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ABSTRACT

In this paper we study online Reinforcement Learning (RL) in partially observ-
able dynamical systems. We focus on the Predictive State Representations (PSRs)
model, which is an expressive model that captures other well-known models such
as Partially Observable Markov Decision Processes (POMDP). PSR represents
the states using a set of predictions of future observations and is defined entirely
using observable quantities. We develop a novel model-based algorithm for PSRs
that can learn a near optimal policy in sample complexity scaling polynomially
with respect to all the relevant parameters of the systems. Our algorithm nat-
urally works with function approximation to extend to systems with potentially
large state and observation spaces. We show that given a realizable model class,
the sample complexity of learning the near optimal policy only scales polyno-
mially with respect to the statistical complexity of the model class, without any
explicit polynomial dependence on the size of the state and observation spaces.
Notably, our work is the first work that shows polynomial sample complexities to
compete with the globally optimal policy in PSRs. Finally, we demonstrate how
our general theorem can be directly used to derive sample complexity bounds for
special models including m-step weakly-revealing and m-step decodable tabu-
lar POMDPs, POMDPs with low-rank latent transition, and POMDPs with linear
emission and latent transition.

1 INTRODUCTION

Efficient exploration strategies in reinforcement learning have been well investigated on many mod-
els from tabular models [25, 2] to models with general function approximation [10, 27, 30, 16, 42].
These works have focused on fully observable Markov decision processes (MDPs); however, their
algorithms do not result in statistically efficient algorithms in partially observable Markov decision
processes (POMDPs). Since the markovian properties of dynamics are often questionable in prac-
tice, POMDPs are known to be useful models that capture environments in real life. While strategic
exploration in POMDPs was less investigated due to its difficulty, it has been actively studied in re-
cent few years [20, 3, 29]. In our work, we consider Predictive state representation (PSR) [36, 41, 24]
that is a more general model of controlled dynamical systems than POMDPs.

PSRs are specified by the probability of a sequence of future observations/actions (referred to as a
test) conditioned on the past history. Unlike the POMDP model, PSR directly predicts the future
given the past without modeling the latent state/dynamics. PSRs can model every POMDP, but
potentially result in much more compact representations; there are dynamical systems that have
finite PSR ranks, but that cannot be modeled by any POMDPs with finite latent states [36, 24].

PSRs are not only general but also amenable to learning and scalable. First, PSRs can be effi-
ciently learned from exploratory data using a spectral learning algorithm [6] motivated by method-
of-moments [23]. This learning algorithm allows us to perform fast closed-form sequential filtering,
unlike EM-type algorithms that would be the most natural algorithm derived from POMDP per-
spectives. Secondly, while original PSRs are defined in the tabular setting, PSRs also support rich
functional forms through kernel mean embedding [4]. Variants of PSRs equipped with neural net-
works have been proposed as well [43, 9, 46, 49].

In spite of the abovementioned advances in research on PSRs made in the recent two decades,
strategic exploration without exploratory data has been barely investigated. To make PSRs more
practical, it is of significant importance to understand how to perform efficient strategic exploration.
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m-step m-step PSRs
weakly-revealing POMDPs decodable POMDPs
Efroni et al. [13] +
Liu et al. [37] +
Jiang et al. [26] o
Uehara et al. [45] o + o
Our Work + + 4

Table 1: Comparison of our work with existing works. + means that algorithms can learn the near
globally optimal policy with polynomial sample complexities. Our work is the only work that has
a desirable guarantee on three models. In m-step weakly-revealing POMDPs, o in Uehara et al.
[45] means the sample complexity is quasi-polynomial but not polynomial. In m-step decodable
POMDPs, all of the works have certain caveats. More specifically, in Efroni et al. [13], Uehara et al.
[45], it is unclear whether they can avoid poly(]O|™). On the other hand, our result can surprisingly
avoid poly(]O|™) while we need a regularity assumption. For more details, refer to Section 5. In
PSRs, o in Jiang et al. [26] means the guarantee is limited to reactive PSRs where the optimal value
function depends on current observations. Similarly, o in Uehara et al. [45] means the algorithm can
compete with short-memory policies but not near globally optimal policies.

To the best of the author’s knowledge, Jiang et al. [26], Uehara et al. [45] tackle this challenge;
however, they fail to show results with polynomial sample complexity to compete with the globally
optimal policy. We aim to obtain algorithms that can compete with the globally optimal policy
with polynomial sample complexity. Another desideratum for algorithms is to permit for general
function approximation. This desideratum is important to enjoy the scalable property of PSRs. In
summary, the key question we wish to address in this work is:

Can we design provably efficient RL algorithms for learning PSR with function approximation?
Contributions. Our main contributions are summarized below. This is summarized in Table 1.

1. We develop the first PAC learning algorithm for PSRs that can compete with the globally optimal
policy and identify the PSR rank dpgg as the key structural quantity of PSR systems. Starting
with a realizable model class, our algorithm learns a near-optimal policy with sample complexity
scaling polynomially in dpgg and the statistical complexity (log bracket number of the model
class), without any explicit polynomial dependence on the size of state and observation space.
Thus, our approach can be applied to large-scale partially observable systems.

2. We demonstrate how our general result can be seamlessly applied to existing POMDP models
with function approximation. These models include tabular m-step weakly-revealing POMDPs
[37] and tabular m-step decodable POMDPs [13]. Especially, our work is the first work that
ensures PAC guarantees with polynomial sample complexities for m-step weakly-revealing
POMDPs and m-step decodable POMDPs simultaneously. We further show sample complex-
ity results when these two types of POMDPs have additional two types of structures to permit for
large state/observation space: with low-rank latent transition and with linear latent transition and
observation distributions, which all have dpgr much smaller than |S)|.

Notations. In this work we use [n] to denote the set {1,2,---,n} and [n]" to denote the set
{0,1,2,--- ,n} for any positive integer n. For any set C, we use |C| to denote its cardinality and
[zc]eec to denote the vector whose entry is . for all ¢ € C. We also use A¢ to represent the set of
all probability distributions over C. For any vector x, we use ||z||1, ||z||2 and ||z]|« to denote its ¢;,
{5 and £, norm. For any matrix M, we use (M), ; to denote the (i, j)-th entry of M and M to
denote the pseudo inverse of M. We also use || M ||so,00 to denote max; ; [(M); ;| and || M |11 to
denote its £1 norm sup |, = [[Mx||1. In addition, we use omin (M) to denote the minimum nonzero

singular value of M and o, (M) to denote the n-th largest singular value of M.

Related works. Our work is mostly related to the literature on provable online RL algorithms for
PSRs without offline exploratory data. Although there is a growing body of literature that discusses
efficient online learning for POMDPs under various structures [3, 20, 34, 35, 40, 7], there are few
works [26, 45] that study strategic exploration in PSRs and none of them obtain polynomial sample
complexity results for learning globally optimal policies. See Appendix B for details.
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Figure 1: Illustration of the key concepts in PSRs using the system dynamics matrix Dj, indexed by
all tests and all histories. Denote dpgr,j, as the rank of Dj,. A core test set U}, is a subset of tests
such that the submatrix D;, whose rows are indexed by tests in U}, 1 has rank dpsr,n. Thus any
row in D, can be written as a linear combination of the rows in Dj. A core test set Up4+1 whose
size is exactly equal to dpgRr,, is called a minimum core test set. The minimum core history set is
a size—dpsR, subset of histories such that the submatrix K}, of Dy, whose columns are indexed by
the history in the minimum core history set has rank dpgsr, . Any column in Dy, can be written as a
linear combination of columns indexed by histories in the minimum core history set.

2 PRELIMINARIES

In this section, we introduce the definition and key properties of PSRs. After that, we state our
learning objective for PSRs with function approximation.

2.1 PREDICTIVE STATE REPRESENTATIONS

We consider an episodic sequential decision making process P = {O, A, P, {r, }}L_,, H}, where O
is the observation space, A is the action space, [P is the system dynamics, 7, is the reward function at
h-th step and H is the length of each episode. We suppose the reward r;, at h-th step is a deterministic
function of (o, ay,) conditioned on the history 7, where 7, = (01, a1, , 0, Gp).

We assume the initial observation 0; of each episode follows a fixed distribution p; € Ap. At
step h € [H], the agent observes the observation o, and takes action a;, based on the whole his-
tory (7h—1,0p). After that, the agent receives its reward ry (op, ay,) and the environment generates
on+1 ~ P(:|1,). After the agent takes ay, we suppose the environment will only generate dummy
observations 0qummy NO matter what actions the agent takes afterward.

Policy and value. A policy 7 = {m, : (O x A)""1 x O — A4}ZL | specifies the action selection
probability at each step conditioned on the history (7,—1, 05,). Given any policy , its value V™ is
the expected cumulative reward as defined below: V™ := E, [Zthl r1], where the expectation is
w.r.t. to the distribution of the trajectory induced by executing 7 in the environment. We use P™ (1)
to represent the probability of trajectory 7 when executing policy 7 in the environment.

2.1.1 KEY CONCEPTS IN PSRS

Tests and Linear PSRs. A test is a sequence of future observations and actions. For
some test tp = (On.niw—1,@nnew—2) With length W € NT, we define the probabil-
ity of test ¢, being successful conditioned on reachable history 7,1 as P(tp|mh—1) :=
Plop.htw—1|Th—1;do(ap:n+w—2)), i,e., the probability of observing op.,+w—1 by actively exe-
cuting actions a4+ —2 conditioned on history Th_1." When the history 7,1 is unreachable, i.e.,

'The do operator means that P(op,.n+w —1|7h—1; do(an:niw—2)) = H?L‘L/V*l P(0¢|Th—1, Ohit—1, Qh:it—1)-

Here, we remark conditional probability of op.n4+w—1 given 7,1 is not specified not only by dynamics, but
also by the policy. Given a policy 7, conditional probability of oj.,+w—1 given 7,1 under a policy 7 is
P(on:htw—1|Th—1; annsw—2 ~ ) o< [[15V " P(og|me—1)me(ae|Te—2, 0¢). The do(an:n+w—2) operator
can be understood as a policy that deterministically picks actions a: for h < ¢t < h+ W — 2, ie., m(A: =
'|7_t—17 Ot) = 6at~
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P™(7,—1) = O for all policy 7, we define the conditional probability P(¢5|7,—1) to be 0. Now,
we define the one-step system dynamics matrix D} whose rows are indexed by tests and columns
are indexed by histories, and the entry corresponding to the test-history pair (¢,41,7) is equal to
P(tp+1|m) (see Fig 1 for an illustration). Denote dpsgr = rank(Dp). Then Linear PSRs are
defined to be systems with low-rank one-step system dynamic matrices:

Definition 1. A partially observable system is called a Linear PSR with rank dpggr if
maxp rank(Dh) = dPSR-

Core tests.  For time step h, consider a set of tests U}, 1 C Ugent+ OF x A1, If the submatrix
Dy, (see the matrix inside the green box in Fig. 1) of Dj, whose rows are indexed by the tests in
U +1 and columns are indexed by all histories, has rank equal to dpgg 4, then we call such set U}, 1
as a core test set. The key property of such a core test set is that from linear algebra, for any row in
Dy, we can express it as a linear combination of the rows of D;,. This is formalized as follows.

Lemma 1 (Core test sets in linear PSRs). Forany h € [H — 1], aset Uy 1 C Ugen+ OF x A9~1
is a core test set at (h + 1)-th step if and only if we have for any W € N, any possible future
(ie., test) thi1 = (Opi1hiw,@hithiw—1) € OV x AW =Y and any history T, there exists
Mgy 1 ht1 € RIUn+11 sych that

P(thi1lmn) = (M, oy nrrs [Pl T)lucttn ) (D

The vector [P(u|mh)]ueu, ., is referred to as the predictive state at (h + 1)-th step.

Throughout this work, we use ¢, to denote [IP(u|75,)]ueu, ., and go to represent the initial predictive
states [P(u)]uezs - In particular, we are interested in the set of all action sequences in U, and denote
itby Uy 1. A core test set with the smallest number of tests is called a minimum core test set, which
we denote by Q. Note that by the definition of the rank, we know that |Qy41| = dpsgr.p. To
simplify writing, we further define [U/| := maxy¢cp |[Un|, [Ua| := maxycim) [Ua,p|. In this paper
we assume a core test Uy, (we will see that this is a natural assumption for models such as POMDPs)
is given while 9y, is unknown. This setting is standard in literature on PSRs [6].

Minimum core histories. Similar to the minimum core test set, we can define the minimum core
history set as well. Consider the matrix D), in Figure 1. Recall that the columns of D), are indexed

by all possible h-length histories and each column is g,,. Since D), has rank dpgr p, there must

. L d o= .
exist dpgg,p, histories 73}, -, 75, 7*™", such that any column in D}, is a linear combination of the

columns in Dy, that correspond to histories 77, - - - | T;fPSR‘h’. In other words, for any h-length history

Th, there exists a vector v, € R4Psr.n which satisfies
th = Khv’f'h> (2)

where K; € RMntilxdesrn js a full-rank matrix whose i-th column is qri-  We call

{rt, - ,TSPSR'h} as the minimum core histories at step i and K, as the core matrix — see Fig-
ure | for an illustration of K. Particularly, when A = 0, we have Ky = qg. Note (2) shows that all
h-length histories can be captured by the core histories in the sense that the predictive states given
any history can be expressed as a linear combination of the predictive states corresponding to the
minimum core histories. The minimum core histories and the core matrix may not be unique given
the core test set. Here we particularly define K}, to be the core matrix with the smallest || K ;TIH1»—>1
to facilitate our subsequent analysis.

