Provable Partially Observable Reinforcement
Learning with Privileged Information

Yang Cai'’  Xiangyu Liu?  Argyris Oikonomou' Kaiqing Zhang?
1 Yale University 2University of Maryland, College Park
yang.cai@yale.edu, xyliu999@umd.edu
argyris.oikonomou@yale.edu, kaiqing@umd.edu

Abstract

Partial observability of the underlying states generally presents significant chal-
lenges for reinforcement learning (RL). In practice, certain privileged information,
e.g., the access to states from simulators, has been exploited in training and has
achieved prominent empirical successes. To better understand the benefits of priv-
ileged information, we revisit and examine several simple and practically used
paradigms in this setting. Specifically, we first formalize the empirical paradigm
of expert distillation (also known as teacher-student learning), demonstrating its
pitfall in finding near-optimal policies. We then identify a condition of the partially
observable environment, the deterministic filter condition, under which expert dis-
tillation achieves sample and computational complexities that are both polynomial.
Furthermore, we investigate another successful empirical paradigm of asymmetric
actor-critic, and focus on the more challenging setting of observable partially
observable Markov decision processes. We develop a belief-weighted asymmetric
actor-critic algorithm with polynomial sample and quasi-polynomial computational
complexities, in which one key component is a new provable oracle for learning
belief states that preserves filter stability under a misspecified model, which may
be of independent interest. Finally, we also investigate the provable efficiency of
partially observable multi-agent RL (MARL) with privileged information. We
develop algorithms featuring centralized-training-with-decentralized-execution,
a popular framework in empirical MARL, with polynomial sample and (quasi-
)polynomial computational complexities in both paradigms above. Compared with
a few recent related theoretical studies, our focus is on understanding practically
inspired algorithmic paradigms, without computationally intractable oracles.

1 Introduction

In most real-world applications of reinforcement learning (RL), e.g., perception-based robot learning
[46, 3], autonomous driving [73, 41], dialogue systems [88], and clinical trials [77], only partial
observations of the environment state are available for sequential decision-making. Such partial
observability presents significant challenges for efficient decision-making and learning, with known
computational [66] and statistical [43, 36] barriers under the general model of partially observable
Markov decision processes (POMDPs). The curse of partial observability becomes severer when
multiple RL agents interact, where not only the environment state, but also other agents’ information,
are not fully-observable in decision-making [85, 80].

On the other hand, a flurry of empirical paradigms has made partially observable (multi-agent) RL
promising in practice. One notable example is to exploit the privileged information that may be
available (only) during training. The privileged information usually includes direct access to the
underlying states, as well as access to other agents’ observations/actions in multi-agent RL. (MARL),
due to the use of simulators and/or high-precision sensors for training. The latter is also known as
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the centralized-training-with-decentralized-execution (CTDE) framework in deep MARL, and has
become prevalent in practice [53, 70, 22, 82]. These approaches can be mainly categorized into
two types: 1) privileged policy learning, where an expert/teacher policy is trained with privileged
information, and then distilled into a student partially observable policy. This expert distillation,
also known as teacher-student learning, approach has been the key to some empirical successes in
robotic locomotion [45, 59] and autonomous driving [14]; ii) privileged value learning, where a value
function is trained conditioned on privileged information, and used to improve a partially observable
policy. It is typically instantiated as the asymmetric actor-critic algorithm [68], and serves as the
backbone of some high-profiled successes in robotic manipulation [46, 3] and MARL [53, 82].

Despite the remarkable empirical successes, theoretical understandings of partially observable RL
with privileged information have been rather limited, except for a few recent prominent advances
in RL with hindsight observability [44, 30] (see Appendix B for a detailed discussion). However,
most of these theoretically sound algorithms are different from those used in practice, and require
computationally intractable oracles to achieve provable sample efficiency. The soundness and
efficiency of the aforementioned paradigms used in practice remain elusive. In this work, we
examine both paradigms of expert distillation and asymmetric actor-critic, with foresight privileged
information as in these empirical works. In contrast to [44, 30], which purely focused on sample
efficiency, we aim to understand the benefits of privileged information by examining these practically
inspired paradigms under several POMDP models, without computationally intractable oracles. We
defer a detailed literature review to Appendix B, and summarize our contribution as follows.

Contributions. We first formalize the empirical paradigm of expert distillation, and demonstrate
its pitfall in distilling near-optimal policies even in observable POMDPs, a model class that was
recently shown to allow provable partially observable RL without computationally intractable oracles
[25]. We then identify a new condition for POMDPs, the deterministic filter condition, and establish
sample and computational complexities that are both polynomial for expert distillation. The new
condition is weaker and thus encompasses several known (statistically) tractable POMDP models (see
Figure 1 for a summary). Further, we revisit the asymmetric actor-critic paradigm and analyze its
efficiency under the more challenging setting of observable POMDPs above (where expert distillation
fails). Identifying the inefficiency of vanilla asymmetric actor-critic, and inspired by the empirical
success in belief-state-learning, we develop a new belief-weighted version of asymmetric actor-
critic, with polynomial-sample and quasi-polynomial-time complexities. Key to the results is a new
belief-state learning oracle that preserves filter stability under a misspecified model, which may be
of independent interest. Finally, we also investigate the provable efficiency of partially observable
multi-agent RL with privileged information, by studying algorithms under the CTDE framework,
with polynomial-sample and (quasi-)polynomial-time complexities in both paradigms above.

2 Preliminaries
2.1 Partially Observable RL (with Privileged Information)

Model. Consider a POMDP characterized by a tuple P = (H,S,A,O,T,0, u1,r), where H
denotes the length of each episode, S is the state space with |S| = S, A denotes the action space
with |A| = A. We use T = {T},},e[p)] to denote the collection of transition matrices, so that
Tx(-|s,a) € A(S) gives the probability of the next state if action « is taken at state s and step h. In
the following discussions, for any given a, we treat T, (a) € RISIXISI ag a matrix, where each row
gives the probability for reaching each next state from different current states. We use x4; to denote
the distribution of the initial state s1, and O to denote the observation space with |O| = O. We use
O = {On}hem) to denote the collection of emission matrices, so that Oy (- | s) € A(O) gives the
emission distribution over the observation space O at state s and step h. For notational convenience,
we will at times adopt the matrix convention, where Q, is a matrix with rows Oy, (- | s) foreach s € S.
Finally, r = {rp, } s is a collection of reward functions, so that r,,(s,a) € [0, 1] is the reward
given the state s and action a at step h. When privileged information is available, the agent can
observe the underlying state s € S directly during training (only). We thus denote the trajectory until
step h with states as T, = (81.h, 01:h, @1:.n—1), the one without states as 7, = (01.p, @1.h—1), and its
space as Tj. Finally, we use by, (75,) to denote the posterior distribution over the underlying state at
step h given history 75, which is known as the belief state (c.f. Appendix C.1 for more details).

Policy and value function. We define a stochastic policy at step h as:
T O x AT 5 A(A), Q2.1



where the agent bases on the entire (partially observable) history for decision-making. The cor-
responding policy class is denoted as II,. We further denote II = Xj¢[pIl,. We also define
e = {my.p | 7« S x OF x A"~ — A(A) for h € [H]} to be the most general policy space
in partially observable RL with privileged state information, which can potentially depend on all
historical states, observations, and actions. It can be seen that I[ICII#*". We may also use policies
that only receive a finite memory instead of the whole history as inputs: fix an integer L > 0, we
define the policy space IT to be the space of all possible policies ™ = 1.5 := (73) helH) such that
Tt Zn — A(A) with 2, := Oin{Ehl o gmin{Lh} for each h € [H]. Finally, we define the
space of state-based policies as IIs, i.e., forany m = 71,y € lg, 7, : S = A(A) forall h € [H].

Given the POMDP model P, we write PT vsarnonp~r(E) to denote the event £ when

($1:H+1,01.5,01.1) is drawn as a trajectory following the policy 7 in the model P. We will also use
the shorthand notation P™ 7 (-) if (s1.5741, 1.5, 01.57) is evident. We write E”[] to denote the ex-

pectation similarly. We define the value function at step h as Vh”’P(yh) = Ef[Zf:h re(st, at) | ynl,
denoting the expected accumulated rewards from step h, where y;, C (S1.4, 01:h, @1.h—1), and we
slightly abuse the notation by treating as a set the sequence of states s1.5, the sequence of observations
01.1, and the sequence of actions aj.;—1 up to time h, which are the available information to the
agent at step h. We say ¥, is reachable if there exists some policy 7 € I1&" such that P™7 (3,) > 0.

For h = 1, we adopt the simplified notation v” (1) = EP[S 1, 74 (sn, an)]. Meanwhile, we also
define QZ’P(yh, ap) = EP [Zih r4(S¢,at) | yn, an]. We denote the occupancy measure on the
state space as dZ’P(sh) = P™P(s},). The goal of learning in POMDPs is to find the optimal policy
that maximizes the expected accumulated reward over the policies that take 73, as input at each step
h € [H], i.e., those w € II. Formally, we define:

Definition 2.1 (e-optimal policy). Given ¢ > 0, a policy 7* € II is e-optimal, if v”(7*) >
max e v’ (7) — €.

Learning with privileged information. Common RL algorithms for POMDPs deal with the
scenario where during both the training and test time, the agent can only observe its historical
observations and actions 7, at step h, while the states are not accessible. In other words, the agent can
only utilize policies from II to interact with the environment. In contrast, in settings with privileged
information, e.g., training in simulators and/or using sensors with higher precision, the underlying
state can be used in training. Thus, the agent is allowed to utilize policies from the class I1#" during
training. Meanwhile, the objective is still to find the optimal history-dependent policy in the space of
11, since at test time, the agent cannot access the state information anymore, and it is the performance
for such policies that matters eventually. For simplicity, we assume the reward function is known
since under our privileged information setting, learning the reward function is much easier than
learning the transition and emission, and the sample/computational complexity for the former is
dominated by that for the latter. This assumption has also been made for learning in POMDPs without
privileged information [36, 47, 48].

2.2 Partially Observable Multi-agent RL with Information Sharing

Partially observable stochastic games (POSGs) are a natural generalization of POMDPs with multiple
agents of potentially independent interests. We define a POSG with n agents by a tuple G =
(H,S,{A:}1,{0:} 1, T, 0, 1, {r:}",), where each agent 7 has its individual action space A;,
observation space O;, and reward function r; = {r; s }ne(p) With r; 5(s,a) € [0, 1] denoting the
reward given state s and joint action a for agent ¢ at step h. An episode of POSG proceeds as follows:
at each step h and state sy, a joint observation is drawn from (0; ,)ie[n] ~ O (- | s1), and each agent
receives its own observation o; j, takes the corresponding action a; j,, obtains the reward 7; ,(sp, an ),
where ay, := (a;,1)ic[n)> and then the system transitions to the next state as sp11 ~ Ty (- | sn,an).
Notably, each agent ¢ may not only know its local information (0; 1.1, @; 1:5—1), but also information
from some other agents. Therefore, we denote the information available to each agent 7 at step h also as
Ti.h C (01:,a1:1,—1) and define the common information as cp, = Nie[n] Tish and private information
as pi.n = Tipn \ ch. We denote the space for common information and private information as C, and
P;,n, for each agent i and step h. The joint private information at step / is denoted as pr, = (pi,n)ie[n]s
where the collection of the joint private information is given by P, = P1p X -+ X Pp . We
refer more examples of this setting of POSG with information-sharing to Appendix C.2 (and also
[62, 63, 51]). Correspondingly, the policy each agent i deploys at test time takes the form of
Tih © Qp X Cp, X Pip — A(A;), where Q, is the space of random seeds. We denote the policy
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space for agent 4 as II,. If 7, ;, takes the state sp, instead of (cp, p;, ) as input, we denote its policy
space as Ils ;, e.g., for each agent ¢, and policy 7. € Ils;, we have m; , : S — A(A;) for each
step h € [H]. Similar to the POMDP setting, we define II&" to be the most general policy space, i.e.,
e = {mry.py | 7 : S" x O x A"=1 — A(A) for h € [H]}. Note that this model covers several
recent POSG models studied for partially observable MARL, e.g., [49, 27]. For example, at each
step h, if there is no shared information, then ¢, = (), and if all history information is shared, then
pi.p, = 0 for all i € [n]. In privileged-information-based learning, the training algorithm may exploit
not only the underlying state information, but also the observations and actions of other agents.

Solution concepts. The solution concepts for POSGs are usually the equilibria, particularly Nash
equilibrium (NE) for two-player zero-sum games (i.e., when n = 2 and 71 5, + ro, = 1),! and
correlated equilibrium (CE) or coarse correlated equilibrium (CCE) for general-sum games. We defer
the formal definitions of these standard solution concepts to Appendix C.2.

2.3 Technical Assumptions for Computational Tractability

A key technical assumption is that the POMDPs/POSGs we consider satisfy an observability assump-
tion, as outlined below. This observability assumption allows us to use short memory policies to
approximate the optimal policy, and yields quasi-polynomial-time complexity for both planning and
learning in POMDPs/POSGs [26, 25, 51]. Meanwhile, we defer an additional assumption to ensure
the traceability for solving POSGs to Appendix C.3.

Assumption 2.2 (y-observability [20, 26, 25]). Lety > 0. For h € [H], we say that the matrix O,
satisfies the y-observability assumption if for each b € [H], forany b, 8" € A(S), ||O) b — O V|| 2>
v ||b — b'||; . A POMDP/POSG satisfies y-observability if all its Oy, for b € [H] do so.

3 Revisiting Empirical Paradigms of RL with Privileged Information

Most empirical paradigms of RL with privileged information can be categorized into two types: i)
privileged policy learning, where the policy in training is conditioned on the privileged information,
and the trained policy is then distilled to a policy that does not take the privileged information as
input. This is usually referred to as either expert distillation [14, 64, 58] or teacher-student learning
[45, 59, 75] in the literature; ii) privileged value learning, where the value function is conditioned on
the privileged information, and is then used to directly output a policy that takes partial observation
(history) as input. One prominent example of ii) is asymmetric-actor-critic [68, 3]. It is worth
noting that asymmetric-actor-critic is also closely related to one of the most successful paradigms
for multi-agent RL, centralized-training-with-decentralized-execution [53, 86, 21], which is usually
instantiated under the actor-critic framework, with the critic taking privileged information as input

'Note that we require 71 5 + 72,5, to be 1 instead of 0 to be consistent with our assumption that r; 5, € [0, 1]
for each 7 € [0, 1], and this requirement does not lose optimality as one can always subtract the constant-sum
offset to attain a zero-sum reward structure.



in training. Here we formalize and revisit the potential pitfalls of these two paradigms, and further
develop theoretical guarantees under certain additional conditions and/or algorithm variants.

3.1 Privileged Policy Learning: Expert Policy Distillation

The motivation behind expert policy distillation is that learning an optimal fully observable policy
in MDPs is a much easier and better-studied problem with many known efficient algorithms. The
(expected) distillation objective can be formalized as follows:

H
~x . P *
7' € argmin B }}71ij (wh(- o) |ma (-1 7)) | 3.1)

where ©/ € TII#" is some given behavior policy to collect exploratory trajectories, ™ €
arg max ems v’ () denotes the optimal fully observable policy, and D denotes the general f-
divergence to measure the discrepancy between 7* and 7.

Such a formulation looks promising since it essentially circumvents the challenging issue of ex-
ploration in partially observable environments, by directly mimicking an expert policy that can be
obtained from any off-the-shelf MDP learning algorithm. However, we point out in the following
proposition that even if the POMDP satisfies Assumption 2.2, the distilled policy can still be strictly
suboptimal even with infinite data, i.e., by solving the expected objective Equation (3.1) completely.
We postpone the proof of Proposition 3.1 to Appendix E.

Proposition 3.1 (Pitfall of expert policy distillation). Forany €, € (0, 1), there exists a y-observable
POMDP P€ with H = 1, S = O = A = 2 such that for any behavior policy ' € IT&*" and choice of

Dy in Equation (3.1), it holds that v (7*) < max e 0P (r) — (=201,

The key reason Equation (3.1) fails is that in general, the underlying state can remain highly uncertain
even given the full history. Thus, the distilled policy may not be able to mimic the state-based expert
policy well at different states sy, if the associated 7} (- | sp,) differs significantly across s;,. To see how
we may rule out such an issue, notice that if ¥ = 1 (note that according to Assumption 2.2, we have
v is at most 1 since v < ||Op |00 < 1), implying that the observation can decode the underlying state,

the bound in Proposition 3.1 becomes vacuous. Inspired by this, we propose the following condition
that incorporates this case of v = 1, and will be shown to suffice to make expert distillation effective.

Definition 3.2 (Deterministic filter condition). We say a POMDP P satisfies the deterministic
filter condition if for each h > 2, the belief update operator under P satisfies that there exists
an unknown function ¥, : S x A x O — § such that for any reachable s, _; € S, o € O,
ap—1 € A, Up(b*r=t;ap,_1,0p) = b¥r(sh—1.an-1,00) \where we define for any s € S, b° € A(S)
and b*(s) = 1 is a one-hot vector. In addition, for h = 1, there exists a function ¢y : O — S
such that for any reachable 01, By(p1;01) = b¥1(°0), where By (b; o) := BT (-] on) € A(S),
Uy (b;ap—1,0p) := IP’ZHINZ)(- |an—1,0n-1) € A(S) are the belief update operators under the Bayes

rule for any b € A(S), for which we defer the formal introduction to Appendix C.1.

Notably, this condition is weaker than and thus covers several known tractable classes of POMDPs
with sample and computation efficiency guarantees including Block MDP, deterministic POMDP,
k-decodable POMDP as well as a new setting we have identified and existing literature cannot handle.
We refer the formal introduction to Appendix E and Figure 1 for an illustration.

In light of the pitfall in Proposition 3.1, we will analyze both the computational and statistical
efficiencies of expert distillation in Section 4, under the condition in Definition 3.2.

3.2 Privileged Value Learning: Asymmetric Actor-Critic

Asymmetric actor-critic [68] iterates between two procedures as in standard actor-critic algorithms
[42]: policy improvement and policy evaluation. As the name suggests, its key difference from
the standard actor-critic is that the algorithm maintains ()-value functions (the critic) based on the
state/privileged information, while the policy receives only the (partially observable) history as input.

Policy evaluation. At iteration ¢ — 1, given the policy 7¢~!, the algorithm estimates Q)-functions
in the form of {Qz_l(Th, Sh,an) }ne[r]» Where we adopt the “unbiased” version [6] such that Q-



functions are conditioned on both the history and the states. > One key to achieving sample efficiency
is by adding some bonus terms in policy evaluation to encourage exploration, i.e., obtaining some
optimistic (Q-function estimates, similarly as in the fully-observable MDP setting, see e.g., [11, 74],
for which we defer the detailed introduction to Section 4.

Policy improvement. At each iteration ¢, given the critic {Qifl (Th, Sk, an) }nea for w1, the
vanilla asymmetric actor-critic algorithm updates the policy according to the sample-based gradient
estimation via K trajectories {s},;;, 1, 0%. 7, af. e[k sampled from 7/~

_ A _ _
7'« PrOJ | 7 1—1—% Z Z V. log 7}, 1(a’ﬁ|7‘;’f) 4 1(7’;’?,5}2,@]2) , (3.2)
k€[K]| he[H]

where ) is the step-size and PROJp; is the projection operator onto the space of 11, which corresponds
to projecting onto the simplex of A(A) for each h € [H]. Here we point out the potential drawback of
the vanilla algorithm as in [68, 6], where the key insight is that for each iteration of policy evaluation
and improvement, one roughly only performs the computation of order O(K H ), while needing to
collect K new episodes of samples. Thus, the sample complexity will scale in the same order as
the computational complexity when the algorithm converges after some iterations to an e-optimal
solution, which will be super-polynomial even for y-observable POMDPs [27]. Proof of the result is
deferred to Appendix E.

Proposition 3.3 (Inefficiency of vanilla asymmetric actor-critic). Under the tabular parameteri-
zation for both the policy and the value function, the vanilla asymmetric actor-critic algorithm
(Equation (3.2)) suffers from super-polynomial sample complexity for y-observable POMDPs under
standard hardness assumptions.

To address such an issue, one may need to perform more computation per iteration, so that although
the total computational complexity (iteration number X per-iteration computational complexity) is
super-polynomial, the total iteration number can be lower such that the total sample complexity may
be lower as well. This desideratum is hard to achieve if one computes policy update only on the
sampled trajectories 7, per iteration, i.e., update asynchronously, since this will couple the scales
of computational and sample complexities similarly as Equation (3.2). In contrast, we first propose
to update all trajectories per iteration in a synchronous way, with the following proximal-policy
optimization-type [72] policy improvement update with the state-history-dependent ()-functions

{Qz_l(ThaSh,ah)}hQ[H]:
WZ( "Th) X 71';:1(~ | Th) exp (n]Eshth(Th) [Q;;l(Th,sh, )]) ,Vh S [H],Th S 771, 3.3)

where we recall b (7,) € A(S) denotes the belief state and » > 0 is the learning rate. This
update rule also reduces to the natural policy gradient (NPG) [40] update under the softmax policy
parameterization in the fully-observable case [1], when updated for each state s;, separately [74]. We
defer the detailed derivation of Equation (3.3) to Appendix E.

However, such an update presents two challenges: (1) It requires enumerating all possible 77,, whose
number scales exponentially with the horizon, making it still computationally intractable; (2) An
explicit belief function by, is needed. Motivated by these two challenges, we propose to consider finite-
memory-based policy and assume access to an approximate belief function {b)"" : Z), — A(S)}ne(n
(the learning for which will be made clear later). Correspondingly, the policy update is modified as:

mh(- | zn) oc mh (| 1) exp (ﬁEshNb;?*(zh) [Q) " (2n, 5h, )D ,Vh € [H], 2z, € Zp,.

