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A SELF-PLAY POSTERIOR SAMPLING ALGORITHM FOR
ZERO-SUM MARKOV GAMES

Wei Xiong*  Han Zhong' Chengshuai Shi * Cong Shen® Tong Zhang’

ABSTRACT

Existing studies on provably efficient algorithms for Markov games (MGs) almost
exclusively build on the “optimism in the face of uncertainty” (OFU) principle. This
work focuses on a different approach of posterior sampling, which is celebrated
in many bandits and reinforcement learning settings but remains under-explored
for MGs. Specifically, for episodic two-player zero-sum MGs, a novel posterior
sampling algorithm is developed with general function approximation. Theoretical
analysis demonstrates that the posterior sampling algorithm admits a v/T-regret
bound for problems with a low multi-agent decoupling coefficient, which is a new
complexity measure for MGs, where 7" denotes the number of episodes. When
specialized to linear MGs, the obtained regret bound matches the state-of-the-art
results. To the best of our knowledge, this is the first provably efficient posterior
sampling algorithm for MGs with frequentist regret guarantees, which enriches the
toolbox for MGs and promotes the broad applicability of posterior sampling.

1 INTRODUCTION

Multi-agent reinforcement learning (MARL) focuses on the sequential decision making problem
involving more than one agent, each of which aims to optimize her own long-term return by interacting
with the environment and other agents |Zhang et al.|(2021). Today, MARL has a diverse set of real-
world applications, including Go |Silver et al.|(2016;|2017), autonomous driving |Shalev-Shwartz et al.
(2016), Poker Brown & Sandholm|(2019), and Dota Berner et al.| (2019), just to name a few. Due
to the large state space of these practical problems, function approximation (with neural networks)
is often used in these applications for the generalization across different state-action pairs. While
there is a long line of related works on the theoretical understanding of single-agent RL with general
function approximation Jiang et al.|(2017);|Sun et al.| (2019); |Wang et al.| (2020); Jin et al.[(2021a);
Du et al.[(2021); Dann et al.| (2021), the theory of MARL with general function approximation is
substantially less explored. In this paper, we aim to explore this topic in the context of two-player
zero-sum Markov games (MGs) Shapley| (1953); |[Littman| (1994)).

The goal of learning in a two-player zero-sum MG is to learn the Nash equilibrium at which the
policy of each player maximizes her own cumulative rewards, provided that the policies of other
agents are fixed. Intuitively speaking, Nash equilibrium characterizes the point from which no agent
will deviate. Since the reward and the state transition are determined jointly by the actions of both
agents, in addition to the unknown environment, each agent must also handle the dynamics from
other strategic agents. Due to this game-theoretical feature, algorithms designed for MDP cannot
be directly extended to the MARL case. However, recent studies Jin et al.| (2021b); Huang et al.
(2021)) have shown that with an innovative asymmetrical structure, similar theoretical results can be
established for the two-player zero-sum MG with general function approximation.

Nevertheless, despite a handful of recent progress on the theory of the two-player zero-sum MG
with general function approximation, the existing works are mainly confined to algorithms based
on the optimism in the face of uncertainty (OFU) principle. In contrast, the theory of posterior-
sampling-based algorithms is less developed (in the frequentist setting). Recent works in the context
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of contextual multi-armed bandit and single-agent RL demonstrate that there is no statistical efficiency
gap between OFU and posterior sampling algorithms |Dann et al.|(2021); |Zhang| (2021)). However,
whether we can design model-free posterior sampling algorithms in MARL that achieve similar
theoretical guarantees remains open.

In this paper, we are interested in the application of posterior sampling in the two-player zero-sum
MG with general function approximation. Our main result indicates that, similar to the single-agent
case, posterior sampling algorithms can achieve comparable theoretical guarantees as the OFU-based
algorithms. Our contributions are summarized as follows:

* A provably efficient posterior sampling algorithm is designed under the self-play framework
for the two-player zero-sum MG with general function approximation. To the best of our
knowledge, this is the first posterior sampling algorithm with frequentist regret guarantee in
the context of Markov games;

* The single-agent complexity measure of decoupling coefficient, first introduced in |Dann
et al. (2021), is extended to the multi-agent setting, Moreover, a number of examples with
provably small multi-agent decoupling coefficients are identified;

* The proposed algorithm is rigorously proved to obtain a v/7-regret for problems with low
multi-agent decoupling coefficient, where 7" is the number of episodes.

