By & |Z(—1)k+lak(>\)(3hfk — Rn—) — (Rn — Ra)|
k=1

<2d-4%. (20)

where the equality (i) follows from the relation (18) and the inequality (ii) follows from
Triangle inequality. The inequality (ii:) follows by plugging in the bound from Lemma 6 for
|k ()| and using the bound in (19). The above implies that |A’| < 2d49y.

Thus, any solution (X, ﬁ) of the optimization problem in (4) must satisfy

Al < 2d-4% . 1)

Let us first define some additional notation. For any m < 2d, define A,,, as the error for mth
expected reward when plugging in the minimizer solution \ie.,
~ d ~ ~ ~
Ap = (=1 ar(N) - Ragm—k — Ragm- (22)
k=1

Further, define Z,,, as the error in our prediction for the expected reward at (m + d)th time
step, i.e.

~

Zpp = Rinsd — Rinva- (23)
In the following, we will show that for all m > 1,
= Ay, + Z ﬁifl,l(}\\) N (24)
i=1
where the coefficients 3;_; ; are given in Definition 2.

Our desired bound follows as a direct consequence of (24). Forany 1 < m < 2d,

|]§m+d - Rm+d| < ‘E’m-{-d - m—&-d‘ + |Rm+d - Rm+d|

m—1

< |A +Zﬁt 11 8m—’i|_|'77

1=1

< |Am‘+Z|Bz 11 ||Am il +n

i=1
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\A|+Z|/31 ReINER

(i) Semax{m d}y?
< oqd (22T
s 2d-4 ( d )

< 2d- (64e)? -7

where the inequality (¢) follows from the definition of Z,, in (23) and by using the bound in
(19), and the inequality (i) above is due to Triangle inequality. The inequality (ii¢) above
follows by using the fact that |A,,| < |A| for all m < 2d. Finally, the inequality (iv) follows
by plugging in the bound in (21) and by using Lemma 8 to bound |3;_1 1 (X)|

Proof of relation (24). We prove this by induction over m. For the base case, when m = 1,

d
Zas1 = Ray1 — Raa © E + ) Ry — Rd+1 @ A,
=1

where the equality in (i) follows from the definition of Ry holds due to (18) and (i) follows from
the definition of A ;.

We next show the induction step. For any m > 2, suppose that the relation (24) holds for all times
m’ < m. We note that

© (=1 ag(A) - Ravm—r — Ratm
k=1
d d
= Z(*l)kﬂak()\) “Raym—k — Z(*l)kﬂak()\) “Ravm—k
k=1 k=1
d /\
+ 3 (1" k() - Raym— — Rapm
k=1
(i1) N : 5B N
=3 D) - Rasmer = ) (=D ar(N) - Ravmr + A
k=1 k=1
d -~ ~ o~ ~
= (D) (Rderfk - Rd+mfk) + Am

o~

=1
) : )kt . (B B
= Z( D Bo,k(A) - <Rd+mfk Rderfk) + A

where () follows from the definition of Rd+m (see (5)) and (#4) follows by the definition of A, in
(22). The equality (i) above is due to the fact that 3 k( ) = ozk( ) (by definition) and finally, the
equality (iv) follows from the definition of Z,,_ in (23). Plugging in the induction hypothesis for
Zm—r in the above, we get that

d m—k—1
Zd+m = Z( )k+160 k:( ( m—k + Z 6] 1, 1 . m kfj) + Am
k=1
m— i—1
Z ( 1) Bo.i(A) + Z(*l)ifjflﬂj—mo\\) . 50,1—3‘)
P =
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m—1
=A,, + Z Bi—1,1(A) - A,
i=1

where the second line above follows by rearranging the terms and using the fact that ﬂ07k(X) =0
whenever & > d, and the equality in the last line holds by using the fact that 5y 1 () - Sr—1.1(A) =

Bh—1,k+1 (X) + ﬂh,k(:\\) for all h, k > 0 (see Definition 2). This completes the induction step, hence
proving (24) for allm > 1. O

C.5 Proof of Theorem 1

We finally provide the proof of Theorem 1 that characterizes the performance guarantee for the
policy 7 returned by Algorithm 1.

Proof of Theorem 1 . Starting from Lemma 2, we get that with probability at least 1 — J, for every
policy m € II, our estimate R} computed in line 3 of Algorithm 2 satisfies the error bound

\/ 8K3d1og(6d|I1|/6) 4K3d1og(6d|11|/4) )5
max, ) . (25)

ax |RY, — RY,| < mi
max |Rj, h| < min - p

Now, consider any policy 7 € II, and let A™, AT, R} and V™ denote the corresponding local
variables in the procedure ValEstimate when invoked in Algorithm 1 for the policy 7. Further, let
A™ denote the eigenvalues of the transition matrix 7. As a consequence of Lemma 1, the expected
rewards R satisfy an autoregression where the coefficients are determined by A\™. Specifically, for
any h > d+1,

d
Ri =3 (=1)" ax(\") - Rf .

k=1

Furthermore, by definition (see line 5 of Algorithm 2), the predicted rewards ﬁg also satisfy a

similar autoregression where the coefficients are determined by A", the solution of the optimization
problem in (4) for the policy 7. We have, forany h > d + 1,

d

n=D (FD)Fa(AT) - Ri,
k=1
where ]?Zh/ = ﬁhz for i/ < d. Additionally, also note that T™ is a stochastic matrix and thus

|AT| < 1forall k € [d]. By definition, we also have that \Xﬂ < 1. Thus, using the error propagation
bound in Lemma 3 for the sequences { R} } and { R} } we get that for any h > 3d + 1,

16@h)2d

|E7}I — R;” S 2d - ( max |Eh’ — Rh"'

h'<3d
The above bound implies that for any h > 1,

16e(h v d))Qd

d max |Eh/ - Rh/| (26)

~7T7 7T < .
IRy~ Ryl < 2d- max:

We note that an application of Lemma 12 implies that the predicted rewards EZ, satisfy the error
bound

DT T d DT T
nax |R},, — Rf/| < 2d - (64e) " nax, |R},, — R7|

<2d-(64e)? -,
where 7 denotes the right hand side of (25). Plugging the above in (26), we get that

128¢2(h v d))Qd

d 27

|y — Ryl < 4d® - (
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for any h > 1. Thus, the error in the estimated value V™ for the policy 7 is bounded by

H

V™ =V =) (R} — R}l
h=1
H

<Y |R} - Ry

2. (12862Elh % d))Qd .

>
Il
—

4

M=

>
I
—

s (128§2H)2d .

where the inequality in the second last line follows by using the bound in (27), and the inequality in
the last line holds because H > d.

IN
S

(28)

Since 7 is arbitrary in the above chain of arguments, the error bound in (28) holds for all policies
7 € II. Thus, for any 7 € I, the policy 7 returned in line 4 of Algorithm 1 satisfies

VE— VT = (VT V™) + (VF - V™) (VT —VT)
> (V™= V™) + (VF - V7)
> —[VT VT = VT -V,
where the inequality in the second line follows from the fact that VT > V™ for every m € II by the

definition of the policy 7. Using the bound from (28) for policies 7 and 7 € II in the above, we get
that

= . 1282 H \ 2d
Vi>V —4d3-( ) -

d
2H \2d 3d 3d
S VT 4d? (1286 H) .min{\/sf( log(6d|H|/5)7 4K 10g(6d1‘[|/5)}
d n -
2 2d 3d
> v - age - () W( log(6411] /)
d n

where the inequality in the second line above follows by plugging in the value of 7 as the right hand
side of (25), and the inequality in the last line holds due to the fact that — min{a, b} > —a for any
a,b>0.

Since the above holds for any 7 € II, we have that

VT > max V™ — 4d° -
mell

9

(128@2H>2d \/8K3dlog(6dﬂ|/5)
d

hence proving the desired statement. O

n
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D Adaptive upper bounds
In this section, we present Algorithm 3 whose performance guarantee adapts to the unknown eigen-
spectrum of the underlying transition matrix. We then proceed to the proof of our adaptive upper

bound Theorem 3.

D.1 Adaptive policy search algorithm

Algorithm 3 Adaptive policy search algorithm (Adaptivity to unknown eigenspectrum)

Input: horizon H, rank d, number of episodes n, finite policy class II
1: Collect the dataset D = {(z},al,r)f_ }7, by sampling n trajectories where actions are
sampled from Uniform(.A).

: for policy 7 € Il do

Estimate V™ by calling AdaValEstimate(H, d, D, 7).

: Return: policy 7 with best estimated value 7 € argmax, < VT,

Algorithm 4 Adaptive value estimation by autoregressive extrapolation
1: function ADAVALESTIMATE(H, d, D, 7):

5. Set A — 2d4% min 8K 34 log(6d\l’[\/5), 4K34 1og(6d|T1|/6) }
3: for timesteph =1,...,3d do
4: Estimate expected rewards by importance sampling
o) RS i i i
Rh = E ZT’h H (K]l{ﬁ(xh/) = ah/})
i=1  h'<h
5: Estimate eigenvalues of the autoregression by solving the optimization problem:
d H-1
\ ¢ argmin H Z Ael™) (29)
ACCh g o h
st A =1, \)\k|<1 for2 < k <d,
k+1
‘Z NRi_r — Ru| < A ford+1<h < 3d.
6: Predict IA%;,, as:
~ ﬁh for 1< h<d
R}L - d k41 ~ = .
Zk:l(_l) ak()\)Rh,k for d+1<h<H

7: return: Estimate of the value function \7 = Zthl Eh

D.2 Adaptive error propagation bound

The main technical innovation that leads to the adaptive upper bound in Theorem 3 is the following
bound on the propagated error in the hth step prediction. The bound in (30) adapts to the eigenvalues

X and X, which define the auto-regressions for {Ry} and {Ry,} respectively.