PSRs vs POMDPs. PSRs have much stronger expressivity than POMDPs. All POMDPs can be
expressed as PSRs with the minimum core test set size as most |S| while PSRs are not necessarily
compact POMDPs [36]. In Appendix D we construct a sequential decision making process where
if we want to formulate it into a POMDP, the number of states we need will be exponentially larger
than the core test set size in the PSR formulation. The key intuition behind the construction is simple:
the non-negative rank of a matrix could be exponentially larger than its rank. In the literature [41],
there are also some other concrete instances like probability clock which POMDPs cannot model
with finite latent states while PSRs can model with finite rank.

In the following, we explain that POMDPs are PSRs. Consider an episodic POMDP (S, O, A,
{Tp Y {0 ML i}, H, j11) where S is the state space, O is the observation space, A is
the action space, Oy, is the emission matrix at h-th step, r, is the reward function at h-th step and 11
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is the initial state distribution, T}, is the transition matrix at step h where (T}, 4)s s = Pr(s']s, a).
Then the following lemma shows that any POMDP is a PSR and its minimum core test set size is no
larger than |S|, whose proof is deferred to Appendix E:

Lemma 2. All POMDPs satisfy the definition of PSRs (Definition 1) such that dpsr < |S)|.

After showing any POMDP is a linear PSR with rank at most |S|, now we demonstrate that under
what conditions we could find a core test set. We focus on 1-step weakly-revealing POMDPs [29, 37]
here, i.e., the rank of Oy, is |S| for all h, then we can show that O is a core test set.

Lemma 3. When rank(Qyp) = |S| for all h € [H], the POMDP is a PSR with the core test set
Uy, = O forall h € [H).

We defer the proof and other examples including m-step weakly-revealing POMDPs [37], latent
MDPs [34], m-step decodable POMDPs [13] and low-rank POMDPs to Appendix E and Section 5.

2.1.2 SYSTEM DYNAMICS OF PSRS

Predictive states can evolve just like the beliefs in POMDPs, which indicates that we can char-
acterize the system dynamics of the PSRs via predictive states efficiently. In particular, for any
o€ O,a € Ah € [H]let M, € RUn11xIUnl denote the matrix whose rows are m(To’a’u)’h
(defined in Lemma 1) for v € U}, (note that o, a, u can be understood as a test that starts with o, a,
followed by u). Then the probability of an arbitrary trajectory can be expressed as the product of
Mo a1, Moy, H, Go, as shown in the following lemma:

Lemma 4. For any trajectory T and policy 7, we have

H-1
P™(t) =mg, p- H Mo, an.h -0 - 7(TH), 3)
h=1
where 7t(Ty) = H,I;Izl 7(ap|Th—1, 0n) is the probability of the actions chosen in the trajectory.

More generally, for any h € [H) and trajectory Ty, letting b, := {H;L:l Mo, 01,1 }q0, we have
[P(ul7i) P (Tn)luctt s = bry X 7(Th), O]

The proof is deferred to Appendix F. Lemma 4 shows that the parameters

{Mo,a,h, Mo, H, 90} ocO,ac A, he[H-1]

are sufficient to characterize a PSR. Here we call M, , ; the predictive operator matrix. Recall
that in POMDPs, the same decomposition holds since we can represent { M, 4.1, Mo i, o} Using
{T}, O} as we see in the proof of Lemma 3. However, as emphasized in Singh et al. [41], the main
reason PSRs are more expressive is that {Mo7a7h, Mo 1, (o} are not constrained to be non-negative.

2.1.3 LEARNING OBJECTIVE

In this paper, we study online learning in PSRs and want to find the optimal policy. Suppose the
output policy is 7, then our goal is to find an e-optimal policy with polynomial number of samples
such that: V* — V™ < ¢, where V* := V™ = sup, V™ and 7* is the optimal policy.

2.2 FUNCTION APPROXIMATION

To deal with the potentially large observation and action space, we consider learning with function
approximation in this paper. We assume a function class F to approximate the true model and let
P% (Ty) denote the probability of any trajectory 7y under any policy 7 and model f. Here we
assume that the models in F are all valid PSRs with core test set {U}, } ne[#], Which implies that for
each f € F, we can calculate its corresponding predictive operator matrices, initial predictive states
and core matrices, denoted by Mo, a,n;f, Go;f, I n; respectively. We define V" to be the value of
policy 7 under model f. We also use f* to represent the true model for consistency.

Generally, we put models on {M,, 4 5, 5 qo: f} since this is the most natural parametrization in PSRs.
When we have more prior knowledge about models like models are POMDPs, we can also put
models on {T}, Op, 11}

To measure the size of F, we use | F| to denote its cardinality when F is finite. For infinite function
classes, we introduce the e-bracket number to measure its size, which is defined as follows:
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Definition 2 (e-bracket and e-bracket number). A size-N e-bracket is a bracket {g}, g4}, where
9i(93) is a function mapping any policy m and trajectory T to R such that for all i € [N],
llgi (7, ) — g4(m,)||l1 < € for any policy w, and for any f € F, there must exist an i € [N|
such that g (m,75) < Pi(ru) < g4 (m, 7 for all Ty, . The e-bracket number of F, denoted by
Nx(€), is the minimum size of such an e-bracket.

Although P is an (|O)| |A|) ¥ -dimensional vector, its log e-bracket number will not scale exponen-
tially with H because P7 is Lipschitz continuous with respect to { Mo, 4,1 f, go; s }» Wwhose dimension
only scales polynomially with H. In Appendix G we show that the bracket number of F can be
upper bounded by the covering number of {M, 4 .f, go;s} in linear PSRs, and we provide exact
upper bounds for tabular PSRs and various POMDPs.

3 ALGORITHM: CRANE

The statistical hardness of learning POMDPs due to the partial observability is well-known in the
literature [32], which also exists in PSR learning since PSRs are a more general model. In addition,
existing algorithms [29, 13, 37] for learning sub-classes of POMDPs require the existence of latent
states since they directly put models on T and @. Thus, their methods are not applicable to PSRs.
That said, the existence of predictive states indeed implies the low-rank linear structure of PSRs.
The trajectory probability decomposition (3) further suggests that we are able to capture a PSR
completely as long as we can learn the predictive operator matrices { My, 4.1 }oc0,acA,he[m—1] and
the initial predictive state qq efficiently. Therefore, inspired from the success of maximum log-
likelihood estimation (MLE) in learning weakly-revealing POMDPs [37], we propose a new MLE-
based PSR learning algorithm to learn these parameters as follows.

CRANE. Intuitively, our algorithm is an iterative MLE algorithm with optimism, where in each
iteration we use MLE to estimate the model parameters based on the previously collected trajec-
tories and choose an optimistic policy to execute. We call it OptimistiC PSR leArniNg with MLE
(CRANE). CRANE mainly consists of three steps, whose details are shown in Algorithm 1:

* Optimism: Since we consider the online learning problem, the unknown model dynamics force
us to deal with the exploration-exploitation tradeoff. Here we utilize the Optimism in the Face
of Uncertainty principle and choose an optimistic estimation f* of the model parameters from
the constructed confidence set B¥. Our policy 7* is the optimal policy under f*, ensuring that

VF' > V* with high probability.

* Trajectory collection: For each step h € [H — 1]+ and each action sequence g p+1 in UA h41,

we collect a trajectory TZ’"“"L“ h by executing the policy *-uan+1:h = 7k oUnif(A)oug 1
(and uniform policy afterwards if the episode has not ended). This helps us obtain the required
information for estimating each predictive operator matrix M, , 5 and initial predictive state gq.

* Parameter estimation with MLE: Finally we need to update the confidence set with newly col-
lected trajectories. We achieve this by implementing MLE on all the collected trajectories with
slackness 3, as shown below:

frer
(w, 7)) ED (7,7 )ED

Bk+1<_{f€]:: Z 1ogIP>}T.(TH)2max Z log]P’}r-/(TH)—ﬁ}. &)

For example, the likelihood P%(7) is specified by (3) if we model {M; q,n,q0} as f. In
POMDPs, if we model {T},, O, u1} as f, the likelihood is specified by marginalizing over la-
tent states. The slackness 3 is chosen appropriately such that the true parameters f* € B*+1 with
high probability, which in turn guarantees optimism in the first step.

Comparison with Liu et al. [37]. The main difference is that our algorithm can allow more gen-
eral models. For example, in PSRs, we can generally take { M, , 1, qo } that depends on only observ-
able quantities as a model f. On the other hand, Liu et al. [37] attempts to put models on {T},, O}
that involve latent states. The practical benefit of modeling { M, , 1, go} is we don’t need to specify
the latent space while Liu et al. [37] needs to do. Since we often do not have good prior knowledge
about latent states, our algorithm would be more practical in this scenario. Due to the generality
of our algorithm, we can capture more models such as m-step decodable POMDPs and low-rank
POMDPs as we will see in the following sections.

6
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Algorithm 1 CRANE

Input: confidence parameter [.
Initialize B' < F, D = .
fork=1,---,T do
Optimistic Planning: (f*, 7*) < argmax;epr . V.
Collect samples:
for h € [H — 1}+,ua7h+1 S Z/lA,h+1 do
Execute whtantih = 7k o Unif(A) o ug 541 and collect a trajectory Tz’u“‘h“’h’.

Update the dataset D < D U (h-tiantnh phtansnhy
end for
Update confidence set: Compute B+ via (5).
end for

4 MAIN RESULT

Next, we present the regret analysis for CRANE. We will utilize the fact that the core matrix K, is
full-rank. However, matrix rank is vulnerable to estimation errors since small perturbations might
change the rank drastically. Here we assume the ¢; norm of K ,TL is upper bounded, which is a more
robust assumption than K, being full rank. Note a similar assumption is often imposed in the PSR
literature [27, Appendix B.4].

Assumption 1 («a-regularity of PSRs.). Assume that there exists o > 0 such that for any h €
[H — 1], we have HK}TL||1,_,1 <1l/a.

Remark 1. ||K;: |11 can be upper bounded by \/dpsr. 1,/ Omin(K}1). In the literature of POMDPs,
many works [29, 13, 37] assume a similar condition called a-weakly revealing condition. That is,
the minimal singular value of the observation matrix or the multi-step observation matrix is lower
bounded by o.. Assumption 1 can be regarded as a generalization of such weakly revealing condition
in PSRs by viewing core histories as the “states” and tests u € Uy, as the “observations” in PSRs.

In addition, to simplify analysis, we assume all one-step observations o € O belong to . This
does not harm the generality of our model since augmenting the core test set is always feasible and
adding all one-step observations will at most increase |U{4| by one.

Assumption 2. For all o € O, we assume that o € Upg.

This assumption immediately implies that m, g = e, g, i.e., it is a one-hot vector which indexes
the observation o in Uy. To see that, note that o € Uy implies that the predictive state g, _,
contains the probability P(o|7g_1). Thus, when m, i = €, 1, we have m;quTH_l = P(o|H—-1).
Therefore when Assumption 2 holds, we can assume that for all models induced by F, we have
Mo, H;f = €0, for all o without loss of generality.

Furthermore, we impose constraints on the function class F as follows:

Assumption 3. Assume the function class F satisfies the following conditions: (1) Realizability:
We have f* € F, (2) Regularity: For all f € F and h € [H — 1]*, we have ||K,T“f||1H1 <1/aq,
(3) Validity: For all f € F, the model dynamics induced by f is a valid PSR with core test set
{Un}heim), ie., the trajectory probability IP% should be a valid distribution for any policy m and
satisfies the definition of PSRs.

The last two constraints (2), (3) in Assumption 3 can be easily satisfied by eliminating those func-
tions which do not satisfy the regularity or validity.

Notice that the system dynamics in (3) only utilizes the inner product of m o q,u),n;r and g, _, .7,
and g, _,.r lives in the column space of K} _1.¢ (i.e., (2)), which implies there is redundancy in the
choice of M, q,u),n;¢ given the model ]P’;{. Next we show that among these possible M5, 4,u),h; ¢
we can always find one that lies in the column space of Kj,_1. . More specifically, if we replace any
M(0,a,u),h;¢ With its projection on the space spanned by {q, _,.f}~,_, (Which is exactly the column
space of Kj,_1.¢), the resulting model dynamics will remain the same. Formally, we can show given
any P7, there exists a set of {M(0,a,u).h:f YocO,ac A uctin s he[H—1) Such that m(, o 4 ;5 belongs
to the column space of Kj,_1,5 (the proof is deferred to Appendix H). Therefore, in the following,
we let Mo, o, r consist of such m, q,),n;p Without loss of generality.
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Model Core test set Uy, dpsr log N7 (e)
tabular POMDPs <|S] | poly([O],]Al,[S], H,log(1/€))
lTow-rank POMDPs | (O x A)" ! x O [ < dirans Refer to Appendix A.2
linear POMDPs < djin poly(diin, H,log(JO]|A]/¢€))

Table 2: Core test sets, minimum core test size and bracket number for POMDP models. Here all
the POMDPs we consider are m-step weakly-revealing or m-step decodable. The exact function
classes F we use are elaborated in the following discussion.