It is noted that while the sampling procedure of the proposed algorithm may not be computationally
efficient, the lack of computational tractability also appears in the works of Jin et al.|(2021b); Huang
et al.| (2021)), as well as many previous works with general function approximation in the context
of single-agent RL (Jiang et al., 2017} Jin et al., 2021a; Dann et al., 2021; Du et al.l2021). It is an
interesting future research topic to identify cases where efficient sampling is possible. Moreover, we
do not take credit for the asymmetrical structure in our algorithmic framework. The main contribution
here is to extend the posterior sampling algorithm to MGs under the self-play framework.

1.1 RELATED WORKS

Due to the space limitation, a detailed literature review is deferred to Appendix [A]

2 PROBLEM FORMULATION

We consider the episodic two-player zero-sum Markov Game (MG), which can be formally denoted
as MG(H, X, A, B,P,r). Here H denotes the length of each episode, X is the state space, A and B
are the action spaces of two players (referred to as the max-player and the min-player), respectively,
P (-|x, a, b) is the transition measure of the next state from the current state 2 with two actions (a, b)
taken at step h, and 7" (z, a, b) is the corresponding reward received with actions (a, b) taken for state
x at step h. Specifically, in this MG, each episode ¢ starts from an initial state z}. At each step h,
two players observe the current state x/, take actions (af', b/*) individually, and observe the next state

2"~ Py (-2, al, b}'). The current episode ends after step H and then a new episode starts.

Without loss of generality, each episode is assumed to have a fixed initial state z; = 2*, which can
be easily generalized to having 2} sampled from a fixed but unknown distribution. Also, for the ease
of presentation, the reward r(z, a, b) is assumed to be deterministic and in the interval of [0, 1] for
any (z,a, b) in this paper, while the algorithm designs and theoretical results can also be applied for
stochastic bounded rewards with slight modifications.

Policies and Value Functions. With A 4 denoting the probability simplex over the action space A, a
Markov policy 1 of the max-player can be defined as p := {up : X — Aa}nepp). Similarly, we can
define a Markov policy v := {v}, : X — Ag}pe(m) for the min-player.

Given a policy pair (1, v), the value function V}/"" : X — R at step h is defined as

H

v L h' | N h __
Vi (x) ~—]Eu,u[§ — (sc ,a bv) a2t = x|,
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and the Q-value function Q)" : X x A x B — Ras
H ’ ’ ’ ’
; - R (. n K 3k h h phy _
QY (z,a,b) .—]E“,,,[Zh_hr (x ,a’ b ) | (", a",b") = (z,a,b)|,
where the expectations are taken over the randomness of the environment and the policies.

For a clean presentation, we use the notation P, (with a slight abuse) so that [P, V](x,a,b) =
Ey/ b, (-|z,a,b)V (2') for any value function V. Similarly, the notation D, is adopted so that
D~Q] (z) = E(q,p)~n(-, o) @(2, a,b), for any policy pair 7 = (p,v) and action-value function

With these notations, the Bellman equations are given by

B (@, a,0) = [P + PRV (2,a,b), and Vit (2) = Dy, xi, Q] (2).

Best Response. For any policy of max-player u, a corresponding best response for the min-player can

I/T . 14 . .
be found, denoted as v/ (), such that V" () (x) = inf, V//*"(z) forall (x, h). This value is the best
favorable result for the min-player if the max-player announces that she will play strategy 4. Similarly,
for a min-player policy v, there exists a best response for the max-player, denoted as u'(v), such

that V,Q‘T’”(x) = sup,, V1" (x) for all (z,h). For simplicity, we denote Vil(z) = V}f‘”ﬁ(”) (x),
vt v ), v ),
QT (@) = Q" (@), Vi (@) = Vi (@), and Q1 () 1= @ ) ().