Lemma 13 (Adaptive error propagation bound). Let A, A € C% be such that max{|A1], |)\1 |} <1
Further; with the initial values {Ry, ..., Rq} and {Ry, ..., Ry}, let the sequence {Ry,} and {Ry,}
be given by
d d
Rh = Z(—l)k+lak(/\) . Rhfk and ﬁh = Z(—l)]’”‘lak(X) . ﬁh,k,

k=1 k=1
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where the coefficients ak( ) and o, (M) are given in Definition 1. Then, for all h > 1,

h—1 d h—1
R, — Rp| < 2%h.- H( |>\k|j) : H(ZWV) max Ry — Rl (30)
k=2 j=0 k=2 j=0

We defer the proof to Appendix D.2.2.

D.2.1 Supporting technical results for the proof of Lemma 13

Lemma 14. Given any vectors u,v € R% and a diagonalizable matrix A € R**¢

A, ..., Ag such that |\i| = 1, let 2y, 1, be defined such that

with eigenvalues

ul A™y when k=0
Zm.k — .
" Zmk—1 — Adt1—k - Zm—1,k—1 when 1<k <d,

where k < min{d, m}. Then, z,, q = 0 for all m > d. Furthermore, for any k < d, the following
inequality holds:

|zak] < 2% max |u” Aty
’ 1<i<d

Proof. We prove the two statements separately below.

(a) We first show that z,, 4 = 0 for all m > d. Since, the matrix A is diagonalizable, we have
A=QAQ7,

where A = diag(\1, ..., Aq) and where € R¥*9 is the matrix whose kth column is an
eigenvector g corresponding to the eigenvalue Ax. In order to prove this, we will show
that for any m > 0 and k& < min(d, m),

Zmk = U QDo xQ v, (31)

where the matrix D, , € R?*? is diagonal with entries given by

0 if d+1-k<i<d
[Dmk]u—{ ' (32)

AP T — (N = Aas1-w)  otherwise.

Specifically, the diagonal entry [D,;, ], , = 0fori > d 41 — k. Observe that for m,k > 1
and i < d + 1 — k, the following relation holds:

k
[Din ilii = A" H (N — Adr1-rr)
k=1

= (A = Aapr-p) A" H Ai = Ady1-k)
k=1
k1

k-1
= AP H (N = Adg1—kr) — Adg1-k A" H (N — Aas1-w)
k'=1 k=1

= [Dm k—1)ii — Ad+1—k [Dm—1k-1)i- (33)
Also, form,k > 1and ¢ = d + 1 — k, the following relation holds:
[Din.k)ii =0

k—1 k—1

k41 —k
=\ (Ni = Adg1-kr) = Aay1—k AL H (Ni = Ady1-r)
k=1 k=1

= [Dmk—1ldr1-k,dr1—k = Adt1—k [Dm—1p—1]d+1-k,dt1-k- (34)
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(b)

For¢ > d + 1 — k, by definition, we have
[Dimklii = [Dm—1,klii = [Dm—1,k-1)i,i = 0. (35)

We prove (31) by an induction over the set of tuples (m, k). The induction proceeds in a
row-first manner by first keeping m fixed and increasing k from 1 to d; we then increase m
to m + 1 and proceed with the next row in the set of tuples (m, k). For the base case, for
k =0and any m > 0,

Zm.o = ul A™y @ uT QA™Q v @ u'QDyn0Q M,
where the equality (i) follows by using the fact that A = QAQ~" and the inequality in (i7)
is given by the definition of the matrix D,, o.

We next prove the induction step. For any m > 0 and k£ < d, suppose that (31) holds
for every tuple (m’, k') where m’ < m and ¥ < min(m’, d), and for every tuple (m, k')
where 0 < k/ < k. In the following, we will show that the relation (31) will hold for the
tuple (m, k) as well. Using the definition of z,, 5, we get that

Zmk = Zmk—1 — Ad+1—k Zm—1,k—1

="' QD k—1Q 7' — Agy1-4t” QD1 k—1Q 0 (Equation 31)
=u'Q(Dm i1~ Mar1-kDm_1x-1)Q v
= u"Q(Dy i) QM. (Equations 33, 34, and 35)

This completes the induction step, thereby proving that (31) holds for all m > 0 and
k < min(d, m). Setting k = d in relation (31) gives D,,, 4 = diag(0, ..., 0) forany m > d
and thus the following:

Zm,d = uTQDmdeflv =0.
In the following, we will show that for any m > d and & < min{d, m},
|2m.k] < 2FA, (36)

where A := max{|uT Av|, ..., |uT Adv]|}.

We prove (36) by an induction over the set of tuples (m, k). The induction proceeds in a
row-first manner by first keeping m fixed and increasing k from 1 to d; we then increase m
to m + 1 and proceed with the next row in the set of tuples (m, k). For the base case, we
note that for £ = 0 and any m < d,

|Zm.ol < ul A™v < max{|u” Av|, ..., |u” A%|} = A.

We next show the induction step. Given any m and k such that k& < min{d, m}, assume
that (36) holds for every tuple (m/, k') where m’ < m and ¥’ < min(m/, d), and for every
tuple (m, k') where 0 < k' < k. In the following, we will show that the relation (36) holds
for the tuple (m, k) as well. Using the definition of z,, 1, we get that

|Zm.k] = |Zm.k—1 — Ad+1—k * Zm—1,k—1]
< |zZmk—1] + [Ads1—k/|Zm—1,6-1]
S ‘Zm,k—l‘ + |Z7n—1,k:—1‘7

where the last line holds because |Ag11-x| < 1. Using the bound of (36) for the tuples
(m,k —1)and (m — 1,k — 1), we obtain:

|zmi] < 2FTTA £ 2FTIA < 2FA.
This completes the induction step, hence proving (36) for all m > d and & < min{d, m}.

Finally, setting m = d in (36) gives us the desired result.
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Lemma 15. Let A € R¥*? be a matrix with eigenvalues (M1, ..., \q) such that |\;| = 1 and
|\e| < 1, for all k € [d]. Then, for any two vectors u € R? and v € R? and any m > d + 1, the
following inequality holds:

d m—d

(

Proof. We will first prove the result when the matrix A has distinct eigenvalues. We will later extend
the proof for general matrices A.

[T A™o| < 2¢ |>\k.|j) -max{[uT Av|, ..., [uT A%|}.

k=2 ;=0

Simpler setting: When A has distinct eigenvalues. We first introduce some notation to be used
in the proof. Fix the vectors u,v € R%. For any m > 1, and k& < min{d, m}, define Zm.k € Ras
follows:

uT A™y when k=0
ik = . (37)
' Zmk—1— Ad41—k " Zm-1k-1 When 1<k <d.
Further, define A := max{|u” Av|, ..., |u” A%v|}. Since the matrix A has distinct eigenvalues, A
is diagonalizable and thus by Lemma 14, the following inequality holds for any k£ < d:
lzar] < 2FA < 27A. (38)
In order to prove the desired result, we first show that for any k¥ < d — 1, and any m > d,
d—k m—d
emal <208 TT (32 b)), (39)
k=2 j=0

(39) can be shown by induction over k. For the base case, when k& = d — 1, we note that for any
m > d,

‘Zm,,d—l‘ = ‘Zm,cl + >\1 : Zm—l,d—l‘
= ‘)\1||Zm71,d71|
< \|zm-1,d-1l,

where the first line follows from the definition of z,, 4, and the equality in the second line holds
because z,, ¢ = 0 for all m > d (see Lemma 14). The inequality in the last line above is given by
the fact that |\4] < 1. Repeating the above m — d times, we get that

|Zm,a—1] < |zdg,a-1] < 2971A,
where the second inequality above follows from the bound (38).

We next show the induction step. For any & < d — 2, suppose (39) holds for all £’ > k and all
m > d. In the following, we will show that (39) also holds for k. Using the definition of 2, j41
from (37), we obtain:

[Zm.k] = [Zm.k+1 + Md—k - Zm—1.k] < |Zmk+1] + [Aa—k||Zm—1.5|-
Reiterating the above m — d times by upper-bounding |z,,_1 | yields:

m—d—1

|Zm. k| < Z Nkl zm—jkr] + Na—r™ " 2ak]-
=0

Plugging in the bound (39) for |2z, x+1| and the bound (38) for |z4 x| in the above, we get that

m—d—1 ) d—k—1 m—j—d ‘
el < 3 Paskl 29 TT 30 Iwl) + Pams™ 7270
7=0 k=2 §'=0
m—d—1 ' d—k—1 m—d )
< 29A( Na—il + PXar™ - T O 1wl)
j=0 k'=2 j'=0
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d—k m—d
=27a- ] <Z|/\k'|j)>

k=2 j=0

where the inequality in the second line follows from the fact that Z;T,L;g [Agr |7 " > 1. This completes

the induction step, thereby proving that (39) holds for all £ < d — 1. The final statement follows by
setting k£ = 0 in (39).