With the above assumptions, we have the following theorem, which characterizes the sample com-
plexity of CRANE to learn a near-optimal policy, whose proof is deferred to Appendix I:

Theorem 1 (Sample complexity). Under Assumption 1,2,3, for any § € (0,1],€ > 0, if we choose
T = 1/€* x poly(dpsr, [Ual, 1/, log N=(ep), H, | A, log |O|,log(1/5)),
and set B = clog(Nrz(en)TH|UA|/S), then with probability at least 1 — § we have
VT >V* —¢,
where T is the uniform mixture of the output policies, i.e., # = Unif ({r*}1_)).

Theorem 1 indicates that the complexity of CRANE only depends polynomially on the PSR rank
dpsg. the size of Uy p, the £1-norm of the pseudoinverse of the core matrix é, the log bracket
number of function classes log Nz (ep,), H and |.A|. CRANE avoids direct dependency on poly(|O|)
and our sample complexity remains the same even if the observation parts in core test set U}, is large.
Via the relationship between POMDPs and PSRs, Theorem 1 can be applied to m-step weakly-
revealing tabular POMDPs (including undercomplete POMDPs [29] and overcomplete POMDPs
[37]), m-step weakly-revealing low-rank POMDPs [47], m-step weakly-revealing linear POMDPs
and m-step decodable POMDPs [13], which we will elaborate on in Section 5 and Appendix A. Our
sample complexity in Theorem | depends on the upper bound of || K ,JE |11, i-e., 1/c, which is not
avoidable in worst-case. We state the lower bound formally in Appendix K.

Proof techniques of Theorem 1. The existing analysis for POMDPs does not apply to PSRs since
we do not assume latent states in PSRs, let alone the emission matrix and transition matrix. In
our proof, we utilize the linear nature of PSRs and leverage the core matrix K} to bound the error
propagation induced by the product of predictive operator matrices, i.e., HhH:_11 M, a,.n in (3).
This key step enables us to bound the difference of model dynamics IP”JE and P7 (i.e., IP”JL ) by the
estimation error of M, ,, n and ¢o, and thus obtain a polynomial bound on the total suboptimality.

Comparison with existing works on PSRs. As far as we know, there are only two works that
tackle provably efficient RL for PSRs. Jiang et al. [26] shows a polynomial sample complexity result
in reactive POMDPs where optimal value functions only depend on current observations. Later,
Uehara et al. [45] shows a favorable sample complexity result without this assumption. However,
their result is an agnostic-type result that depends on (|O||.A|)™ when competing with M -memory
policies. Thus, to compete with the globally optimal policy, their results do not imply a polynomial
sample complexity bound.

5 EXAMPLES

In this section, we illustrate the sample complexity of CRANE to learn m-step weakly-
revealing/decodable tabular POMDPs and low-rank POMDPs. We defer more details (including the
concrete function classes we utilize to satisfy Assumption 3 and comparison with existing works)
and other examples including tabular PSRs and m-step weakly-revealing/decodable linear POMDPs
to Appendix A. Note that we can identify the minimum core test size and the bracketing number of
related models, which is summarized in Table 2 and the proof is deferred to Appendix E and G.

5.1 m-STEP WEAKLY-REVEALING TABULAR POMDPS
We first focus on m-step weakly-revealing tabular POMDPs [37] defined as follows.
Definition 3 (m-step weakly-revealing Tabular POMDPs). Define the m-step emission matrix
Onm € RIAI™ MO XIS| for any b € [H — m + 1] as follows:

((O)h,m)(a,o),s = ]P)(Oh:h+mfl = O|Sh = S,Ah:h4+m—2 = a),V(a,o) S Am_l x O™ seS.
When rank(Op, ) = |S

, POMDPs are referred as m-step weakly-revealing POMDPs.

This assumption implies that the observations leak at least some information about the states so that
we can learn the POMDPs efficiently. Substituting the results in Table 2 into Theorem 1, we can
obtain the sample complexity for learning m-step weakly-revealing tabular POMDPs as follows.
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Corollary 1 (Sample complexity for m-step weakly-revealing tabular POMDPs). Suppose the
POMDP is m-step weakly-revealing and we execute CRANE with 8 = clog(Nx(e,)TH|Ual|/J)
up to the step H — m where Uy, and N=(ey,) are specified in Table 2. Then under Assumption 1, for
any 6 € (0,1],e > 0, if we choose

T = 1/62 X pOly(dPSR7 ‘A|m7 1/0&, ‘O|7 |8|v Hv 10g(1/5)),

then with probability at least 1 — 6 we have VT > V* —e.

5.2 m-STEP WEAKLY-REVEALING LOW-RANK POMDPSs

Next, we consider m-step weakly-revealing low-rank POMDPs. We first define low-rank POMDPs
to be a special subclass of POMDPs.

Definition 4 (Low-rank POMDPs). Suppose the transition kernel T}, has the following low-rank
formforall h € [H]: Ty(s'|s,a) = (¥n(s") " dn(s,a), where iy, : S — Rans and ¢y, : S x A
Rdeans gre unknown feature vectors. Then, we call these POMDPs as low-rank POMDPs.

The low-rank structure leads to a smaller minimum core test set size than general POMDPs since
we can show dpsr < dirans as in Appendix E. Weakly-revealing low-rank POMDPs are defined
as weakly-revealing POMDPs that have this low-rank structure. For the function class F, we let it
model the feature vectors, emission matrix and initial state distribution, i.e., {® Y0, p f} feF
supposing F is finite (the infinite case is deferred to Appendix A). Then substitute the results in
Table 2 into Theorem 1 and the sample complexity for learning low-rank POMDPs is as follows:
Corollary 2 (Sample complexity for m-step weakly-revealing low-rank POMDPs). Suppose low-
rank POMDPs are m-step weakly-revealing, and we execute CRANE with 3 = clog(|F|TH|Ua|/0)
up to the step H — m where Uy, is specified in Table 2. Then under Assumption 1 and 4, for any
§ € (0,1],e > 0, if we choose

T =1/€* x poly(derans, |-A|™, 1/, log | F|, H,log |O], log(1/5)),
then with probability at least 1 — 6 we have V™ > V* —e.

Notice that the sample complexity only depends on d;,,ns rather than |S| for low-rank POMDPs.

5.3 m-STEP DECODABLE TABULAR/LOW-RANK POMDPs
Next, we instantiate our result on m-step decodable POMDPs [13] defined as follows.

Definition 5 (m-step decodable POMDPs). There exist unknown decoders {¢dec,h }m<n<m Such
that for every reachable trajctory Tg, we have S, = Pdec,n(2n) for allm < h < H where z, =

((0, @) h—m~+1:h—1,0n)-

This definition says that we can decode the current state with m-step history. Surprisingly, Ta-
ble 2 shows that m-step decodable POMDPs can be formulated as PSRs just like weakly-revealing
POMDPs, which leads to the following corollary:

Corollary 3 (Sample complexity for m-step decodable POMDPs).
* In m-step decodable tabular POMDPs, the same statement in Corollary 1 holds.

* In m-step decodable low-rank POMDPs, the same statement in Corollary 4 holds.

Remark 2 (Tabular PSRs and linear POMDPs). We can instantiate our result on tabular PSRs.
The sample complexity is polynomial in all parameters: dpgsr, |O|, |Al|, U], H,1/¢e,1/a,log(1/6).
Here, we leverage the observation of covering numbers after Definition 2. We also consider linear
POMDPs where latent transitions and emissions follow linear structures. While similar models are
considered [7, 47], our result is still new in that our model is more general. The details are deferred
to Section A.

6 CONCLUSION

We consider PAC learning in PSRs that represent states as a vector of prediction about future events
conditioned on histories. We propose CRANE and show polynomial sample complexities when we
compete with the globally optimal policy. Our work is the first work attaining this goal. Since
PSRs are more general than POMDPs, we instantiate our result to several concrete POMDPs such
as m-step weakly-revealing POMDPs, m-step decodable POMDPs, POMDPs with latent low-lank
transition. Notably, our work is the first work that simultaneously achieves polynomial sample
complexities in m-step weakly-revealing POMDPs and m-step decodable POMDPs.
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A EXAMPLES: MORE DETAILS AND MODELS

In this section, we supplement the details in Section 5 and illustrate the sample complexity of CRANE
to learn tabular PSRs and several other POMDPs in comparison with existing algorithms. We con-
sider two types of POMDPs: m-step weakly-revealing POMDPs and m-step decodable POMDPs.
Assumptions like weakly-revealing property and decodability allow us to identify core test sets.

A.1 m-STEP WEAKLY-REVEALING TABULAR POMDPs

We first give more details about the discussions of m-step weakly-revealing tabular POMDPs.

Core test sets and function classes. In this case we can choose U} to be the set of all
m-step futures (O x A)™~! x . For the function class F, we first let it model the pa-
rameters {Ty., Op,r, p11;5 fhepm) directly, lift weakly-revealing POMDPs to PSR formulation,
and then pre-process it to satisfy Assumption 3. The corresponding e-bracket number Nz (e)
is shown in Table 2. Besides, since now the core test set is (O x A)™~! x O, we let
T (05— it 1201 —matii 1) H—mA 13 f = €(0_matiisan—maitisi—1),H—m+1> 1.€., it is a one-hot vec-
tor which indexes the future (0f —m41:H, @H—m+1:H—1) i0 Ug—m+41. Then from Lemma 4 we
know for any trajecotry 7y,

H—m

Uy —
Pf(TH) - €(0H77n+1:H7aH77n+1:H—1)7H_"L+1 : H M0l7(11~,lq0 X W(TH)'
=1

Note that here /iy does not contain the observation space. Nevertheless, we can replace (17) with

X Wk(TH,m),
1

VJZEf—V”k<HZ‘

TH—m

H—-—m H—m
k k
H Moh,ah,,h : qO - H Moh,,ah,,h N q(]
=1 h=1

and follow the same proof to show that Theorem 1 still holds even though Assumption 2 is not
satisfied.

Remarks about Corollary 1. By executing CRANE to the step H — m we mean that when col-

lecting trajectories, we only execute 7-%e.#+1:% and collect Tz’u“’h’“ " for b € [H—m]t ug py1 €
U p+1- Since we have dpggr < |S|, we can obtain that the sample compleixty will not be larger
than poly(|S|, H, |A|"™,1/a, 1/€,|0|,1log(1/0)) from Corollary 1. This indicates that CRANE is
able to achieve polynomial sample complexity for m-step weakly-revealing tabular POMDPs.

Comparison with [37]. In m-step weakly revealing tabular POMDPs, CRANE is similar to the
algorithm OMLE proposed in [37] and their analysis leads to a sample complexity similar to Corol-
lary 1. However, their algorithm has a pre-processing step on the emission matrix Qj, ,,, while we
have a step to formulate POMDPs into PSRs for pre-processing, thus the algorithm is still different.

Further, they assume an upper bound on ||(O)L,m l1—1 while we assume || K }TL i1 < 1/« in Assump-

tion 1. For tabular POMDPs, our assumption is slightly stronger since we have K;,_1 = O, Sh,
where (S), .1 = P(s|r}_,) and thus omin(Kp—1) < dpsrOmin(Qn,m). That said, the analysis
and algorithm in [37] is specially tailored to m-step weakly reavling POMDPs and relies on the
existence of latent states. In contrast, our algorithm and analysis can be applied to any PSR models
including m-step decodable POMDPs.

Comparison with [34]. [34] deals with latent MDPs but they require either proper initialization or
other assumptions including Sufficient Tests, Sufficient Histories, strong separation of the MDPs and
reachability of the states. In contrast, we show in Appendix E that LMDP with Sufficient Tests can
be formulated into a (I + 1)-step weakly-revealing POMDP, therefore CRANE is capable of tackling
LMDP with sample complexity 1/¢2 x poly(M, |S|, |A|', 1/a, H,log(1/4)) under only Sufficient
Tests and Assumption 1. In addition, the sample complexity in [34, Theorem 3.5] will scale with
the initialization error while CRANE circumvents such dependence completely.

13
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A.2 m-STEP WEAKLY-REVEALING LOW-RANK POMDPs

Next, we supplement the details about m-step weakly-revealing low-rank POMDPs.

Core test sets and function classes. For weakly-revealing low-rank POMDPs, we can still choose
Uy, to be the set of all m-step futures (O x A)™~! x O due to the weakly-revealing property. For the
function class F, we let it model the feature vectors, emission matrix and initial state distribution,
ie., {(I)fa\ljﬂ@fvﬂf}fe]: where ‘I)f : S x A X [H] — Rd”a“s, \I/f : S X [H] — Rd”ans, @f :
S x O x [H]+[0,1], us : S — [0, 1] such that

¢h§.f(87 a) = (I).f(87 a, h), wh;f(s) = \I/f(s’ h)’ (O)h;f(ols) = ©.f(87 0, h), :ul;f(s) = Mf(s)-

Here F can be infinite.  Denote the /. -norm covering number of ®;, W, Of, u; by
Yo (€), Yuw(€), Vo(e),V,.(€). Then we have

log Nz (€) < log Yo (€eLr/dirans) + 10g Y (eLr /dirans) + 10g Yo (eLr) + log V. (eLr),

where e 1= O(e/(|O|H 2| A|H)). The proof is deferred to Appendix G. To make Assumption 3
hold, we only need to assume the feature vector classes satisfies realizablity:

Assumption 4. Suppose that there exsits f* € F such that forall s € S,a € A, h € [H] we have
On(s,a) = Pse(s,a,h), Yn(s) = Ve (s, h).