Nash Equilibrium. Moreover, there exists a set of Nash equilibrium (NE) policies (u*, v*) [Filar &
\Vrieze|(2012) that are optimal against their best response such that

Vi () = sup, Vi T(2), VP (2) = inf, V) (),
for all (z,h) € X x [H]. For this NE, the following famous minimax equation holds:
sup,, inf, V)" (z) = V}f‘*’y* (z) = inf, sup, V}i"" (z)

forall (z,h) € X x [H]. For simplicity, we denote V;*(z) := V}f*’”* (x) and Q} (z) := QZ*’"* ().
Note that although there might exist multiple NE policies, the NE value function is unique for a
zero-sum MG.

Performance metrics. A max-player’s policy p is said to be e-close to the NE if it satisfies
V*(z') — ViT(2!) < e. Note that we have V*(z!) — V¥ (2!) < V*(zt) — VAT (21) for all
min-player’s policy v as the best response is the strongest opponent for the max-player. The main
goal of this paper is to find an e-close policy for the max-player and her regret over 1" episodes can
be defined as

Rea(T) := 3 V7 (o) = Vi ()]

where p; is the policy adopted by the max-player for episode ¢. Note that we can switch the roles of
two players to learn a policy v that is e-close to the NE for the min-player.

2.1 FUNCTION APPROXIMATION

We aim to approximate the (J-value functions for the MGs considered in this work by a class of
functions F = Fy X --- X Fg where Fj, C (X x A x B — R). For f € F, a NE can be induced
and the corresponding policy p ¢ of the max-player is defined for all (x, h) as

prn(T) = argmax, c o, minyen, quh(z, V.
The induced value function for all (x, k) is then given by
Vin(@) = maxuen  mingea, o' f (2, ).

Moreover, for a fixed max-player policy x and a function f € F, the induced value function of the
best response of the min-player is defined for all (z, h) as

Vf/fh(a:) = min’/EAB uh(‘r)—rfh(x7 ) ')V'
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As common in [Perolat et al.[|(2015); Jin et al.| (2021b)); Huang et al.| (2021), two types of Bellman
operators are defined as
(Tof) (z,a,b) := [Th + IP’th,hH} (z,a,b), and (T} f) (x,a,b) := rh o+ ]P’th’fhle (z,a,b).
The corresponding Bellman residual are denoted as
En(fia,a,b) = E(f*, [ a,a,0) = fM(x,a,0) — (Thf)(2,a,b);
& (fiw a,b) = (" S w,a,0) = [ (2, a,0) — (T3 f) (2, a,b).
Sometimes the state-action pair (z,a,b) may be replaced with a trajectory ¢ =

{(«",a™ ,b" #"")VE_ | which indicates that the corresponding state-action pair at step h, i.e.

(x", ah, b"), is taken as input.

(D

We make the following assumptions that are commonly adopted in the literature of MDPs and MGs
with general function approximation (Wang et al.| [2020; Jin et al.| [2021ajDann et al, 2021; Jin et al.}
2021bj Huang et al., 2021).

Assumption 1 (Realizability). For the Nash equilibrium, it holds that Q}, € Fy,Vh € [H|. Moreover,
forany f € F, it holds that Q""" € Fy,,Vh € [H].

Assumption 2 (Completeness). For any f,g € F and the induced policy uy, it holds that 7;5‘ fge
Fn,Vh € [H].

Assumption 3 (Boundedness). There exists 3 > 1 s.t. f'(z,a,b) € [0,3 — 1],Y(f, h,z,a,b) €
FX[H]xXxAxB.

3 ALGORITHM

The proposed Conditional Posterior Sampling with Booster algorithm is presented in this section.

Algorithm 1 Conditional Posterior Sampling with Booster

: Input: function class: F, learning rate 7, horizon 7', prior parameter .
: S is initialized to be empty.