Extension to general matrices A. We now prove the result for a general matrix A by using the
fact that matrices with distinct eigenvalues are dense in the space of d X d matrices. From Theorem 5,
we note that for every € > 0, there exists a matrix B¢ with distinct eigenvalues, denoted by \* € C?,
such that:

(@) ||A™ — (B®)™|| < eforallm > 1.
(b) |Xj| =1and |A;| < 1forall k € [d].
© [1Bloc < [|All -

Using the above proof for the matrix B® which has distinct eigenvalues, we get that for all m > d+1,
d m—d

[W"(BE) ™o <2 [T (O IAF) - max{[u” (B, ..., [u” (B)%v|}. (40)
k=2 j=0

Furthermore, an application of Theorem 6 implies that the eigenvalues of the matrix A and B¢ are
related as:
maxmin |\ — X5 < (| A] +[|B]) A - BV

J K3
< (@) Alloe + (1B oc) /44— B
< (202 All,o) D - 22,

where the inequality in the second line above follows from the fact that for any matrix B, ||B|| <
| B|l » < d?||B||.. The inequality in the third line above is given by the fact that || B¢ || < [|Al]oo-

Thus, if ¢ < m -miny, 2, |Ai — Aj|, the above bound implies that the eigenvalues of 5 are
such that
A = Al < 2d2[[All )Yt (41)
for all k € [d].
Finally, using the fact that ||A™ — (B€)™|| < ¢ for all m > 1 and the bound on the deviation in
eigenvalues from (41) in the relation (40), and taking the limit as € approaches 0, we get that,
d m—d
[uT A™y| < 24 H(Z X)) - max{|ul Avl, ..., [uT A%|}.
k=2 j=0
This completes the proof of the lemma for general d x d matrices A. O

Theorem 5 (Modification of Corollary 1 in Hartfiel [1992]; Theorem 1 in [Hartfiel, 1995]). Ler A
be a d x d matrix with eigenvalues \ € C? such that |\1| = 1 and |\| < 1 for all k € [d]. Then,
for every € > 0, there exists a matrix B such that:

(a) B¢ has distinct eigenvalues.
(b) |A™ — (B)™|| < eforallm > 1.
(c) |M(B%)| =1and |A\p(B°)| < 1 forall k € [d].

(d) | B%||oo < [|Allco-
Theorem 6 (Theorem 8.1.1. in Bhatia [2013]). Let A, B be d x d with eigenvalues A1, . .., A\q and
A, ..., X respectively. Then,

maxmin [\ — | < (JA]l + || B]) /9| A - BII/.

J ?
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D.2.2 Proof of Lemma 13

We are finally ready to prove the adaptive error propagation bound given in Lemma 13.

Proof of Lemma 13 . Using Lemma 11 for the sequences { R, } and { R, } respectively, we get that
for any m > 0,

Rt = (U, PN)"V)
and
§d+m = <(77P(/):>m‘7>’
where the matrices P(\), P(\) € R are defined according to Definition 2 and the vectors
U, U V, V € R? are independent of A and m. Thus, for any m > 0,
|Rind = Rnal = (U, PO)™V) = (U, P()™V)]
= [(U, P™V)|, (42)

where the vectors U, 5 € R?? and the block diagonal matrix P € R2?*24 are defined as

R e e e e |

An application of Lemma 10 implies that the eigenvalues of the matrix P()\) and the matrix P(X)
are given by )\ and ) respectively. Since the matrix P is block-diagonal, we note that the set of

eigenvalues of the matrix Pis given by A= (M1, XJ, cey A, Xd). Note that the vector \ is not
sorted except for the first two coordinates, however |A;| < 1 for all k € [2d]. Using Lemma 15 for
the 2d x 2d matrix P and the vectors U and 3, we get that for any m > 2d + 1,

2d m—2d
(O, P <22 TT(SD al) - max{[(T, PV, ..., | (T, P¥7)]}
k=2 35=0
d m—1 d m-—1
< 92d . AT J . m' {7
<2 1:[ J:OP\M) kl:[z j:0| Ael?) max, (U, P™ V)|,  (43)

where the inequality in the last line uses the fact that |A| < 1 and |Ay| < 1 forall k € [d], and from
thus Zf”’:_ol [Ak|? < m. Using the bound (43) in the relation (42), we get that for any h > 3d + 1,

|Ry — Ry| < (U, P~ >
1

d h— d h—1
<2 ] J . pm’ 1
< H 4 el) - TTOZel) max, (U, P V)
k=2 j=0 k=2 j=0
d h—1 d h—1
i .7 J . ;- R ’
= H Qo) - 11 Z Ael?) max [Raym — Rao|
k=2 j=0 k=2 j7=0 -
d h—1 d h—1 N
<2 H |/\k|] H \)\kV - max |Ry — Ry,
where the equality (¢) follows due to relation (42). O

D.3 Proof of Theorem 3
Before delving into the proof of Theorem 3, we first note the following technical lemma which

concerns with the feasability and properties of the solutions of optimization problem (29) in Algo-
rithm 4.
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Lemma 16. Let A\ € C? such that |\| < 1 for all k € [d]. Using the initial values Ry, ..., Rq, let
Ry, be defined as

d
Ry =Y (~)**ar(\") Ry (44)
k=1
Further, let ﬁl, EQ, ey ﬁgd denote the estimates for Ry, . .., Rsq respectively, such that
Ry — Rp| <
max |Rn — Rp| <, (45)

where 1) 1= min{ 8K3log(6d11|/5) 4K log(6d|11|/5) } Then

n ’ n

(a) The optimization problem (29) in Algorithm 4 has a solution X € C4 such that |X1| = 1land

d H—lA ) d H-
ITO ) < TI( ZP\W
k=2 j=0 k=2 j=0

(b) Further, let Eh be predictions according to line 7 in Algorithm 4 using the solution \. Then,

_ < d
}I}lélgil |Rh Rh| 2d - (646)

Proof. In the following, we provide the proof for part-(a) of the lemma. The proof of part-(b) follows
exactly along the lines of a similar statement proven in Lemma 12.

Proof of part-(a). We prove this by showing that the vector A € R? satisfies all the constraints of
the optimization problem in (29). First note that |A\;| = 1 and |A\g| < 1 for all k¥ < d, by definition.
Furthermore, for any h < 3d,

‘Z 1)+ () Ry, — Ry| 2 = |Z DM (\) (R — Ru—x) = (Ru — B)|

(@)
< Z|ak |- |[Rh—r — Ru—i| + |Ry — Ry

(uz) d
< d-4%"-n+n
<2d-4%.y

where the equality (¢) follows from the relation (18) and the inequality (¢7) follows from Triangle
inequality. The inequality (i%i) follows by plugging in the bound from Lemma 6 for | ()| and

using the bound in (45). Plugging in the value of = min{ |/ 2K 10g£6d|1_[|/6) , 4K logﬁlﬁdln‘/é) }

in the above bound, we get that

d
=~ =~ K34] II 4K3d] II

n ’ n
k=1

(46)

Thus, the vector A € C is a feasible solution to the optimization problem in (29). Next, noting the
fact that (29) is a minimization problem, we get that for the returned solution A must satisfy

d H-1 d H-1

TTC ) SIH(Z;MHJ’).

k=2 j=0
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We are now ready to prove our adaptive upper bound in Theorem 3. The proof is very similar to the
proof of Theorem 1 given in Appendix C.5. The main technical difference is that we use an adaptive
error propagation bound, given in Lemma 13, instead of the error propagation bound from Lemma 3
to control the error in the predicted rewards.