Then we can lift low-rank POMDPs to PSR formulation, and then pre-process it to satisfy Assump-
tion 3.

Remarks about Corollary 2. Corollary 2 only considers finite function class F. With the above
discussion, we can extend it to infinite function classes as follows:

Corollary 4 (Sample complexity for m-step weakly-revealing low-rank POMDPs). Sup-
pose low-rank POMDPs are m-step weakly-revealing, and we execute CRANE with § =
clog(Nx(en)TH|UA|/O) up to the step H — m where Uy, and Nx(ey,) are specified in Table 2.
Then under Assumption 1 and 4, for any § € (0,1],€ > 0, if we choose

T = 1/62 X pOly(dtransa |~A‘ma 1/0[, IOg y@(eLR/dtrans)a log y\IJ(GLR/dtrans)a
log Yo(eLr), log Yu(eLr), H, log |0, log(1/4)),

then with probability at least 1 — § we have V7 > V* — ¢,

Comparison with [47]. In Corollary 4, we do not specify the function class and keep the bracket
number to facilitate the comparison with [47]. [47] also tackles the online learning problem of m-
step weakly-revealing low-rank POMDPs and our sample complexity only has an additional log |O|
factor compared to theirs. However, the model they have considered is less general than ours in
the sense that they require the feature vectors ¢y, (s, a) to be a diyans-dimensional probability distri-
bution to guarantee the existence of some bottleneck variables. Besides, their analysis depends on
some possibly complicated assumptions to recover the bottleneck variable like “past sufficiency". In
contrast, CRANE only requires || K’ ,TI l1—1 to be upper bounded and does not assume the existence of
bottleneck variables.

Comparsion with [45]. They show favorable sample complexity results in weakly-revealing low-
rank POMDPs. However, their sample complexity results are quasi-polynomial. On the other hand,
our results are polynomial while we have an additional log |O| factor.

A.3 TABULAR PSRsS

Notice that in Theorem 1 the log bracket number log Nz (e},) is abstract. Here we consider tabular
PSRs as a speical case to provide an intuition how large the bracket number will be in general. In
tabular PSRs we directly use {M, 4 1, qo}oeo,aeA,he[Hfl] as the parameters of F and assume for
all f € F we have

. <1 . <1
0€0 € ANEH 1] ueln 11 o ay g lloe < 1. ldossleo <
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Then following the arguments in Appendix G, we have
log N7(€) < O(U?|O||AlH? log(H O AlltdallUU/(cxe))).- (6)

By substituting the above results into Theorem 1, we have the following corollary which character-
izes the sample complexity to learn tabular PSRs:

Corollary 5 (Sample complexity for tabular PSRs). Execute CRANE with [ =

clog(Nz(ep)TH|UA|/S) where Nx(e,) are specified in (6). Then under Assumption 1,2
and 3, for any § € (0, 1], € > 0, if we choose

T = 1/62 X pOIY(dPSRa |uA|7 ]-/av |Z’{|a |O|7 |A|v Hv IOg(l/a))a
then with probability at least 1 — § we have

VT > V* — e

From Corollary 5 we can see that CRANE is capable of learning tabular PSRs efficiently, with sample
complexity polynomial in all relevant parameters. Here, though we have a poly(|i/|) dependency in
learning PSRs (since our model parameters M, , have degree of freedom scaling in poly(|/])), we
will show that we would not incur poly(|/|) in the log e-bracket number when PSRs are POMDPs.
This is because we can directly model the latent transition and omission distribution when we know
itis a POMDP.

A.4 m-STEP WEAKLY-REVEALING LINEAR POMDPSs

In low-rank POMDPs the bracket number is still somehow abstract because we do not specify the
function class {®f, Uy, Oy, s }. Next we consider linear POMDPs and illustrate a more concrete
result. Here we assume that linear POMDPs possess a linear structure in both the transition kernel
and emission matrix. More formally, we can generalize the linear MDPs in [48] and define linear
POMDPs as follows:

Definition 6 (Linear POMDPs). A POMDP is linear with respect to the given feature vectors
{on(s,a) € R ¢y (s) € R, (s) € R% 1, (0) € RM, ¢(s) € R} e 0e4,0c0,nen) Where

[on(s,a)lloc < 1,190 (s)lloc < 1,1104(s,0) 00 < 1[04 (0)]loc < L][0(s)]loc < 1 foralls €
S,a € Ao € O,h € [H] if there exists a set of matrices {Bj; | € IRd”dl,B;;2 € Rd“da}hem]
where || B}, | ||oo,00 < 1, [|1B; plloc,00 < 1forall h € [H] and 0" € R% where ||0*|| 0o < 1 such that

forany s, s’ € S,a € A,0 € A h € [H] we have
Ti(s']s,a) = (¥n(s") T By 18n(s,a), 0(o]s) = (,,(0)) " By 564 (5), pa(5) = (0°) ().

Denote dyin, = max{dy, da, d3,dy, ds }. Notice that since T (5| s,a) = (¢n(s")) " B 1 én (s, a), lin-
ear POMDPs are also low-rank POMDPs with dimension min{dy, d2} and thus for linear POMDPs
we have

dpsr < dijn-

We further define the function class to be {f = (Bp1 € R¥%*4 B, € Rlaxd g ¢ Rb) .
I1Bh.1lloc.co < 1, ||Bh2llocce < 1,||0llcc < 1,Vh € [H]} such that for any o € O,a € A, h €
—-m

This(5']5,) = (Yn(s") T Buadn(s,a), Onig (0ls) = (5,(0)) " Br2bp (), ;s (s) = 07 6(s).

This enables us to bound N=(¢) as in Table 2. Note that this function class satisfies realizability and
we can pre-process it to make Assumption 3 hold.

Finally, we assume m-step weakly-revealing property. In this case, we can still choose the same U},
as in tabular POMDPs. Using the above models and formulating POMDPS into PSRS for the pre-
processing step to satisfy Assumption 3, we can run CRANE. The sample complexity for learning
linear POMDPs will scale with dj;,, rather than poly(|O], |S|) as follows.
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Corollary 6 (Sample complexity of m-step weakly-revealing linear POMDPs). Suppose the linear
POMDP is m-step weakly-revealing and we execute CRANE with 8 = clog(Nz(en)TH|UA|/S) up
to the step H —m where Uy, and Nz (ey,) are specified in Table 2. Then under Assumption 1, for any
d € (0,1],e > 0, if we choose

T = 1/¢* X poly(dun, |[A"™, 1/, H,log | O], log(1/9)),
then with probability at least 1 — 6 we have

VT >V* e

Comparison with [7]. From Corollary 6, we can see that the linear structure helps us circumvent
the polynomial scaling with |O| and |S|. [7] also discusses linear POMDPs and achieves a similar
polynomial sample complexity. However, they only consider undercomplete setting (i.e., |O| > |S])
and assume { (95 (s)); }ses is a distribution on S for any ¢ € [d2]. In addition, they not only assume
the transition and emission are linear, but also impose a linear structure on the state distribution
conditioned on future observations such as Cai et al. [7, Assumption 2.2]. Therefore our model is
more general and requires fewer assumptions.

A.5 m-STEP DECODABLE TABULAR/LOW-RANK/LINEAR POMDPSs

Next, we supplement the discussion about m-step decodable POMDPs in Section 5.

Core test sets and function classes. Like m-step weakly-revealing POMDPs, m-step decodable
POMDPs can be formulated as PSRs where core tests are m-step futures and the PSR rank is |S|
in the tabular case and dt,ans in low-rank POMDPs. Intuitively, this is proved by the observation
that m-step futures can decode the latent state m-step ahead, i.e., s,,, 5, by treating “histories" in the
definition as “futures”. In Appendix E we have a more detailed discussion. We also utilize the same
function classes as m-step weakly-revealing POMDPs for m-step decodable POMDPs.

Remarks about Corollary 3. Note that the discussion about m-step weakly-revealing linear
POMDPs also holds for m-step decodable POMDPs, therefore we can extend Corollary 3 to the
following corollary:

Corollary 7 (Sample comlexity for m-step decodable POMDPs).

* In m-step decodable tabular POMDPs, the same statement in Corollary 1 holds.
* In m-step decodable low-rank POMDPs, the same statement in Corollary 4 holds.

* In m-step decodable linear POMDPs, the same statement in Corollary 6 holds.

Comparison with [13]. [13] works on m-step decodable tabular POMDPs and show sample com-
plexity polynomial in |S|, H, | A|™, 1/¢,1og(1/§) and log covering number of a value function class.
They also provide a result on m-step decodable low-rank POMDPs where the sample complexity
scales with dy,aps rather than |S|. However, there are some differences between their results and
Corollary 7. First, the log covering number of the value function class in their results will typically
scale with poly(]O|™). Our results, on the other hand, only scale with poly(|O|) since the log
bracket number of our function classes only scales with poly(|O|). Secondly, the analysis in [13]
does not require the regularity-type assumption (Assumption 1). This is because their algorithm is
tailored to m-step decodable POMDPs. The lower bound in Theorem 3 has shown that the scaling
with the regularity parameter 1/« is inevitable in PSRs, highlighting the necessity of such regularity
in general.

B RELATED WORKS

We discuss related works to our paper in this section.
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PSRs and its learning algorithm PSRs represent states as a vector of predictions about future
events [36, 41, 38, 21, 44, 19]. Importantly, compared to well-known models of dynamical systems
like HMMs that postulate latent state variables that are never observed, we do not need to refer to la-
tent state variables and every definition relies on observable quantities. While PSRs were originally
introduced in the tabular setting, PSRs can be extended to the non-tabular setting using conditional
mean embeddings [4]. Using data obtained by exploratory open-loop policies such as uniform poli-
cies, Boots et al. [6; 4], Zhang et al. [49] proposed a learning algorithm for dynamics by leveraging
spectral learning [33, 23, 28]. Later, Hefny et al. [22] pointed out an insightful connection between
spectral learning and supervised learning (more specifically, instrumental variable regression when
histories are instrumental). Based on this viewpoint, Hefny et al. [22] proposed a two-stage regres-
sion learning algorithm. Compared to these settings, our setting is significantly challenging. This is
because their goal is learning system dynamics with exploratory offline data while we want to learn
the optimal policy when we don’t have access to such exploratory data.

Provably efficient RL for POMDPs and PSRs. Seminal works [31, 14] obtained A -type
sample complexity bounds for POMDPs. We can avoid exponential dependence with more structural
assumptions. Recently, there is a growing body of literature that discusses provably efficient RL in
the online setting under various structures.

In the tabular setting, one of the most standard structural assumptions is an observability (i.e.,
weakly-revealing) assumption, which implies that observations retain information about latent
states. Under observability and various additional assumptions, in Azizzadenesheli et al. [3], Guo
et al. [20], Kwon et al. [34], favorable polynomial sample complexities are obtained by leveraging
the spectral learning technique [23]. Later, Jin et al. [29], Liu et al. [37] improve these results and
obtain polynomial sample complexity results under only observability assumptions. Golowich et al.
[17; 18] develop algorithms with quasi-polynomial sample and computational complexity under
observability properties.

In the non-tabular POMDP setting, several positive results are obtained. One of the most investigated
models is linear quadratic gaussian (LQG), which is a partial observable version of LQRs. Lale et al.
[35], Simchowitz et al. [40] proposed sub-linear regret algorithms. Polynomial sample complexities
are obtained on other various POMDP models such as M-step decodable POMDPs [13] where we
can decode the latent state by m-step back histories (when m = 1, it is Block MDP), weakly-
revealing linear-mixture type POMDPs [7] where emission and transition are modeled by linear
mixture models, weakly-revealing low-rank POMDPs [45] where latent transition have low-rank
structures. Our proposed algorithm can capture all of the abovementioned models except for LQG.

There are few works that discuss strategic exploration in PSRs. None of them obtain polynomial
sample complexity results for learning approximate globally optimal policies [26, 45]. For details,
refer to Section 4.

C NOTATIONS

We sum up the notations in PSRs in Table 3.

D EXPRESSIVITY OF PSRS

In this section, we will construct a sequential decision making process to illustrate the superior
expressivity of PSRs with respect to POMDPs. In short, we will show that if we formulate the
process into a POMDP, the number of latent states we need can be exponentially larger the core
test set size in PSRs. The construction leverages existing results in perfect matching polytope and
largely follows the arguments in [1].

First, let n be even and K, be the complete graph on n vertices. Consider a vector z € R(%) that
associates a weight to each edge and we denote its entry by x,, , where u # v € [n] are the vertices.

Letly € R() denote the edge-indicator vector for a subset of edges M. Then [12] shows that the
convex hull of all edge-indicator vectors corresponding to a perfect match, which we also call the
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Table 3: Notations of PSRs. We also refer readers to Figure 1 for an illustration of the notations
such as Uy, Dy, Dy, and K.