Then we develop and analyze one possible approach to learning such an approximate belief efficiently
(c.f. Section 5). It is worth noting that the policy optimization algorithm we aim to develop and
analyze does not depend on the specific algorithm approximate belief learning. Such a decoupling
enables a more modular algorithm design framework, and can potentially incorporate the rich
literature on learning approximate beliefs in practice, see e.g., [24, 65, 16, 87, 83], which has mostly
not been theoretically analyzed before. We will thus analyze such an oracle in Section 5.

2As pointed out in [6], the original asymmetric actor-critic [68], where the value function was only conditioned
on the state, is a biased estimate of the actual history-conditioned value function that appears in the policy
gradient in the infinite-horizon discounted setting. We verify that such a state-based value function is indeed also
biased under our finite-horizon setting, see Remark E.1 for an example. We will thus use the unbiased value
function estimate conditioned on both the state and the history throughout.



4 Provably Efficient Expert Policy Distillation

We now focus on the provable correctness and efficiency of expert policy distillation, under the
deterministic filter condition in Definition 3.2. We will defer all the proofs in this section to
Appendix F. Definition 3.2 motivates us to consider only succinct policies that incorporate an
auxiliary parameter representing the most recent state, as well as the most recent observations
and actions. We consider policies that are the composition of two functions: at step h a function

RS X Ax O — S that decodes the state based on the previous state, the most recent action,
and the most recent observation, and a policy 7% € Ils that takes as input the current (decoded)
underlying state and outputs a distribution over actions.

Definition 4.1. We define a policy class I1” as:

1P = {7} (gn(sh-1,an-1,01)) 1 gh : S X Ax O = 8,7} : S — A(A)}he[H] ,

where 7% stands for an arbitrary expert policy, and II” stands for the distilled policy class, and
for h = 1, ag, s¢ are some fixed dummy action and state. Intuitively, the distilled policy = € 11"
executes as follows: it firstly decodes the underlying states by applying {gn } ne[#] recursively along
the history, and then takes actions using 7% based on the decoded states.

Our goal is to learn the two functions independently, that is, we want to learn an approximately
optimal policy 7¥ € IIs with respect to the MDP M derived from POMDP P by omitting the
observations and observing the underlying state (see Definition 4.2 for a formal definition), and for
each step h € [H], a decoding function gp,(Sp—1, an—1,0p) such that the probability of incorrectly
decoding a state-action-observation triplet over the trajectories induced by the policy 7¥ is low.
Definition 4.2 (POMDP-induced MDP). Given a POMDP P = (H,S, A, O, T, O, pu1,7), we define
its associated Markov Decision Process (MDP) M as M = (H,S, A, T, u1,r) without observations.
Definition 4.3. Consider a POMDP P that satisfies Definition 3.2, and let ¢ = {91, } ne[#] be the
promised set of functions that always correctly decode a state-action-observation triplet into an

underlying state. Consider policy 7% = {mf (¢)(:)) : S x Ax O — A(A)}pem) € IIP. We slightly

abuse the notation and simply denote by v¥ (1) = v¥ (7 F).

Lemma 44. Let P = (H,S,A4,0,T,0, pu;,r) be a POMDP that satisfies Definition 3.2,
and consider a policy ¥ € IIs. Consider a set of decoding functions {9ntnerm

such that, pr”.P [3h € [H] : gn (Sh—1,ah—-1,0n) # Sn] < e. Consider the policy m =
{7f (gn()) : Sx Ax O — A(A)}he[H] on the POMDP P, then: v” (1) > v”(7¥) — He.

We can use any off-the-shelf algorithm to learn an approximate optimal policy 7 for the associated
MDP M (see Definition 4.2). Thus, in the rest of the section, we focus on learning the decoding
function {gx }, iy To efficiently learn the decoding function, we model the access to the underlying
state by keeping track of the most recent pair of the action and the observation, as well as the two
most recent states. We summarize the algorithm of decoding-function learning in Algorithm 1.

Theorem 4.5. Consider a POMDP P that satisfies Definition 3.2, a policy 7¥ ¢ Ils, and let
{9n}ne[m) be the output of Algorithm 1 with M = w. Then, with probability at

least 1 — 4, for each step h € [H]: P*°P [3h e [H]: gn (sh 1,0h—1,0n) # Sn] < €, using
POLY(H, 4,0, S, %,log (1)) episodes in time POLY (H, 4,0, S, 1 ,1og (})).

The following is an immediate consequence of Lemma 4.4 and Theorem 4.5. Note that both the
sample and computation complexities are polynomial, which is in stark contrast to the k-decodable
POMDP case [19] (a special one covered by our Definition 3.2), for which the sample complexity is
necessarily exponential in k when there is no privileged information [19]. In fact, thanks to privileged
information, the complexities are only polynomial in horizon H even when the decodable length is
unknown. For the benefits of using privileged information in several other subclasses of problems,
we refer to Table 1 for more details.

Theorem 4.6. Let P satisfy Definition 3.2 and consider any policy 7¥ € IIs. Using
POLY(H, A, 0, S, %,log (%)) episodes and in time POLY (H, A, O, S, £, log (%) we can compute
apolicy w € HD (see Definition 4.1) such that with probability at least 1 — 4, v” (1) > v” (7F) — .
Extension to the case with general function approximation. Due to the modularity of our
algorithmic framework and its compatibility with supervised learning oracles, it can be readily

generalized to the function approximation setting to handle large observation spaces. We defer the
corresponding results to Appendix G.



5 Provable Asymmetric Actor-Critic with Approximate Belief Learning

Unlike most existing theoretical studies on provably sample-efficient partially observable RL [36,
25, 47], which directly learn an approximate POMDP model for planning near-optimal policies, we
consider a general framework with two steps: firstly learning an approximate belief function, followed
by adopting a fully observable RL subroutine on the belief state space.

5.1 Belief-Weighted Optimistic Asymmetric Actor-Critic

We now introduce our main algorithmic contribution to the privileged policy learning setting. Our
algorithm is conceptually similar to the natural policy gradient methods [40, 1, 74] in the fully-
observable setting, with additional weighting over the states s;, using some learned belief states, to
handle the additional state-dependence in the asymmetric critic. The overall algorithm is presented
in Algorithm 2. The algorithm requires a belief-learning subroutine that takes the stored memory
as input and outputs a belief about the underlying state (c.f. {b;ILp 1 ne[m)])- Additionally, similar to
the fully observable setting, we include a subroutine to estimate the )-function, which introduces
additional challenges due to partial observability (see Appendix H). We establish the performance

guarantee of Algorithm 2 in the following theorem. We defer the proof to Appendix H.

Theorem 5.1 (Near-optimal policy). Fix €, € (0, 1). Given a POMDP P and an approximate belief
{6 : 2, = A(S)}he(m), with probability at least 1 — 4, Algorithm 2 can learn an approximate opti-
mal policy * of P in the space of IT* such that v” (7*) > max, ¢z v” (1) — O(e + H?€peliet), With
sample complexity POLY (S, A, O, H, %, log %) and time complexity POLY (S, A, O, H, Z, %, log %)
where epejier is the belief-learning error defined as epelier := Maxje[p) MaxX,cyrr EP||by () —
b (z1)|l1 and Z := maxcy) |Z,|. Furthermore, if P is additionally y-observable (c.f. As-
sumption 2.2), then 7* is also an approximate optimal policy in the space of II such that
vP (%) > maxger v (1) — O(e + H2epelicr), as long as L > Q(y 4 log(SH/e)).

5.2 Approximate Belief Learning

At a high level, our belief-learning algorithm first learns an approximate POMDP model P by
explicitly exploring the state space. The main technical challenge here is that there may exist states that
are reachable with very low probability, making it infeasible to collect enough samples to sufficiently
explore them, thus potentially breaking the y-observability property of the ground-truth model P. To
circumvent this issue, we ignore such hard-to-visit states and redirect probabilities flowing to them to
certain other states. Thus, in our truncated POMDP, where each state is sufficiently explored, we can
approximate the transition and emission matrices to a desired accuracy uniformly across all the states
and preserve the ~y-observability property. This ensures that the learned approximate belief function
in the truncated POMDP is sufficiently close to the actual belief function of the original POMDP P.
Note that the key to achieving belief learning with both polynomial sample and time complexities is
our explicit exploration in the state space, which relies on executing fully observable policies from an
MDP learning subroutine. We remark that the belief function may also be learned even if the state
space is only explored by partially observable policies, thus utilizing only hindsight observability may
be sufficient for this purpose [44]. However, for such exploration to be computationally tractable,
one requires to avoid using computationally intractable oracles for POMDP learning, which is in fact
our final goal. We present the guarantees in the next theorem and postpone the proof to Appendix H.

Theorem 5.2. Consider a y-observable POMDP P (c.f. Assumption 2.2) and assume that
L > Q(y*log(SH/e)) foran € > 0. Then, we can learn an approximate belief {b}"" } ),z from Al-

. . ~ a2 2 3 2 4 42176 . .
gorithm 4 using O (£~AH Oejs AH” 4 3 é«,g Q) episodes in time POLY (S,H,A,O,%,%,log (%))

such that with probability at least 1 — 4, for any 7 € II” and h € [H], ET||by(74) — b} (2)]1 < e

Theorem 5.2 shows that an approximate belief can be learned with both polynomial samples and
time, which, combined with Theorem 5.1, yields the final polynomial sample and quasi-polynomial
time guarantee below. In contrast to the case without privileged information [25, 27], the sample
complexity is reduced from quasi-polynomial to polynomial for y-observable POMDPs. Note that
the computational complexity remains quasi-polynomial, which is known to be unimprovable even
for planning [27]. The key to such an improvement, as pointed out in Section 3.2, is the more
practical update rule of actor-critic (in conjunction with our belief-weighted idea), which allows more
computation at each iteration (instead of only performing computation at the sampled finite-memory).
This allows the total computation to remain quasi-polynomial, while the overall sample complexity
becomes polynomial. A detailed comparison can be found in Table 1.
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Figure 2: Results for POMDPs of different sizes, where our methods achieve the best performance
with the lowest sample complexity (VI: value iteration; AAC: asymmetric actor-critic).

Theorem 5.3. Let P be a y-observable POMDP (c.f. Assumption 2.2), and consider L >

—4 loggSH /e)) for an e > 0. With probability at least 1 — J, Algorithm 2 can learn a pol-
1cy 7 € ¥ such that v” () > max, e v” (7') — €, using POLY(S, H, 1/¢,1/7v,1log(1/6), 0, A)
episodes and in time POLY (S, H, 1/¢,log(1/4), OF, AL).

6 Numerical Validation

We now provide some numerical results for both of our principled algorithms. Here we mainly
compare with two baselines, the vanilla asymmetric actor-critic [68], and asymmetric ()-learning [7],
on two settings, POMDP under the deterministic filter condition (c.f. Definition 3.2) and general
POMDPs. We report the results in Table 2 and Figure 2, where our algorithms converge faster to
higher rewards. We defer the implementation details and discussions to Appendix I.

7 Extension to Partially Observable MARL with Privileged Information

7.1 Privileged Policy Learning: Equilibrium Distillation

To understand how the deterministic filter condition may be extended for POSGs, we first note the
following equivalent characterization of Definition 3.2, the proof of which is deferred to Appendix J.

Proposition 7.1. Definition 3.2 is equivalent to the following: for each h € [H], there exists an
unknown function ¢y, : T, — S such that P¥ (s;, = ¢y (71,) | ) = 1 for any reachable 7, € Tj,.

Proposition 7.1 implies that at each step h, given the entire history information, the agent can uniquely
decode the current underlying state s;,. Thus, we generalize this condition to POSGs by requiring
each agent to uniquely decode the current state s, given the information it has collected so far.

Definition 7.2 (Deterministic filter condition for POSGs). We say a POSG G satisfies the determinis-
tic filter condition if for each i € [n], h € [H], there exists an unknown function ¢; p, : Cp, X Py, = S

such that P9 (sh = ¢i.n(ch, pin) | chy pi,n) = 1 for any reachable (¢, pi.p).

Here we have required that each agent can decode the underlying state through their own information
individually. Naturally, one may wonder whether one can relax it so that only the joint history
information of all the agents can decode the underlying state. However, we point out in the following
that it does not circumvent the computational hardness of POSG, the proof of which is deferred to
Appendix J. Note that the computational hardness result can not be mitigated even with privileged
state information, as the hardness we state here holds even for the planning problem with model
knowledge, with which one can simulate the RL problems with privileged information.

Proposition 7.3. Computing CCE in POSGs that satisfy that for each step i € [H], there exists a
function ¢y, : Cy X Py — S such that PY(s;, = ¢y, (cn, pn) | cn,pr) = 1 for any reachable (cp,, pr)
is still PSPACE-hard.

Learning multi-agent individual decoding functions with unilateral exploration. Similar to our
framework for POMDPs, our framework for POSGs is also decoupled into two steps: i) learning an
expert equilibrium policy that is fully observable, ii) learning the decoding function, where the first
step can be instantiated by any provable off-the-shelf algorithm of learning in Markov games. The
major difference from the framework for POMDPs lies in how to learn the decoding function. In
Theorem J.1, we prove that the difference of the NE/CE/CCE-gap between the expert policy and the
distilled student policy is bounded by the decoding errors under policies from the unilateral deviation
of the expert policy. Hence, given the expert policy 7, the key algorithmic principle is to perform
unilateral exploration for each agent 7 to make sure the decoding function is accurate under policies



(w}, m_;) for any 7}, keeping 7_; fixed. We refer the detailed algorithm to Algorithm 5, and present
below the guarantees for learning the decoding functions and the corresponding distilled policy for
learning NE/CCE, while we defer the results for learning CE to Theorem J.6.

Theorem 7.4 (Equilibria learning; Combining Theorem J.1 and Theorem J.4). Under Assumption C.8
and conditions of Definition 7.2, given a g—NE/CCE 7E for the associated Markov game of G,
Algorithm 5 can learn decoding function {g; x }ic[n],ne(m) such that with probability at least 1 — 4, it

is guaranteed that max,,; 1, jefn P* ™9 (sn # Gjn(chspjn)) < 1257, forany i € [n], h € [H]

with both sample and computational complexities POLY (S, A, H, O, %, log %) Consequently, policy
7 distilled from 7F (c.f. Theorem J.1 for the formal distillation procedures) is an e-NE/CCE of G.

7.2 Privileged Value Learning: Asymmetric MARL with Approximate Belief Learning

For POMDPs, we have used finite-memory policies for computational efficiency. We generalize to
POSGs with information sharing by defining the compression of the common information.

Definition 7.5 (Compressed approximate common information [57, 79, 51]). For each h € [H I,

given a set Ch, we say Compressh is a compression function if Compressh e{f:C, — C;,}
For each ¢;, € Cp,, we denote ¢, := Compressy, (cp). We also require the compression function

to satisfy the regularity condition that for each h € [H], there exists a function ZA\h,+1 such that

Cha1 = Mpt1(Ch, @ha1), forany ¢, € Cp, wpy1 € Tha1, Where we recall ¢ 11 := ¢, U g4 and
the definition of Y1 in Assumption C.7.

Similar to the framework we developed for POMDPs in Section 5, we firstly develop the multi-agent
RL algorithm based on some approximate belief, and then instantiate it with one provable approach
for learning such an approximate belief.

Optimistic value iteration of POSGs with approximate belief. For POMDPs, the sufficient
statistics for optimal decision-making is the posterior distribution over the state given history.
However, for POSGs with information-sharing, as shown in [63, 62, 51], the sufficient statistics
become the posterior distribution over the state and the private information given the common
information, instead of only the state. Therefore, we consider the approximate belief in the form of

Py :Ch— A(Py, x S) for each h € [H], where we define the error compared with the ground-truth
belief to be €pclict := maxye|y) maxrer EY > sn.on IPY (s, pn | cn) — Pn(sn,pn | Ch)ls
pected total variation distance from the true one. Note that both P}, and thus €pjier have implicit
dependencies on Compress,,, as ¢, := Compress, (¢). We outline our algorithm in Algorithm 7,
which is conceptually similar to the algorithm for POMDPs (Algorithm 2), maintaining the asym-
metric critic (i.e., value function), and performing the actor update (i.e., policy update) using the
belief-weighted value function.

Theorem 7.6 (Equilibria learning; Combining Theorem J.15 and Theorem J.16). Fix
6,0 € (0,1). Under Assumption C.8, with probability at least 1 — §, Algorithm 7
can learn an (e + HZepelier)-NE if G is zero-sum and (¢ + HZ2epelier)-CE/CCE if G is
(H4SAO log2(SAHO/5) )

general-sum with sample complexity O
POLY(S, (A0)O0 ™ 1os(SH/) [, 1 1og 1),

Learning approximate belief with model truncation. The belief learning algorithm we design
for POSGs is conceptually similar to that we designed for POMDPs, where the key to achieving both
polynomial sample and computational complexity is still to firstly learn approximate models, i.e.,
transitions and emissions, and then carefully truncate (as in Section 5.2) its transition and emission
to build the approximate belief, where we defer the detailed algorithm to Algorithm 8. Next, we
provide its provable guarantees, which leads to a final polynomial-sample and quasi-polynomial-time
complexity result when combined with Theorem 7.6.

and computational complexity

Theorem 7.7. For any ¢ > 0, under Assumption 2.2, it holds that one can learn the approxi-
mate belief {Py : Cr, = A(S X Pn)}re[n) such that epelier < H2 with both polynomial sample

complexity and computational complexity POLY (S, A, O, H, % <, log 5) for all the examples in

Appendix C.3. As a consequence, Algorithm 7 can learn an e-NE if G is zero-sum and e-CE/CCE if
4

G is general-sum with sample complexity O (2549 1052(5 AHO/3)

POLY (S, (AO)C0 " 1os(SH/9) J L Jog 1),

and computational complexity
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A Societal Impact

Our work is theoretical by nature, and aimed at better understanding reinforcement learning under
partial observability with privileged information. As such, we do not anticipate any direct positive or
negative societal impact from this research.

B Related Work

Provable partial observable RL. While POMDPs are generally known to be both statistically
hard [43] and computationally intractable [66], a productive line of research has identified several
structured subclasses of POMDPs that can be efficiently solved. [43] introduced the class of POMDPs
in the rich-observation setting, where the observation space can be large and fully reveal the underlying
state, where sample-efficient RL becomes possible [35, 60]. [19] introduced k-step decodable
POMDPs, where the last k& observation-action pairs can uniquely determine the state, and proposed
polynomial-sample complexity algorithms (assuming & is a small constant). Beyond settings where
the underlying state can be exactly recovered, [36, 47] proposed weakly revealing POMDPs, where
the observations are assumed to be informative enough. Under the weakly revealing condition
(and its variant), there has been a fast-growing line of recent works developing sample-efficient
RL algorithms for various settings, see e.g., [84, 15, 12, 54, 48, 90]. Notably, these algorithms are
typically computationally inefficient, requiring access to an optimistic planning oracle for POMDPs.
On a promising note, [26] showed that in observable POMDPs (see Assumption 2.2), one can
have quasi-polynomial-time algorithms for planning the near-optimal policy, which further leads to
provable RL algorithms [25, 27] with both quasi-polynomial samples and time.

RL under hindsight observability. The closest line of research to ours are the recent theoretical
studies for Hindsight Observable Markov Decision Processes (HOMDPs) [44], where the underlying
state is revealed at the end of the episode; see also subsequent related works in [30, 76] with different
observation feedback models. These works focused purely on sample efficiency, and showed that
polynomial sample complexity can be achieved without (or by further relaxing) aforementioned
structural assumptions of the model (e.g., observability or decodability), in both tabular and/or
function approximation settings. However, the algorithms (also) require an oracle for planning or
even optimistic planning in a learned approximate POMDP, which are not computationally tractable
in general. Indeed, without any structural assumption, learning the optimal policy in HOMDPs
is computationally no easier than the planning problem, which thus remains PSPACE-hard . [66].
Meanwhile, even under the additional assumption of observability on the underlying POMDP model,
it is still not clear if these algorithms can avoid computationally intractable oracles, since the
approximate POMDP that [44] needs to do planning on at every iteration during learning can be quite
different from the underlying model. For example, at the beginning of exploration when not enough
samples are collected, or when there exist certain states that remain less explored during the entire
learning process, the potentially misspecified emission (and transition) may break the observability
(or other structural) assumptions made for the underlying POMDP. This makes that single iteration
even computationally intractable. In contrast, our focus is on better understanding practically inspired
algorithmic paradigms, without computationally intractable oracles, which in practice often do have
and use the privileged state information during each episode (instead of only at the end) [68, 45, 14].

Most related empirical works. Privileged information has been widely used in empirical partially
observable RL, with two main types of approaches based on privileged policy and privileged value
learning, respectively. For the former, one prominent example is expert distillation [14, 64, 58], also
known as feacher-student learning [45, 59, 75], as we analyze in Section 4. For the latter, asymmetric
actor-critic [68] represents one of the well-known examples, with other studies in [7, 3]. Learning
privileged value functions (to improve the policies) has also been widely used in multi-agent RL,
featured in centralized-training-decentralized-execution, see e.g., [53, 22, 70, 86, 82]. Intriguingly, it
was shown that if the privileged value function depends only on the state, the associated actor will
cause bias [6, 55, 56]. This has thus necessitated the use of history/belief in asymmetric actor-critic, as
in our Section 5. Notably, the empirical framework in [83] exactly matches ours, where they exploited
the privileged state information in training for belief learning, followed by policy optimization over
the learned belief states. Indeed, many empirical works explicitly separate the procedures of explicit
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belief-state learning and planning [24, 65, 33, 16, 87] as we study in Section 5, oftentimes with
privileged state information to supervise the belief learning procedure [61, 5].