Proof of Theorem 3 . Starting from Lemma 2, we get that with probability at least 1 — &, for every
policy 7 € I, our estimate R} computed in line 4 of Algorithm 4 satisfies the error bound

{ \/ 8K3log(6d[T|/5) 4K3dlog(6d|T1]/) }

b

max |RT, — RT,| < min
x |Rp, el < n n

h'<3d “7)

Now, consider any policy 7 € II, and let A", AT ﬁg and V™ denote the corresponding local
variables in the AdaValEstimate when invoked in Algorithm 4 for the policy 7. Further, let A"
denote the eigenvalues of the transition matrix 7. As a consequence of Lemma 1, the expected
rewards R} satisfy an autoregression where the coefficients are determined by A\™. Specifically, for
any h > d+1,
d
n= (D" ar(\T) - R,

k=1

Furthermore, by definition (see line 6 of Algorithm 4), the predicted rewards ﬁ;{ also satisfy a

similar autoregression where the coefficients are determined by A", the solution of the optimization
problem in (29) for the policy 7. We have, forany h > d + 1,

d
F= ()W) - Ry,
k=1
where Eh/ = Eh/ for ¥ < d. Additionally, also note that 7™ is a stochastic matrix and thus

|AT| < 1forall k € [d]. By definition, we also have that \Xﬂ < 1. Thus, using the error propagation
bound in Lemma 13 for the sequences { R} } and { R} }, we get that for any i > 1,

d h—1 d h—1
By~ Ril < a%h- TL (V) - TT(Z ) - ma (Ro — il
k=2 j=0 k=2 j=0
h—1

d
<4t TL(0EP) - g 1R — B, “
k=2 j=0 -

where the inequality in the second line above follows from the fact that
d H-1 d H-1

IICQReP) < TTOC ip)

k=2 j=0 k=2 j=0
as a consequence of Lemma 16-(a) for the policy 7. Next, Lemma 16-(b) for the policy 7 implies
that the predicted rewards 12}, satisfy the error bound

- p ~
nax, |RF, — Ry/| < 2d- (64e) - max, |R},, — R} |

< 2d - (64e)” -,
where 7 denotes the right hand side of (47). Plugging the above in (48), we get that
B d h—1 2
Ry — Ry < 2dh(256e)" - TT (D 1A00) - . (49)

k=2 j=0

for any h > 1. Thus, the error in the estimated value V™ for the policy 7 is bounded by

H
V™ =V =) (R} - R}
h=1
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h=1 k=2 j:O
d H-—
< 2dH?(256¢)" - H( AT ) "
k=2 j=0
d H— 2
< 2dH?(256¢)" - max ( AT J’) ., 50
(256¢) - m H}g ;' ) - (50)

where the inequality in the second last line follows by using the bound in (49).

Since  is arbitrary in the above chain of arguments, the error bound in (50) holds for all policies
7 € I1. Thus, for any 7 € II, the policy 7 returned in line 4 of Algorithm 3 satisfies

Vi VT =V =V )+ (VT V™) + (VT = V7)
> (VT — V™) + (VF - V7)
> |V VT - VT -V,
where the inequality in the second line follows from the fact that VT >V~ for every m € II by the

definition of the policy 7. Using the bound from (50) for policies m and 7 € II in the above, we get
that

m
L

d
~ ;N 2
VT > V™ — 4dH?(256¢)* - max H( AT |J) -
T er:Q =
LIy TN 8K 3 log(6d|11|/5) 4K341og(6d|I1|/6)
> V™ — 4dH?(256¢)" - max [T (" IAFV) - min \/ & , &
' ell k—Q(j—O ) { n n
¢ Al 2 [8K3dlog(6d[T1| /5
T _ 2 d . ' \j g( | ‘/ )
> V7™ — 4dH*(256¢) E}Sﬁn( |A% | ) \/ -

o>~
I|
]

<
Il
o

where the inequality in the second line above follows by plugging in the value of 7 as the right hand
side of (47), and the inequality in the last line holds due to the fact that — min{a, b} > —a for any
a,b>0.

Since the above holds for any 7 € 11, we have that

H-1

. I og(6d[TT/3)
T ™ 2 ™

V™ > max V"™ — 4dH?(256e)? - max I I ( E |AE |]> \/ "

well

hence proving the desired statement. O

D.4 Adaptivity to rank

We now describe how the learner can find the best policy in the class II, that satisfies Assumption 1,
without knowing the value of the rank parameter. Let us denote the unknown rank parameter by
d*. Our adaptive algorithm, given in Algorithm 5, follows from standard techniques in the model
selection literature. For every d € [H|, we compute an optimal policy 74 assuming that the rank
d* = d. Then, for each d € [H], we estimate the value function for the policy 74 by drawing n/2H
fresh trajectories using that policy. Finally, we return the policy 7 from the set {74} de[H] with the

highest estimated value. The returned policy 7 satisfies, with probability at least 1 — 9,

V> max VT — 0((H)2d*\/(8m3d* log(6d[11}/0) _,, M)_ (51)

mell d* n n
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Algorithm 5 Adaptive policy search algorithm (adaptivity to rank)

Input: horizon H, rank d, number of episodes 7, finite policy class IT

1: Collect a dataset D = {(z},al, rfl)le}zﬁ by sampling n/2 trajectories where actions are
sampled from Uniform(.A).

2: ford € {1,2,...,H} do

3 for policy 7 € Il do

4: Estimate XN/d“ by calling ValEstimate(H, d, D, m).

5 Compute the policy g € argmax, ¢y Vd“.

6 Collect n/2H more episodes using the policy 74 and estimate the value V¢ using the
empirical average of the returned rewards.

7. Return: policy 7 with best estimated value 7 € argmax ¢ V7,

Note that, in Algorithm 5, we cap the value of d* by H. In the case, when d* > H, we can
directly estimate the expected reward for each policy by importance sampling upto H steps, and
thus compute the optimal policy in II.

Finally, we can get an algorithm that adapts to both the unknown rank d* and the eigenspectrum
simultaneously by using the procedure AdaValEstimate (given in Algorithm 4) instead of the proce-
dure ValEstimate in Algorithm 5. This implies the following adaptive bound for well mixing MDPs.

Corollary 2 (Well mixing MDP). Given ¢ € (0,1), horizon H, a policy class 11 and a MDP M.

(a) If for every policy w € 11, the transition matrix T™ has at most d* non-zero eigenvalues
such that the second largest eigenvalue |\5| < 1 — v, where K and -y are not known to
the learner. Then, Algorithm 5 (run win AdaValEstimate instead of ValEstimate) returns a
policy T such that, with probability at least 1 — 6,

v mgr - o((5) 1)

(b) If for every policy m € 11, the mixing time of the transition matrix T™ is bounded by T,
where T is not known to the learner. Then, Algorithm 5 (run win AdaValEstimate instead of
ValEstimate) returns a policy T such that, with probability at least 1 — 6,

V2 w0 (')

The exponential dependence in the mixing time in the above performance guaranee is unavoidable
without further assumptions as illustrated by our lower bounds construction in Section 5.
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E Lower bounds

E.1 Lower bound construction

We start by describing the lower bound construction, consisting of the policy class II and the family
A of Markov decision processes with rank 2d + 2. All MDPs in the family .# have the observation
space X of finite (but very large) size N = |X| and action space A = {0, 1}, but have different
transition dynamics.

Policy class IT.  The policy class II C {X — A} consists of K = (H/d)" deterministic policies
that are sufficiently distinct from each other. Specifically, for any two distinct policies (7, 7’) € 12,

> 1n(a) £ 7@} >

zeX

Existence of such a policy class follows from the Gilbert-Varshamov bound (Lemma 18) when
8dlog(H/d) < N.

Family of MDPs .#/. Each MDP M , € .# is indexed by a policy 7 € II (which will be optimal
in that MDP) and a function ¢: X — S that maps each observation in x € X to one of the 2d + 2
hidden states given by S = {(1,¢),(1,b),...,(d,g),(d,b),+,—}. In the following, we describe
the transition dynamics and the reward function for the MDP M« 4.

Transition dynamics of M, 4. The transition dynamics of My 4 is governed by the mapping ¢
and the dynamics in the 2d + 2 latent states. The dynamics in the latent states S is given by two
parallel chains, depicted in Figure 2. Each latent state, except for the final states 4+ and —, have the
form (4, g) or (i,b) where ¢ € [d] denotes the index in the chain, and the notation ¢ and b denotes
good states and bad states respectively. The initial observation x( always corresponds to the hidden
state (1, g). At each time step, independent of the action taken, the chain index 4 increases by 1
with probability p; (defined later) or stays the same with probability (1 — p;). As long as the agent
follows actions according to 7, the next latent state remains a good state (with the second component
g). However, as soon as the agent takes an action that 7 would not have taken, the second component
is set to b and then stays b forever. If the agent reaches latent state (d, g) it transitions to the latent
state 4+ with probability % + ¢ and to the latent state — with probability % —¢. From (d, b), the agent
transitions to both the latent states + or — with equal probability. Finally, from the hidden state 4,
the agent transitions to — in the next step with probability 1. The state — always transitions back to
itself independent of the action taken.

We next describe, how the above dynamics in the latent state space defines the transition dynamics
for the MDP M 4 in the observation space. Define X, := {z € X | ¢(z) = s} as the set of
observations from X that are mapped to latent state s € S by the feature mapping ¢, and define
D, := Uniform(Xj) to denote the uniform distribution over the set X. The initial observation x
is sampled independently from po = D(1,4). The two parameters 7 and ¢ of MDP M. 4 define the
transition dynamics T’ ¢ as follows:

a) For any observations z € X; 4y of good latent states, where i € [d—1],
Tro(z,a) = {piD(i+1,g) + (1 =pi)Dg ifa=m(x)
PiD(iy1,0) + (1 —pi)Dipy  else

where the value of p; € (0, 1) is set later and T’ 4(x, @) denotes the probability distribution
over the next observation 2’ when taking action a at observation z.