Notation Definition
VT Er| S0
P(tp|Th—1) P(op:n+w-1[mh—1;do(an:ntw—2))
Uy, core test set at step h
Uan the set of all action sequences in Uy,
qr, predictive states [P(u[7)]ucu, .,
My, ,h ]P)(th|7—h*1) = <mth-,h’q7'h—1>
dpsr.n minimum core test set size at step h
br, unnormalized predictive state {H?:1 Mo, a;.1}90
Dy, system dynamics
Dy, predictive state dynamics whose columns are g,
K, core matrix at step h
Mo,.an predictive operator matrix

perfect matching polytope, can be expressed with a number of constraints as follows:

P = conv{lM e R() | M is a perfect matching in Kn}

= {x ER(Z) cx >0V qum = 1;VU C [n] and |U] is odd : Z Z“Tum > 1}.

vgU uelU
There are V' := n!/(2"/2(n/2)!) vertices in P,, and the number of constraints is C' := 22",
We denote the vertices by {v1,--- ,vy} and the constraints by ¢1,---,cc. We further add an-

other dimension to v;(¢ € [V]) to account for the offsets in the constraints and obtain vectors

S R(g)“(z’ € [V]). Then we have (c;,v}) > 0 foralli € [C],j € [V]. Now we can de-

fine the slack matrix for the polytope P, to be Z € REXV where Z, ; = (c;, v;>

Notice that the rank of Z is (’)(n2). However, since P,, has extension complexity 282(n) [39] and the
extension complexity of a polytipe is the non-negative rank of its slack matrix [15], we know the
non-negative rank of Z is at least 2°(")

Now we can construct our sequential decision making process. Suppose forthe step 1 < h < H—1,
the process behaves according to a POMDP with state space S’, action space A, observation space
O, initial state distribution p1, emission matrix @y, and transition kernel T;,. At step h = H
though, the one-step system dynamics Dy 1 is given by associating each pair (og—1,ap—1) with
a constraint ¢; and each future test ¢ € O (which is one-step observation now) with a vertex fu;- such
that for any history 71 that ends with (o1, am—1) we have

<ci7 fU§>

V ! .

P(t‘TH_l) =
k:1<Ci,’l}j>

Now we fix a history 75 _» with length H — 2 and consider the matrix Dy;_; € RICX(CIAD where
the rows are indexed by the test t € O, the columns are indexed by the history (74_2, 0, a) for all

o€ O0,a € Aand (ﬁH,l)t(TH_Q,O’a) = P(t|Tg—2, 0,a). Since the non-negative rank is preserved

under positive diagonal rescaling [8], we know the non-negative rank of D[Eq is at least 24",
Then for the above sequential process, if we formulate it into a POMDP with state space S, then we
have

P(t|Tp—2,0,a) = Z P(t|sg)P(sg|TH-2,0,a).
sHES

Notice that for a row-stochatic matrix ﬁl—';_l, the non-negative rank is equal to the smallest number
of factors we can use to write 15;1_1 = RS where both R, S are row-stochastic [8]. This implies

18



Under review as a conference paper at ICLR 2023

all histories
[
h
P(th|rh) P(tha|cd) - ]p |(|0||A|)
all (IOIIJII)” — Dy
tests P(tn+1|Th) P(tnulfn) P
h
P(thelsher) P(thealsien) - th+1|5f|ﬂ1 ﬂn(sh“lf") P(Sh+1|rh) lP(5’1“'1|T’(‘|0MD)
- IFD(’3h+1|5h+1) P(th+1|3h+1) : P(th+1|3flﬂ1) |5| Is| ’ :
: h+1 (5h+1 Th) ]P(ShﬂT )
Dh,l Dh'z

Figure 2: For any POMDP, the system dynamics matrix Dj, can always be factorized using the
latent states. This factorization implies that the rank of Dy, is no larger than the number of latent
states, which implies that POMDP is a linear PSR with rank at most equal to the number of latent
states. Note that here Dy, 1 and D), » both contains non-negative entires. In contrast, from Figure 1,
the low-rank factorization of D}, in PSR can have negative entries (i.e., m and v can have negative
entries).

that we must have |S| not smaller than the non-negative rank of f)g_l , therefore we have

|8| > QQ(n)-

On the other hand, if we formulate the above process into a PSR, at step h = H, since the rank of
Dy is equal to the rank of Z, we know the rank of Dy is not larger than O(nz), which implies
that there exists a core test set {/;y whose size is not larger than O(nQ). Whenl < h < H -1,
notice that for any test t = {op. 7, ap.;r—1} and history 7,1 we have

P(tlmn-1) = Y P(snlta-1)(P(tn:ar-1lsn)Plomlor-1,am 1)),
SRES’
where tp. -1 = {0h:H—1, ap.r—2}. Notice that P(ts.pr—1|sn)P(opr|omr—1, ar—1) only depends on
t and P(sp,|7,—1) only depends on 71, _1. This implies that there exists a core test set U, whose size
is not larger than |S’| for all 1 < h < H — 1. Therefore, the core test set size of the PSR can be
smaller than max{O(n?),|S’|}. This shows that PSRs can express this sequential decision making
process exponentially more efificient than POMDPs.

E EXAMPLES OF PSRS

In this section we present the proofs of Lemma 2 and Lemma 3, and then formulate m-step weakly-
revealing POMDPs, m-step decodable POMDPs and low rank POMDPs into PSRs and analyze their
core test set and minimum core test set size.

E.1 PROOFS OF LEMMA 2 AND LEMMA 3

We first prove Lemma 2. Consider the one-step system dynamics Dj, shown in Figure 2 whose rows
are indexed by all possible future tests ;1 and columns are indexed by all histories 7, at h-th step.
Each entry of D}, is the successful probability of the test, i.e., (Dp)4,, , 7, = P(tnh+1|7n). Since we
know P(tnt1|mn) = 325, . es P(th+1lsn1)P(sn+1]7h) (Where we also define P(sp,41|75,) = 0 for
unreachable 73,), we can decompose D}, into the product of Dy, 1 and Dy, 5 as in Figure 2, where
(Dr1)tnirsnes = P(thgilsne1) and (Dp2)syrm = P(sp41|75). This 1mphes that the rank of
Dy, is not larger than |S|, which proves that it is a linear PSR with rank no larger than |S].

Now we prove Lemma 3. Consider any h € [H], let ¢;, _, = [P(0|Th—1)]oco. Then the belief state
of the POMDP s, , = [P(sp|Th—1)]s, cs can be expressed as:

—_ 0T
Sr_1 = @hqma
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Here, we use @L(O)h is an |S| x |S| identity matrix, which is verified by the assumption. Then for
any test t = (Op:n4+w Ah:htw—1), We know P(t|7,_1) = m} , s-, , where

h+W—1

My =Onpwlonswl)T [ Tiadiag@ior]-)).
l=h

where O, (0]-) € RIS| is a vector whose s-th entry is Oy, (o|s) and Ty, is a |S| x |S| matrix with
entry (T;.q,)s.s = Ti(s']s, ar).

Therefore we have P(¢|7,—1) = (my p, qr, ,) Where my j, = (m;,h@,ﬁ)T. Thus we have shown that
the probability of any test ¢ is a linear combination of the probabilities of the tests o € O (the linear
combination weights m, ;, only depends on test but is independent of history). This indicates that O
is a core test set for 1-step weakly-revealing POMDPs.

E.2 m-STEP WEAKLY-REVEALING POMDPS

Recall the definition of the m-step emission matrix Oy, ,, € RIAI™ 1O *IS] for any h € [H —
m + 1] is as follows:

(On,m)(a0),s = P(Oh:htm—1 = O|sh = 8, Ap:nym—2 = @),¥(a,0) € AL O™ s € S.

Then m-step weakly revealing condition [37] means that the rank of Qy, ,, is |S| forall h € [H —
m + 1]. From Lemma 2, we know that dpsg < |S|. In addition, the following lemma suggests that
a general core test set for m-step weakly-revealing POMDPs is the set of all m-step futures:
Lemma 5. When Qy, ,,, is full rank for all h € [H — m + 1], the POMDP is a PSR with the core
test setUp, = O x (A x O)" L forallh € [H —m + 1].

Proof. The proof is similar to 1-step weakly-revealing POMDPs. Consider any h € [H — m + 1],
let gr,,_, = [P(u|mh—1)]ucox(axoym-1. Then the belief state s, _, = [P(sp|Th_1)]s,cs can be
expressed as:

_0f
Sty = (O)h,mq"'h,—l'
/
Then we know for any test t = (0p:h+w, ap:htw—1), We know P(t|7,_1) = m} 1, 87,_, Where

h+W—-1

My =Onpwlonswl)" [ Tiadiag@iorl]-)).
l=h

Recall that here Oy, (o|-) € RIS! is a vector whose s-th entry is Oy, (o|s) and Ty 4, is a |S| x |S|
matrix with entry (T 4,)s,s = Ti('|s, a;).

Therefore we have P(t|7,—1) = (m¢n,qr,_,) Where my ), = (m;’h@);’m)? This indicates that
U, =0 x (A x O)" Lisacore test set forall h € [H —m + 1]. O

Notice that here we only show the core test set of m-step weakly-revealing POMDPs up to step
H — m + 1. However, this is sufficient to charaterize the whole POMDP. From Lemma 4 we know
that for any trajectory 7, P™ (7 ) is one of the entries in HlH:Im Mo, .a,190 X w(7r). Therefore,
with parameters { Mo, a1, 0} oc0,ac A, he[H—m] (Which only depends on U4}, where h € [H —m+1])
we can recover the POMDPs easily.

E.3 LATENT MDPs

Next we consider the Latent MDP (LMDP) model in [34]. Supoose there are M/ MDPs and each
MDP m is characterized by (S, A, Ty, R n, H, i) where S is the common state space, A is
the common action space, T, j, is the transition probability at step h of MDP m, R, 5, : S x A X
{0,1} — [0, 1] is a probability measure for rewards at step h of MDP m that maps a state-action pair
and a binary reward to a probability, H is the horizon and p,,, is the initial state distribution of MDP
m. At the start of every episode, one MDP m € [M] is randomly chosen with some probability w,.
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[34, Theorem 3.1] shows that with no further assumptions, learning an instance of the above
LMDP requires at least Q((|S||.A|)™) episodes at worst. A number of assumptions are consid-
ered to circumvent this lower bound and one of them is called Sufficient Tests. More specifi-
cally, for each step h € [H — [ + 1], consider all possible length-/ action-reward-state sequences
Qhy Thy Sha1, "+ 5 Ghti—1,Th+i—1, Sh+i and denote the set of all such sequences by 7. Then sup-
pose that the successful probability of 7;, under different MDPs given any s;, € S has rank M:

Assumption 5 (Sufficient Tests, [34, Condition 1]). For any h € [H — [ + 1],s, € S and any
t= (a§17 T}tw 32+17 et 5%+[> S 7—}“ we deﬁne

Pm(t‘sh) = Pm(r;‘/zv 52+15 T 32+z|5h7d0(a27 e aal;z+lfl))7

where P, denotes the probability under MDP m. Let L, = [[P1(t|sp)]ter, - , [Pa(t|sn)]teT,]
then opr(Ls, ) > afor all s, € S with some « > 0.

The following lemma indicates that LMDPs with Assumption 5 can be formulated into an (I + 1)-
step weakly-revealing POMDP and thus a PSR with the core test set being all (I + 1)-step futures:

Lemma 6. Under Assumption 5, the LMDP can be formulated into an (1 + 1)-step weakly-revealing
POMDP.

Proof. First notice that the LMDP can be formulated into a POMDP with state space S = S x

{0,1} x [M] and observation space @ = S x {0,1}. At each step h, the latent state 5, € S is

(Sh,Th—1,I) where sy, is the current observed state, 7,1 is the reward of last step and I is the

index of the underlying MDP. On the other hand, the observation oy, is (sp,7,—1). Then for any

lflz € [H — 1+ 1], any latent state 5, = (sp, 74—1,1) and (I + 1)-step test t = (0}, aj,,- - , 0}, ), we
ave

P(t|sn) = 1(0}, = (sn,7n-1)) - Pr(t]sn),

where t = (aj},, 0}, - ,0},). Therefore, the (I + 1)-step emission matrix can be written as
follows:
Ly 0 0 0 0 7
0" Ly 0 0 0
0 0 L. 0 0
h
Onii=]0 0 0 L. 0
0 0 0 0 - Ly
L [N

Since the rank of Ly, is M for any s, € S, we know the rank of Oy, ;14 is 2M|S| for all h €
[H — I+ 1]. This implies that the POMDP satisfies the (I 4 1)-step weakly-revealing condition. [J

E.4 m-STEP DECODABLE POMDPs

Recall the definition of m-step decodable POMDPs [13] is that there exist unknown decoders
{Pdec,h }m<n<m such that for every reachable trajctory 7z, we have s, = @dec,n(2p) for all
m < h < H where 2z, = ((0,a)h—m+1:n—1,0p). From Lemma 2, we know that dpsg < |S|.
Further, the following lemma suggests that a general core test set for m-step decodable POMDPs is
the set of all m-step futures:

Lemma 7. A m-step decodable POMDP is a PSR with the core test set Uy, = O x (A x O)™~! for
allh e [H—-m+1].