C Additional Preliminaries

C.1 Additional Preliminaries on POMDPs

Belief and approximate belief. Although in a POMDP, the agent cannot see the underlying state
directly, it can still form a belief over the underlying state by the historical observations and actions.

Definition C.1 (Belief state update). For each h € [H + 1], the Bayes operator By, : A(S) x O —
A(S) is defined for b € A(S), and o € O by:

. _ Oplo]|z)b(x)
Bl )() = = On(ol ()"

for each x € S. For each h € [H + 1], the belief update operator Uy, : A(S) x A x O — A(S), is
defined by

Un(b;a,0) = Bpy1 (Th(a) - by0),

where T}, (a) - b represents the matrix multiplication. We use the notation by, to denote the belief
update function, which receives a sequence of actions and observations and outputs a distribution
over states at the step h: the belief state at step & = 1 is defined as by () = p1. Forany 2 < h < H
and any action-observation sequence (aj.p, 01. ), we inductively define the belief state:

bry1(ai:n, 01:1) = Tran) - bp(a1:n—1,01:1),
br(a1.n—1,01:n) = Br(bp(ai:n—1,01:n-1); 0n).

We also define the approximate belief update using the most recent L-step history. For 1 < h < H,
we follow the notation of [26] and define

ifh=1
bapx,'P - D) = H1 1
w (6:D) {D otherwise ,

where D € A(S) is the prior for the approximate belief update. Then forany 1 < h— L < h < H
and any action-observation sequence (ap—r.p, Onh—r+1:1), We inductively define

bZT{P(ah—L:ha on—r+1:0; D) = Trlan) - b7 (an—p:n-1,0n-r410: D),
prX’P(ah—L:h—h Oh—rL4+1:n; D) = Bh(prX’P(ah—L:h—l, Oh—r+1:h—1; D);op).

For the remainder of our paper, we will use an important initialization for the approximate belief,
which are defined as b}, (-) := b3 (; Unif(S)).

C.2 Additional Preliminaries for POSGs

Model. We use a general framework of partially observable stochastic games (POSGs) as the
model for partially observable MARL. Formally, we define a POSG with n agents by a tuple
G = (H,S{A}1,{0:} 1, T, 0, uy,{r:}7,), where H denotes the length of each episode,
S is the state space with |S| = S, A; denotes the action space for agent ¢ with |4;| = A;. We
denote by a := (a1, - ,a,) the joint action of all the n agents, and by A = A; X --- X A, the
joint action space with [A| = A = [, A;. We use T = {T}},ecm) to denote the collection of
transition matrices, so that Ty (- | s,a) € A(S) gives the probability of the next state if joint action
a € Ais taken at state s € S and step h. In the following discussions, for any given a, we treat
Tx(a) € RISIXISI as a matrix, where each row gives the probability for the next state from different
current states. We use ;1 to denote the distribution of the initial state sy, and O; to denote the
observation space for agent ¢ with |O0;| = O;. We denote by o := (01, ..., 0,) the joint observation
of all n agents, and by O := Oy x --- x O, with |0 = O =[]}, O;. We use O = {Op }pe(n
to denote the collection of the joint emission matrices, so that Oy (- | s) € A(O) gives the emission
distribution over the joint observation space O at state s and step h. For notational convenience, we
will at times adopt the matrix convention, where Oy, is a matrix with rows Oy (- | sp). We also denote
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Oin(-]s) € A(O;) as the marginalized emission for agent 7 agent. Finally, r; = {r; p}ne[n) is a
collection of reward functions, so that r; ,(sn, ap) is the reward of agent ¢ agent given the state sy,
and joint action ay, at step h.

Similar to a POMDP, in a POSG, the states are not observable to the agents, and each agent can
only access its own individual observations. The game proceeds as follows. At the beginning of
each episode, the environment samples s; from ;. At each step h, each agent 7 observes its own
observation o, j,, where op, := (01, ..., 0n 1) is sampled jointly from Op,(- | sp,). Then each agent 4
takes the action a; j, and receives the reward r; 5, (sp, ap ). After that the environment transitions to
the next state sp1 ~ T (- | sp,an). The current episode terminates once sp 1 is reached.

Information sharing, common and private information. Each agent ¢ in the POSG maintains
its own information, 7; j, a collection of historical observations and actions at step h, namely,
Ti.n C {01,a1,02,- -+ ,an—_1,0n}, and the collection of such history at step / is denoted by 7; 5.

In many practical examples, agents may share part of the history with each other, which may
introduce some information structures of the game that may lead to both sample and computation
efficiencies. The information sharing splits the history into common/shared and private information
for each agent. The common information at step h is a subset of the joint history 7 = (7;,1)ic[n:
cn € Ho1,a1,09, -+ ,ap_1,0p}, which is available to all the agents in the system, and the collection
of the common information is denoted as Cy, and we define C}, = |Cy,|. Given the common information
ch, each agent also has her private information p; 5, = 7; 5 \ ¢5, where the collection of the private
information for agent ¢ is denoted as P; ;, and its cardinality as P; ;. The cardinality of the joint
private information is Py, = H?Il P; .. We allow ¢, or p; 5, to take the special value () when there is
no common or private information. In particular, when Cj, = {(}}, the problem reduces to the general
POSG without any favorable information structure; when P; j, = {(2)}, every agent holds the same
history, and it reduces to a POMDP when the agents share a common reward function, where the goal
is usually to find the team-optimal solution.

Policies and value functions. We define a stochastic policy for agent ¢ at step h as:
Ti,h * Q}L X Pi,h X Ch — A(.A,), (Cl)

where €2y, is the random seed space, which is shared among agents and w; 5, € €2}, is the random seed
for agent ¢. The corresponding policy class is denoted as II; ;. Hereafter, unless otherwise noted,
when referring to policies, we mean the policies given in the form of (C.1), which maps the available
information of agent ¢, i.e., the private information together with the common information, to the
distribution over her actions.

We define 7; as a sequence of policies for agent ¢ at all steps h € [H], i.e., m; = (w1, , T ).

We further denote IT; = X (#1115 5 as the policy space for agent 7 and IT = [, €nl II; as the joiNnt
policy space. As a special case, we define the space of deterministic policy as I1;, where 7; € II;
maps the private information and common information to a deferministic action for agent ¢ and the

joint space as IT = [ ;¢ I1;.
A product policy is denoted as m = w1 X g - - - X 7, € Il if the distributions of drawing each seed

w; p, for different agents are independent, and a (potentially correlated) joint policy is denoted as
T=m Omy---Om, €IL

We are now ready to define the value function conditioned on the common information under our
model of POSG with information sharing:

Definition C.2 (Value function with information sharing). For each agent ¢ € [n] and step h € [H],
given common information ¢;, and joint policy m = (m;)?_; € II, the value function conditioned
on the common information of agent ¢ is defined as: Vf}’Lg(ch) =Y {Zg:h i (Shr, aps) ’ ch] ,
where the expectation is taken over the randomness from the model G, policy 7, and the random seeds.
For any cyry1 € Cpyq1 - Vifrjigﬂ (¢gr+1) := 0. From now on, we will refer to it as value function for
short.

Another key concept in our analysis is the belief about the state and the private information condi-
tioned on the common information among agents. Formally, at step h, given policies from 1to h — 1,
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we consider the common-information-based conditional belief ]P)Zl’h"1 o ($h,pn | cn). This belief

not only infers the current underlying state sy, but also all agents’ private information p;,. With the
common-information-based conditional belief, the value function given in Definition C.2 has the
following recursive structure:

V:};g (Ch) = Eg [Ti,h(slm ah) + V:r;frl (Ch+1) | Ch], (C.2)

where the expectation is taken over the randomness of (sp, pp, apn, 0pt1). With this relationship,
we can define the prescription-value function correspondingly, a generalization of the action-value
function in (fully observable) stochastic games and MDPs to POSGs with information sharing, as
follows.

Definition C.3 (Prescription-value function with information sharing). At step h, given the common
information ¢y, joint policies m = (m;)7_; € II, and prescriptions (v; )7-; € I's, the prescription-
value function conditioned on the common information and joint prescription of agent 7 is defined
as:

N - N
QT (ens (vim)sem) =B [rin(sn, an) + Vi (ensr) | ens (Vi) jem ]
where prescription 7y; p, € A(A;)Fin replaces the partial function 7; p,(- | w; p, cp,-) in the value
function. From now on, we will refer to it as prescription-value function for short. With such a
prescription-value function, agents can take actions purely based on their local private information
[63, 62, 51].

This prescription-value function indicates the expected return for agent ¢ when all the agents firstly
adopt the prescriptions (7;,1) e[ and then follow the policy 7.

Equilibrium notions. With the definition of value functions, we can accordingly define the so-
lution concepts. Here we define the notions of e-NE, e-CCE, ¢-CE, and e-team optimum under the
information-sharing framework as follows. For a joint policy (;)?_; € II we denote the expected

reward of agent i by vJ (1) = Ef[zthl ri.n(Sh, an)].

Definition C.4 (e-approximate Nash equilibrium with information sharing). For any ¢ > 0, a product
policy m* € Il is an e-approximate Nash equilibrium of the POSG G with information sharing if:

NE-gap(7*) := max (max v (] x T ,) — Uig(ﬂ*)) <e.
i WEEHZ'

Definition C.5 (e-approximate coarse correlated equilibrium with information sharing). For any
€ > 0, a joint policy 7* € Il is an e-approximate coarse correlated equilibrium of the POSG G with
information sharing if:

CCE-gap(7*) := max (malglc v (] x ;) — v?(w*)) <e.
) 7r,£€ i

Definition C.6 (c-approximate correlated equilibrium with information sharing). For any € > 0, a
joint policy #* € II is an e-approximate correlated equilibrium of the POSG G with information
sharing if:

CE-gap(7*) := max (maxvig((mi omf)OwE,) — ’Uig(ﬂ'*)) <,
g i
where m; is called strategy modification for agent i, and m; = {Mihcy.pin thicn.pins With
each m;p.c, p,, * Ai — A; being a mapping from the action set to itself. The space of
m; is denoted as M;. The composition m; ¢ 7; is defined as follows: at step h, when agent
i is given ¢, and p, 5, the joint action chosen to be (a1 p, - ,aip, - ,an,n) Will be modi-
fied to (a1, -, Mincppip(@ih)s - - ann). Note that this definition follows from that in
[78, 50, 38, 49, 51] when there exists certain common information, and is a natural generaliza-
tion of the definition in the normal-form game case [71]. We denote by M3 the space of all possible
strategy modifications m; if it conditions on any history information instead of only (cp,, p; »). Simi-
larly, we use M s ; to denote the space of all possible strategy modifications m; if it only conditions
on the current state e.g., a modification m; p, s : A; — A;.
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C.2.1 Evolution of the Common and Private Information

Assumption C.7 (Evolution of common and private information). We assume that common informa-
tion and private information evolve over time as follows:

e Common information c¢;, is non-decreasing over time, that is, ¢, C c¢p41 for all h. Let
Wht1 = Cht1 \ Ch. Thus, cp41 = {ch, @wry1}. Further, we have

Wht1 = Xh+1(Phs Ghy Ont1), (C.3)

where x,+1 is a fixed transformation. We use Y1 to denote the collection of w11 at
step h.

* Private information evolves according to:

Pish1 = &1 (Pih Qishs Oiht1), (C4)

where &; 5,41 is a fixed transformation.

Equation (C.3) states that the increment in the common information depends on the “new" information
(an, on+1) generated between steps h and h + 1 and part of the old information py,. The incremental
common information can be obtained by certain sharing and communication protocols among
the agents. Equation (C.4) implies that the evolution of private information only depends on the
newly generated private information a;; and o;5+1. These evolution rules are standard in the
literature [62, 63], specifying the source of common information and private information. Based
on such evolution rules, we define {f, }re(r) and {gn}rem), where f; : A" x O" — €, and

gn : AP x O" — Py, for h € [H], as the mappings that map the joint history to common information
and joint private information, respectively.

C.3 Strategy Independence of Belief and Examples

To solve a POSG without computationally intractable oracles, certain information-sharing is needed
even under the observability assumption [S1]. We thus make the following assumption as in [51].

Assumption C.8 (Strategy independence of beliefs [62, 31, 51]). Consider any step h € [H], any
policy 7 € II, and any realization of common information c, that has a non-zero probability under
the trajectories generated by m1.,—1. Consider any other policies 7., _,, which also give a non-
zero probability to ¢;,. Then, we assume that: for any such ¢, € Cp, and any p,, € Pp, s, € S,

h—1,9 g
]P);:lhl (

Shopn | en) =P (sn,pn | cn) -

We provide examples satisfying this assumption in Appendix C.2, which include the fully-sharing
structure as in [27, 69] as a special case. Finally, we also assume that common information and
private information evolve over time properly in Assumption C.7, as standard in [62, 63, 51], which
covers the models considered in [27, 69, 49].

Here we take the examples from [52, 51] to illustrate the generality of the information-sharing
framework.

Example C.9 (One-step delayed sharing). At any step h € [H], the common and private information
are given as ¢, = {02.5—1, a1:n—1} and p; p, = {0, 1}, respectively. In other words, the players share
all the action-observation history until the previous step h — 1, with only the new observation being
the private information. This model has been shown useful for power control [2].

Example C.10 (State controlled by one controller with asymmetric delay sharing). We assume there
are 2 players for convenience. It extends naturally to n-player settings. Consider the case where
the state dynamics are controlled by player 1, i.e., Tx(:|sn,a1.n,02,,) = Tr(-| sh,al,h,aé)h)
for all (sp, a1 n,a2n, a’Q, n» ). There are two kinds of delay-sharing structures we could con-
sider: Case A: the information structure is given as ¢, = {01,2:1,02,2:h—d> 01,1:h—1}> D1, = 0,
D2 = {02,h—d+1:1}, i.€., player 1’s observations are available to player 2 instantly, while player 2’s
observations are available to player 1 with a delay of d > 1 time steps. Case B: similar to Case A but
player 1’s observation is available to player 2 with a delay of 1 step. The information structure is given
as ¢, = {01,2:n-1,022:n—d, a1, 1:h—1}, Pr.w = {010}, P2 = {02,n—d11:n}, where d > 1. This
kind of asymmetric sharing is common in network routing [67], where packages arrive at different
hosts with different delays, leading to asymmetric delay sharing among hosts.
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Example C.11 (Symmetric information game). Consider the case when all observations and actions
are available for all the agents, and there is no private information. Essentially, we have c¢;, =
{02:h,a1.n—1} and p; ,, = . We will also denote this structure as fully sharing hereafter.

Example C.12 (Information sharing with one-directional-one-step delay). Similar to the previous
cases, we also assume there are 2 players for ease of exposition, and the case can be generalized to
multi-player cases straightforwardly. Similar to the one-step delay case, we consider the situation
where all observations of player 1 are available to player 2, while the observations of player 2 are
available to player 1 with one-step delay. All the past actions are available to both players. That is, in
this case, ¢, = {01,2:1, 02,2:n—1, @1:n—1}, and player 1 has no private information, i.e., p1 5, = @), and
player 2 has private information ps 5, = {02,5}.

Example C.13 (Uncontrolled state process). Consider the case where the state transition does not
depend on the actions, that is, Ty (- | s, an) = Th(- | sn,aj},) for any sy, ap, a},, h. Note that the
agents are still coupled through the joint reward. An example of this case is the information structure
where controllers share their observations with a delay of d > 1 time steps. In this case, the common
information is ¢;, = {02.;,—q} and the private information is p; j, = {0; h—a+1:5 }. Such information
structures can be used to model repeated games with incomplete information [4].

D Collection of Algorithms

Algorithm 1 Learning Decoding Function with Privileged Information

Require:
« POMDP P,
« Expert policy 7F € IIg,
* Number of sampled episodes per step M.
Ensure: A decoding function for each step { gh}he[ ) (see Theorem 4.6)

For the h = 1 step: Collect M state-observation pairs from the first-step Dy = { (sgi), ogi)) } m
i€
on POMDP P and define the decoding function g; for the first step as:

gi(o1) = {31 :(s1,01) € 131}

for each step h € [2, H] do
Collect M episodes { (sgz)H 1 o%, agz}{) }ie[M] on POMDP P using policy 7 and let:

B, e L (s o) 0 (O
Dy, := {(Shz—lﬁahz—l’ohZ »5h )}iG[M}

Define the decoding function g, for step h as:

9n(Sh—1,an-1,0pn) = {Sh : (Sh—1,an—1,0n,5n) € Dh}

end for
return {gh }he [H]
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Algorithm 2 Belief-Weighted Optimistic Asymmetric Actor-Critic with Privileged Information

Require:
« POMDP P,
* Subroutine T¢, that given policy m € II%, outputs {Q} ¢ that approximates {QZP} he[H]
* Subroutine T}, that outputs {b;" },c(p that approximate {by, }1,c()-
» Initial finite-memory policy 7° = {W?L}he[H] € II* for the POMDP P, step-size 7, and
number of iterations 7'.

Ensure: A near-optimal policy

{03 Yneim < To(P)
for Iterationst =1...,7 do

{Qh " Ynepm + To(P,7' 1)
Update the policy for each ay, € A, z;, € Zj, as

wh(an | 2n) o 74 (an ] 2n) - exp (Vo ey | @h " (onsnyan)])

Denote 7! = 7t
end for
return A policy uniform at random sampled from set {7}, e[

Algorithm 3 Optimistic Q-function Estimation with Privileged Information

Require:
» POMDP P, policy 7.7 € ITI” such that 7, : S — A(A),
e Number of episodes M per step.
Ensure: Approximate Q-functions {@h}he[ ) (see Lemma H.3)
Initialize: Vzp,1 € Zyi1,504+1 € S,ag41 € A

~ 1
Qu+1(ZH41,5H+1,0H+1) < 0, Te+1 (1| ZH41) < 1
forsteph =H,...,1do

Collect M trajectories using policy 7 and let Dy, = {?(i)}ie[ ) be the collected trajectories.
Compute empirical counts and define empirical distributions:

{7 € D : (8h, hy Shy1) = (Shs ans sni1)}|
{7 € Dn : (s}, a3,) = (sn,an)}|

AN T€E Dy : 3/70' = (sp,0
Bnon | sn) = LT E Do (ohsch) = (noon)}]
{7 € Dy, : s}, = sn}|

Th(sht1 | Sh.an) =

for each memory-state pair (zp, sp) € 2, x S do

Q(2n, sh,ap) = min <H —h+1LE sna1~En (- | snan), Vi1 (Zht1s Sht1)]

on+1~Ohy1(- | 5nt1)

+7(sp,ap) + H - min <2,0. \/ Slog(1/61) )

max(Np (sp,an), 1)

. Olog(1/61)
+]E5h+1NTh('|Sh)ah)H i <2’C \/maX(le+1(5h+1)71) 7

where Vi i 1(2n41,5h41) = Bay oy mmnis (- 2nsa) (@1 (241, Shg1, @)
end for
end for _

return {Qh}he[H]
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Algorithm 4 Approximate Belief Learning with Privileged Information via Model Truncation

Require:
* POMDP P = (H,S, A, O, {Th}heia), {On tnela), 15 {rn  ne[a)
* An MDP learning oracle MDP_Learning that efﬁc1ently learns an approximate optimal policy
of an MDP,
e Number of trajectories IV,
* The threshold e.
Ensure: Approximate belief {b;"},,c(z) (See Theorem H.5)
for h € [H],s;, € Sdo
Tho(sh,ap) < 1[h = h, s}, = sp| forany (h/,s},,a),) € [H) xS x A
M < (H,S, A, {Th}nerns 1, {Th them)) to be the MDP associated with P
U(h,sp) < MDP_Learning(M)
Collect N trajectories by executing policy W(h, s5,) for the first h — 1 steps then take action
a, for each aj, € A deterministically and denote the dataset {(s},, 0},, aj},, §},11) }ic[N A]
for (op, an,sn11) € O x Ax Sdo
Ni(sn) <= 2ieinva) Lsh = sl
n(Sh,an) < Zie[NA] L[s}, = sn,aj, = an]
Nh(sh, an, Shi1) < Pieva) LSk = sn.ah, = an, sjq = spa]
Ni(shs0n) <= 3 ieina) LSk = s, 0}, = on]
Np(Sh,an,Sht1)

Th(8h+1 |Sha ah) A Ny (sh,an)
Np(sh,on
On(on | ) « Mplomen)
end for
end for
for h € [H] do

1 NL(SL)
Sffw<—{8h€8|ﬁ§6}

Syt {sh € 5| Malen) e}
end for hieh ot
for (h, sp, on, an, sp+1) € [H] x 8% x O x A x 8" do
E‘S}?j—l ?h(S/thl | sh,an)

Tigh
IS5

A~ ™ Sl
Tgunc(Sthl | Sh, ah) — Th(8h+1 | Sh, ah) + h1

Op™(on | sn) < On(on | sn)
N - o B (5) .
AP (o1) += M (51) + =~ 45 Vo € 81
1
end for
Let

P = (H, {Shgh}he[mw‘l O, {TEY ey {08 e B, {rn e gmy)

Define {b' sz, A(S! o ) ne[#) to be the approximate belief w.r.t. prub

Define {b})" : Z — A(S) bnern such that 5™ (z) (sn) = b;™(zn)(sn) for s, € SIE and 0
otherwise.
return {b)" }1,c(m
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Algorithm 5 Learning Multi-Agent (Individual) Decoding Functions with Privileged Information
(NE/CCE Version)

Require:
* POSG G = (H,S, A, O, {Th}herns {@h}he 1 115 {7 Faem))s
s 7 € Ils, controller set {Z;,  [n]}ne(n

¢ Procedure MDP_Learning(+, -) that takes as input an MDP and a reward function and returns
an approximate optimal policy,