)

b) For any observations 2 € X{; ;) of bad latent states, where i € [d — 1] and all @ € A,
Trp(x,a) = piDiiy1p) + (1 —pi)Diipy-
¢) For any observations z € X4 4) of the good goal state and all a € A,

1 1
Tﬂ—’¢($,a) = (2 + E>D+ + (2 - E)D,

where the bias € € (0,1/2) is set later.
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Figure 2: Latent state construction: contextual combination lock. As long as the agent follows
actions of the policy 7 that characterizes the MDP My . (blue arrows), the agent remains in good
states (4, g) and receives a Bernoulli(1/2 + ¢) reward but otherwise transits to bad states (4, b) and
receives a Bernoulli(1/2) reward.

d) For any observation z € X{q4,;) of the bad goal state, and all a € A,
1 1
T ,a) = =D -D_.
o(@,a) P+ 15

e) For any observation z € X_ U X of latent states — and +, and all o € A,
Tr¢(z,a) =D_.
Reward function for M .. For any observation z, the reward is 0 unless the latent state corre-

spond to x is +, in which case, the reward is 1. Specifically,

r(z,a) = 1{x € X} }.

Initial observation in My .. The initial observation xy is sampled uniformly at random from
X1,g)-

Additional MDP M; 4. In addition to the above defined MDPs M. 4, we define the MDP M 4
for every ¢ in the MDP where latent states with b and g behave exactly the same. Specifically, the
transition dynamics is given by

%D+ + %D_ ifx e X(d,b) U X(d,g)
Top(@a) = § §Ds1) + F2Din) + §DGis1g) + 5 Diig) 7 € X1y U X (i) fori € [d 1]
D_ ifze X, UX.

Note that the actions taken do not affect the rewards or observations received in MDPs M ¢4 and
thus every policy is an optimal policy.

The family of MDPs .# is finally defined as
%ZZ{M.,T’¢|7T€H, ¢€XHS}U{M0¢|§[)€X'—>S}.

We note that the rank of each MDP in the class .# is O(d) as show in the following lemma.

Lemma 17 (Rank bound for MDPs in .#). Let My« 4 be an MDP in 4. Let w € 11 be any policy
and let T'Y. , denote the induced transition matrix of the policy 7 in the MDP M- 4. Then, the rank
of the matrix TT. , is bounded as

rank(T7. ;) <2d —1 and rank (73 ,) <2d—1.
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Further, the non-zero eigenvalues of TT. , and I , are given by

1—p; Jor s = (i,b) where i € [d — 1]
(1= pi) Procumipcxe,) (77 (x) = 7(x))  for s = (i, g) where i € [d —1]
1 fors = —.
and
% for s = (i,q) where i € [d — 1]
L2 fors = (i,b) wherei € [d — 1]
0 Jors € {+,(d,g),(d,b))}
1 fors = —.
respectively.

Proof. We can write the transition probability from observation x to ' as

T o(@'|z) =1{m(z) = 7" (2)} Peooa (d(2") |5 = ¢(x))X:(')

N 1
+ U (x) # 7 ()} Poaa(d(2")|s = ¢(@)X7
| X ()]
where Pyooq € RS*S and Py,q € RS*S are the latent state transition kernels when the agent follows
a good action and bad action respectively. Without loss of generality, we can assume that latent
states are ordered as

(179)7 (279)7 DR} (d7g)7 (17 b)a (27 b)a ey (dv b)a +a -
in which case the agent can only move forward (or stay in the same state) in this order. Thus, when
writing Pyood and B,,q as matrices over S x S in this order, they are upper-triangular matrices. Their
eigenvalues correspond to the entries on the diagonal and hence, the probability of staying in each
latent state is an eigenvalue, including 1 — p; for states (z,b) all i € [d — 1] for both Pygoq and Pg.
In matrix form, the transition matrix over observations can be written as
7r S| S|

T T
T = mlgoodq) Poood® + mlbadq) Poaa®,

where ® € RS*Y with @, , = 1{¢(x) = s} is a matrix form of ¢ and Iyea € R***¥ and
Iyag € RYXY are diagonal matrices with entries Usood)z,e = I{m(x) = 7*(x)} and [lpad)z,e =
1{m(z) # 7*(x)}, respectively. By the Weinstein—Aronszajn identity, the eigenvalues of 77T , are
identical to the eigenvalues of

1) g ooa @ P +B<I>I T Poaa = Is good Peood + Is bad i
|X| good good |X| bad bad — 4S,good4 good S,bad 4 bad»
where Is g00a € RS*S and Ispad € RS*S are diagonal matrices that contain for each s € S the
probability that policy m matches 7* or does not match 7* on observations of s, respectively. Finally,
15 500d Pyood + I paaFhaa 18 also an upper triangular matrix whose eigenvalues are the entries on the
diagonal. Therefore, the eigenvalues of this matrix and T7. ; are

1—p; for s = (4,b) where i € [d — 1]
(1 = pi) Procunitx,) (7" (x) = () fors = (i,g) where i € [d — 1]
0 for s € {+, (d, g), (d,b))}

1 fors = —.

Thus, the rank of T77. , is at most 2d — 1. Analogously, we can show that the eigenvalues of 7 ,
are

P for s = (i,b) and (i, g) where i € [d — 1]

0 fors € {+,(d,g),(d, b))}

1 for s = —.
Thus, the rank of T’Tw, is at most 2d — 1. O

s
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Lemma 18 (Gilbert-Varshamov bound [Massart, 2007]). Let N > 1. There exists a subset V of
{0, 1} of size |V| > exp(N/8) such that

N

> o A} >

i=1

N
T (52)

Sforallv,v' € V.

E.2 Proof of Theorem 2

In the following, we provide the lower bound which states that the factor of Q(H?) in unavoidable
without making further assumptions. We restate Theorem 2 here with explicit constants:

Theorem 7. Let & € (0,1/26), 6 € (0,1/2), d > 4 and H > 219d. There exists a realizable policy
class of size (H/d)* and a family of MDPs with rank at most 2d, finite observation space, horizon
H and two actions such that: Any algorithm that returns an g-optimal policy in any MDP in this
Sfamily with probability at least 1 — 0 has to collect at least

/
121681~ HE2 (%)d 21°g<%)

episodes in expectation in some MDP in this family.

Proof. Consider any (2, §)-PAC RL algorithm 7. Our lower bound is based on the policy class II
and the family of MDPs . constructed in Appendix E.1. We set |II| = (H/d)? and p; = d/H for
all ¢ € [d].

We first define additional notation. Let the random variable G denote the first time-step in an episode
when an observation from the latent state (d, g) or (d, g) is observed. In order to reach these latent
states, the agent is required to do d — 1 latent state progressions, each happening with probability
P1, - -.,Pd—1 respectively. Furthermore, for our constructions in Appendix E.1 of the class M, we
note that the distribution of G only depends on {p; };<4, d and H, but is otherwise independent of
the MDP instance, the parameter ¢ and the played policy. In fact, when p; = d/H, an application of
Lemma 21 implies that

Pr(G< H—1)>1-—exp(—2/5). (53)
Now, consider any MDP M- , € .4 and let V+ 4(m) denote the expected return of the policy =
in the MDP M« 4. From our MDP construction, we note that for the optimal policy 7*,

1
Ve (1) = (5 + s) Pr(G < H —1).
Similarly, for any other policy 7 € II, we have!
1 7 *
Vﬂ*’dj(’]r) = 5 PY(G S H — 1) + EEﬂ,*’Qﬁ []1{7T(X1:G,1) =T (Xl;Gfl)H PI"(G S H — 1),

where {7m(X1.6—1) = 7" (Xi1.¢-1)} denotes the event that the action chosen by 7 agrees with
that chosen by 7* on the observations X7.¢_1 up to time step G — 1. Hence, we have that the
suboptimality gap for the policy 7 is

Vir (17) = Ve g(m) = ePr(G < H — 1) Pri. ,(Fh <G =1 st w(Xp) #7°(Xp)) . (54)
Next, define the random variable 7 to denote the number of episodes after which the algorithm
&/ terminates and let 7 denote the policy returned on termination. Both, 7 and 7, depend on the

algorithm o7 and the underlying MDP on which <7 collects data from. Since the algorithm o7 is
(€,0)-PAC, we have that for any MDP M~ 4, with probability at least 1 — 4,

Ve o(m") = Vie () < €.

!"Throughout the proof, for any random variable Y, we define the notation E7. .6[Y] to denote the expecta-
tion of Y where the trajectory is drawn using the policy 7 in the MDP M« 4.
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Using the relation in (54), and plugging in the bound in (53), in the above, we get that
ePr(G < H-1)Pri. ;(3h < G — 1 st.7(Xp,) # 7 (Xn)) < &, (55)

must hold with probability at least 1 — § for any MDP M- 4. For our lower bound constructions,
we set
4

= < c.
= PG <H-T < 137, (56)

and thus (55) implies that Pri*@(%(Xl:G_l) = 7*(X1.¢-1)) > 3/4 must hold with probability at
least 1 — §. Define the event

Opt , = {Prl. ,(Arg-1 = 7" (X1.g-1)) > 3/4}.

The above analysis suggests that for any M- 4

Proe o (Opte 4) 214, (57)

Next, for any 7* € II, define the measure Pr «(Y) = F%I > sea Prre¢(Y), ie. the probability

measure induced by first picking ¢ uniformly at random from the set of all mappings ® and then
considering the distribution induced by My - ,. The measure Pro(Y) = ﬁ > e Prog(Y) is

defined analogously for the MDP M 4. Thus, from (57), we have that for any 7* € II,
P (OptZ ;) > 1—46. (58)

We are now ready to prove the desired lower bound. Let
1 1 H \d/2

- — -log(1/24).
5 12168HZ? <4ld> 0g(1/20)

There are two natural scenarios: either (a) Pr« (7 > Tiax) > 0 for some 7* € II, or (b) Pr« (7 >
Tinax) < 6 for all 7* € II. We analyse the two cases separately below.