Proof. Consider any h € [H —m + 1], let ¢, _, = [P(u|Th—1)]ucox(axo)y=-1. Then for any test
t = (On:h+ws Gh:htw—1), When W < m — 1, we have for any length-(m — 1 — W) action sequence
a,

P(t|mh—1) = Z P(u|th—_1),

ueut,a
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where U; 4 denotes the set of all length-m tests whose action sequence is (ap:p+w—1,a) and the
first W + 1 observations are 0.4 . This implies P(t|75—1) = m:hqul where my j, sets the
entries corresponding to the tests in U, 4 as 1 and the others as 0.

When W > m — 1, we denote tp.pim—1 t0 be (Ophtm—1,0hhtm—1) and tpipm, to be
(Oh4m:h+W s @hym:h+w—1). Then we have
P(t|mh—1) = P(thintm—1]Th—1)P(Ohtmintw | (Th=1, thihtm—1); do(@htm:htw —1))

= P(thntm—1]Th—1)P(Ohtm:h+w|Pdec,htm—1(Zhtm—1), Ghtm—1; d0(Ahtm:htrw 1))

Notice that P(0nm:ntw |Pdec,htm—1(Zhtm—1)s @hym—1;d0(@htm:nrw—1)) only depends on
t, therefore we have P(t|r,—1) = m;'— ndr,_, where myj sets the entry corresponding to

(Oh:thmfla ah:h+m72) as IP>(Oh+rn:thW|¢dec7h+mfl (Zthmfl); Ah+m—1; do(ah+m:h+W71)) and
the others as 0. This concludes our proof. O

Similar to the discussion for m-step weakly-revealing POMDPs, it is suffcient to show the core test
set of m-step decodable POMDPs up to step H — m + 1.

E.5 Low-RANK POMDPs

Next we consider low-rank POMDPs. Recall that for low-rank POMDPs, the transition kernel T},
has the following low-rank form for all h € [H]:

Tw(s'|s, a) = (Yn(s') T én(s, a),

where v, : S > R%rane and ¢, : S x A +— R%rans, The next lemma indicates that for low-rank
POMDPs, the minimum core test set size will be not larger than dy,.ns, Which can be potentially
much smaller than |S|:

Lemma 8. For any low-rank POMDP, its minimum core test set size will be not larger than di,ans.

Proof. First notice that we have for any test ¢ and history 77,
P(tmn) = ([P(tlsnt1)]snsr e85 8ra)-
Besides, notice that from the low rank structure (4), we have for any s, 1 € S,
P(shr1lmh) = $nlsnt1) T D dnlsn, an)P(snlm).
SpRES
This implies that

P(t|h) = < > P(t|5h+1)wh(5h+l)>T' < > ¢h(5h,ah)P(Sh|Th)>-

Sh+1€S SRES

This implies that the rank of the one-step system dynamics Dy is not larger than di,.ns for all
h € [H]. Therefore we have dpsr < dirans- O

F PROOF OF LEMMA 4

We first prove (4). Notice that we have
P (71)gr, = [P(ulma)P™(Th)]uettn s = (P(u|Th))uettn P(onlTh—1)T(an|Th—1,0n)P" (Th-1)
= (P(on, o(u)|mh—1;do(an, a(u))))uetty 1 - T(an|Th-1,0n)P" (Th—1)
= Moy, ap,n (@7, P"(Th—1))7(an|Th-1,0n)
h

= HMol,a“lqo X 7T.(7-11) = bTh X ﬂ-(Th)7
=1

where the third step comes from the definition (1). In particular, for any trajectory 7z, we have
H-1

]Pﬂ-(TH) = ”T(G‘H|7—H713 OH)(mZH,HQTH—l)Pﬂ(THfl) = m;rH,H ! H Moh-,ah,h “qo - W(TH)'
h=1
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G ¢-BRACKET NUMBER OF F

In this section we introduce some basic properties of the e-bracket number Az (¢). We first consider
PSRs and then take POMDPs as special examples.

G.1 PSRs

For PSR, let us define the covering number for the parameters { M, 4 4 £ q0; f} as follows:

Definition 7 (e-covering number). The e-covering number of F, denoted by Zx(¢), is the minimum
integer m such that there exists a function class F' with |F'| = n and for any f € F there exists

f" € F' such that max,eco aca he[H- 1) uctty 11 M (0.0,u).hif — M(o,a,u)h;f loo < € and [|qo,r —

q0; 1|00 < .

Here F’ does not need to be valid PSR model classes and M(0,a,u),h;f* does not need to belong

to the column space of Kp;p. That said, we still use P, (7x) to denote the product mIH7 e
hH;11 Mo, ap hif - Qo - ™(TH) Where m,,, g = €, m, although this might no longer be a valid

distribution. Then the following lemma shows that the bracket number can be upper bounded by the
covering number, whose proof is deferred to Appendix G.3.

Lemma 9. Given F and any € > 0, suppose Assumption 1,2 and 3 hold, then we have
Nr(€) < Zr(ae/(8|O[THAT HIUa?|U])).

Since the log covering number log Zx(e) typically scales with log(1/e), Lemma 9 shows that
log N'=(€) also scales with polynomial H in general.

Tabular PSRs. Let us consider the tabular cases for example where we directly use
{Mo,a,n, 90} oc0,acA,he[r—1] as the parameters of 7 and assume for all f € F we have

ma m . <1 . <1
oeo,aeA,he[HX—l],ueuh+1 17 0,a,u)hs oo < 1 [10slloe <

without loss of generality. Then we know
log Z (ae/ (8|0 AT HIUAU]) < O(U?|O|| A H? log(H|O|| Alltdal U]/ (cr)),
which implies that
log N (€) < O([U|*|O||AIH* log(H|O||Al[UallA]/ (ae))).

G.2 POMDPs

For POMDPs, we can obtain a more efficient function class by modeling the emission matrix Oy,
transition kernel T}, and initial state distribution p; instead of {M,, 4 p. 5 q0; f}. Let us define the
covering number for the parameters {Ty. s, Op.f, 11,1 the(m) as follows:

Definition 8. The e-covering number of {Tp.;, On,s, pu1;5 }ne[n)], fer, denoted by Vr(e), is the
minimum integer n such that there exists a function class F' with |F'| = n and for any f € F
there exists [ € F' such that maxpecig—1],ae4 | Thiasr — Thiasfloo,c0 < € maxperay [|On,p —
Onifrlloc,c0 < €and ||pasy — pirprfloc < €

Then we have the following lemma:
Lemma 10. For any f € F and 0 < e < 1, suppose [’ satisfies maxpemg—1],acA || Thaiy —
Thaif loc,co < €ops maxne(a] [|Onsr — Oniprlloc,o0 < €op and [|pin;g — paiplloc < €op, where
€op = €1/(14]0?).
Then for any policy , we have

SO IP (7) — PR(a)| < €.

TH

The proof is omitted here since it follows similar arguments in the proof of Lemma 11. Therefore,
following the arguments in the proof of Lemma 9, we know

Nr(e) < Vr(e/(28]0] 2| A[T)).
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Tabular POMDPs.  For tabular POMDPs where {Tyf, Oy, 11 } ne[n is modeled directly, it
can be observed that log Vr(e) = O(H|O||S|?|.A|log(1/¢)). Therefore we have

log Nz (€) < poly(|O],|Al, |S], H,log(1/e)).
Low-rank POMDPs. For low-rank POMDPs, when utilizing the function class introduced in Sec-

tion 5, we can obtain that log V= (e) < log Vo (€/(3dtrans)) +10g YV (€/(3dtrans)) +1og Vo (e/3) +
log V,.(€), which implies that

log Nx(€) < log Vs (eLr/dirans) + 10g Y (€Lr /dirans) + 10g Vo (err) + log Yy (eLr),
where epg := O(e/(|O[HT2|A[H)).

Linear POMDPs. For linear POMDPs, when utilizing the function class introduced in Section 5,
it can be calculated that log Vr(¢) = O(H Hle d; 1og(H?:1 d;/€)), which implies that

log N7(€) < O(H? [ [ di log(|O||Al/e)).

i=1
G.3 PROOF OF LEMMA 9

First let us prove that IP?() is Lipschitz continuous with respect to { M, 4 ».f,qo. ¢} for any policy
7, as shown in the following lemma:

Lemma 11. Forany f € F and 0 < €1 < [Ua|, suppose f' satisfies

s — . < — <
0€0 ae A e 1] uclhy 1 Imcomnis = Mo mislloo < Cop llg0is = dossloo < cop

where
€op = aer/(4HUA*U]O)).

Then for any policy m, we have

S 1B (rir) — B (7a)| < 1.

TH

Now consider the minimum ¢,,,-covering net of F, denoted by F'. Then by the definition of mini-
mum covering net, we know for any f € F’, there exists f’ € F such that

p— . < £ — qo- < .
OEO7GEA7hIen[aHX—1]au€U}L+1 ||m(o7a7u)’h’f m(oﬂ’u)’h’f/Hoo = €op» ||CI(),f CI(),f’Hoo = Cop

Using Lemma 11, we know for any policy 7 and trajectory 7z,

PY (tr) —en < Pf(ra) <P} (7H) + €.

Therefore, let us define glf/ (m,-) =P%(-) —e1and ggl (m,-) = P% () + €1, then the set {[g{/, ggl] :
f € F'}is a 26 (|O||.A|)H -bracket of F where we use the fact that there are at most (|O||A|)7
many trajectories. Let 2¢; (|O||A|)? = € and then we have

Nz(e) < Zr(ae/ (8|0 AT H[UA?UI)).

G.4 PROOF OF LEMMA 11

We use Lemma 16 to prove this lemma via induction. First notice that we have for any o € O, a €
A h € [H — 1],u S Uthl,

Hm(o,a,u),h;f’ - m(o,a,u),h;f”oo < €op» @)

||CJ0;f' - qO;fHoo < €op- (®)
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In the following discussion, we use qo,M(o,a,u),h> Mo,a,n:br, 10 denote qo.r,M(o,0,u),h;f>
Mo o h:f, b, and g, m’(O’a’u)J17 M} , 1, b7, todenote qo. 7, M(o.a,u),hif's Mo,a,hifrs bry;pr to sim-
plify writing. Next we use induction to prove the lemma.

For the base case, we have b, = qo, b’T0 = q,. Therefore from (8) we have

||bTo - birng < |u|60p <e1.

Now suppose for any A’ < h where h € [H — 2] and policy 7, we have I [ A PR

m(7h) < €1. Notice that here f’ might not satisfy Assumption 3, but from the proof of Lemma 14
we can see that Lemma 14 still holds since f € F. Therefore we have for any policy ,

Z ||b7'h,+1 Th+1||1 X 7T(7_h+1)

Th+1

|Z/{A‘ h+1
(ZZH ot — M o] m||1m<n+||qo—qo||1) ©)

=1 7
From (7), we know for any [ € [h + 1],

D MMopara = My, 10, % m(m1)
Ti
< eoplu‘ZHb‘rl 1||1 X T Tl)

= 6opIUHOI DMLl x (i)

Ti—1

< coplUlO] Y (1bri_y [l X w(mo) + by = b, Il % 7(7i-1))

Ti—1

< coplUllO] Y (Whal + br_, =¥, |11 x w(ri1))

< eop U||Of (e + [Ua)- (10)

Here the first step comes from Cauchy-Schwartz inequality and (7). The fourth step comes
from the fact that (b, _,7(71-1))u = Py(uln—1)PF(ni—1) and thus 3 [|br,_, |1 X 7(7-1) =
Yoy Nar il - PR(m—1) < {Ual X2, PF(Ti—1) = |Ual. The last step comes from the induc-
tion hypothesis.

Substituting (8) and (10) into (9), we have

Z Hb7—h+1 - Th+1||1 X 7T(Th-‘rl) < €1.

Th+1

Therefore, we have for all h € [H — 1] and policy m,
> lbr, =V Il x () < €. (11)
Th

Notice that from Lemma 4 and Assumption 2 (where we let m’gH H = Moy, H = €oy 1), WE have
for any policy T,

SO PR () = PR £ S by = byl X (). (12)

TH—1
Combining (11) and (12), we have for all policy 7

S 1PE (i) = Pf ()| < er.

This concludes our proof.
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H REDUNDANCY OF M(o,a,u),h;f

In Section 4 we mention that there is redundancy in the choice of m, q,.),n;r given the model ]P’;{

and we can replace any 1, 4 .,),5; ¢ With its projection on the space spanned by {qr, _,;7},_,. The
following lemma characterizes this formally:

Lemma 12. Suppose Assumption 2 holds. Given any parameter {M, 4 h.f,qo;f }, Suppose for an-
other set of parameters { M o . f', qo.5 } we have forallo € O,a € A,h € [H — 1],u € Up41

M(o,a,u),h:f" = PTOJcol(K,_y, ) (M0,0,0), 31 )

Then for any trajectory Ty and policy m, we have P5(ty) = P7%(ru). This means that
{M(0,a,u),h; ¢} is also a valid set of predictive parameters for the model Py.