* Number of trajectories N.
Ensure: A decoding function for each agent and step {g;,n } je[n),ne[#] (see Theorem J.4)
for h € [H], s;, € Sdo
for i € [n] do
Tin (sh,ay) < 1A' = h, s}, = sp] forany (b, s),,a),) € [H] xS x A
Define the Markov game M associated with G as M = (H, S, A, {Ty}ea), p11), where
we omit the specification for the reward functions and one can specify them arbitrarily
Define M(7_;) to be the MDP marginalized by 7_;
U, (h, sp) < MDP_Learning(M (mw_;),7;)
end for
For each i € [n], ap, € A, collect N trajectories by executing policy W, (h,sp) X

m_; for the first A — 1 steps then take action a; deterministically and denote the dataset

k k, k
{( hia Oy, 17 ahla 5h+1)}ke[NA]

for (on,an, sp11) € O x A x S do
ki
Nu(sn) < Xpewicin Lsy" = sn]
ki ki ki
Nh(Sh;aTh h,5h+1) <~ Zke[N] zE[n] I[Shl = ShyaThl’h = QT ,hy Sh_;,l_l = Sh+1
(

Np(sn,on) Zke[N] i€[n] ]l[sh = 5h70h = Op
Nn(8r:a75,,h:8h+1)
Ny (sh,a1, 1)

Nn(sn,0n)
Op, | Sh) Nh(sh)L

end for
end for
Define G := (H, S, A, O, {Th}he[H {@h}he 1o 115 {7 Fiem)

Define ﬁ&h(Sh | ¢hpjn) :=P9(sh | cn, pjn) for eachj € [n]. h & [H], cn € Cpopjn € Pin
return {g; .} je[n], ne(H]

Th(3h+1 | sh,aT, n) <
On(
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Algorithm 6 Learning Multi-Agent (Individual) Decoding Functions with Privileged Information
(CE Version)

Require:
* POSG G = (H,S, A, O, {Th}nerm) {On b nera)s 1, {7 biem))»
» 7 € Ilg, controller set {Z;, C [n]},

* Procedure MDP_Learning(-, -) that takes as input an MDP and a reward function and returns
an approximate optimal policy,
* Number of trajectories N.
Ensure: A decoding function for each agent and step {g;,n } je[n],ne[#] (see Theorem J.6)
for h € [H], s, € Sdo

fori € [n] do
Tin (8}, ay) < LW = h,s}, = sp] forany (R, s},,a},) € [H] xS x A.
Define M&Xnded () (o be the extended MDP, which is defined in Definition J.5.
W, (h, s5,) + MDP_Learning(M¢tended (1) 7

end for

For each i € [n], a, € A, collect N trajectories by executing policy W;(h,sp) x

m_; for the first A — 1 steps then take action a; deterministically and denote the dataset

i ki kK
{(Shz’oh L7ahzv Sh+1)}k€ [N A]

for (Oh,ah,8h+1) ceOxAxSdo
Ni(sn) < Xpe[n,icin] 1[32’1 = sp
Nh(sn, ATy, ks Shi1) < Zke[N] lE[ ] 1[82’7: = Sp, a];’i}j’h = a7, h» 8211 = Sh41
Nn(sh;0n) <= Xpe[n],icin] 1[s;" = sp,0," = op,

Np(sh,a75,,hs5h+1)
Th(sh-i-l |Sh’aTh7 ) — W
On( + Nu(sn.on)

Op, | Sh N (s1)
end for
end for
Deﬁneg: (H S .A O {Th}he[H {©h}h€ va{rz}ze )

Define @L(Sh |chpjn) = ]P’g(Sh | chypjn) for each] € [n], h € [H|, cn € Ch,pjn € Pjn
return {g; .} je[n], he[H]
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Algorithm 7 Optimistic Common-Information-Based Value Iteration with Privileged Information

Require:
* POSG G = (H7S’ A, 0, {Th}hE[H]v {@h}hG[Hlev {ri}iG[n]>*
* An approximate belief {]Sh :Ch — A(S X Pn)} el
¢ Number of iterations K.

Ensure: An approximate equilibrium policy
Initialize:

~ 1
N;?(Sh,ah) — 0, N,?(sh,ah,oh) — 07 J0(0h+1 ‘Sh,ah) — 5

for £ € [K] do
forh<— HH-1,---,1do

for /C\h S éh do

high,k /~
Qi35 (Ch,phsy sy an)

V@] B —h 1) ol

. k—1
< min {ri,h(sh, ah) + bh (Sh, ah) + EO’+1N3;€71(‘ Lsn.an) |:
g ¥ G h

QYY" @y pny shyan)

Vi],(mkl (Ehﬂ)] ,0} fori € [n)

k—1
— max<r; - E T
a {n’h(sh’ah) by, (sn,an) + o1~ C I snoan) [

Define

high,k -~ — high, & /~ .
Qi,h (Ch,’)/h) T ESmPhNﬁh(w' |31L)E{aj,hN7j,h(' [Pj,n)}iem) [Qi,h (C}th’ Sh; ah):| fori e [n]

Define

~ 1

low,k w,k -~ .
Qi(?h (Chsyn) = B onm B 12 Basnmvin 1 pin) Yietm [Q:h (Ch, P, Shs ah)] for i € [n]
{W;?,h(' |*,Chy ) }jem) < Bayesian-CE/CCE({Ql;l;ih’k(Eh, )}jem)) (cf. Appendix J.1)
high,k /-~ high, k /-~ ~ )
VIR @) < B, | QU@ k(- [w1ns s ) je)] For i € [n]

& a s ~ ,
VISR @) B, [QUR" @ A (1w @, ) biegu)| fori € [n]

end for
end for
Execute 7% and get trajectory (s}, ¥, 0% . 1)
for h € [H],sp € S,ap € A,0p41 € O do

NFE(sp,ap) < 2iek] 1[st, = sp,al, = ap)

NE(sh, an, ont1) < 2 ielk] 1[s}, = sp,al, = an, 0}, = op41

~ &
k Ny (81,ah,0n+1)
Ta(ontlsn an) — e s

end for
end for )
K e argminge e Vit (cF) — Vi3 (ef)
return 7" for general-sum games or the marginalized policy of 7" for zero-sum games
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Algorithm 8 Approximate Belief Learning for MARL with Privileged Information

Require:
« POSG G = (H,S, A, 0, {Th}he[H {On}herm 1, {rintiem) neim)s
* Controller set {Zy, C [n]}hein

* Procedure MDP_Learning(-, -),
* Number of trajectories IV,
* Accuracy e.
Ensure: An approximate belief
for h € [H],sp € S do
T (s),ap) < L[ = h,s}, = sp] forany (R, s},,a},) € [H] x S x A.
M < (H,S, A, {Th}he[n), p1) to be the MDP by ignoring the observation and emission of
G, where we omit the specification for the reward functions and one can specify them arbitrarily
U(h, sp) + MDP_Learning(M, 7)
Collect N trajectories by executing policy W(h, s5,) for the first h — 1 steps then take action
a, for each a, € A deterministically and denote the dataset {(s},, 0j,, aj,, 8}, 1) bie[N A]
for (oh,ah,sh+1) € 0 x .A‘X S do
Ni(sp) Zie[NA] 1[s), = s
Nu(sn, a7 n) < 2icinay Lsi, = sn. a7, j, = a7, 0] }
Nu(sn, a7 sn41) = Sienay Lsh = sn, 0, = 7500 8h 11 = sna
Ni(sn,0n) + Zie (NA4] 1[s}, = sn, 0}, = o]

N, 1Qhs
Th(sne | snsamsn) R EHS?
On(

on |sn) = it
end for
end for
for h € [H] do

S};)We{s €3|M<e}
S e {s € 5| Nalon) >e}
end for _ |
for (h, Sh70h7ah75h+1) c [H] % Sl:gh x O X A X S}};lgh do

S; +1€Slm~)vk Th(g;HJ | S}uah)
3

T%UHC(S}L_f_l | Sh, Clh) A T}L(Sh-‘rl | Sh ah) +

R ” Sy |
Op"(on | sn) < On(on | sn)
PN ~ Z Tow Hl
#tlrunc(sl) =l (51) + &7@.‘ Vs, € Sh]gh
end for
Let

G = (H {S)™ b nerms A O AT b, {08 Ve ay, AT, i bic il negm)

Define { Py, : Cr, — A(SPe" x Pn)}heim) to be the approximate belief w.r.t. Goub

Define {ﬁh : é\h — A(S X Ph)}he[H] such that ﬁh(sh,ph ‘/C\h) Ph(Sh,ph | Ch) for s;, € S
and 0 otherwise
return {Ph}hE[H]

high
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E Missing Details in Section 3

Proof of Proposition 3.1: We recall that by, (+) is the belief of the agent about the underlying state,
see Appendix C for a detailed introduction. Note that Equation (3.1) can be written as

H

€ argmin Y ED By, b, () Dy (w7 [sn) [T 70))]
h=1

Therefore, for any i € [H] and 7, such that P™ % (7;,) > 0, we can optimize 7 separately for each
h € [H] and 7, as:

T (- ™) € argmin B, b, () [Dy (77 (- [ sn) [ 0)] -
geA(A)

Now we are ready to construct the counter-example of y-observable POMDP P for some € € (0, 1)

with H = 1, § = {s',s%}, A = {a',a®}, and O = {0',0?}. We let 1 = (%’;w)’
01(0*|s') = 1, and O1(0* | s?) = 1 — v, 01(0?|s%) = 7. Therefore, it is direct to see that
0y is exactly y-observable. Most importantly, we choose r1(s',a') = 1, r1(s,a?) = 0, and
ri(s?,at) = 0,71(s%,a%) = €.

Therefore, given such a reward function, the fully observable expert policy is given by 75 (a' | s') = 1
and 7} (a? | s%) = 1, i.e., choosing a' at state s and a? at state s> deterministically. Meanwhile, by
our construction, one can compute that the belief given observation o' ensures b; (o) = Unif(S).

Hence, the corresponding “distilled” partially observable policy under observation o' is given by
Fi(-| o) = argminEq, g, o1) [Dr(mi (-] 51) [a)]
qE€A(A)
De(m*(-| st De(m*(-| g2
— argmin r(m1(1s)1q) + Dy(ni(-]s%) [q)
9EA(A) 2
— argmin F(1/q(a"))q(a) + f(0)q(a?) + f(0)g(a) + f(1/q(a?))q(a?)
gEA(A) 2
1 1 1 1 2 2
_ arguin 1@+ FW/a(@))(a) + 7 (1/a(a?))a(a?)
qEA(A) 2

where the last step is due to ¢ € A(.A). Now consider the function g(z) = x f(1/x) for x > 0. Itis
direct to compute that ¢'(z) = f(1/x) — % and g"(z) = % > 0 due to the convexity of
the function f. Thus, we conclude that g is also convex. By Jensen’s inequality, we have
f(1/q(a"))q(a") + f(1/q(a*))q(a®)
Wata Date) 2 TATHCDNT) 5 15 (g(a") + gla®)))la(a)) + ala?)/2 = £(2)/2,
where the equality holds when ¢(a') = g(a®) = £. This indicates that 7 (- | 01) = Unif(A). On the
other hand, combining the fact that by (o') = Unif(S) with € < 1, it is direct to see that the optimal

partially observable policy 7 € arg max, <y v¥ () satisfies 71 (a' | 0') = 1. Now we are ready to
evaluate the optimality gap between 7 and 7* as follows

~x

0P (@) = o7 @) = PP )T (01) = VT T (01) + BT (o) (VT (0F) = VT (%))
> (o) (V7 (o) = Vi (1)),
where the last step is due to the fact that 7 is the optimal policy, leading to the fact that Vf’Pe (0?) —
v P (0?) > 0. Now it is not hard to compute that
PP (0') > 1 —+.

Meanwhile, we can evaluate that

7,Pe 1 7 pe 1+e
7, P TP
W) =5 Vi) ==
and correspondingly Vf’Pe (oh) —Vf*’PE (o') = 126, implying that v”* (%) —vP" (7%) > (1—711(1—6)_
This concludes our proof. |
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Note that another counterexample in a similar spirit was also constructed in [34], demonstrating
that the expert policy for a poorly chosen agent-environment boundary can be useless in imitation
learning, although the ~y-observability property is not satisfied for the construction therein.

Remark E.1. The counter-example P¢ constructed above can be also used to demonstrate the bias of
the state-only-based value function as an estimate of the history-based value function that appeared in

€

the policy gradient formula for POMDPs, in the finite-horizon setting, i.e. E,, 5, (r,) [V}er (sn)] #

Vh”’Pe (7,) (mirroring Theorem 4.2 of [6]). Specifically, in the counter-example above, we consider
the policy 7 such that 71 (a; | 01) = 1 and 71 (a2 | 02) = 1. The state-only-based value function can
be evaluated as

VITU,PE (51) =5 _ VITr77>5 (82) =6,

e ™, P w, P 1= e
which implies that Eq, ., (o) [V (51)] = Vi (51);‘/1 (s2) _ 2*”;7 . On the other hand, it

holds that Vf’PE (01) = £, which is not equal to Eg, p, (o) [VF’PE (s1)], showing the bias of such

a state-only value function.

Example E.2 (Deterministic POMDP [36, 81]). We say a POMDP P is of deterministic transition
if entries of matrices {T}, } 5[] and the vector y; are either 0 or 1. Note that we do not make any
assumptions on the emission matrices.

Example E.3 (Block MDP [43, 18]). We say a POMDP P is a block MDP if for any h € [H],
Sh, sy, € S, itholds that supp(Op (- | s,)) Nsupp(Oy (- | s},)) = 0 when sp, # s,.

Example E.4 (k-step decodable POMDP [19]). We say a POMDP P is a k-step decodable POMDP
if there exists an unknown decoder ¢* = {¢} : Z; — S}yeqpm) such that for any h € [H] and

reachable trajectory 75,, PP (s, = ¢5(21) | ) = 1, where Z;, = (O x Aymax{h-Lik=1} o O
Zh = ((07 a)k(h):h—h Oh)? and k(h) = max{h —k+1, 1}

Finally, to understand how our condition can extend beyond known examples in the literature, we
show that one can indeed allow the decoding length of Example E.4 to be unknown and arbitrary
(instead of being a small known constant as in [19] to have provably efficient algorithms).

Example E.5 (POMDP with arbitrary, unknown decodable length). This example is similar to
Example E.4, but the decoding length m is unknown and not necessarily a small constant.
In light of the pitfall in Proposition 3.1, we will analyze both the computational and statistical

efficiencies of expert distillation in Section 4, under the condition in Definition 3.2.

Proof of Example E.2 & Example E.3 & Example E.4 & Example E.5: To see why those examples
follow our Definition 3.2, it is indeed an immediate result of Proposition 7.1. |

Proof of Proposition 3.3:

Here we evaluate the computational complexity and sample complexity of each iteration ¢ as follows.

Sample complexity: The algorithm executes the policy 7'~ ! and collect K episodes, denoted as
{s¥. 11115 O 11> a%. ; brei)- Thus, the sample complexity of each iteration is ©(K).

Computational complexity for policy evaluation: The policy evaluation of the vanilla asymmetric
actor-critic is done by minimizing the Bellman error. In the finite-horizon setting with tabular
parameterization, it is equivalent to performing the following update for each h € [H| in a backward
way and each k € [K]:

QL (rh, sk,af) « (1= a)Q) (74, 55, ay)

1 i j j
+a T"h(SZa aﬁ) R Z Q§L+1(Ti+1a S?L+17 @?LH) s
T (73> 855 @) JeT(h sk ab)

for some stepsize a € (0,1), where J (1, sk, ak) := {j € [K]|(7},s],a)) = (7}, sk, al)}.
Therefore, the computational complexity for this procedure is of POLY (H, K).
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Computational complexity for policy improvement: For tabular parameterization, computing
Vlog i~ (af | 7F) takes O(1) computation. Hence the policy update in Equation (3.2) performs
POLY(H, K) computation.

Meanwhile, under the exponential time hypothesis, there is no polynomial time algorithm for even
planning an e-approximate optimal policy in y-observable POMDPs [26]. This implies that the
vanilla asymmetric actor-critic needs to take super-polynomial time to find an approximately optimal
policy. This implies the corresponding sample complexity has to be super-polynomial.

Finally, we remark that even if we let the policy and the ()-function not depend on the entire history
Tp, but only the finite-memory zp, the proof still holds. The key is that whenever one only computes
at the sampled history/finite-memories, i.e., updates the policy in an asynchronous way (in contrast
to the synchronous one where the policies at all histories/finite-memories are updated), the sample
and computational complexities will be coupled with the same order per iteration, which implies a
super-polynomial sample complexity due to the super-polynomial computational complexity. This
completes the proof. |

Derivation for the closed-form update Equation (3.3). Note that the proximal policy optimization
[72] update has the policy improvement as follows

at arg max {Ltl(w) -y "B, [ Z KL (7 (- | 7o) | 7 (-] Th))] } , (E.1)

he[H]

where 7 is some learning rate and L'~ () is a first-order approximation of the expected accumulated
rewards at 7'~ 1

he[H]

LN m) =0  (n' ) + ELi s [ > QN Ty sny )y mn (| h) — (- |Th)>] :

By plugging L'~!(n) into Equation (E.1), with simple algebric manipulations, we prove that:

7 (| ) oc 7 (| ) exp (NEsymion (m) (@5 (Thy 81, 7)]) -

F Missing Details in Section 4

Proof of Lemma 4.4: The proof follows by the assumption that the total cumulative reward is at
most H,

’Up(ﬂ') > Ef Z Th ]].[Vh HS [H] L gp (sh,l,ah,l,oh) = Sh]
he[H]

= Z:E Z Th ]].[Vh HS [H] *dh (sh,l,ah,hoh) = Sh]
he[H]
+EZ:E Z Th IL[Hh HS [H] L dh (sh,l,ah,l,oh) 7é Sh]
he[H]
- EZ:E Z Th IL[Hh HS [H] L dh (sh,l,ah,l,oh) 7é Sh]
he[H]

= EZ:E Z Th - E:E Z Th ]].Eh € [H] L dh (sh,l,ah,l,oh) 75 Sh]

he[H] he[H]
> P (nf) - HP™ P [3h :€ [H] : gn (Sh-1,0h—1,0n) 7 Sh)
> o7 (7)) — He,
which completes the proof. [ ]
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Proof of Theorem 4.5: For each step h € [H]| we define D), to be the distribution over the
underlying state s;,_; at step h — 1, taken action a;_; € A based on 7F, the underlying state
transitioned to s, € S, and the observation o, ~ Op(-|s,). We remind that we include at step
zero, a dummy state-observation pair (s, 0p), for notational convenience. Formally, D, is defined as

E
Dy (Sh—1,an—1,0n,8p) =P P [sp_1,an_1,0n, s1) .

We first use union bound to decompose the probability that we incorrectly decode,

E
P™ P [Bh e [H] : gn (sh-1,an-1,0n) # sn] < > P~ P (g (sn1,an—1,0n) # s
he[H]

= Z P(Sh,—laah—hohysh)"/Dh, [gh (sh—lvah—la Oh) 7é Sh] .
he[H]
(F.1)

For each h € [H], we can use M episodes to collect M samples from the distribution Dj,. In addition,
since state sy is dummy, we need not to collect episodes for Dy ;. Denote the set of collected

samples by DM . We define the decoding gj, for step h € [H] as follows:
p Yy Ly, g9 p

9n(Sh—1,an—1,0p) = {Sh | (Sh—1,Gh—1,0n,5h) € D;]:/[}

Observe that by Definition 3.2, {sp, | (Sh—1, @h—1,0n,Sh) € ﬁ{‘f} is either the empty set or contains
only a single elements, in which case, it is true that g5 (sp—1, an—1,0p) = Vr(Sh—1,an—1,0n) (@
is the real decoding function, see Definition 3.2). Moreover, we slightly abuse the notation and let
DM denote the empirical distribution induced by the samples in D,]y . Thus, with probability at least

1— % and setting M = © (%W) for each step h € [H], we obtain the following by the
result in [13]:

E E
PP [gn (Sh—1,an—1,0n) # sn] =P 7 [gn (sh—1,an—1,05) = 0]
:P(Sh,—l7ah,—170h,a5h>""Dh |:(Sh717 ap—1,Oh, Sh) ¢ D}Jy
= Z Py p, [u=1u]1[u ¢ Supp(ﬁfy)]
u€supp(Dp )

<drv (Dp, ﬁij)
<e.

Thus, by union bound, with probability at least 1 — §, we have that for each step h € [H],

Py 1 an_1,0n.5n)~Dn [9h (8h—1,an—1,0n) 7 sn] <€,
which in combination with Equation (F.1) concludes the proof. Finally, we note that we used
a total of © (H . %ﬁg(w) episodes from the POMDP, and the computational time was
POLY(H, 4,0, S, % log (1)). [ |

G Provably Efficient Expert Policy Distillation with Function Approximation

We now turn our attention to the rich-observation setting under our deterministic filter condition.
Definition 3.2 motivates us to consider only succinct policies that incorporate an auxiliary parameter
representing the most recent state, as well as the most recent observations and actions. To handle the
large observation space, we further assume that for each step h € [H|, the agent selects a decoding
function gy, from a family of multi-class classifiers F, C {S x A x O — S}. For the function
class F},, we make the standard realizability assumption. We formally summarize our assumptions in
Assumption G.1.

Assumption G.1. We consider a POMDP that satisfies Definition 3.2. In addition, to derive learning
algorithms that do not dependent on O, for each step h € [H], we assume that we have access to a
class of functions F3, : S X A x O — &S such that the perfect decoding function v, € F},.
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We aim for our final bounds to depend on a complexity measure of the function class 7 = {F, } nea
rather than the cardinality of the observation space Q. We utilize the Daniely and Shalev-Shwartz-
Dimension (DS Dimension) (Theorem G.2), which characterizes the PAC learnability for multi-class
classification [8]. Defining the DS dimension is beyond the scope of our paper; we direct interested
readers to [8] for further details. For intuition, readers can think of the DS Dimension as a certificate
of PAC learnability without loss of intuition.