Tmax =

Case-(a): Pry« (7 > Tinax) > 0 for some 7* € II. The lower bound follows immediately in
this case. Note that,

I;lag){Eﬂ*,(z&[T] > ETr* [T] > Prﬂ'* (T > Tmax) . Tmax > 6Tmax .
€

Hence, there exists an MDP in M- 4 € .# for which the expected number of episodes collected
by the algorithm 7 is at least §7},,,x, Which is the desired lower bound.

Case-(b): Pr « (7 > Timax) < d forall 7* € Il.  Due to (58), for any policy 7* € II, we have:

Pros (7 < Tinax A Ot 4) = Proe (Opti ) — Pros (7 > Tinax A Opti- )
>1- 24

The above condition intuitively states that the policy returned by the algorithm will, with high prob-
ability, match the actions of the optimal policy for G — 1 time steps for any policy 7* € II. On the
other hand, we show in Lemma 25 through a packing argument that the expected number of policies
that can be matched for G — 1 steps when observations are drawn uniformly is bounded, i.e.

Eunis [y Hr*(X1.¢) = 7(X1.6)}] < (411og(H/d))*H +2,

where the notation [E,,,;¢[-] denotes that X;.; are drawn independently from uniform(X). We

denote this bound by C' = (41log(H/d))*H + 2. We show in Lemma 19 through a careful
information-theoretic argument that the expected stopping time of the algorithm A on instances
My, 4 is bounded from below as

! (@ — ) 108(1/26) — (2o + % log(1/29) ) - EC‘ +A(Tma)

>
Eo[7] c 3

= 82
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where A(Tpax) = 4T2

A A max
different instances of ./ .

H?|S|/N accounts for the differences in observation distributions in

Plugging in the value of |II| and C, we note that

11| (H/d)d 1 H d 1, H \d/2
@ 2 sty ~ 2 Ciiaiogcym) 2 3 (i)

Additionally, for d > 4 and H/d > 219, we have 8/3 < (H/41d)d/2/4H . Combining these
bounds yields

1 H \d/2 7 |11}
E >7(—) log(1/26 —(2Tmax L log(1 25)~—~ATmax,
ol = Somam \qra) - 1os1/20) T 1gez 108(1/20)) - T AlTinax)
Finally this bound only depends on the number of observations N through A(7Ty,,x) which goes to
zero as N — oo. Therefore, we can pick IV large enough such that the second term becomes small
enough and thus

Bofr] > — (H)d/21 (1/26)
o= TotesHe? \a1d) '
Since this bound holds on average over all MDPs M, 4 € M, this lower bound must also hold in at
least one specific My ¢ € M. This gives us the desired statement. O

For the rest of the section, we will build on the notation introduced in the above proof. The following
technical lemma gives a lower bound on Eq[7] for the case-(b) above.

Lemma 19. Let o7 be any (£,0)-PAC RL algorithm. Let Tyax € N and assume that Prp. (1 <

Trnax N Optff*ﬂ) > 1 — 26 holds for all m* € I1. Further, let C' > 0 denote an upper-bound on the
number of policy matches per episode, i.e., for all w € 11,

Eu| > 1" (X1:0) = 7(X1.0)}] < C.

T*

Then the expected stopping time T for the algorithm o/ over MDP instances My 4 where ¢ is drawn
randomly from ® is bounded from below as

1/ 8 7 11|
E >7(7_7)1 1/26 —(2me L og(1 26)-—-ATm.X :
ol 2 5 (g = 5)108(1/26) = (Mo + 155 108(1/26)) 15 AT
where A(Tyax) = 412, H?|S|/N.
Proof. Let G; denote the first timestep when the agent reaches the latent state (d, g) or (d, b) in the
ith episode collected by the algorithm <7. We denote by

TATmax

NJLTmex = Z {Ai1.6,-1 =7 (Xi1:6,-1)}

i=1

the number of episodes among the first 7 A Tax = min{7, Tiax} episodes where the actions
A; 1.¢;—1 played by o7 in the ith episode matches those of 7* on the corresponding observations, un-
til the latent state (d, g) or (d, b) was reached. We first lower-bound the expected value of N7/ 7max
under the measure induced by Prq. To that end, we introduce auxiliary MDPs Mj .« ¢4 that are
identical to M~ 4 on all latent states except for (d, g). In My -« 4, we transition to both + and —
with equal probability from the latent state (d, g). > Analogous to Pr,-, we define Prg « to denote
the law when ¢ is drawn uniformly from ® beforehand and the underlying MDPS is Mg « 4. We
also define Pr as the law when 7* is additionally drawn uniformly at random from II beforehand.
Finally, Eq -« [-] and Eq[-] are defined as the expectations under ITj .- and Prq respectively. Follow-
ing the standard machinery for lower-bounds [Garivier et al., 2019, Domingues et al., 2021], we get
that

(i)
Eo[NT0Tmax] > B e [NTATmax] — T3 A(Thax)

“Note that the MDPs Mg = , are only an analytical tool and do not belong to the class ..
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kl(1/2,1/2
> Bo e [N Ten] SO 2EE)
’ 4e?
1
ﬁ KL (P TATmax P TATInax) TmaxA( Inax)

where the inequality (¢) follow from an application of Lemma 24. In the above, for any distributions
P and @, the notation KL(P||@) denotes the KL-divergence between P and (), and the superscript
FrATay denotes the conditioning w.r.t. the natural filtration generated by the first 7 AT}, episodes.
Further, define kl(p, ¢) to denote the KL-divergence of two Bernoulli random variables with means
p and q respectively. We now apply Lemma 1 of Garivier et al. [2019] which gives that for any
FrAT,,.,.-Measurable variable random variable Z with values in [0, 1], we have that

deXA( max)

B[N A Tme] > ﬁkl(Eo,w[Z],le [Z]) = Tnax A(Tinax)

(21) 1 1
= @(1 - Eo,ﬂ'* [Z]) log<m> 4e 12 IOg( ) TmmxA( max)
@ 1 1 log(2)
= 2= EO[ZDlOg(l “E,. [Z]) T e
1

where the inequality (i7) follows due to the fact that kl(p, ¢) > (1 —p)log(1/(1 —¢q)) —log(2), and
the inequality (¢i¢) holds from an application of Lemma 24. Next, define the random variable Z.
as

Zﬂ—* = PI’W* (’T < Tmax A Optﬁ*7¢ | ‘FT/\Tlnax)

and note that Z.« is FraT,,,.-measurable by construction. Thus, plugging Z = Z,~ in (59) and

using the fact that E,« [Z;+] = Pr« (7 < Tipax A Optfwﬁ) > 1 — 26 (by assumption), we get that

By [N7A o] > 4%2(1_1@0[ -]) log(1/26) — 105;22) _ (dex+ 1og(1/26)) (Timax),

Summing the above for all policies 7* € II yields that

Z B[ N7/ Tmex] > 4—2<|H\ Z Eo[Zw*]) log(1/24)

m*ell m*ell
_ [H]log(2)
4e2

log(1
- (Tmax + %) ‘H|A( max) (60)

We further lower bound the above by deriving an upper bound on ) . ; [Eq[Z,-]. Note that for
any 7" € II,

Z7r* = Prﬂ"* (T < Tmax A Optﬁ{;@ | fT/\dex)

@ ) []1{7' < dex}]l{Pr (%(X1;G_1) =" (X1.g-1)) > 3/4} | ‘FT/\Tmax:|

(m) 4 . "
< SEre [L{r < T Pri 4 (7(X1.0-1) = 7 (X1:0-1) | Frntinns |

where the equality (¢) above follows from the definition of Optﬁ’i@, and the inequality in (%)
holds from an application of Markov’s inequality and using the fact that 1{7 < Ti,ax} is FraT,

max

measurable (by construction). Note that when 7 < T,y (the only outcomes where the random
variable inside the expectatlon can be non-zero), we also have that 7 is F, o7 __-measurable.’ Thus,

max

the only randomness in Prﬂ* . above is due to ¢ which affects the distribution of the observations
X1.c_1 inside Pri* .»- However, note that this distribution is exactly the distribution of observations

3This assumes a deterministic algorithm but we can handle stochastic algorithms by simply conditioning on
7 (and therefore the internal randomness of the algorithm) as well.
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in the (7 + 1)th episode if we assume (without loss of generality) that the algorithm plays # in that
episode. Thus, we can write the right hand side in the above as

4 . .
Zﬂ.* S g]]_{T S Tmax} Prﬂ—* (7T (XT+1,1:G7—+1—1) - 7T()(7'—‘,-1,11617-4.1—1) | ‘FT/\Tmmx) .