: for Staget =1,...,7T do

4 Main agent: p¢ <— Main(F,n, Si—1,T, \);

5:  Booster agent: v <— Booster(F,n, S¢—1, pt, T, \);

6

7

> W =

Execute (p1¢, v¢) and collect the trajectory (i, ai, by, ¢, 2t af ,bf ,r{’) to obtain S;.
: end for

3.1 OVERVIEW

The existing algorithms with frequentist guarantee are confined to OFU-based algorithms. Algorith-
mically, these algorithms typically maintain a confidence set C whose components are consistent with
the Bellman equation so far. Then, an optimistic function f € C is selected to approximate value
function through some optimization subroutine [Jin et al.| (2021b)); [Huang et al.| (2021). Although
suitable for the worst case, it can be far too optimistic for average instances and is inferior to posterior
sampling, as supported by many existing works in bandits, contextual bandits, and MDPs (Chapelle
& L1, 120115 |Osband et al., 2016).

However, a frequentist theoretical guarantee of posterior sampling algorithms is lacking for a long
time even in the context of contextual bandit. Recently, Zhang| (2021 and [Dann et al.| (2021)) show
that adding an extra optimistic term can lead to frequentistly optimal posterior sampling algorithm
in contextual bandit and MDP, respectively. However, in the MARL setting, the multi-agent nature
leads to complicated statistical dependence across the players. In particular, in addition to the
environment, the agent will also be affected by other strategic agents. Therefore, the situation is far
more complicated even in the two-player case. Inspired by Jin et al.| (2021b); Huang et al.| (2021)),
we leverage the innovative asymmetric structure to pick the max-player and the min-player as the
main agent and the booster agent, respectively, where the booster agent, as the name suggests, aims
to assist the main agent’s learning.

Our algorithm is summarized in Algorithm [T where the main agent’s algorithm and the booster
agent’s algorithm are given in Algorithms[2]and 3] respectively.
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Algorithm 2 Main(F,n, D, T, \)
1: Draw f ~ p(:|D) where the posterior is given by equation [4}

2: pyp(r) = argmax, 5 , MiNyea, ! (-, v (b)),
3: Return py.

3.2 THE MAIN AGENT

The main agent’s goal is to learn a Nash policy for the max-player, i.e., p*. With function class F
available, she aims to find a function f € F to approximate the Nash @)-value function, i.e., Q*,
which can be used to solve the Nash policy via the minimax equation. The following optimistic prior
and temporal difference error likelihood are carefully crafted to induce a desired posterior distribution
over JF, which is further used to sample a suitable function f.

Optimistic prior. The following prior py(-) over the function class F is adopted for the main agent:
H
Po(f) o< exp(AVy 1 ( H )

where A > 0 is a tuning parameter, and p{(-) is a distribution over . Note that other than

the standard prior of po(f) = HhH:1 ph(f™), an additional optimistic term, i.e., exp(AV} 1 (x1), is
involved in the prior, which plays an important role of encouraging exploration for the main agent.

This prior is referred as an optimistic one because it favors large values for the initial state. Also,
technically, it compensates for one extra term arising in the value decomposition in Lemma ] when
the optimism is not inherently available as in OFU-based algorithms. Similar techniques are also
adopted in the design of posterior sampling for MDPs (Dann et al.,|2021)) and contextual bandits
(Zhang|, 2021). Furthermore, |[Zhang| (2021)) argues that in the context of contextual bandit, such
an optimistic component is necessary to design optimal posterior sampling-based algorithms in the
frequentist setting.

Likelihood function for the main agent. With the history up to the end of episode ¢ denoted as
Sy = {zh al bl rh set],he[H]» @ likelihood function over S is specified as
_Ih h7 h+1; S
p(Sel f) OCH exp { Y hfh ht)l) :
L Epnpp exp(=n LR (f7, f11550))

3)

{L"(-)}E_, is a collection of squared loss functions as

t

2
LP(f 580 = 30 [# @l ab o) = ok = Vi (2]

s=1
which is a proxy to the squared 7,-Bellman error.