Theorem G.2 (Theorem 1 in [8]). Consider a family of multi-class classifiers F that map features in
space z € X to labels in space y € ). Moreover, assume there is a joint probability distribution D
over features in X" and labels in ), and that there exists g* € F such that for each (z,y) € supp(D),
g*(z) = y. Given n samples from D, there exists an algorithm that with probability at least 1 — &
outputs g € F such that

P(ay~pd(x) #y] < O (d?gg(f) +log (3;)) 7

where dpg(F) denotes the Daniely and Shalev-Shwartz-Dimension of the function class F.

We are now ready to present the main theorem of this section.

Theorem G.3. Consider a POMDP 7P that satisfies Definition 3.2, a policy 7P € Ilg, and let
{Fn €{S x A x O — S}}ierm) be the decoding function class, and ¢, € Fj, for each h € [H],
i.e., {Fn}nepm) is realizable. Then given access to the classification oracle of [9], there exists an
algorithm learning the decoding function { gy } e[z such that with probability at least 1 — 4, for each
step h € [H]:

PP (3h € [H] : gn (Sh-1,an-1,08) # sn) < €,

H? (maxhe[m da};/sz(fh)“og(%))
€

using O

) episodes, where dps(Fy) is the Daniely and Shalev-
Shwartz-Dimension of Fj, [8].

Combining Theorem G.3 and Lemma 4.4, we obtain the final polynomial sample complexity in this
function approximation setting, using classification (supervised learning) oracles (c.f. Table 1).

Proof of Theorem G.3:

For each step h € [H], we define Dy, to be the distribution over the underlying state s, at step h—1,
taken action aj,_1 € A from 7, the underlying state transitioned to s;, € S, and the hallucinated
observation oy, ~ Op(- | sp) (we remind readers that for step 0, we use dummy state sy and action
ap). Formally, the probability that the sequence (sp—1,ap—1, 0p, Sp) is sampled from Dy, equals to

E
. pr P
Dy (sp—1,an-1,0n,5,) =P [Sh—1,Qn—1,0n, Sh] -
We first use union bound to decompose the misclassification error,

pr".P [3h € [H] : g (Sh—1,an-1,0n) # sn] < Z pm° P [Gn (Sh—1,@n—1,0n) # Sh]
he[H]

= Z P(sh,l,ah,l,oh,sh)NDh [gh (Sh—17ah—17 Oh) ?é Sh] .
he[H]
(G.1)
For each h € [H], we can use O (% . (maxhe[m dgb/é(fh) + log (%))) episodes to collect
o (% . (maxhe[ H] d%/é (Fn) + log (%))) samples from distribution Dj,. Hence, by Theorem G.2,
with probability at least 1 — %, we have that
~ €
P(sh_l,ah_l,omsh)NDh [gh (Sh—17ah—17 Oh) 7& Sh] < E

Thus, by union bound, with probability at least 1 — ¢, wusing a total of
o (H?Q . (maxhe[H] ng/é(}'h) + log (%))) episodes we have that,

Z ]P)(sh,1,a;L,hO}L,S}L)NDh [Eh (sh—laah—la Oh) # Sh] S 6)
he[H]
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which in combination with Equation (G.1) concludes the proof. |

H Missing Details in Section 5

Proof of Theorem 5.1: Let 7* € argmax, iz Eg ~py [Vi7(51)], where we define V™ (s1) =
Eo,m0; (-] 51),a1~m (- |00) [@F (21 = (01), 51, a1)]. We first note the following equation

= Z ESI"‘M] ‘/1 51)]

te (T

* 1 ~ _t * 1 t ~ _t
= B V7 (0] 7 D Born (W (50) =V (1)) + 75 D By (V7 (1) = V7 (s1))
te[T] te[T]
(H.1)

Next, we make use of the performance difference lemma [39, 1, 74] on the extended space

Hhe (Zh X S)

Definition H.1. Consider the class of policies IT”’L such that at step h € [H], the policies in IT7X
take an action based on finite memory up to this step and the use of the underlying state, e.g., for
each policy m1.z € IPL, 7, : 2, x S — A(A).

Observation 1. Note that TIZ C TT7°L,

Lemma H.2 (Performance difference Lemma [39, 1, 74]; see e.g., Lemma 1 in [74]). For any pair of
policies 7 = {7 trepu) ™ = {7}, tnern) € IIFE, and approximation of the Q-function of policy ,
we have that for each state s; € supp(u1):

Vi (21,81) — V™ (21, 51)
= 3 Expewries [(QRConssns ) mn- | 2nys) = wh(- | 200 50))|

he[H]

+ Z E?;Lrwr’\zl [Qz(zhashvah) 7ES;L+1NT;L('|S;L,CL;L), [Th(shvah) +Vhfr+1(zh+1a5h+1)}‘| )

helH] Oh4+1~0n41(- | sht1)

where V}?(Zh, Sh) = ]Eah,wﬂ'h(- | zn) [QV;LF(Z’H Sh, ah)]~

Setting 7 = nt € II* C II*P, and 7/ = n* € II* C II*P, where we remind that 7* €
argmax, iz V{7 (s1), and for each z;, € Z;, and h € [H], we abuse the notation by letting 7}, (- |
Zh,sn) =7 (- | zn) and 75 (- | 2, sp) = (- | 2p) for all s, € S. The above formulation is thus
simplified to

By [V (51) = Vi (51)]
=D Erpere K QF (zhy ), Th (- | 2nosn) — T (- | ZmSh)ﬂ

he[H]

+ Z E7), e [@Z(zha Shy ah) —-E sh1~Th (-] snsan), [Th(sh’ ah) + varJrl(thrl’ Sthl)T|

he[H)] on+1~0ny1(- | Shy1)

> 3 Erpre [(QF (znsn )7 | 2mosn) = 7 (| 2n))]

he[H]
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where in the inequality above we used Lemma H.3. Since our policy does not depend on the realized
underlying state sp,,

51"’/‘1[‘/1 (81 Vlw( )]

) -

Z B\ one <

Z Eryr [(Eoumirn) [QF Gt sns )| o7 | 20) =i | 2n))|
(E

t

Qn (znssny ), 7 (- | 20y s0) — 75 (- | sth)ﬂ

helH

ZEM

+ Y Erpore [<Esh~b(m) [@ﬁ(zh,shy')} = Es) mbwr(2) [@ﬁ(zh,shw)} EAGEAEEAC Zh)>]
he[H)

e A CR I AGEAEE AGEIN

> Y Enre [(Banomieny (@ G )] 7 20) = i | 2))|

he[H]

-3 B HE
he[H]

>3 By [(Bopmomony [QF s )| b 2n) = mil- [ 20))] =2 H 3 By [y (Bu(m) B ()

he[H] he[H]

snb(7n) [@Zt (2h, Sh, ')} = Egp, b (2) [@Zt(zhasha ')} HJ

The last inequality follows by Lemma H.3. By averaging we get,

T Z EslNlh Vl 81)]

te [T

> By VI (1)) + Z Erprs | 2 (Bopmtmien) [QF Gssn )] mh(- [ 20) = mi( | 20) )

te[T]

2 H- Y Egpr [dTV(bh( 1), by (zn))]

he[H]

o H Nt *
> By [ (50)] 4 75 s B e | 3 (B [QF (ot 00)] s 7h(- | 20) = w3 20))
te(T)

-2-H*. Er,~re |drv (b by
;{2% N [drv (ba(3), b3 (21))]

. 2H/Hlog (|A X
> Euy oy Vi (s2)] = ZEVHISUAD o g2 v B e [y (b (), 67 (20)]

VT - helH]
where the last inequality follows since for fixed h € [H] and zp, € 2}, the agent updates her policy

on memory 2, according to MWU on feedback {]Esh,\,bapx (2n) {Qh (2h, 81,0 )} } % and thus, the
ac
accumulate regret is bounded by (Section 4.3 in [10]):

> (Bapmony [ @8 (s )] s | 2) = mh(- | 2))
te[T]

_ log (4]
B n

t lo A

n-T-H=2T Hlog/(|A]).
The proof follows by combining Equation (H.1) and the inequality above. Finally, to achieve the near
optimality in the class of II”, we bound the optimistic estimate using Equation (H.2) in Lemma H.3,
and its global near-optimality for a large enough L under y-observability is a direct consequence of
Theorem 4.1 in [26]. |
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Lemma H.3 (Optimistic Q-function - adapted from [48]). Given a policy m € 1Y, and a parameter

M e N, let{QF : Z;, x S x A — [0, H]} 1z be the output of Algorithm 3. Then, with probability
atleast 1 —9: Vzp € 2,8, € S,ap, € A

H —h+12>Qp(zn,sn,01) > E g om0 (| snian), [Th(sh, an) + Vi1 (21, Sh+1)} ,
oh+1~On41 (- [ spy1)

max(0,S8)-S-A (S-A) (M-S-A-H
- log log| ———

5
(H.2)

By o [V (51)] = By [V (51)] < O <H2 | \/ M

where Vlﬂ(sl) = E01~@1('|81),a1~ﬂ1('\01)[QZ(Z1 = (01)’5170“1)]’ ‘71”(81) =

Eo,n0; (-] s1),a1~m (- 1o [@F (21 = (01),81,a1)] and VT (2, 81) = Eap omn (-] 20) [@QF (205 51, an)].

Moreover, Algorithm 3 needs a total of H - M episodes from POMDP P and runs in time
POLY(H, M, S, A, OF).

Proof. For each step h € [H], collect M trajectories with states using policy 7 on POMDP P and let

Dy = {F(i) }ie[a) be those collected trajectories. Define the empirical transition, observation and
reward distribution as follows:

Ny (8h,an, Shi1) :‘{F = (s},0},al, 7 ..., 8h, 00, ah,m) € Dy
: (Shvaha‘gh-i-l) = (S/hra;us;b-i-l)Hv

Nu(snyan) = Y Ni(sn, an, snr1),

sp11€S
Ni(sn) = Z Nn(sn,an),
ap€A
Np(sn,0n) :‘{F = (s},00,al,r1 ..., 8h,0h,ah,7) € Dy (sp,0) = (s%,oﬁl)}|,
™ Nh ShyQhy Sh+1
Butona s ) =t
~ Ny (5h,0n)
@h Op | Sh) =—F77"
( | ) Nh(sh)
Set 61 = WQH)' By [13], there exists a constant C' > 0 such that for each step h € [H], state

s € § and action a € A with probability at least 1 — d;:

T log(1
ITh(- | $nyan) = Tr(: | sh,an)|l1 <min (2,0. \/ Slog(1/61) > 7

max(Np(sn,an),1)

Olog(1/5)) )

10K (- | s) — On(- | sn)|l1 <min (2’61' max(Ny(sp), 1)

For the rest of the proof, we condition on this event. By union bound, this happens with probability

at least 1 — %. We define the optimistic Q-function recursively as follows for a memory-state pair

(zh,sh) € Z, xS:

QF41(2H41,8H41,7) =0, Vzay1 € ZH41,5H+1 €S

QF (2n, s, ap) = min (H ~hHLE L aan), Vi (i sien)] +7(sn, an)

ont1~Ony1(- | sht1)

. Slog(1/d1)
H- 2,C -
* i ( O \/maX(Nh(sh,ah), 1)
. Olog(1/61)
E ~ H - 2,C-
shy1~Th (-] sn,an) . ( ,C \/maX(Nthl(Sthl), 1) ’
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where V™ 1 (2n41, 8h41) = Eayymomnia (- 2ni) [@F 41 (20415 S 1, ang1)]. Hence the time com-
plexity of our algorithm is POLY(H, M, S, A¥, O%). To prove the first condition, we fix step
h € [H], z, € Zp,ap € Aandstate s, € S and consider the case where @Z(zh, Shyap) = H—h+1.
In this case, since by assumption on the POMDP P, 7,(sp,ar) < 1, and by definition of
@;{H(-, -+) < H — h, we have:

QZ(Zh’ Shvah) =1+H-h>E sh41~Tr(- | sh,an), [Th(shvah) + V}Zr+1(zh+17 Sh+1)]'
0h+1~On41(- | Sht1)

If @Z(Zm sn,ap) # H — h + 1, observe that:

QZ(Zh’ shy ap) =E S;L+1NATA(' | sh,an), [VFZT"‘I(Z}H_M Sh+1)] tr(on, ) + H - in <2’ “ \/maX(Nh(Sh, an),1)

on+1~0ny1(- | Sht1)

Slog(1/6,) )

: Olog(1/61)
- H- :
B T snan) H IR <2’C \/maX(Nh+1(Sh+1)a 1)

2E snt1~Th(- | snyan), [rh(sh,an) + Vhﬂ+1(zh+lv sht1)],
0h41~Ony1(- | Sht1)

and hence, {Qv;{} nepm) satisfies the first condition. Moreover, it holds that:

~ s . SlOg(l/él)
QF (2hy shyan) <E g, i~ [ snaan), TR (Shyan) + Vit (Zhe1, Sh1)] +2H -min | 2,C -
" Ohh:1~@:-¢(—1‘(' Ihshi)l) e ’ ! InaX(Nh(sh’ ah)’ 1)

: Olog(1/61)
2-E & H- 2,C-
+ sht1~Th(- | sh.an) mm( O \/maX(Nh+l(Sh+1)71)

s . SlOg(l/él)
<E s, i~Th (I smoan), Th(Shyan) + Vi1 (2h41, Shy1)] + 6H - min | 2,C -
NI P PR A max(Ny (sn, ar), 1)

. Olog(1/61)
2-Eg T (18 H - 2,C - .
+ sh+1~Th (- | sn,an) min ( C \/maX(Nh+1(3h+1)7 1)

Thus, it holds that:

Vi (zhy s1) — Vi¥ (2h, 51)

Slog(1/61)

<E apemlz, Vi G snin) = Vi (s sn)] 6 O H - Bay oy Zh)\/max(Nh(sh an), 1)

Sh41~Tr(- | shyan),
onh+1~Ony1(- | 5nt1)

+2.C-H-E

ap~TR (| 2R),

Sh41~Tr(-| sh,an) maX(Nthl (Sh‘H)’ 1) '

¢ Olog(1/5,)

Thus, we conclude that

]ESINIM [Vlw(sl)} - EslNul [Vlﬂ(sl)] < ET:(S1,CL1,~~-75H+1)NW Z 8-H-C-
he[H|

1
=8- H\/max(O, S) -log(1/61) - C - Z Er— (1,01, 85 41)~m [\/ | .

hel] max(Np (sp,an), 1)

¢ max(S, 0) log(1/6;)

max(Np(sn,an), 1)

To finish the proof, we make use of the following lemma.

Lemma H.4 (Lemma 6 in [48]). For each step h € [H], and state-action pair (sp,ap) € S X A,
with probability at least 1 — Js:

1 B S - Alog(M/és)
\/maX(Nh(smah), 1) =0 (\/ M ) '
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By g [Vi7 (51)] = Esyopua [V (51)]

By setting 6o = ﬁ, and taking union bound we have that with probability at least 1 — §:
1
= -log(1/61) - C - E, _ ; o
8\/max(0, S) Og( / 1) ¢ heZ[H] T7=(81,a1,---,5H+1) \/maX(Nh(Sh,ah)a 1)|

2 max(O,S)-S~A. S-A M-S-A-H
<O<H \/ i log 5 log 5 .

Proof of Theorem 5.2: The proof of Theorem 5.2 follows by combining Theorem H.5 and Theo-
rem H.6 below. Theorem H.5 proves that we can approximately learn a POMDP model P computa-
tionally and sample efficiently, thanks to the privileged information.

Theorem H.5. Fix any €, € (0,1). Algorithm 4 can learn the approximate POMDP model with

transition ’/JI\‘L g and emission Q1. y such that with probability at least 1 — 9, for any policy 7 € 18"
and h € [H]

EZ [ITa (-l 51 an) = Tal-1sn an)lls + 1Oa (- 51) = On(- [ sn)]l

[E—

< O(e),

using POLY(S, A, H, 0, 1, log(%)) episodes in time POLY (S, A, H, O, 1,1og(3)).

Proof. Note that by Lemma H.11, it suffices to consider only m € Ils as the optimal value for
policies in TI&*" can be achieved by those in IIs (by considering 7 (sp, ap) := || Th(-| sk, an) —
Th(- | sn,an)ll1 + |On(- | Sn) — Or(- | sp)||1)- Foreach h € [H] and sj, € S, we define

= dy .
pr(sn) = max dj(sp)

Fix e, > 0, we define U(h,e1) = {sn € S|pn(sn) > €e1}. By the guarantee of the EULER

algorithm from [89, 37], one can learn a policy ¥ (h, s;,) with sample complexity o (52%{4) such
that d,\f(h’sh)(sh) > w for each s;, € U(h,e;) with probability 1 — §;. Now we assume this

event holds for any h € [H| and s;, € U(h,€1). For each s, € S and a;, € A, we have executed
in Algorithm 4 the policy ¥(h, sj,) followed by an action a;, € A for N episodes, and denote the
number of episodes that s, and a;, are visited as Ny, (sp,ap). Then with probability 1 — eNer/s,
Ni(sp,an) > N’%(Sh) by Chernoff bound. Now conditioned on this event, we are ready to evaluate
the following: for any 7 € Il

1 N 1 ~
5 “EXTo(- | snsan) = Th(-| sn,an)lr = 3 S™ dg(sn)mnlan | i) Ta(- [ sn,an) = Ta(- | sn,an)lh
Sh,Qp
1 25 log(1/5,)
< Ser + = Z A7 (sp)mn(an | sn)y | o2
2 snE€U(h,e1),anp Nph(Sh)
25 log(1/02)

<Sa+ Y dy " (sp)m (an | sn)
ShEu(h,El),ah

/ 125 log(1
§561+Z d;f(h,sh)(sh) S Oi\(] /62>
Sh

2log(1/d2)
N b

Npn(sn)

<Ser + S5
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where the first inequality follows by [13] with probability at least 1 — -, and the second inequality
uses dg(h’s")(sh) > @ for all s, € U(h, €1). Similarly, for any 7 € Ils

1 ~ 1 20 log(1/6
5 EZICAC[s0) = Bl [sn)ll € Sev b3 D0 df(enyy [ 2GEiLte)

2 on €l lher) Npn(sn)
s 201og(1/6 s 201og(1/d2)
<Set S A (sy) 2010g(1/02) _ g | S a5, Og 201og(1/d2)
snel(hyer) - Npalsn) sn€lUl(h.er)
Sh »€1 h 1
2 log(1/6
< S + OB

where similarly the first inequality follows by [13] with probability at least 1 — d2, and the second

inequality uses d,\f(h’sh ) (sp) > w for all s;, € U(h, €1). Therefore, by a union bound, all the
high probability events above hold with probability

1—SHGS — SHAe N/8 —2SAHG,.

Therefore, we can choose N = é(s%r#) and ¢; = O(§), leading to the total sample complexity

8 AHA L /SPAHO + SPAH  S*A?HP
SHA(N+@<S )>=®<S O+5AH 5 > (H.3)

€ €2 €

which completes the proof. O

Now with such a model learned in a reward-free way, we are ready to present our main result for
approximate belief learning.

Theorem H.6. Consider a y-observable POMDP P (c.f. Assumption 2.2), an € > 0, approximate

transition and emission {’H‘h}he[ ) and {0} nep#) learned from Algorithm 4 that ensure that for any
mellE and h € [H]:

E7 [IITa(: | snsan) = Tal-|snsan) 1 + 1O [s1) = On(-sn)la] <0 () -

Then we can construct in time POLY(H, A, S, O, £, log §) a belief {bj™ : Z;, — A(S)}he(m) with
O log(SH/$)
« sy
our class of finite memory policies IT” satisfies L > Q(y~*log(S/¢), then for any 7 € 18" and
h e [H]:

no further samples. In addition, if the parameter in Algorithm 4 satisfies N = C:)( and

E7 [1bn(7h) — by (z0)[l1 < O(e).

Proof. We firstly consider the following simple while important fact: for the estimated emission @h,
its observability can be evaluated as

105 (6= )11 2 1105 (b = ) |1 = (05 = OF) (b= ¥)ll = (v = |0n = Onllsc) I = ¥'ll,

for any 0,0’ € A(S) and || O, — Oy ||oo := maxs, es ||On(: | sr) — On(-| sn)||1. Therefore, if one
can ensure that the emission at any state sy is learned accurately in the sense that ||Op (- | sp) —
On(-|sn)lli < 3, we can conclude that O, is also y/2-observable. However, the key challenge here
is that there could exist some states sy, that can only be visited with a low probability no matter what
exploration policy is used. Therefore, emissions at such states may not be learned accurately. To
address this issue, our key technique is to redirect the transition probability into states that cannot be
explored sufficiently to some highly visited states, in a new POMDP that is close to the original one
in generating the beliefs.