Proof. We first show that b,,.; = b, forany h € [H — 1]* and trajectory 75,. We prove this via
induction. For the base case where h = 0, b;,.; = by,.; = qo,r. Next for any h € [H — 2]*, we
suppose br, ;s = by, .- forany b’ € [h]" and trajectory 7. Then for any trajectory 75,1, let 7,
denote the policy that always takes the action sequence in 77,. From (4) in Lemma 4, we have

b‘rh+1;f = M0h+1,ah+1,h+1%fb‘l'h§f = M0h+17ah+1>h+1§fb7'h§fﬂ-7'h (Th)
T
= Moy, 1,ans1,h 415G P70 (Th)

T -
= (m(owd,ah+1,u)7h+1;fq7'h;f)“€uh+2ﬂpﬂ " (Th)' 13)
Similarly, since b, ;s = b, r, we have
T -
b"’h+1§f’ = (m(oh+1,ah,+1,u),h+1;f/th;f)u€U1L+2]P7r h (Th)' (14)

From (2), we know ¢, , s belongs to the column space of K}, ¢. This implies that for any v € U, 42

T T
m(oh+1,ah,+1,u),h+1;fq7'h,'-,f = m(o;l+1,ah,+1 ,u),h—i—l;f/qfh?f' (15)

Combining (13),(14) and (15), we have

b b

Tht1sf = YThpnsf-

Therefore, for any h € [H — 1]T and trajectory 7, we have
brysp = bryigr-
This suggests that for any policy 7 and trajctory 771, we have

(Pr(ulrg—1)PH(TH-1))ueuy = (Pp (u|T—1)PF (TH-1))ueuy -
Therefore with Assumption 2 we have for any policy 7 and trajectory 7, we have

P;(TH) = P}r/ (’TH).

I PROOF OF THEOREM 1

In this section we present a proof sketch for Theorem 1. Note that to prove Theorem I, we only
need to show that CRANE can achieve sublinear total suboptimality, which is stated in the following
theorem:

Theorem 2. Under Assumption 1,2,3, there exists an absolute constant ¢ such that for any 6 € (0, 1],

T € N, if we choose 8 = clog(Nx(en)TH|U4|/d) in CRANE where e, = 1 /(T H|Ua4l), then with
probability at least 1 — §, we have:

T

S (V= V™) < O(dpsp HE [Ual | APT? o - log(THNF (e)|O]| Al /3)).

k=1
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The +/T bound on the regret in Theorem 2 suggests that the uniform mixture of the output policies
7 = Unif({r*}Z_,) is an e-optimal policy when T" = O(1/€?), leading to Theorem 1 directly.
Therefore we only need to prove Theorem 2 now.

Note that we can decompose the total suboptimality into the following terms:

Regret(T) = 3 (Ve —v™) = <ZT: (Ve - vﬁ)) + <ZT: (VE —v™) ) (16)

k=1 t=1 t=1

(1) (2)
Our proof bounds these two terms separately and mainly consists of four steps:

1. Prove Vﬂk is an optimistic estimation of V* for all k € [T'], which implies that term (1) < 0.

2. Decompose term (2) into the estimation error of the parameter M, , ; via the system dynamics
3).

3. Bound the cumulative estimation error using the property of MLE.

4. Bound term (2) by connecting the results in the second and third step.

1.1 STEP 1: PROVE OPTIMISM

First we can show that the constructed set B* contains the true model parameter f* with high prob-
ability:

Lemma 13. With probability at least 1 — §/2, we have for all k € [T), f* € B*.

Proof. See Appendix J.1. O

Then since Vf”kk = maxyepr Vi, we know for all k € [T,

wk T _ *
ka > Vf* =V*
Thus, Lemma 13 implies that VJZS;C is an optimistic estimation of V* for all k, and therefore term (1)
in (16) is non-positive.
1.2 STEP 2: DECOMPOSE THE PERFORMANCE DIFFERENCE

Next we aim to handle term (2) in (16) and show the estimation error Zthl (Vfﬁf — V’rk) is small.

First we need to decompose the performance difference V”kk — V™" into the estimation error of the
parameters M, , 5, in order to apply the property of MLE later. Notice that we have,

k k k k
Vi —=V™ <HY |Pf(tu) — PR (i)

TH
H-1 H-1
_ E k T k k T k
- H (mOH,H) : H Moh,ah,h ' qO - mOH,H ! H Mohvah7h *qo X T (TH)
TH h=1 h=1
H-1 H-1
E k k k
=H H Moh,ah,h “qy — H Moh)ahyh 4o X7 (TH—1)7 (17)
TH—1 ' h=1 h=1 1

k k k
where we use mg, g, Mj . .40 to denote  mg, gipr, Mo, 4y nipe, o and

Moy, 1y Moy ap, k> Qo 10 denote Mg, 1,7+, Mo, an,h:f=» Go; = The second step is due to Lemma 4
and the last step is because based on Assumption 2 we have set mlgH,H = Moy H = €oy H-

The following lemma bridges the term in (17) and the estimation error of M, , ;, whose proof is
deferred to Appendix J.2:
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Lemma 14. Forany k € [T], h € [H| and policy 7, we have

2|

Th

h
y M,
OL;QL; “qo — o1,a;,l * 40

U
'A(ZZH b Myad] n_lnlxw<n>+||q§—qo||1), a8)

=1 7

x 7(Th)

where b;, = H§:1 Mo, a;,590-

Remark 3 From the proof of Lemma 14, we can see that Lemma 14 only utilizes the proper-
ties of {M Ol a1 90 }le[h]. Therefore Lemma 14 still holds even if the system dynamics induced by
{ My, .a,.1, QO}le[h] is invalid. We will use this fact in the analysis about the e-bracket number.

1,al,

Therefore, substituting Lemma 14 into (17), we can bound the performance difference by the cumu-
lative estimation error:
£l k k
(VA =v™)
k=1

|UA\H
Z Z S ONME, 4 h = Moy ay n]br, I x 7 () + llaf = qolly ). (19)

h=1 Tn

1.3 STEP 3: BOUND THE ESTIMATION ERROR

Now we need to bound the estimation error in (19). First we introduce the following guarantee of
MLE from the literature, which connects the log-likelihood ratio log(Pf. (7#)/Pf (1r)) and the

total variation ZTH |P}T(TH) — Pf. (Ta):

Lemma 15 ([37, Proposition 14]). There exists a universal constant ¢y such that for any 6 € (0, 1],
forallk € [T] and f € F, we have with probability at least 1 — § /2 that

k . " i " 2
> > (ZP}”’ S ) — T “’*‘“’(TH)|)

=1 he[H-1]% uq ht1€UA hy1 ~ TH

k Pﬂi’“a Jh1oh (Tz ua’h+17h)
< CO(Z > log < / — > +log(N]:(eb)TH|Z/lA|/6)>.

rhtaht1oh o G ht1,h
=1 he[H—-1]T ,uq nt+1€UA 11 ]Pf (TH )

Combining Lemma 15 and the fact that both f* and f* belongs to B*, we have with probability at
least 1 — § that for all k& € [T,

k—1

i ug, h41-h 2
2 2 (S ) =3 ) <0 0

=1 he[H—-1]" uq h41€EUA L4t ~ TH

The following discussion is conditioned on the event in (20) being true. Then by Cauchy-Schwarz
inequality we have for all k € [T,

k—1

) > SRR () — PR (r)| < O(VEHIUA). 1)

i=1 he[H-1]* ua,n41€UAn41 TH

Suppose the length of the longest action sequence in U4 j, is l,. Then since the environment will
only generate dummy observations 0qummy after az, we have for any policy 7w and f € F,

Z IPF(TE+1,41) — Phe (TH41,41)]
THAlg+1
= > [PHrE)L(0H41:H 41,41 = Odummy)T(@H41:H 11, +1|TH)

TH+1g+1
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= Ph (7)) 1(0m+1:H 1, +1 = Odummy )T (AH+1:H+1,+1|TH )|

= [P}(ra) — P} (1a)l.
TH
Therefore, we can marginalize the distribution P7(7x) and PF. (7x) in (21) and have for all k €
[T],i € [k —1],h € [H —1]T,

Z Z |P7rb g b h ) }r: U pg1oh (TH)|

Ua,ht1EUA W41 TH

iU p sh i’“(}.,t sh
2 Z Z PE " (7, ta g1, 0) = PR (7, ta n 1, 0)
Ua,h+1EUA h+1 Th,0€0 (Ug h41)
ih
= > > IP%x (7h)Ppr (0|7h; do(ua,nt1))

Ua,h+1EUA h+1 Th,0€0 (Uq, ht1)
i,h .
— PR (1P (0] 7h; do(ug,ni1))| X i et bR (ug by |7)

3 3 IP7" (7)P g (0|73 do(ua pg1)) — PF- ()P (0|73 do(tua py1))]

Th Uq,ht1€UA K4+1,0€0 (Ua hi1)

zh i,h
—Z Z |]P)7Tk Th ]P’fk(u|7'h) ]Pﬂ;* (T}L)Pf*(u|7'h)|.

Th UEUR41

Here in the first step O(uq 5+1) denote the set of observation sequences that occur together with
Uq,h+1 10 Upy1 and P?(Th,ua7h+1, 0) denotes the joint probability of observing the trajectory

(Thy 0, Uq pt1)- In the third and fourth step we utilize the fact that 7%:%an+1:h = 7k o Unif(A) o
g nr1 and we define 70" = = 7, _, o Unif(A). Then based on Eq. (4) and Eq. (21), we have for
allk € [T],h € [H —1]",

ZZﬂ b by, | < O(VEH|UAB).

=1 Tp

Thus via importance weighting, we have for all k € [T],h € [H — 1|7,

k—1
SO>S wl(m) - b, = br, [ < O(ANVEH|UAIB), (22)

=1 Th
k—1 )
DO wmna) 1B, = bl < O(JAIVEH[UALB). (23)
1=1 Th

In particular, when h = 0 we have
lgh — qollr < OV HIUA|B/K) (24)

Now for all k € [T'], h € [H — 1], we can bound the estimation error as follows:

Z Z ” Oh’ah’ Oh7ah7h]b7h,—1 ||1 X 7Ti(Thfl)

=1 Tp
< ZZ H oh ap,h 'rh 1 Moh,,ah-,hb‘l'h—l]”l x Wi(Thfl)
1=1 T
+ZZ|| omsan h 0%,y = bry ]Il x 7 (7). (25)

=1 T
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For the first term in (25), we have

Z Z ” Oh ap,h Th 1 Moh»ah»hb’f’h—l]Hl X 7Ti(Thfl)

=1 Thp

k—1
=3 w(mnon) - BE, = br, 1 < O(AIVEH[UAIB), (26)

=1 Th
where the second step is due to (23).

To bound the second term, we need to bound ||, h||1 1 first, which is given in the following
lemma:

Lemma 16. Forany 1 < j; < jo < H — 1, trajectory 7;,_1, policy 7, f € F and x € Rl we
have

L

X ﬂ-(TJI ]2|TJ1 1)

Z H Mowaﬂv] fx

Tjyige - J=J1

The proof of the above lemma uses the regularity condition in Assumption 3 and Lemma 12.
Naively, the product J]%2 Fy o],a] _j:f may indicate that the norm may grow exponentially. How-
ever, the condition that M, g p. ’s row span belongs to the column span of K} _1, (which is dereived
from Lemma 12) and the fact that K Z_l, 7 exists, we have:

J2 J2
— T

H Mo a;.5:p0 = H Mo, a;,5: 1 Ky —155 K, 4. 5

J=j1 J=i

Mo, a;,5:7Kj,—1,7e1l[1 by using the fact that K, _;; fel is a predictive
J Ji M,
ngl‘l—l;f?f XW(TJIIh‘TJl— ) - [ (U| ]171;f7T111J2)P Tt (T111J2| ]171;f)]ueuj2+1 where 7777171 de-
note the policy 7 (+|7;, _1). Note that the proof of the above lemma differs from the one in POMDPs

since here we leverage the concept of minimum core histories and the core matrix which are unique
to PSRs. The details are deferred to Appendix J.3.

Thus, we can bound || H] i

state Ui it corresponding to one of the minimum core histories Tl L —1,f>and R

Therefore, using Lemma 16 with 7 = 7! n—1 © Unif(A), we have

ZZ H oh,ah, ’Th 1 - bTh—l]Hl X T(’L(Thfl)

1=1 T

Allu
<Ml A'ZZ (The1) - b5, = br s |1y < OAPVEH|UAPS/ ), 27)

1=1 Th—
where the last step comes from (22).