An application of Lemma 23 in the above implies that

4 . R 2|S|H?(Tipax + 1
Zer < 317 < T} (Pras(v* (Xug1) = #(Xrign)) + 20 Cman PY gy
which further implies that
4
> EolZe] < 5o Y Pranme(r* (Xua-1) = #(X16-1))| + f\mA( Tinax)
m*ell ™ EH
4
= 20+ L[TIA (T, (62)
where the value of C and A(T,.x) are given in the lemma statement. Plugging the above bound in

(60), we get that

S EoNz o] > L (1) - ) tog(a/20) - BB (7,

m*ell

7log(1/20)
) IHIA (Thna).

(63)
Relating policy matches to stopping time: In the following, we show an upper bound on

I [N;f\T‘“‘“‘} that, when taken together with the above lower bound, gives us the desired
lower bound on Eq[7]. We note that

Tmax
3 B[N T = S E, [1{7 St-13 Y A1 = ﬁ*(At,l:Gt_l)}}
T*€ll t=1 T*€ll
= fEO []1{7' >t — 1}E0{ Z ]l{ﬂt(Xt,lzGt—l) = 77*(Xt,1:Gt—1)} | 7Tt7-7:t—1:|:|
m*ell
© fEO [1{7 >t 1}Eumf[ 3 Um(Xigo1) = w*(Xl;G_l)}”
w*ell

+ Tnax || A(Tiax)
(21) Tmax
< Z Eo[1{7 >t — 1}C] + Tinax|TI|A(Tinax)
t=1

< C’EO [7- A Tmmx} + Tm'}x|H|A( Inax)
S CEO[ ] + Tmax|H|A( mmx) (64)
where the inequality (¢) follows from an application of Lemma 23 and the inequality (i) follows

from the definition of C' given in the lemma statement.

Combining the lower bound in (63) with the upper bound in (64) and rearranging the terms yields
that

Bo[r] > @(% - %) log(1/26) — %4721 g(2) — (2Tmax + 192 log(1/26))%A(me)
2 32 (% - g) log(1/26) — (2Tmax + 127 (1/25)) |g|A(TmaX)

where the last inequality is due to the fact that § < 1 < exp(2)/4 and thus log(1/2) > 2log(2).
This concludes the desired statement. O
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E.3 Proof of Theorem 4 (eigenspectrum dependent lower bounds)

We here restate Theorem 4 with explicit constants:

Theorem 8 (Adaptive lower bound). Let & € (0, 15), 6 € (0,3), d > 4 and (\;);e(a—1) € [0,1]471
satisfy

d—1
16 a—1\2 1 8
215(d -1 < || < = H/2 < :
(3 (15(d—1)) ) s 1—XN — 7eXp( /2 and Z 1—X ~ 4In(4d)

Then, there is a realizable policy class and family of MDPs with rank at most ©(d), finite observation
space, horizon H and two actions such that: For each i € [d), policy m and MDP M in this class,
there is an eigenvalue of the induced transition matrix TT; in [\; /2, N;]. Furthermore, any algorithm
that returns, with probability at least 1 — § an e-optimal policy for any MDP in this family, has to
collect at least

1101052 (15(d1— 1))d1

episodes in expectation in some MDP in this family.

Proof. This theorem follows immediately from setting p; = 1 — \; with Lemma 10 and Lemma 20
below. O

Lemma 20. Let € € (0,1/16) and let M be the family of MDPs defined in the proof of Theorem 2
but where the probability p for progression in latent states (i, g) and (i,b) is set to p; € (0,1). If

9 d—1
(1*36(15(d— D)) < 1:[1 p% = %exp(Hm and

then any learner that returns an g-optimal policy in every MDP in this class with probability at least
1 — 9 has to collect at least

11010;:2 (15(d1— 1))d1

episodes in expectation in at least one MDP in the family.
Proof. We follow the proof of Theorem 2 but set

e
1101052 (15(d1— 1)) 1

1
Trn x = T
* é

Then one of two cases can happen: Either there is an MDP M € M in the class where the algorithm
samples in expectation at least Ey;[7] > 6T nax episodes, or

Prre (7 < Tiax A Optes ;) > 1—20

holds for all 7* & II where Opt;‘{’qﬁ = {Pri*@(Al:G_l =71"(X1.¢-1)) > 3/4} denote this
event, where the policy returned by the algorithm 7 is e-optimal in M~ 4. Since the first case
immediately gives us the desired lower bound, in the following, we consider the case that P (7 <

Tnax N Opt;‘i?(b) > 1 — 26 holds for every policy 7* € II.

An application of Lemma 26 gives us

Eunif |:Z ]]-{77*(X1:G = 7T(X1:G)} S C )

T*
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for any policy 7 with C' = 2 + |II] - Hd: ! (pi lcl)c;g(g\l;[;)) as long as

8
|H| < 7 EXP(H/2)~

Applying Lemma 19, the expected stopping time 7 of algorithm .7 on instances M 4 is bounded
from below as

im 8

Eofr] > 5 (? - g) log(1/28) — (2Tmax n 127 (1/25)) A (Ts)

We now set |II| = Hf;ll i and bound the ratio

where the inequality in the second line follows from In(y) < 2(d—1)y 2@ and the last line above
is due to the fact that |II| > 1 and d > 2. Now,

d—1

1 16 2
nm=1[-= 15(d — 1)]%!
i i]jlpi(gw D))
is sufficient for ‘Hl > 16 which yields
1] ]
> = — .
Eolr] > 125 108(1/20) — (2Tinax + 55 108(1/26) ) * 5 A (Tina)

Since A(Tmax) is the only term that depends on N, we can pick N large enough so that the first
term dominates and

l_log(l/26).

1 1 1 a1
>
Bolr] 2 77275 1o8(1/20) 2 175 (15(d7 1))

It only remains to resolve the 1/£2 to 1/22. To that end, we now bound the probability of reaching
the goal state by the end of the episode by

2dy _ 1
(G<H—1)>Pr(G<Zf1 1/2)257

because by Lemma 21, the probablhty that the agent spends more than = ln
(i,b) or (i, g) is bounded by 7. Thus,

1/2 time steps in states

which yields the final bound

Since bound on the stopping time holds on average over instances M 4, there must be at least one
MDP instance for which the expected stopping time adheres to this lower-bound. This proves the
desired adaptive lower bound. O
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Lemma 21. Let the progression probabilities p; = p for all i € [d — 1] where p € (0,1). Further,
let G denote the time step within the episode at which a goal step is reached. For any § € (0,1)

Pr(GS%ln%) >1-4.

Proof. The event that G is at least n + 1 is equivalent to at most d — 2 state progressions within n
trials which each happen with probability p. Let X; € {0, 1} be the indicator for a state progression
at time ¢. Then

Pr(G>n+1)= Pr(iXi <d-2)= Pr(ixi <np(1— (22 1))

n
=1 =1 p

<en(-5(5 1))

by a multiplicative Chernoff bound. This yields for all § € (0, 1)

Pr(Gz %llnl/é) >1-4.

E.4 Change of observation distributions

Lemma 22. Let F; 51 = a(]:i,l, {Xin, A, Ri,h/}h,e[h,l]) be the sigma-field of everything
observable up to before the h’th observation in episode i. Then

S|Hi
To, =\ A4 h|Sih—1) — Flynif( Ai )|l S 46—
[P (Kol Fonor) ~ Prug(Kun)h < 20
S|Hi
IPr (Kol Fo1) — Prang(Xon) 1 < 25K
S| Hi

IPro(XinlFisn-1) = Prun(Xin)ll < 2=,
where Prum'f(Xi’ 1) is the uniform distribution over all possible observations X.

Proof. We prove the statement for Pr( .- but the others can be proven analogously.

Let Fip1 = 0(}"@' — 1L {Xin, Ain, Ri,h’}h’e[h—l]) be the sigma-field of everything
observable up to before the h’th observation in episode . Further, F Z’ 1l =
0'(./_'.1'7}1_1, {Sk,i}keli-1].1e[H]s {Si,l}le[h}) is the sigma-field that in addition includes all latent state
labels up to S; j,.

Since F, determines the latent state mapping ¢ for the observations encountered so far but all
assignment of the remaining observations remains equally likely, we can write the conditional dis-
tribution of observation X 5, in closed form as

1 : s
W ifreX

obs
Proq« (X;n = x|.7-'l-”h71) =<0 ifz € Xops \ X5
(1— o) vty i € X\ X

where X, are all observations encountered so far and X} ; are all observations encountered in S; p,
so far. Now

NS~ N if v € X5
Pron (Xin = 2| F j_1) — Prunie(Xin = z)| = e if 2 € Aops \ X

% - (- ) vte| iz e X\ Xins
and thus

2 (||| Xl [Xoml} _ 21| ToasH

|Pro,zs (Xinl Fi 1) — Prunif(Xi,h)Hl < N < &
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Since Pro o+ (X n|Fin—1) = Eox+ (Pror+(Xin |}'i’7h,_1) | Fi,h—1) by marginalization, we also have

2|S|Tmax H

|Pro,ze (Xin|Fijn—1) = Prunis(Xin)|l;, < H%
which means that as long as Ti,.x << NN, the conditional distribution of the current observations
remains close to Uniform(X’). O

Lemma 23. Let F; = 0({Xk,h/ Ak h s Rk,h/}h’e[H],ke[i]) denote the natural filtration at the end
of episode i. Then

2|S|H?%i
[Pt (X1l Ficr) — Priag X ), < 2o
2|S|H?%i

IPro(Xo 11 Ficr) — Pring(Xo o), < 25T

where Prumf(Xm; 1) is the product distribution of uniform distributions over all possible observa-
tions X.