Specifically, first, for any €; > 0, we define

ow .__ Nin(sn) _ e high low.
Sy .—{sheS’ N <3( S§,° =8\,
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By Chernoff bound, with probability at least 1 — Se~N¢1/8 it holds that
Si™ C {sn € S|pn(sn) < er},

where p,(sp) := max~crmg dj (s). To see the reason, we notice that for any sy, such that py, (sp,) >

€1, with probability 1 — e~N¢1/8 it holds that w > 5. Therefore, the last step is by taking a

union bound for all s;,. Now with S}fw defined, we are ready to construct a truncated POMDP P'rune
such that for each h € [H], we define the transition as

ZSL+1 €SP Th(shi1 | Snsan)
high
Sl

TS (spa1 | Snyan) :=0, Vs, € S,sp41 € S}fﬁl,ah e A.

high
, Vsp € 875h+1 S Shfl,ah S .A,

Tt}rbunc(sh-i-l | Shs Clh) = Th(3h+1 | Sh ah) +

Meanwhile, for the initial state distribution, we define
Syesp i (s1)
high
S
e (s1) i =0, Vs € SPV.
For emission, we simply define
@[;l;unc(()h | Sh) = (O)h(oh | Sh), Vh € [H],Sh S S,Oh e Oy

Finally, we define the rewards for P"™" arbitrarily. Now we examine the total variation distance
between the trajectory distributions in P and P"™"°. For any policy m € TI", it is easy to see that

p" (s1) = pa(s1) + . Vs e S

trunc
P™P (7h) < PO (Th),

for any 7, € ﬁgh = {(51:h,01:n, a1:0-1) | 8, € S;}li,gh,Vh’ € [h]}, since some rarely visited states’
probability has been redirected to the highly visited ones in P™", Meanwhile, it holds by a union
bound that for any h € [H]

PP, g Tyt ) < Y PTP (s € SIY) < HSer.
h'€[h]

Therefore, by noticing that P™""" (7,,) = 0 for any 7), & T'h;;gh and h € [H], the total variation
distance between the trajectory distributions in P and P"™" can be bounded by

ST BT (7) — PP ()] < 2HSer. (H4)
Th

On the other hand, by Equation (H.9) of Lemma H.9, we have

EZ[[lbn () — b () 11] < 2 [P™P(Fn) — P™P ()] < 4HSey. (H.5)
Th

With such an intermediate quantity ™", we define the transition of its approximate version Prunc
as follows: we define the transition as

2 esm Ta(shp [sn, an)
high
[Shi

T3 (spt1 | Shyan) =0, Vsp €S, sp41 € S, an € A

’
Sht1

it L high
TR (Sha1 | Sy an) == Tr(She1 | Sn,an) + . Vsn €8, 541 €Spiy.an € A,

Meanwhile, for the initial state distribution, we define
Zs'l esw fir(sh)
high
|51

AT (s1) :=0, Vs, € SPV.

7" (s1) = fia(s1) + . Vs € S
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For emission, we define

@}{““C(oﬂsh) = @h(0h|sh), Vh € [H},Sh GS,Oh S Oh.

Now we define 0% € RISi"1XO to be the sub-matrix of Q'™ where we only keep those rows
of O™ that correspond to the states in SI'¢". Similarly, we define O3 € RISi"1XO o be the
sub-matrix of Qj, where we only keep those rows of O}, that correspond to the states in S?jgh. Itis
direct to see that QO is still ~-observable. Meanwhile, we notice that

~ . ~ Olog(SH/6 201og(SH/6
1B — O3blloe = max OR(-sn) — On(: o)l < max ([ LBEH) oy | [ZOT0BISH/D)
shES)® spESH? Nr(sn) spESHE Ney
where the first inequality is by Lemma J.9, and the second inequality is by the definition of Sﬁigh.
Therefore, if we take
N> 80 logz(SH/é)’
e

it is guaranteed that |O5*> — O3*[| .. < . Therefore, we conclude that O is also /2-observable.

Now we are ready to examine Blf;m’nc. We firstly define the following POMDP P**°, which essentially
deletes all states in SI° from the state space of Prrune at cach step h, which does not affect the
trajectory distribution as they were not reachable in Prrune Notice that the emission of P is exactly
@j:’b, implying that Psub i g ~/2-observable POMDP. Therefore, for policy class with finite memory
r with L > 52(7*4 log(S/€), by Theorem 4.1 in [25], it is guaranteed that for any 7 € II,

Hsub |, ~
B 102" () = b (01 < e,
where b (73,), 0" (21,) € A(SIE"). Now we claim that

EP™ (B (1,) — b (z1) 11 < e, (H.6)

where we define b™(z,) € A(S) by augmenting b;*"(z,) with 0 for states from SI°¥. To

see the reason, we notice that simulating prrunc i exactly equivalent to simulating Pt and that
b (73,)(sp,) = 0 for s, € SI%, BI(73,)(s1,) = b (73,) (s, for sp, € Szlgh.

For the total variation distance between the trajectory distributions in P"™"¢ and prrunc it holds that
by Lemma H.9

Z |IP7T7P runc (?H) _ ]P)TK',P runc (?H)|

TH

SEP™ ST TR [sn, an) = TE(-[sn,an) |1 + [O5™ (- | sn) — OF™(- | sn)[lx
he[H]

< 3 B2 [Tl Isnsan) = TaC: [snsan)lh + 10 [sn) = On(-1sw)lh |
he[H]
where the last step is by Lemma H.7.
Now by Equation (H.4), we have

SOEZ™ [ITn (s an) = T [snan)lls + |1Ok(-] 50) = Onl- [ sn) 1
h

= > 8HSer +ET || Ta(-| sn,an) = Tul- | snan) s + 0a (-] s8) = On(- [ )]
h

S +8H2561,

Wl m
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where the last step is by Theorem H.5. Hence, by Lemma H.9, it holds that
trunc Ptrunc €
PP — PP < 3+ 8H?Sey, (H.7)
trunc f 26
EP™ |65 (7,) — b5 (7)1 < T 16H?Se;. (H.8)

Finally, we are ready to prove
EX b (7h) — b3 (zn) |11
< EP|[bn(a) — B (7)1 + EX b5 (1) — b (7a) 1 + EZ B (70) — b (2) 1
< BT [ba(mh) — b5 (ra) |1+ EX™ b5 (70) — B (7)1 + ™ B () — B (2n) s
+ 4| — BTy 4 2 PP - PP
< O(H?Ser) + O(e).

Therefore, by setting ¢; = © (ﬁ), we prove our lemma. Observe that our algorithm needed no
apx

further samples. The computational complexity follows by computing belief b, on POMDP Prub
using finite-memory policies of size ©(y~*1og(S/¢)). For the final sample complexity, we only

need to ensure N = é(%) in Equation (H.3), thus concluding our proof. [
We conclude the proof of Theorem 5.2 by combining Theorem H.5 and Theorem H.6. |

H.1 Supporting Technical Lemmas

In the following, we provide some technical lemmas and their proofs.

Lemma H.7. Fix n > 0 and an index set S C [n]. For two sequences 1., and yi., such that
x;,y; € [0,1] fori € [n]and Y, x; = 1,) ", y; = 1, we define

~ Zjes Lj

T; = x; + s VZ%S, /(L‘\Z‘ZO, Vi e S.
n—|5|

We define 7., similarly. Then, it holds that

Z|$i —yil > Z @i — Yil-
% 7

Proof. Note that

Sl = Y i = X[ SISy T

—Yi
i idS igSs n =S| n—|5|

Z‘sx' Z'sy'
SRR LTI -

igs

< (n—15])

n—[5]  n—IS]|
§Z|$i—yi|>

which completes the proof. O

Lemma H.8. Fix two finite sets X', ) and two joint distributions Py, P, € A(X x }). It holds that

—Ep, ) D IPi(y|2) = Paly|2)] <D [Pi(2,y) — Pa(,y)| = Y |Pi(x) — Pa()]

Y T,y

<Epa) Y |Pi(y|x) — Py 2)l.
Y
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Proof. For the second inequality, it holds that

D 1Pi(a,y) = Pa(a.y)l = Y [Pi(a,y) — Pu(2)Pa(y | 2) + Pr(2) Paly | 2) — Pa(z,y)]

<Y |Pi(ay) = Pu(x)Pa(y| )| + |Pi(x) Paly | 2) = Pa(a, )|

=Y [P@)(Puly |2) = Paly | 2))| + |Paly | 2) (Pi(2) — Pa(2))]

=Ep @) Y |Piy|z) = Paly|2)| + Y |Pr(x) = Pa()].
Y x
Meanwhile, for the first inequality, it holds that

; |P1(2,y) = Po(z,y) = ; |P1(2,y) = PL(2) P2y | ) + Pr(2) Pa(y | 2) — Pa(z,y)]
’ > i—lﬂ(%y) — Pi(x)Pa(y | 2)| + [Pr(2) Pa(y | 2) — Pa(, )
= wZWIPl(x)(Pl(y |2) = Pa(y | 2))| + [Pa(y [ ) (P(z) — Pa(2))]
= Eil(x) - Ey: [Py |2) — Pa(y | )| + %: |P1(2) — Py(2)],

concluding our lemma. O

Lemma H.9. Consider any two POMDP instances P and P and define the belief functions as bi.y
and b,. g, respectively (see Appendix C for the definition of belief functions). It holds that for any

T € []&n
[B™P —PmP |, = 3 PP () - TP (7))
TH

<lpa = Fialls +EZ D" ITu( | snan) — Tul- | sn,an)lls

he[H—1]
+EZ S 0n(- [ sn) — Onl- | sn)ll,
he[H]
EP|[br () — br(ma)lly < 2llpa — Finlls +2E2 > | Ta(: | snoan) — Tul- | sn,an) s
he[H—1]

+2E7 > | On(- [ sn) — Onl- | sn)lh.
he[H]

where we remind readers that we denote by Ty = (S1.4,01.1, a1.—1) the trajectory with states
from an episode of the POMDP.

Proof. The first inequality also appears in [44] and we provide a simplified proof here for complete-
ness. By Lemma H.8, it holds that

> BT () — P ()

< ST PPFEr) - P Fa ) +EY Y

mr—1(ag—1|Ta—1)Ta—1(sa | sa—1,am—-1)0u (0w |su)
aH —-1SH>OH

—mu-1(ag—1|Ta-1)Ta_1(su | su_1,am-1)0u(om | su)

< S PP Faen) = PP )| BT [T (L snot,am-1) = Taoa (1 sa—r,an-)lly + 10 (- [si) = On (- | sa) ]

TH-1
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where the last step is again from Lemma H.8. Therefore, by repeatedly unrolling the inequality, we
proved the first result.

For the second result, we notice that by Lemma H.8, it holds that

S BT (Thosn) = PR (rnosn)l = =D [PRT (m) = PR T ()| + BL Y BT (sn | 7h) — PR

ThSh Th Sh

Notice the fact that IP’Z’P(sh | 7,) does not depend on 7 since it is exactly the belief by, () (sp), we
conclude that

E (b () = b(m)ll < Y [Py (rhosn) = PR (masi)| + > PR () — PP ()]

ThSh Th

<2 PP (ryr) — PP (7)) (H.9)

TH

where the last step comes from the fact that after marginalization, the total variation distance will not
increase. By combining it with the first result, we proved the second result. O

Corollary H.10. Consider any two POSG instances G, G that satisfy Assumption C.8 and the

corresponding belief functions in the form of P9, PY : C) — A(Pp, xS8) forany h € [H], respectively.
It holds that for any 7 € TI&"

EZIBO (- [en) = P9(, | en)lh

(sh | 7h)]-

<2llpy = finlls + 2B > ITh(Isn an) = Tu(- s an)lls +2BS > | On(-| s1) — Onl-| )1

he[H-1] he[H]

Proof. For the second result, we notice that by Lemma H.8, it holds that

> P (enphssn) = PR (en pnosn)l = =D PR (en) — PR (en)]

ChPh,Sh

ch
+ES > BT (sn,on | en) = Pi? (s, pn | en)].
Sh;Ph
Notice the fact that IPZ’Q (Sh, P | cn), PZ’g(sh, pr | ¢n) do not depend on 7 due to Assumption C.8,
we conclude that

EZIPYC, - fen) =BG lenls < 3 (PR (cn s sn) — P (cnopns sn)| + > [PR9 (cn) — P (en)]

Ch;PhSh Ch

<23 [P (ry) — P9 (7)), (H.10)

where the last step again comes from the fact that after marginalization, the total variation distance
will not increase. By combining it with Lemma H.9, we proved the second result. O

Lemma H.11. For any reward function 1.z of P with rp, : S x A — R for any h € [H], it holds
that

max v (1) < max v” (n).
melleen mells

Proof. Denote 7* € Il to be the optimal policy obtained by running value iteration only on the state
space S for P. Now we are ready to prove the following argument for any 7w € II#*" inductively:

*
;zr 77;'(Sh7ah) > Q;7P(Sl:h701:h7a1:h)~
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Asymmetric Expert polic Asymmetric .
optimistic NPG Hstillaton Qleaming | Vanilla AAC
Case 1 3.32 + 0.66 3.33+0.62 | 3.04+0.58 | 3.25+0.65
Deterministic | Case 2 7.14+0.48 7.26+0.68 | 6.15E0.85 | 6.41+£0.91
POMDP Case 3 3.04 +£0.23 3.25+0.33 | 3.09+0.39 3.1+0.38
Case 4 6.51 +0.6 6.54 +0.58 6.16 +£0.48 5.87 £ 0.58
Case 1 3.31 £0.46 3.37+0.41 3.03+0.4 3.08 £0.43
Block MDP Case 2 6.36 = 0.52 6.67 £ 0.54 5.744+0.43 5.7 +0.46
Case 3 3.2+0.26 3.37+0.22 3.14 +£0.31 2.97+0.32
Case 4 6.01 +0.32 6.44+036 | 5.58+0.32 | 5.33£0.19

Table 2: Rewards of different approaches for POMDPs under the deterministic filter condition.

It is easy to see the argument holds for h = H. Fix state-action pair (s, a) € S X A and trajectory
(81:h—1,01:h, @1:h—1), We note that:

*

P * P
Q" (snyan) = Th(sh,an) + Egy Ty ( | snian) [g}lﬁf@ﬁl (8h+17ah+1)}

7w, P
> Th(Shyah) + Esh+1~']]'h(~ | sh,an), {J{flnax Qh+1(81:h+1, O1:h+1, al:h+1):|
0n4+1~Qpt1(-|spq1) LYPHE

P
> Th(5h7 ah) + ES;L+1NTh(' [ sh,an), |:]E11h+1’\’77h+1(‘ \ 51:h+1701:h+1=‘11:h)Qh+1 (511h+1’ 01:h+41, a11h+1)}
0h+1~0n41("[8n41)

= 7.r)ﬂP(‘Sl:fuOl:hvafllh)v

where the first inequality comes from the inductive hypothesis. [

I Missing Details in Section 6

POMDP under deterministic filter condition. We first evaluate our algorithms on POMDPs with
certain structures, i.e., the deterministic conditions. In particular, we generate POMDPs, where either
the transition dynamics are deterministic or the emission ensures decodability. We test three of our
approaches, expert policy distillation, asymmetric optimistic natural policy gradient. We summarize
our results in Table 2, where the four cases corresponds to POMDPs with (S = A=2,0 =3,H =
5,8=A=2,0=3,H=10),(5=3,A=2,0=4,H=5),(S5=3,A=2,0=4,H =5),
and we can see that our approach based on expert distillation outperforms all the other methods, which
is consistent with the fact that such methods have exploited the special structures of the POMDPs
achieving both polynomial sample and computational complexity.

General POMDPs. Here we also evaluate our methods for general randomly generated POMDPs
without any structures. Hence, we compare the baselines with asymmetric optimistic natural policy
gradient and asymmetric optimistic value iteration (i.e., the single-agent version of Algorithm 5). In
Figure 2, we show the performance of different algorithms in POMDPs of different size, where the
four cases corresponds to POMDPs with (S =A=0=2,H =5),(S=A=0 =2,H = 10),
(S=0=3,A=2H =10),(S=A=3,0=2,H = 10), and our approaches achieves the
highest rewards with small number of episodes.

Implementation details. For each problem setting, we generated 20 POMDPs randomly and report
the average performance and its standard deviation for each algorithms. For our algorithms based on
privileged value learning methods, we find that using a finite memory of 3 already provides strong
performance. For our algorithms based privileged policy learning, we instantiate the MDP learning
algorithm with the fully observable optimistic natural policy gradient algorithm [74]. Meanwhile, for
both the decoder learning and belief learning, we find that just utilizing all the historic trajectories
gives us reasonable performance without additional samples. For baselines, the hyperparameters o
for -value update and step size for the policy update are tuned by grid search, where « controls
the update of temporal difference learning (recall the update rule of temporal difference learning as
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Q + (1 — @)Q + aQ™e"). For asymmetric )-learning, we use e-greedy exploration, where we use
the seminal decreasing rate ¢; = g—ﬁ Finally, all simulations are conducted on a personal laptop
with Apple M1 CPU and 16 GB memory.

Empirical insights and interpretation of the experimental results. To understand intuitively
why our approach outperforms those baseline algorithms, we notice the key difference in the value
and policy update style between our approaches and vanilla asymmetric actor critic and asymmetric
Q@-learning. The baselines often roll-out the polices, collect trajectories, and only update the value
and the policies on the states/history the trajectories have visited. Therefore, ideally, to learn a good
policy for baselines, the number of trajectories to collect is at least as large as the history size, which
is indeed exponential in the horizon H. This is known as curse of history for partially observable
RL. In contrast, in our algorithms, we explicitly estimate the empirical transition and emissions,
which is indeed of polynomial size. Thus, the sample complexity avoids suffering from the potential
exponential dependency of horizon or the length of the finite memory. Finally, we acknowledge that
the baselines are developed to handle complex, high-dimensional deep RL problems, while scaling
our methods to deep RL benchmarks requires non-trivial engineering efforts.

J Missing Details in Section 7

Proof of Proposition 7.1:

Given the condition of Definition 3.2, the function ¢, that satisfies the condition of Proposition 7.1
can be constructed recursively as follows for any reachable 7,

On(Th) == Un(dn—1(Th=1), an-1, 0n),

and ¢1(01) := ©1(01). Therefore, we can prove by induction that by belief update rule
]P’P(Sh | 7h) = Uh(bd)h—l("'h,—l); an_1,0n) = bwh(ﬁbh—l(Th,—l)vah—hoh)’

where the last step is by the definition of our ¢,. Therefore, we have PF(s, =
Yn(bn—1(Th—1),an—1,0n) | Tn) = L.

For the other direction, it is similar to the proof of Lemma C.1 in [19] for m-step decodable POMDP.
Here we prove it for completeness. For any reachable trajectory 75, € 7T}, it holds by the belief update
and induction that

PP (s, | 7h) = Upn (0% =1 ay 1 0) = PP (sp | sho1 = dn_1(Th_1), an_1,0n).

Meanwhile, since we know PP (-|7;,) is a one-hot vector, we can construct v, such that
Yn(Sh_1,an_1,0p) is the unique s;, that makes P” (s5, | 7,) > 0 with s, 1 = ¢p_1(75_1). If
this procedure does not complete the definition of 1) for some (sp_1,an—1, 0p), it implies that either
Sp—1 1s not reachable or oy, is not reachable given s;,_1, i.e., IP’p(oh | $h—1, %—1) = 0 for any
aj,_, € A, thus recovering the conditions of Definition 3.2. u

Proof of Proposition 7.3:

Note that for any given problem instance of a POMDP, we can construct a POSG by adding a dummy
agent that has the observation being the exact state at each time step, and has only one dummy action
that does not affect the transition or reward. Therefore, even the local private information p; ;, of
the dummy agent can decode the underlying state, and hence (cy,, pp,) reveals the underlying state.
Therefore, the corresponding POSG with the dummy agent satisfies the condition in Proposition 7.3.
Meanwhile, it is direct to see that any CCE of the POSG is an optimal policy for the original POMDP.
Now by the PSPACE-hardness of planning for POMDPs [66], we proved our proposition. ]

Theorem J.1. Suppose the POSG G satisfies Definition 7.2. For any m € Ils and (potentially
stochastic) decoding functions § = {gi.n }iein),ne(r) With gin = Cn x Py — A(S) for each
i € [n], h € [H], it holds that

NE/CCE-gap(n9) — NE/CCE-gap(7) < 2nH? max max max

a PuiX‘n'fi,g s . Ch, Pi
i€[n] wi €1L; j€[n],he[H] (1 7 Gjn(cn: Pi.n))

CE-gap(r?) — CE- < 2nH? Plmiom)Om—i. Gin(cn,pj
gap(m’) gap(m) < 2nH max max  max (sn 7 gjn(cn,Pin))
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where 77 is the distilled policy of 7 through the decoding functions g, where at step h, each agent
i firstly individually decodes the state by sampling s ~ ¢; »(- | ¢n, pi,n), and then acts according
to the expert ; ;,, where in the following discussions, we slightly abuse the notation and regard
Gi.n(cn, pi,n) as a random variable following the distribution of g; 1, (- | ¢, pi,»). In other words, the
decoding process does not need correlations among the agents.

Proof. For notational simplicity, we write v; instead of vig when the underlying model is clear from

the context. Firstly, we consider any deterministic decoding function ¢ = {¢; 1 }ic[n),ne[z] With

qASZ-,h :Cp X Py, — S foreach i € [n], h € [H], and note the following that for any ¢ € [n],

vi(m) — vi(n®) = B[R] — E9, [R]

= ES[RL|Vj € [n],h € [H] : si = $n(cn, pjn)]] — B9, [RLV] € [n],h € [H] : s = G;(cn, pjn)]
+ES[R1[3j € [n],h € [H] : sn # Gjn(cn, pin)]] — B, [R1[3] € [n], h € [H] : sn # Sjn(cn,pin)]

— ES[RL[3) € [n],h € [H] : s # by (cn pin)]] — ES,[RL[F) € [nl, b € [H] : 51, # By (cns prn)]]

where we define R := ), 7; »(Sn, an), and the last step is by the definition of n®

vi(m) — vi(®) < HP™9(3j € [n),h € [H] : si # Bjn(cnspin)).