Combining (26) and (27), we have forall k € [T],h € [H — 1],

ZZH o anh = Moy an nlbr,_ [l X 7 (Tno1) < O(JAPVEHUAPB /). (28)

=1 T

1.4 STEP 4: CONNECT STEP 2 AND STEP 3

Recall that in Step 2 we want to bound

Z ( Z S UME, o = Moyan by [ % 7 (70) + g QO||1>

k=1 h=1 Th
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First, for the second term, we can bound via (24):
T
> gk — qolls < OG/HT|UAIB). (29)
k=1

Now we only need to bound the first term. Notice that in (28) we have bounded this cumulative
estimation error weighted by 7(7;,_1) rather than 7%(7;,_1). Here we introduce the following
lemma from [37] to bridge these two summations with different weights:

Lemma 17 ([37, Proposition 22]). Suppose {xy. i} (k.i)e[T)x [n1]> 1Wk.j } (k.j)€[T] x[ns] € R? satisfy
forallk € [T

k-1
© Do ity 52w el < vk,
° Z?zll ||xk71||2 < R:v;
« 22 lwkillz < R

Then we have for all k € [T):

ny N2

zk: Z Z \wzjxt,i\ = O(d(RwRI + I?Sa? %) logZ(Tnl))

t=1 i=1 j=1

To apply Lemma 17, for any fixed h € [H — 1], we rewrite (28) in the following way:

E—1|Unt1]

> 2 2 D Mg = Mosan) K] Kby % (7))

t=1 u=1 o,a Th_1

< O(JAPVEHUAIRB/ ), (30)

where X, is the u-th row of the matrix X. Here we utilize the fact that b, |, x 7' (7,-1) =

(Plu|rh_1]P™ [Th—1])uew, belongs to the column space of K}, due to the definition of core his-
tory.

Then for any ¢ € [T],u € Up4+1,0 € O,a € A, we let wy , o, denote [(Mt’a’h — Mo,a,h)Kh—l]u

o

and x4 -, _, denote K,t_lb x wt(1,_1), then (30) can be written as for any k € [T

Th—1

k—1
> > > W oattr, | < OUAPVEHUAPS ). 31)

t=1 ueuh+1,o€O,a€A Th—1

Now we only need to bound > [k, [z and 32 o). oo aenllWhuoal2.  For

Z"’h—1 ||xk’7h—1 ||2s we have

ﬂ_lc
Do e llz = D0 K bry x 7 (Tl = D IS [P(ul7n—1)P™ (7-1) ueus, Iz

Th—1 Th—1 Th—1
k
= Z HUTh71H2PW (Th-1) < IglaX ||’U7'h—1||27
Th1 h—1
where the third step comes from the definition of core matrix (2).
Notice that we have Kp,_qv,, , = [P(u|Th—1)]ueu, for any 7,1 and ||K;fb_1||1H1 < 1/«, which
implies
1 Ua|
or i ll2 < vr .l < KL Pulmn-1)luer, 11 < SN Culmn-)]uern llr < ==

Therefore we have for all k € [T7,

17
> lzkm 2 < % (32)
Th—1
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For Zueuhﬂ,oeo,aeA |wk u,0.a |2, We have

Z ||wk,u,o,a||2 S Z ”wk,u,o,anl

w€Up41,0€0,a€A wEU 41,0€0,a€A
dpsSR,n—1

Z Z (M o5 — Moan)Kn—1ei1

0€0,ac A =1
dpSR,h—1
2| AllUa ’ 2| Al|Ua|?dpsr
< AWML TSy ey < HAIMAT desn 33)
@ =1 @

where the third step utilizes Lemma 16 with uniform policy and the last step utilizes the fact
dpsr,n—1 < dpsr and [|[Kp_rer[1 = [lqz _ [l1 < Ual.

Invoking Lemma 17 with (32),(33),(31), we can obtain for all k € [T],h € [H — 1],

ZZ ” oh an,h Omamh] Th— 1||1 X 7Tk(Th 1)

=1 7

< O(dpsp n-1Ual?| APdpsp H3 k7 [0 - log(THNF(e)|O||A]/8)).  (34)

Substituing (29),(34) into (19), we have
T
(Vi = V™) < O(dbsp H? Ua*| AT log(THNF(e)|O]| A /0)).
k=1

Combining the above result with Step 1, we have
T
* o 2 z 4 1120L -3
S (V= V) < O(dhsnHE Ua | APT ™ - log(THN(e)|0]LAI/6)).
k=1
This concludes our proof.

J PROOFS OF LEMMAS IN APPENDIX I

J.1 PROOF OF LEMMA 13

To prove f* € B*, we need to show that Z(W’TH)ED log P%. (7w) is large. To simplify writing,

we denote the (m, 7) pairs in D at the end of T-th iteration by {(n?, 74 )}%,, which are indexed
by their collection order. Notice that np < TH|U|. To deal with potentially infinite function
clas F, we first consider its minimum ep,-bracket net G where €, = 1/(T'H|U4|) and the set of
all upper bound functions in G, i.e., G, := {f’ : 3f, such that [f, f'] € G}. Then we are able to
bound the difference bewteen 3 ) cplogPF. (Ta) and - ) plog Pf(7y) for any f € F
via Cramér-Chernoff’s method as in [37].

Fix any f' € Gy, € [nr] and let §; denote the filtration induced by { (7, 7%)}!=] U {n*}. We have:

LRI E D))

() o e ()
sl () [0 ]
_E :exp <§10g (m» > Py (TH)]
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<o (S (ED) (- )|

where the last step is due to the fact that G is the minimum ep,-bracket net, which implies that there
exists f € F such that |PF(-) =P, ()||1 < ey, for any policy m and thus ||P, (-)||1 < 1+ €. Repeat
the above arguments and we have

o (S ()

Then by Markov’s inequality we have for any 6 € (0, 1],

(Zlo ( )) > 10g(1/5)>

H)
<E [exp (;bg (W)ﬂ - exp[—log(1/6)] < eé.

Therefore by union bound, we have for all ' € G,,t € [nr],

<Zlog (w i) > clog(J\f]:(eb)TH|Z/lA|/5)) <6/2,

where c is a universal constant.

Finally, due to the definition of e-bracket net, we know for all f € F, there exists f’ € G, such that
PF(7a) < P (7a) for any trajectory 7y and policy 7. Therefore we have for all f € F,t € [nr],

(Zlog ( T clog ) TH) ) <572

which implies that f* € B¥ for all k € [T'] with probability at least 1 — §/2. This concludes our
proof.

J.2  PROOF OF LEMMA 14

First, notice that we can decompose the left hand side of (18) into the following sequence of terms
via triangle inequality:

h
Z H or,ay,l HMOI,azl qo0

Th =1

x 7(Th)

H oz ap, l( 0j,a;,] MOjﬂjJ) : ij—l X W(Th)
j=1 7 —J+1 1
T Z M, (qg - qo) ’ x 7(7h). (35)
Th 1
Then fix j € [h] and consider the term > __ | Hf:jﬂ thahl (ij}aj,j_Mijaj ) br s H1 X7 (Th)
in (35). We have
Z H ol a; l< 0j,a;5,j Mojvajvj) ' ij—l X W(Th)
1

Th l=75+1

X T(Tjg1:0|75)
1

I | Ol ag,l ( 0j,a;,j Moj’ajs.j) ’ ijfl

l=7+1

=> w(r) >

Tj+1:h
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- (T5), (36)
1

U !
= o Z M0j7ajxj - Moj»ajvj 'ij—l
Tj

where the last step comes from Lemma 16.

Similarly, apply Lemma 16 to the second part of (35) and we have

by

Th

h

T8 (5 = 0) | 7)< 20y - . @
=1

Substituting (36) and (37) into (35), we can obtain

h
Z H ou,ay,l HMOz,az, qo0
Th =1
IUA\
ZZ ” Ozyaz, Oz,az,l] n,l||1 X 77(7'1) + ||C]§ —qoll1 ).

=1 7

x (Th)

This concludes our proof.

J.3 PROOF OF LEMMA 16

First, based on Lemma 12, we have chosen m(, 4 4),;,; ¢ to belong to the column space of K, 1.y,
which implies that

Z HMOJ“Jfo

Tir:ge  J=J1

Z H< H M017a]7.7 ij1 1; f) <KJT1—1;f‘T>

X (7)o [T —1)

X T(Tjy o | Tj—1)-
1

Note that since the [-th column of Kj, 1.5 is ¢.1 Sl the [-th core history at step j; — 1 under the
J1—Lif?
model induced by f, we have for any | € [dpsgr, j,—1.f],

X T(Tjy:ja [ Tj—1)
1

J2
Z ‘ < H MDJV‘ljaj?ij11§fel>

Tj1:d2 J=0

J2
Z Z H< H Mo.iﬁa_jvj:,ijll;fel)

Oj1:2 Aj1:da J=J1

= > Y Pl 104144 @) )P (055 T 155 A0, 50— 1)) T (051 i) [T -1)

0j1:jg Ajq:ig WEU p 41

T((0j1:42 > Ajr:jo )| Tjr —1)
1

= Z Z Z ]P)f(u|( Tj1—15Ojf1:j2s gy jz)) Pf(0j1lj2|7-]l'1—1;f;do(ajlijz—l))ﬂ-((ojlijzvaj11j2)|7-j1—1)

Oj1:ja Ajrija | WEUjp4+1

UAL Y S D Pr(0jynlTh, 1,53 d0(a, 50 —1))T (041150 @) T3 —1)

Oj1:d2 j1:da

< |Ua.

IN

Here in the second step 7((0j,.5,,@j,:j,)|Tj, —1) denotes H;ijl m(a;|75,-1,0j,:5, aj,:j—1) and the
third step comes from Lemma 4.
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Therefore we have

J2
()

Ti1:d2 J=n

X 7T(leijz |Tj1*1)
1

Ul
S o
1

(0%

where the third step comes from Assumption 3. This concludes our proof.

K NECESSITY OF 1/a IN THEOREM |1

In this section we show that the polynomial dependence on 1/« in Theorem 1 is inevitable in general.
More specifically, we have the following theorem:

Theorem 3. Forany 0 < a < ﬁ and H, | A| € N, there exists a PSR with core test set U, = O

for h € [H] and |S| = |O] = O(1) which satisfies Assumption 1 so that any algorithm requires at
least Q(min{ 7, | A|¥~1}) samples to learn a (1/2)-optimal policy with probability 1/6 or higher.

Theorem 3 indicates that scaling with 1/« is unavoidable or else the algorithm will require an
exponential number of samples to learn a near optimal policy. The proof is deferred to Appendix K.1.

K.1 PROOF OF THEOREM 3

We leverage the hard instance constructed in [37] to prove the lower bound, which is based on
combinatorial lock. More specifically, we define a POMDP as follows:

* State space: There are two states, S = {sg, S }.

* Observation space and emission matrices: There are three observations, O = {og7 Ob, Odummy 1.
For h € [H — 1], we define the emission matrix as follows:

V2a 0
Oy, = 0 V2«
1—v2a 1-+v2a

1 0
@H<o 1>_
0 0

This means that with probability o we can observe the current state and with probability 1 — o we
only receive a dummy observation at step h € [H — 1]. At step H, though, we are able to observe
the current state.

For h = H, we have

* Action space and transition kernels: There are |.A| actions and the initial state is fixed as sg.
For each step h € [H — 1], there exists a good action a4 € A which is chosen uniformly at
random from A such that if the agent is currently in s, = s, and takes a, , it will stay in s, i.e.,
Sp41 = Sg. Otherwise, the agent will always go t0 sp4.1 = Sp.

* Reward: We define r;(0) = O forall h € [H — 1] and 0o € O. Atstep H, rg(og4) = 1 while
ra(op) = 0. This indicates that the agent will receive reward 1 iff the agent takes a, j, along its
way.

Since this POMDP satisifes weakly-revealing condition, we know O is its core test set. Next
we show that this POMDP satisfies Assumption 1. First it is can be observed that Ky = qp =

(vV2a,,0,1 — v/2a) T and we can verify that
155111 < 1/

Then for any h € [H — 1] and reachable history 7y, if 1.5, = g,1:h, WE have

P(sht1 = sg|h) = 1,P(Sh41 = sp|mn) =0,
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which implies that
P(Oh+1 = Og|Th) = \/EQ,P(Oh+1 = OblTh) = O,P(Oh+1 = Odummy‘Th) =1- \/50[.

Otherwise, if there exists A’ € [h] such that aj,, # a4 5, then we have
P(Sh—o—l = 5b|Th) = 1,P(Sh+1 = Sg"l'h) = 0,

which implies
P(0n+1 = 0b|h) = V20, P(0p11 = 0g|7h) = 0,P(0h+1 = Odummy|7h) = 1 — V20

This suggests that K, = Qp4q for h € [H — 1]. On the otherhand, since opin(Kp) =
Omin(Opy1) > V2a, we have for h € [H - 1],

1K 11 < V2IE ||z < V2/(V20) = 1/a.
This shows that the constructed POMDP satisfies Assumption 1.

Now we only need to show that the constructed POMDP attains the lower bound in Theorem 3. This
has been proved in [37] and we include the proof here for completeness.

Suppose we can only interact with the POMDP for T' < | 3 \/%a HJ episodes. Then we know the

probability that both s, and s;, only emit 0qummy in the first H — 1 steps for all 1" episodes is lower

bounded by (1 — v/2a)!/(V2%) since 2 | 52— |- (H — 1) < 1/(V2a).

Now conditioned on the event that both s, and s; only emit 04ummy in the first H — 1 steps for all T’
episodes, we can only random guess the optimal action sequence a4 1.;7—1. Thenif T < [A|7~1/10,
the probability that we fail to guess the optimal action sequence is

(o0

Therefore, with probability 0.9 x (1 — v/2a)'/ (V2) > 1 /6, the agent can only learn that the action
sequences it chooses in these 1" episodes is incorrect, which implies that the agent can only random
guess from the remained action sequences. Therefore, if T < |.A|#~1/10, the policy that the agent
outputs will be worse than 1/2-optimal, which concludes our proof.
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