Proof. The random variables X 1. are F;-measurable. We can therefore consider any event A €
JF; and show that

S|H?%i

[P« (A|Fi—1) — Prynie(A)| < %

S|H?%i

|Pro(A[Fi—1) — Prunit(A4)| < ISIH7 |N
analogously to Lemma 24 below. The result then follows immediately from the identity of ¢; norm
and total variation. O

Lemma 24. Let A € Fr, . be any event that is Fr, , -measurable, where Fr,, . is the sigma-field
induced by everything up to Ty.x episodes. Then

412 H?*|S
|PI'(](A) — PT()JT* (A)| S A(Tmax) = 7" .

max

N

Proof. Denote by Pré’,’:r’l’ " the distribution that matches Pry -~ but where all observations after the
h’th observation in episode ¢ are drawn uniformly random from X. First, since A € Fr, . and
Pro r- (B) = Pr=2"™(B) for all events B € Fr,,

*
ZTT

we have

ax?

Pro = (A) — Prg};ix,H,unif(A) .

0,7* — N
By the definition of these probabilities, the following chain of equations holds:

Pré’ﬁr’f nif(A)

We now peel off one time step at a time by showing that ‘Prg’f;’f n4) — Prt’hﬂ’unif(A)’ < 2SIt

t,h,unif t,h,unif _ ot h,unif t,h—1,unif
= EO,W* |:Pr0,7r* (A|Xt,h7]:t,h71)i| - EO,Tr* |:Pr0,7r* <A|Xt;h7]:t>h*1):|

= EB’,Z’SHH{Z Pr(tf,}:r:l’umf(A|Xt,h =z, Fh-1) Pfé’,};’fnif(Xt,h = 1’|}—t,h71)}
reX

= Eé’,};’*unif{z Prg M (AIX ) = @, Fope) Prohs M(XG ), = $|]'—t,h—1)}
reX

+ JEB’,Z’E“”[Z Pri (A X g = @, Fin) (Pfé’,}fr’fnif(Xt,h = @[ Fyp1) = Prohc (X = 93|]:t,h71))}
reX
= Pré”';l’”nif(A) + Eg”’;’fnif{z Pré’,’;Zl’”mf(AlXt,h = x,ft,hfl)(PrO,ﬂ'*(Xt,h = ‘T|~Ft,h71) - Pl"unif(Xt,h = x))] .
reX
Thus, by rearranging terms, we have
A PR " 2|S|Ht
|Pr6’¢r’fmf(A) — Prg’f;*l’u"'f(Aﬂ < E&Z’Bmf[HPI'O,W*(Xt,hLFt,h—l) = Prunie(Xen) |, ] < % ;
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where the last inequality follows from Lemma 22. We now consider

Proq- (A) — Prym™(A) = Prgnae 0 (A) — Pyt (4)

, T
H Tmax
t,h,unif t,h—1,unif
=30 3 prt it 4) _ p Lot )
h=1 t=1
where Pri; 2" = prl- L0 and apply the bound to each term to arrive at
; 272, H?|S
|Pr07ﬂ-* (A) _ Prég,:lmf(A)' < mai;v | | )

Note that for the distribution Pré’?;lJ " all observations are drawn uniformly at random and the re-

wards do not depend on the actions. Thus, Prézg’f“if = Pr(l)’o’unif and we can derive analogously to
above that

i i 2T? H?|S
[Pro(A) — Prg®™(A)| = [Pro(A4) — Prop™™(4)] < T" ~
Combining both bounds using the triangle inequality yields the desired statement

2 2
|Pro(A) — Proq-(4)| < %H‘S' _

E.5 Bounds on expected policy matches per episode

Lemma 25 (Bound on expected policy matches with equal p;). Let w: X — A any policy (that

does not need to be in the given policy class I1) and H > 62d. Further, set |1l = (H/d)*, and
d

p= 1 - Then

Eum-f[z L{n* (X1.g = W(Xlzg)}} < (41 log(H/d)>dH +2,

*

where Pryy draws all H observations Xy i.i.d. from Uniform(X) and G as usual.
Proof. For any h € Nwithd < h < H, the following holds:
Eunt|[Y_ 17" (X1.6 = 7(X1.0)} ]

— Pr(G < h)Eunit [Z " (X1 = (X)) |G < h]
+ Pr(G > h)Euir| Y 17" (X16 = 7(X1.0)} | G > h]

< |H‘ PY(G < h) + Eunif {Z ]l{ﬂ—*(Xlih = W(Xlih)}}

T

< (h—d+ 1)) (2pdeh)d_l o Bunr| ) 1" (X1 = (X1}

T

where the last inequality applies Lemma 27. Note that by the construction of II, there can only be
one policy in II which agrees with 7 on more than gN observations in X. With all other policies,
7 has to disagree on at least 1/8 fraction of all possible observations. To see this, assume that
there were two policies 1 # 79 in II for which |7 — m;|| < N/8. Then by triangle inequality
|1 — m2]| < N/4 which contradicts the construction of II. Thus, we can further bound the quantity
of interest as

Eunif{z " (X =7(Xue)}| < (h—d+ 1)|H|(2pd€h>d_1 +1+ (0 - 1)(;>h

T*
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2peh d—1
§|H|h( pde ) 1+ [H|exp(—hlog(8/7)).  (65)
We use the worst-case choices of |TI|, p and h as
d
H log |TI] d
o (d) ’ log(8/7)’ "o H

Since the RHS of Equation 65 is non-decreasing in p and II, a bound with these exact values is also
valid when p and II are smaller. Note that under these choices H > 62d which implies % >151n %
is sufficient for h < H — 1.

With these choices, the last term of Equation 65 is bounded by 1, i.e., [IT|exp(—hlog £) = 1, and
the first term is bounded as

() = () () s )y
< 41(‘(%1% %)d(S)‘H < (41log(H/d))"H

O

Lemma 26 (Bound on expected policy matches with arbitrary p;). Let the probability for progres-
sions be p1,...,pq—1 and let m: X — A any policy (that does not need to be in the given policy
class I1). Further, assume that

1] < exp(g log g)

Then

E,m,-f{z; Hr* (X1.6 = 7(X1.6) } <2+ [H] 1_[1< logélgl/_[7 )

where P,y draws all H observations X1.y i.i.d. from Uniform(X) and G as usual.
Proof. For any h € N withd < h < H, the following holds:

Eunit| > 1" (X1.6 = 7(X1.0)}] = Pr(G < W)Buie| > 1" (K10 = 7(X1.0)} | G <)

+Pr(G > W)Euit |3 1" (X16 = 7(X1:0)} |G > h]

T*

< [HIPr(G < h) + B[} 1" (Yo = m(X1)}

d—1
< A TT i+ Bunie |3 147" (X = m(X0)}]
=1 T*

where the last inequality applies Lemma 28. Note that by the construction of II, there can only be
one policy in II which agrees with m on more than gN observations in X'. With all other policies,
7 has to disagree on at least 1/8 fraction of all possible observations. To see this, assume that
there were two policies m; # o in II for which |7 — ;|| < N/8. Then by triangle inequality
|1 — m2|| < N/4 which contradicts the construction of II. Thus, we can further bound the quantity
of interest as

d—1 h
Eunit [Z Hr* (X1 = 7T(X1;G)}] < [t H pi+ 14 (1] = 1) (;)
T* =1
d—1
<A ] pi+ 1+ [T exp(—hlog(8/7)) . (66)

i=1

54



log |TT
We now set h, = &1

which gives

Tog(8/7)
| oy T/, log|I]
Eunit[ > 1" (X1.0 = m(X1.0)}] <2+ 1] H( 57T ) 67)

O

Lemma 27. Let the progression probabilities p; = p for all i € [d — 1] where p € (0,1). The time
step G within the episode at which a goal step is reached satisfies

Pr(G < h) < (h—d+ 1)(2peh)d_1.

d

Proof. For G = 1, there must be exactly d — 1 progressions in the ¢ — 1 previous time steps, each
happening with probability p. Therefore

i —1
O P L (R
Thus,
h hori 1
_ _ d—1 h—d
Pr(G < h) _;Pr(G—z) _; (d_l)p (1—p)
h h .
=LY g (e(Z - 1))d_1 d—1
< <
= (d—1>p <2 (= ’
i=d i=d
Inehy d—1
< (h—d+1)( pe ) :
d
where the first inequality in the above is given by ignoring terms smaller than one, and the second
inequality is due to the fact that any n, k, we have (}) < (en/k)k for0 < k <n. O

Lemma 28. Let the probability for progressions be p1, . . ., pq—1. The time step G within the episode
at which a goal step is reached then satisfies

—1
Pr(G < h) < b ] pi

Proof. For the event G < h to happen, there must have been a progression in each of the d — 1 states
within h trials. Therefore

d—1 d—1

Pr(G<h) < [J-@-p)" ") < [[(th=Dpi) < f[hpz.

=1 i=1
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