Therefore, by noticing the fact that g is equivalent to a mixture of deterministic decoding functions,
where at the beginning of each episode, one can firstly independently sample the outcome for each
(ch,pjn) for j € [n] and h € [H], we conclude that

vi(m) = vi(79) = vi(7) — nggui(ﬂa) < HE; P™9(3j € [n],h € [H] : sp # &jn(cn,pjn))

= HP™9(3j € [n],h € [H] : s # Gjn(ch,pjn))-
Now we prove our result for NE and CCE first. Due to similar arguments for evaluating v; (7) —v; (7r‘5),
for any u; € II; UIls 4, it holds that

<)

) —vius x ) <EY[R1[3j € [n]\ {i}, b € [H] : sn # Bjn(cn, pin)]

Uy X,
U 7r$. - - N
< HP"*™=9(3j € [n] \ {i}, h € [H] : sn # bjn(chsDjn))-
We notice the following fact that

]P’MXW”"’Q(V]' e\ {i},h € [H]: sy = (Zj,h(chvpj,h)) = Z Pu@'X‘nzi,g(fH)’
THET 1 (9)

vi(ui X

where we define Tu(@) == {Tu € Tu|Vj € [0\ {i},h € [H] : sp = djj’h(ch,pj’h)}. By
definition of 7®, it holds that

-~

Vrn € Tr(9) : PP m=09(7y) = P9 (7).
Therefore, we have

RO , . ~ Sxa® ) ) ~
Puxm=i9(vj € [n] \ {i}, h € [H] : si = djn(en, pjn)) =P 7=09(¥j € [n] \ {i}, h € [H] : sn = &jn(cn, pjn))-
Correspondingly, it holds that

P mo9(3j € [n] \ {i},h € [H] : s # Brlenpya)) = P 09(3j € [n]\ {6}, h € [H] : s, # By (0n, pyn)):

which implies that

vilug x 72,) — vyl x 7_3) < HP*™09(3j ¢ [n]\ {i}, h € [H] : s, # Bj.n(chspin))
= H[P“ix”*i’g(ﬂj € [n]\{i},h € [H]: s # (Ej,h(ch,pj,h)).
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Again by the fact that g is equivalent to a mixture of deterministic decoding functions, it holds

’UZ'(’LLZ' X 7'("/9_\1) — vi(ui X 7T,i) = E(?)\N?J\’U,L(’LLZ X Wfl) — vi(ui X 71'72')
< HEg PU>"=+9(3j € [n] \ {i},h € [H] : sn # 60 (cn. psn)
= HP">™=9(3j € [n]\ {i},h € [H] : sn # Gjn(cn, pjn))-

Now we are ready to evaluate the NE/CCE-gap of policy 77 as follows:
NE/CCE-gap(n?) — NE/CCE-gap()

< max (max v (u; X ﬂjﬂ-) — max v;(u; X 711)) + H]P’”’g(ﬂj € [n),h € [H]: sy, # gjn(ch pjhn))-
i€n] \ui€ll; u;€lls ;

Now we notice that max,, erig , vi(ui X T_;) = maxy, e, vi(u; x 7_;) since Ils; C II; by the
deterministic filter condition Definition 3.2 and 7_; is a Markov policy. Therefore, we conclude that

NE/CCE-gap(r?) — NE/CCE-gap(r)

< max (mgg vi(ug x 7)) — max v;(ui X Lz‘)) + HP™9(3j € [n], h € [H] : sn # Gj,n(ch, Pin))
1€[n Uj i Uq 1

< max (max (U'L(Ui x 79,) — vi(ui x 71!1'))) + HP™9 (35 € [n],h € [H] : sn # Gjn(cn, psin))

i€[n] \u; €Il

< max (max HP"i*™=:9 (35 e [n] \ {i}, h € [H] : sp # gj,h(ch,pj,h))) + HP™Y9(3j € [n],h € [H] : sn # Gjn(ch,pin))

i€n] \u;€ll;
<2H PTG (s 7 _
S2H | max Z > (8h # Gj,n(chspjn))
jE€[n] h
< 2nH? a WX (s, # Ginlcn, pin)),

max
i€[n],u; €T1;,j€[n],hE€[H]
where the second last step is by a union bound, thus proving our result for NE and CCE.

For CE, consider any strategy modification m; € M; U Mg ;, it holds that
CE-gap(n?) — CE-gap(r)

< max vi((myon?)©nly) — max vi((miom)© )+ HE(3j € [n],h € [H] : 51 # Ginlen pjn)).
mg i my S,

Now we notice that max,,,c ms , vi((m; © 7)) © T_3) = maxy,ems , vi((mi o m;) © m_4) since
Ms; © M, by the deterministic filter condition Definition 7.2 and Lemma J.2. Therefore, we
conclude that

CE-gap(n?) — CE-gap(n)

< max max vi((mionf) ©L) = max vi(msom) © wy) + HP™(3) € [nl, b € [H] : s # Gin(en pin))
i€[n] meM; mieM;

< max max (Ui((mi ord)©nl,) —vi((miom)® m)) + HP™9(3j € [n], h € [H] : 5 # Gjun(chi Djn))

< max max HP(OTOT00(3 € [n]\ (i}, h € [H] : s # G (en,pin)
1e(n] m; i

+ HP™Y(3j € [n],h € [H] : s, # Gjnlcn pjn))

<9H pmiom)Om—i,G 5. D
= ie[nf?n?imjezm ; (sn # Gjn(ch:pjn))

< onH? max P(miomi)Om—i.G (¢ Ginlcn,pi
- i€[n],m; €M, he[H],j€n] (sn # Gjn(ch: Pin))

where the third step is due to the same reason as Equation (J.1). [
Lemma J.2. For any 7 € Ilg, it holds for any reward function and i € [n] that
max_v;((m;om)©m_;) = max v;((m;om)® ;).

m; EMS m;EMs i
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Proof. Denote m; € argmax,, ¢ e vi((m; o m) © m—;) and My € argmax,, ¢, vi((mi ©

7;) ® m_;). Now we shall prove that V;()Zﬁom)@ﬂ*“g(51;h, 01:hy @1:h—1) < V(m IO (51
inductively for each h € [H]. Note that it holds for h = H + 1. Now we consider the following

(mfom;)Om_;,G

ih (51:h701:h7a1:h—1)

=E an~mn (- | sn) Th(Shy M 1 (S1:05 01:hy G1:h—1, Qi k), G—i 1)

Sh1~Th (- | 8hym] p (S1:2,01:0,01:0—1,04,1)50—i,1)

On+1~On41(- | 8h+1)
(miom)Om_i\G .
Vz h+1 ' ' (51:h+17 O1:h+1,01:h—1, mi7h(81:ha O1:h, A1:h—1, aiﬁ)’ a—i,h)
myom;)Om—;,G

<E an~mn (-] sn) { n(Shy M7 1 (81:h5 01:hy Q1:h—1, Qi h), aﬂh)ﬂ—VhH ! ' (5h+1)}

Sh1~Th (- | shym] 5, (51:0,01:0,01:0—1,84,1),0—i,1)

oh+1~Oht1(- | sht1)

ok (m <>7T1)®7T—1,g
<E ap~7nh (- | sn) {Th(shvmi’h(smai,h)?afi,h) VZ 1 (Sh+1)
sh1~Th (- | sn,M] 1 (Shyai,n),a—4,n)
on+1~0n41(- | Sh+1)

_ ‘GE?;OWi)QWfi,g (Sh)7

where the second inequality follows from the inductive hypothesis and the third step is by the
definition of M € argmax,, c s, Vi((miom) © m_;). O

Lemma J.3. Given an approximate POSG G that satisfies Assumption C.8 with approximate tran-

sitions and emissions being {ﬁfh, @h}he[ ], we define the approximate decoding function g to
be

Gin(sn | cnypin) =P (sn | cn,pin),

for each h € [H], s}, € S, ¢, € Cp, pi,p, € Py - Then it holds that for any 7 € Ils,

max PuiXT—i9 (g Gin(cn,p;
i€fn] ui €Il g €ln] he H] (sn # Ginlen:Pin))

< max  ES o | DT ITaClsnan) = TuClsman)li+ D IOu([s) = Onl-|sn)l|
i€[n],u;€lls s he[H—1] h€e[H]
and
max ]P)(miOﬂ'i)@ﬂ'—i,g(sh ?é ﬁj,h(ch;pj,h))

i€[n],m;EM;,j€[n],he[H]

< max
i€[n],m;EMgs ;

E iomom_ ZHTh Clsnoan) = TuClsman)li+ > IO |sn) = On(-|sn)l

he[H he[H—1]

Proof. Note for any i € [n], u; € II;, j € [n], h € [H], it holds

P09 (s, £ Ginlcn pin)) = Eg o ’Pg(sh | chspjn) = P9(sn | enpin)| s

Sh
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due to the condition in Definition 7.2. Meanwhile,

1 ~
i]Eg X Z ‘Pg(sh | ChsDjn) — IEDg(sh | Chvpj,h)’
Sh

<y

ShyChPj,h

S Z PuiXﬂ_i,g(?h) _ PuiXﬂ_i,é(?h)‘

Th

<X
TH

IP)U{,X‘H'fi,,g( _Ip)uiXﬂ'fi,g(

Smcmpg‘,h)

Sh Ch7pj,h)‘

IPTHXW—MQ(?H) _ PMXTF—&,@(?H)‘

<ES o | D IThCIsnian) = TulIsnian)lli + Y IO4( ] sn) — On-[sn)l1|
he[H—1] he[H]

where the first inequality is by the first inequality in Lemma J.7, the second and third inequalities are
due to the fact that TV distance does not increase after marginalization, and the last inequality is by
Lemma H.9. Since 7_; is a fixed and fully-observable Markov policy, by Lemma H.11, we have

E | D ITaClsnoan) = TaClsnean)ls + Y [0n(-Isn) = On(- | sn)lh

he[H—1] he[H]

< max Bl | D0 ITaClsnan) = TuCLsman)li+ 30 IOn( 1) = Onl:[su)lh|
he[H-1] he[H]

thus proving the first result of our lemma.

For the second result of our lemma, it can be proved similarly that for any ¢ € [n], m; € M;, j € [n],
h € [H],

PUmeom)OT—09 (51 £ Gy (chy Din))

<SEG omvor | O ITaClsnan) = Ta(-Isnan)li+ D IOw(-Isn) = On(-|sn)h
he[H-1] he[H]

By Lemma J.2, we proved the second result. O

Theorem J.4. Fix any ¢,6 € (0,1) and 7 € IIs. Algorithm 5 can learn a decoding function g such
that with probability 1 — §
PuiXm—i g (

max s ginlcn,p; <,
i€[n],u; €I1;,j€[n],h€[H] h 7& g%h( h p%h)) -

. . -~ 2 3 4 42 175
with total sample complexity O(2S"AH Oj nS°AH 4 S Ae H2

POLY(S, A, H,0,1),log 3.

and computational complexity

Proof. With the help of Lemma J.3, it suffices to prove

X ES wr | Y ITh(-]snan) — Tr(: | sy an)lli + [|Ow(- [ s1) — On(-|sn)lli | <e.
K3 nj,u;g S.,i
’ he[H]

The following proof procedure follows similarly to that of Theorem H.5. For each h € [H| and
sy, € S, we define

Uiz XTT 4
ph(Sh) - ie[nﬁ?é{HS,i dhz ’ Z<Sh).

Fix €1,01 > 0, we define U(h,e1) = {sn € S|pn(sn) > €1}. By [37], one can learn a pol-

S%A,HY Wi (h,sp)Xm_;
€1 ) d

icy {W;(h, sn)}ic[n) With sample complexity O( such that max;¢(,) d,, (sp) >
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w for each s, € U(h,e;) with probability 1 — n - §;. Now we assume this event holds

for any h € [H| and s, € U(h,e1). For each s, € S and a, € A, we have executed each
policy {V;(h,sp) X m_;}ic[n) for the first h — 1 steps followed by an action a;, € A for N
episodes and denote the total number of episodes that s;, and ay, are visited as Ny(sp, ay), and
Niu(s1) = Y pe 4 Ni(sn, a). Then, with probability 1 — e~ N1/8, we have N, (s, ap,) > 2alsn)
by Chernoff bound. Now conditioned on this event, we are ready to evaluate the following for any
i € [n],and u; € IIs;:

Egl X7 ITh(- | snyan) = Tr(-|sn,an)ll1 = Z dZiXTLi(Sh)(ui x T—i)n(an | sp)Th(- | shyan) = Th(-|sn,an)l

Sh,ah
Wi X T Slog(1/6
<2-Sa+ Y dy T (sn)[w x moiln(an | sn) Slog(1/02)
Ni(sn,an)
sp€U(h,e1),an
Ui X T4 25 10g(1/52)
< . i X i . ) ar e\ Y2)
< 2 S€1 + Z dh (Sh)[ul X ’/T—z]h(ah | Sh) Nph(3h>

sn€U(h,e1),an

— 25 log(1/6
2S04 A oy IO
Sh

210g(1/5)
N bl
where the second step is by Lemma J.8, and the last step is by Cauchy-Schwarz inequality. Similarly,
Ey IO C[51) = On(- sl =D dy™ " (sn)|[On(- | 51) = On(- [ sn)]n

Sh

<2-Se1+ 8

wi X Olog(1/d2)
< 2. d PXT_g Olog(1/02)
< Ser + Z h (sn) Nh(Sh)
spnEU(h,€1)
wi X T 201log(1/d2)
s2-Sat Z " sy | e
sneU(her) Npp(sn)
Ui X 201og(1/4
<250+ 2 @) %
sp€U(h,e1)
0.0 4/ BOREITE]

where the second step is by Lemma J.9, and the last step is by Cauchy-Schwarz inequality. Therefore,
by a union bound, all high probability events hold with probability

1— SHnd, — SHAe N1/® _ 28 AHS,.

Therefore, we can choose N = é(szj#) and €; = O(§), leading to the total sample complexity

N 3 4 _ 2 3 4 A2 175
SHA<nN+®(SAH >>_@<nSAHO+nSAH+SAH>’

€ €2 €

which completes the proof. O

Note that although our Algorithm 5 and Theorem J.4 are stated for NE/CCE, it can also handle CE
with simple modifications, where the key observation is that the strategy modification m; € Mg ;
can also be regarded as a Markov policy in an extended MDP marginalized by 7_; as defined below.
Definition J.5. Fix 7 € [Ils. We define M®d(1) t0o be an MDP for agent
i, where for each h € [H], the state is (sp,a;p), the action is some mod-
ified action a;’h, the transition is defined as T¢™ed(s) 1. a; pi1|Sh, @in, a’i’h) =
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Eaii,h’,\,ﬂ-h(. | $hyain) [Th (Sh+1 | Sh, a;,h, a,i’h)ﬂh+1(ai’h+1 | Sh+1)], where we Sllghtly abuse the no-
tation of my(a—; pn | Sn,ain) and m(a;p | sp) by defining them as the posterior and marginal
distributions induced by the joint distribution 7, (ap |sp). Similarly, the reward is given by
R (s aqpy af ) o= Ba_ omn (- sniann) [Th (SR, @ gy a—i )]

With the help of such an extended MDP, we can develop Algorithm 6, which is a CE version of
Algorithm 5 with the following guarantees.

Theorem J.6. Fix any ¢,6 € (0,1) and 7w € IIs. Algorithm 6 can learn a decoding function g such

that
max P(miOﬂ'i)Qﬂ'—iag(

sh # Gin(cn,pin)) < e,
i€[n],m;EM;,j€[n],he[H] h ;é gj7h( h pj7h)) -

nS2ASHO+nS3A*H + s4A6H5)
62

with total sample complexity 6( .

POLY(S, A, H,0,1).

and computational complexity

Proof. Due to the construction of M&ended(7) “the proof of Theorem J.4 readily applies, where the
only difference is that the state space of M¢nd () js now S A;, larger than that of M(7_;) by a
factor of A; thus proving our theorem. O

We next introduce and prove several supporting lemmas used before.

Lemma J.7. Suppose we can sample from a joint distribution P € A(X x ) for some finite X,
Y i.id. Then we can learn an approximate distribution Q € A(X x )) with sample complexity

S (M) such that

Eenr Yy |Py]e) —Qy|z) <2 Y [P(z,y) - Qz,y) <e

yey TEX YEY
with probability 1 — 4.

Proof. Note the following holds
> IP@y) - Q@)= > [P(y) - P@)Q(y|x)+ P)Qy|z) - Qx,y)|

TeEX ,YyeY TEX YyeY
> Y [P(z,y) - P(2)Qy|x)| - [P()Qy|z) — Q(a,y)l.
TEX,yeY
Therefore, we have

Eonp Y |Pyle) = Qyl2)l < Y [P(xy) = Q@y)l+ Y Qyl2)|P(x) - Q)

yey reX,yey zeX,yey
<2 Y |P(xy) - Qz,y)l (1.2)
zEX,YyeY
By the sample complexity of learning discrete distributions [13], we can learn ) such that
Y vexyey [P y) — Q(z,y)| < € in sample complexity © (W) with probability 1 — 4.
Thus, we proved our lemma. O

Lemma J.8 (Concentration on transition). Fix § > 0 and dataset {?’f{}ke[ ~) sampled from P (or

G in the multi-agent setting) under policy 7 € II2*". We define for each h € [H], (Sh,an, Sh+1) €
SxAxS

Ny (sn,ap) = Z 1[sf = s, af = an), Ny, (Sh, an, Sh1) = Z 1[sf = sp,af = an, sk = sp).
k€[N] ke[N]

Then, with probability at least 1 — 4, it holds that for any k € [K],h € [H], s, € S,a; € A:

Slog(SAHK/S)
max{Np(sp,ap), 1}’

ITh(- | $hyan) — Ta(-| sn,an)|1 < C1\/

Ny (8h,an,5h+1)

for some absolute constant C; > 0, where we define T, (s41 | sn, an) = N a1
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Proof. This is done by firstly bounding ||T5(: | sn,an) — Tr(- | sn,an)|1 for specific k, , sn, an
according to [13], and then taking union bound for all k € [K],h € [H]|, sy, € S, ay € A. O

Lemma J.9 (Concentration on emission). Fix § > 0 and dataset {?’ﬁl} ke[n] sampled from P (or G in
the multi-agent setting) under some policy 7 € I18*". We define for each h € [H], (sp,0r) € S x O

N (sn,on) = Z 1[s¥ = sp, 08 = o], Ny (sp) = Z 1[sF = s5].
ke[N] ke[N]

Then, with probability at least 1 — 4, it holds that

Olog(SHK/9)

IO 51) = Onl- su)lh < Cﬁxwﬁ()l}

N (8h,0n)

for some absolute constant C5 > 0, where we define @h(oh | sp) = ANy T

Proof. This is done by firstly bounding ||Oy, (- | s) — On(- | sn)||1 for specific k, h, s;, according to
[13], and then taking union bound for all k € [K], h € [H], s}, € S. O

Now we switch to proving the guarantees for Algorithm 7.
Lemma J.10. Fix § > 0. With probability 1 — 4, it holds that for any k € [K], h € [H], s, € S:

\/ Olog(SHEK A/5)

> ‘Pg(0h+1|5h;ah) — Tk (ons \Sh,ah)‘ < Cs

NEGonon)

where J# is defined in Algorithm 7.

Proof. This is done by firstly bounding Zoh+1

k, h, sp, ap, according to [13], and then taking union bound for all k € [K|,h € [H],s, € S,ay €
A. O

PY (op41 | sn,yan) — jﬁ(ohﬂ | Sh, ah)’ for specific

From now on, we shall use the bonus

Olog(SAHK/9)
max{N}(sp,an), 1}’

b¥ (sn,an) = min {@,(H - h)\/ 2(H — h)} (J.3)

in Algorithm 7, for some absolute constant C'3 > 0.

Before presenting our technical analysis, we define the following notation for the ease of presentation.
We define the following approximate value functions for any policy 7 € II in a backward way for

h € [H] when given some approximate belief in the form of {]Sh :Ch — A(Pr x S)}herm as
discussed in Section 7.2:

Y e _
Viin (en) = B on P (o 1em) Bwonfag n~my n L@ noensps )t yen)
™G
E5h+1N’Eh(‘ |'shsan),0n4+1~0p+1( | Spt1) [Tth(sha ap) + ‘/;,h+1(ch+l)] )
AT,G — _
Q7y (cny ) = B on~Bo o 18 Blag nmrs n G 1o} jen)
™G
E51L+1~Th,(' [shsan)s0n41~0n41( | Spy1) [Tiyh(sha an) + Vi,h+1(ch+1)] )
for each (i, cp) € [n] x Cp, and 7y, € T'p,, where we define V;,’JQH(CHH) =0.

Intuitively, this definition of IA/i’T,;g (¢p,) mimics the Bellman equation of the ground-truth value function

?

Vfr};g(ch) by replacing the ground-truth belief P9 (sy,, pn | ¢) by P (sn, pn | €n). Next, we point out
the following quantitative bound when using ‘Zﬂh’g (cn) to approximate Vf};g (cn).
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Lemma J.11. For any 7/, 7 € II, it holds that

EY, Vi?}lg(ch) - ‘ZT}{Q(Chﬂ < (H — h + 1)2epeliet,
where
€belief ‘= }{2%{] r;lgﬁ(Eg Hpg(w len) = ﬁh('a ) \Eh)Hl :
Proof. Tt follows directly by combining Lemma 4 and Lemma 8 of [51]. [

Meanwhile, note that although in Algorithm 7, the value functions we maintain have input ¢y, instead
of ¢, for computational efficiency, we extend the definitions of those value functions to also accept
cy, as inputs as follows (with a slight abuse of notation):
high, k . yhigh,k o~ high, k . high,k ~ high, k 1 highk o~
Qin (cnsm) = Qiy " (Chyvn)y  Qil " (ChsDhsShyan) == Q5 (Chsbhy snyan), Vi (en) ==V (Cn)
low,k o Alowk A low, k o lowk A low, k o 1/lowk
Qin (e n) 3= Qi " @ vn)s Qi) (ChyPhy Shyan) 3= Qi (Cns Py Shyan), Vi3 (en) = Vi (@),
where we recall that ¢;, = Compress,, (cp,).

Lemma J.12 (Optimism 1 for NE/CCE). With probability 1 — 4, for any k € [K], for Algorithm 7,
it holds that for any i € [n], 7} € II;, h € [H]

high, & /-~ Arixrr G high, & /-~ ik
QU @n) = Qs (enn), ViR @) = Vi, (cn),

where we recall that ¢;, = Compressy, (cp).

Proof. We will prove by backward induction. Obviously, it holds for o = H + 1. Now we assume
the lemma holds for h + 1, then by definition

high, k o R high, k
Qin (ensvn) =By, b By 1) Blagn~rn C1pj) e i) [Qi,h (Ch7ph’sh’ah)]

. k—1
=B o 18 Blas i C i)Y ey DIBT6R (SR an) + b, (shs an)

+E,,, 3 ViR ensn)]  H = b+ 1)

0h+1~ﬂﬁ_1(' [ sh,an) [
=z EShathﬁh(‘,' \ 5;L>E{“J>h~’h>h(‘ [Pj,n)}jem)
’ k
. k—1 SmixTl G
min {m,h(Sh,ah) +b," (sn,an) + E i T s pan) [Vi,h+1 (Ch+1):| yH —h+ 1} ;
where the last step is by inductive hypothesis. Now note that for any (sp, pr, ar), we have

’ k
sSmixwt G

k—
by, 1(3haah) +E0hy+1~j§fl(.|sh,ah) |:Vi,h+1 (%4—1)}

sl xrk

_ Tl — _7‘,79
2 bﬁ 1(Sh7ah) - (H - h)HJ’Z 1(' ‘ S}Hah) - Pg(' ‘ 3h7ah)H1 + E8h+1~Th(' | 5hyan),0n41~Ony1(-|Sht1) {Vi,h+1 (Ch-‘,—l):l

’
ST Xnl G
> E5h+1"’Th(' | sh,an),0n41~0n41(- | Spt1) |:‘/;,h+1 (Ch""l):l ’

where we notice PY(op, 11 | sn,an) = ZSHI Opt1(ont1 | 8ht1)Th(Sht1 | Shyan) for the first in-

equality, and the second inequality comes from the construction of our bonus b’fb_l(sh, ap) in
Equation (J.3) and Lemma J.10. Meanwhile, by the definition of value functions, it holds that

’ k
SmxXnl G

ES}L+1~T;L(' | sh,an),0n41~O0n1(- | sp11) {Vi,h-i-l (Ch+1)} < H — h. Therefore, we have
mix7k .G

min {Ti,h(sha an) + bzil(sh’ ah) + E0h+l~j;i_l(' | sh,an) |:Vi,h+1 (ch+1):| H —h+ 1}

’
Sl xr

208
2 ri’h(shv an) + Esh+1~Th,(' | shsan),0n41~0n41(-|snt1) |:Vi,h+1 (Ch+1):| .
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Now we conclude

high, &
szi (cha ’Yh)

2K, B 1o Elasnmvn 1) bt EsniinTh - | snsan),ons1~Onia (- | snyn) Fish (S an)

~n/xrk . G

+Vinn " (enta)]

Ix7* .G
= Qi,h (ch,Th)-

high, &

PE e n) = QU (@, n). thus proving QIS (@h, ) >

By definition, we have @

@j hXﬂ’1 9 (ch,vn). Now for the value function, note that

high,k high,k ~
ViE (en) = B, Qi (cns {7 1 (- | wjohs G ) Yetn])

> E,, Ethhlgh k(chv ( ‘ wz hy Ch '), {W;?,h(' |wj7h36ha )}je[n]\{z})

7r><7r g

> Eur B Q1 (ehs g (41w s s ) AT S 1 (1 wions Crs ) e giy)

= VT ),

where the first step is by the property of Bayesian CCE, and the second step is by Qh gh.k (chyvn) >

@j h”’“g(ch, 1) for any 7, € T', as proved above. Again by definition, we proved Viljzgh’k(ﬁh)

VI en) = VT ).

O

Lemma J.13 (Optimism 1 for CE). With probability 1 — 4, for any k € [K], for Algorithm 7, it
holds that for any ¢ € [n], m; € M,, h € [H]

A(mjom; )®7r_7,g
(

high,k
Qi (Chivn) = Qyp, ChsVh)

V) 2 Do S )

Proof. We will prove by backward induction. Obviously, it holds for o = H + 1. Now we assume
the lemma holds for h + 1. Now we notice that by definition,

high, k _ R high,k
Qiyh (ch,m) = Esh,ph,NPh(-,»|Eh,)E{aj,h~“/j,h('IPj,;L)}je[n] [th (¢hs P, Sh,ah)]

. k—1
E{aj,h"")’j,h(‘ [Pj,n)}jem) min{r; n(sn,an) + b, (sn,an)

[Vlhlﬁl(chﬂ)] JH—h+1)

=E 5 _
ShsPp~Pp (- | Cp)

+E

k-1
o1~ (I shyan)

Z B o B 1o Btas i n o e
_ _ S(mionf)ont ;.G
min {m,h(sh7 an) + by (sn, an) + thHNj;c_% Lsmian) [Vi’hﬁ ' (ch+1)] H—h+ 1} ,

where the last step is by inductive hypothesis. Now note that for any sy, pj, ap, we have

Ky o K
E—1 S(mgoni)On” ;G
b (sn, an) + E0h+1Nj£71<‘ | sh,an) |:Vi7h+1 (en+1)

> b (snyan) — (H = B)|[T5 7 (- [ snyan) = PO(- [ sn, an)y

S(miorf)ork g
+ ES}L+1~T;L(‘ I'shsan)0n41~0npp1(|shy1) [ i,h+1 (ch+l)
S(mionfyonk g
2 E3h+1~Th(‘ [shyan)ont1~0n11(-|Shy1) [Vi,h+1 (Ch+1) )

where we notice P9 (0p, 41 | sn,an) = ZSh+1 Op+t1(on+1 | Sht1)Th(Sh+1 | shy an) for the first in-

equality, and the second inequality comes from the construction of our bonus b’f;l(sh, ap) in
Equation (J.3) and Lemma J.10. Meanwhile, by the definition of value functions, it holds that
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S(mionf)ork .6
Es i nTh (- snoan)0ns1~0ns1 (| snp1) | Vihat (¢h+1)| < H — h. Therefore, we have

min{r; (sp,an) + bi_l(sh, an)

(miontyork .G
+ E5h+1,0h+1~ji_l(~,v ‘ Sh,ah) |:‘/;,h+1 (Ch+1):| I H - h + 1}

(miorF)on* ;.G
> ri,h(shv ah) + ES}L+1NT}L(' | shyan)0n41~Onp1(c | shi1) |:Vz h+1 (Ch+1) :

Now we conclude

Q™" (cn, )
>E

= Sh,phwﬁh(-,-IEh,)E{aj,hM/j,h(-ij,m}je[n]

=(myg <>7rk)®7r

N
—1
E8h+1~Th(' |'shsan)on41~0np1(|shy1) {TZ h(Sh, ah) + V Jh+1 ( h+1)}

~(mgom; )@‘ﬂ' g

- Q1 h (Ch7 ’Yh)~
By definition, we have Qh‘gh Men, ) = Q}Z“ﬁh *(@h,7n), thus proving Q?jﬁh’k(ﬁh,wh) >
QYZ wom)OnZ,g (ch,vn). Now for the value function, note that
high, k high, k ~
ViE (en) = B, Qi (cno AT 1 (- | wjins Chs ) }etn))

h1 h,k ~ ~
> Eth W ( hs {W;‘C,h(' |°Jj7h> Ch ')}jE[n]\{z’}a (mi,h < "Tf,h)(' |Wi,h7 Ch, ))

(m orfyor* .G ~ ~
> Eu, Qi p (cn, {8 1 (T wjins Chy ) Yy giys (Man © TER) (- | Wi, Gy -))

"(mwﬂi)@ﬂ"ii,g
=Vin (cn)

)

high, k

where the first step is by the property of Bayesian CE, and the second step is by Q (CchyYn) >

QZ(TZ o )Gﬂ’“g(ch,’yh) for any 75, € T'j. Again by definition, we proved Vhlghk( n) =
i =(mion)on® .G

VI (en) 2 VO ). O

Lemma J.14 (Pessimism). With probability 1 — §, for any k € [K], for Algorithm 7, it holds that for
any i € [n], h € [H]

QIZO\;;v * @) < QT

Vit @) <V,

z)

(Cm V)
(C}L).

k.
h
k

h

Proof. We prove by backward induction on h. Obviously, the lemma holds for h = H 4 1. Now we
assume the lemma holds for ~ + 1. Similar to the proof of the previous lemma, we note by inductive
hypothesis

low, k
Qi,h (chy ) < Esh,phwﬁh(.,. |Eh)E{aj,hN'Yj,h(' Ipj.n)}iem)
k— "G
max {Ti,h(sh, ap) — by, 1(3h7 an) + Es,ﬁl,ohﬂqﬁfl(., | sn,an) [thﬂ(chﬂ)] 70} )
where for any s, pp, ap, we have
k—1 low, k
— by, (sh, an) + E0h+1~jz_l(' | sh,an) {‘/;7(;1W+1(ch+1)}

WM (shean) + (H = T3 | shyan) — P9 (| sn,an) |1

Sk g
+ Esh+1NTh(‘ | shyan)0n41~Onp1( | shg1) |:V;,h+1(ch+1)

<-b

Sk g
= ]E5h+1~Th(- [ sh,an),0n4+1~On41(- | Sht1) [Vi7h+1(ch+1) )

58



where the last step again comes from the construction of our bonus in Equation (J.3) and Lemma J.10.
Therefore, we conclude

low,k R
@ik (en, ) < ESh,,thPh(w \Eh)E{aj,hNVj,h(' IPj.n)}tiem]
Ty
E0h+1~j£71(' | sn,an) Ti,h(sh; an) + Vvi,h-&-l(ch*l)
AT*.G
= Qi’h (Cha’Yh)-

Similarly, for value function, it holds that

K k ~
Vj?}? ( ) = thlow (Chv {W;’f,h(' |U-Jj,h7 Ch, ')}je[n])
/\ﬂ_k
S]EW;LQZ;{ (s {78 (1 wins Chs ) Yyem) = Vi (cn),
thus proving our lemma. O

Theorem J.15 (NE/CCE version). With probability 1 — §, Algorithm 7 enjoys the regret guarantee of

7T/ 7Tk
max (max VT (k- fo’g(clf)> < O(K H? eneter + H?\/SAOK log(SAHK)8) + H>SA\/Olog(SAHK/3)).
i€[n ler; v ’
kE[K]

Correspondingly, this implies that one can learn an (¢ + H 2€be|ief)-NE if G is zero-sum and (e +
( H*SAOlog(SAHO/$) )
62

H 2Ebelief)-CCE if G is general-sum with sample complexity O and computation

complexity POLY (.S, maxy ¢ |€h|, maxye(q] |Pul, H, %, log %)

Proof. Note for any given i € [n] and 7} € II;, by Lemma J.12 and Lemma J.14, it holds

nixh .G Nei high, k low,k
max Vi, (ch) = V7, 9 (ch) < VIR (eh) — VIR,

Therefore, it suffices to bound V;}¥"* (cf) — V/%"* (cf):
ViR S (eh) = Vs (eh)
B, o et B [ (1 7)) — Qe (130
B, 0B [@U e b1 )b eim) = Q3 (e Ambn (18 D] + (B = B+ Den(ch)
SE, 29 ) BenEiag ok (- Jwsndhpsn} e [Q?ih’k(cﬁypm snyan) — QFn " (chs by sn, ah)] + (H — h+1en(cr)
< Zin+ thgh " (chsphy shan) — Qlim;; " (chsphsshyar) + (H — b+ Den(ch)
ST AE, | 5t ay Vi (enen) = VIR (ensn)| + ( = b+ Den(eh) + 204" sk, af)
< Zhn+ By, roc oy |VirS (enin) = VIR (ens)]| 4+ (H = b+ Den(eh) + 3637 (sh, af)
< Zin+ Ziy + Vhl;filf(chﬂ) Vzlof\yﬁ(clfbﬂ) + (H = h+ Den(cr;) + 3by " (sh, ar),
where we define the two Martingale difference sequences as follows

1 . high,k / k low,k / k
Zin = By o o1 ) Beon By ot (- wjon 2 ps) breng [Qi,h (s Phs Shyan) = Qi (s Phs Shy an)

high,k - &k k _k _k low,k, k k k k
- (Qi,h (Ch»Phs Sk ap) — Qi,h (ch» PR Shvah))
2 . high,k low,k high,k / &k low,k / k
2R 1= By iyneo(. sty | Vit (enin) = Vit (ensn)| = (VIR (chi) = VIS (hi))
and the error of the belief is defined as

en(ch) == | Ph(- @) = BIC,- | ).
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Since |Z,i,h\ < H, |Z,§,h\ < H, and €,(c}) < 2, by Azuma-Hoeffding bound, we conclude with
probability 1 — 34, the following holds

1 1
> Ziy < O(H\[HK log <), > Zin < O(H\HK log <),
k,h k,h
1 1
en(cfy) < ;Eik }Zﬁh(ch) +O(y/HK log 5) < K Heciier + O(y/ HK log 5)-

Meanwhile, by the pigeonhole principle, it holds that

. 1
> b (sk, af) < H\/Olog(SAHK/5) )
k—=1(ck ok
kb k,h \/max{l,Nh (sf,af)}

<0 (H\/O log(SAHK /8)(HVSAK + HSA)) .

k,h

Now by Lemma J.12 and Lemma J.14 and putting everything together, we conclude

max (ma v PXToiG(ky V7 g(cl)) < K Hepetier + O(H?\/SAOK log(SAHK /6) + H>SA\/Olog(SAHK/5)).
1€(n
ke[K]

Now by Lemma J.11, we proved the regret guarantees as follows

! % k
> max(max Vi k) - v e n)
i€[n] \ wiell ’
ke[K]
< O(K H?evetier + H*>\/SAOK log(SAHK /5) + H>SA\/Olog(SAHK/0)).

For the PAC guarantees, since we define k* € arg min;e(u) refr) Vit (c}) — Vi$*(c}), we have

CCE-gap(7*") < O(Hepeict) + max (V-high’k* (k") = Vi5er (C]f*))

€[n] h

S O(HQEbehef Z Vhlé,h k V;lf;Lw,k:(cllc)
ke[K]
H2SA
< O(H2eywts + H\/SAOTog(SAHK/0) /K + -2

VOlog(SAHK/9)).
Finally, for two-player zero-sum games, we denote 7% " to be the marginalized policy of 7% . Then
we have

NE-gap(7*") < CCE-gap(x""),
thus concluding our theorem. O
Theorem J.16 (CE version). With probability 1 — §, Algorithm 7 enjoys the regret guarantee of
Z max < max V. Tln omHOmLs, g(clf) - ‘/ile’g(CIf)>

M;
kelK] " (m} \m:€

< O(K H?eveties + H?\/SAOK log(SAHK /6) + H*SA+\/Olog(SAHK/5)).

Correspondingly, this implies that one can learn an (¢ + H 2€belief)-CE
(’)( H*SAOlog(SAHO/) )

with  sample  complexity and computation  complexity

POLY(S, maXpe[H| |é\h‘, maXpec[H| |’Ph|7 H, %, log %)

Proof. Then proof follows as that of Theorem J.15, where we only need to change the first step of
the proof as

sSaixrh G .G high, k low,k

Vih (ch) = V7 9 (ck) < VIR (k) — VISR (eh),

by Lemma J.13 and Lemma J.14, and the remaining steps are exactly the same. O
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Lemma J.17 (Adapted from Theorem H.5). Algorithm 8 can learn the approximate POMDP with
transition T1.p and emission Q1.5 such that for any policy 7 € 118" and h € [H]

E [IITa (- snsan) = Tu-[ 5w an)ll + [1Oa(: [ sn) = On(-[sn)lla] < O(e),

using sample complexity 5(5 “AH Oﬁj PAH 4 8 4A:H 5) with probability 1 — 6.

Proof. Note that Algorithm 8 is essentially treating the POSG G as a centralized MDP and running
Algorithm 4, where the only modifications we make in Algorithm 8 is that we take the controller
set (see some examples of the controller set in Appendix C.3) into considerations when learning the

models. Specifically, for the transition ?I‘h, what we estimate is only Th(sh+1 | $n, az, ) instead

of T}, (Sh+1 | Sn,an), where T, C [n] is the controller set. Therefore, the sample complexity of
Algorithm 8 will not be worse than that of Algorithm 4.

Proof of Theorem 7.7:

Note that the proof idea essentially resembles that of Theorem H.6, where we construct the model
g™ for G in exactly the same way as constructing P™"¢ for . Therefore, by Corollary H.10, we
have

EZ(IP(,-en) =B (- [en)a] <2 P9 () — P9 (7pr)| < 4H Ser.
TH

Meanwhile, we can construct G™¢ and G using exactly the same way as for Prrunc and Psub, where
G*'® is a ~y/2-observable POSG.

Now, according to [51], for all the examples in Appendix C.3, there exists a compression function
that maps ¢, to ¢, such that the size of the compressed common information is quasi-polynomial,
ie., Ch < (A0)°" 198 % for some absolute constant C' and €2 € (0,1), and the corresponding
approximate belief { P, : C, — A(S x Pr) }heim satisfies that

&sub (o sub ~ ~
ES P97 (-, [ en) — Pulc, - @)1 < eo.

Therefore, we can do the same augmentation for P, on states from S to construct the approxi-

mate belief ]3h as in the proof of Theorem H.6, and the remaining steps follow from the proof of
Theorem H.6. This will lead to a total of polynomial-time and polynomial-sample complexities. H

J.1 Background on Bayesian Games

The Bayesian game is a generalization of normal-form games in partially observable settings. Specifi-
cally, a Bayesian game is specified as (1, {A; }ic[n), {@i}le[n] {ri}iein), 1), where n is the number
of players, A; is the actor space, ©; is the type space, 7; : X;e[n](©; x A;) — [0, 1] is the reward
function, and y is the prior distribution of the joint type. At the beginning of the game, a type
6 = (0i)ic[n) is drawn from the prior distribution 1 € A(©). Then each agent i gets its own type 6;
and takes the action a;. We define a pure strategy of an agent as s; € ST, := {©; — A;}. We define
Ji(si,s—i) to be the expected rewards for agent 4, given the pure joint strategy (s;, s—; ).

By definition, J;(s;, s_;) can be evaluated as

Ji(siy5-3) = Egpri(0,5:(6:),5-:(0-5)).

Bayesian NE. We define v* € x;¢[,)A(ST;) is an e-NE is it satisfies that

Egnys Ji(8) > Egone Ji(sh, 5—i) — €, Vi € [n], s} € ST;.

Bayesian CCE. We say a distribution of joint strategies v* € A(X;¢[,)ST;) to be a e-Bayesian
CCE if it satisfies

Egyr Ji(8) > Egone Ji(sh, s—i) — €, Vi€ [n],s; € ST;.
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(Agent-form) Bayesian CE. We say a distribution of joint strategies v* € A(X;¢[,)ST;) to be an
e-agent-form Bayesian CE if it satisfies

ESN,Y* JZ(S) > Esw’y* Jl(ml O S, S,i) —€, Vie [n}, mi e M;,

where M; = {©; x A; — A;} is the space for strategy modification, where m,; modifies s; as
follows: given current type 6; and the recommended action a;, the strategy modification changes the
action to the another action m;(6;, a;).

Note that Bayesian NE for zero-sum games, and (agent-form) Bayesian CE/CCE are all tractable
solution concepts and can be computed with polynomial computational complexity, e.g., [29, 32, 23].

K Concluding Remarks and Limitations

In this paper, we aim to understand the provable benefits of privileged information for partially
observable RL problems under two empirically successful paradigms, expert distillation [14, 64, 58]
and asymmetric actor-critic [68, 7, 3], which represent privileged policy and privileged value learning,
respectively, with an emphasis on studying both the computational and sample efficiencies of the
algorithms. Our results (as summarized in Table 1) showed that privileged information does improve
learning efficiency in a series of known POMDP subclasses. One potential limitation of our work is
that we only focused on the case with exact state information. It remains to explore whether such an
assumption can be further relaxed, e.g., when privileged state information may be biased, partially
observable, or delayed, as usually happens in practice, and how our theoretical results may be affected.
Meanwhile, as an initial theoretical study, we have been primarily focusing on the tabular settings
(except Appendix G), and it would be interesting to extend the results to function-approximation
settings to handle massively large state, action, and observation spaces in practice.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: Our abstract indeed accurately summarizes out paper’s contribution and scope.
Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: We clearly outline all of our assumption needed to derive our theoretical
results.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: We prove every theorem or lemma in this paper.

Guidelines:

The answer NA means that the paper does not include theoretical results.

All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

All assumptions should be clearly stated or referenced in the statement of any theorems.
The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Yes, detailed are introduced in Appendix I

Guidelines:

The answer NA means that the paper does not include experiments.
If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]

Justification: We have included detailed introductions on the algorithms and environment to
reproduce our results.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

 The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: In Appendix .
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

 The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: We have reported the number of repeated experiments in Appendix I and
error/variance bars in Figure 2 and Table 2.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).
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8.

10.

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We have provides all details in Appendix .
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute

than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: It does.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: We address the societal impacts of our paper in Appendix A.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

e If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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11.

12.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: There is no such risk.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: No external codes, data, models are used.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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15.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: We do not release any new assets.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: No such experiments were involved.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: No such approval was needed.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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