Posterior distribution for the main agent. Given the prior distribution and the likelihood function,
the posterior at the end of episode ¢ can be naturally expressed as

P(f[St) o exp(AVy1 (@ Hq (FM S, )

h=1

where
po (f*) exp (—nL"(f", "1 S1))
By xp(—n L (FF, P71 5,))

a(f"1 ", 8 =

The “conditional” in the name of the algorithm comes from that the distribution of f” is conditioned
on fh*1. This allows us to introduce the denominator as as to handle the double-sampling issue as in
Dann et al.| (2021).
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Algorithm 3 Booster(F,n, D, jiy, T, \)
1: Draw g ~ p"/ (| D) where the posterior is given by equation|7]

2 vi(2) = vp o n(e) = argming e a1 09" (z, -, ), V(a, h)
3: Return v.

3.3 THE BOOSTER AGENT

As aforementioned, the main agent aims to learn the Nash policy. However, given the competing
nature of MGs, this task is not feasible if her opponent is naive. Thus, inspired by Jin et al.| (2021b);
Huang et al.[(2021), the second learning agent is set to be the booster agent. As opposed to the main
agent, the booster agent does not aim at the Nash policy. Instead her goal is to assist the main agent’s
learning. Specifically, she examines the adopted policy of the main agent and finds a best response
for it (since the best response is the strongest opponent). In this way, the underlying weakness of the
main agent is exploited, which facilitates the learning of the NE. To better illustrate the role of the
booster agent, we consider the following decomposition of the regret:

Reg(T) = (32, Vi) = Vi (o) + (32 VI () = VI T(on))

main agent booster agent

(&)

The non-negative booster agent part is zero if we can find the best response to y; exactly. Motivated
by this observation, the booster agent keeps learning to approximate the best response to the given
max-player’s policy based on the historical trajectories. Due to the different goal, we adopt different
prior and likelihood functions for the booster agent.

Optimistic prior. A different optimistic prior is adopted for the booster agent (min-player), defined

as
H

Ph(g) o< exp(—=AVE (z) T ph (™). (6)
h=1
Intuitively, the booster agent favors small values for the initial state. The motivation for such a prior
will be clearer after the value decomposition lemma, i.e., Lemma is presented.

Likelihood function for the booster agent. As the booster agent mainly focuses on approximating
the best response policy to p instead of finding NE, a different squared loss function is specified as:

LZ(gh Rt St Z[g xs7a57 s _T?_‘/gliw»l(xg-'—l)] )

which can be viewed as a proxy to the squared 7,”'-Bellman error. Consequently, a corresponding
likelihood function can be obtained by replacing L" in equationwith Lﬁ.

Posterior distribution for the booster agent. With the prior and the likelihood function, the posterior
distribution for the booster agent can be obtained as:

H
P"(g]S1) o exp(=AV! ( H (g"1g" ", Sh), (7)

where
p6(g") exp (—nLj(g", g" " Sh))
Egnpp exp(—=nLii(g", g"*1; 5t))

7" (g"1g" ", S1) =

Note that sometimes we also employ the notation ¢(g"|¢g" %, i1, S;) = ¢*(g"|g"*1, S;) when we
need to use the superscript h.

4 SKETCH OF THE MAIN IDEAS

In this section, a sketch of the main ideas is provided for the algorithm design and theoretical proof.
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4.1 VALUE-DECOMPOSITION LEMMAS

It is well known that the immediate regret in one episode can be related to the Bellman residuals in
the single-agent setting Jiang et al.| (2017), and this technique is well-adopted in the literature Jin
et al.|(2021a)); Dann et al.|(2021)); Du et al.|(2021)). With the regret decomposed as in equation@ the
immediate regrets of the main agent part and the booster agent part can be related to the 7 -Bellman
residuals and the 7#¢-Bellman residuals, respectively, as we show below.

Lemma 1 (Value decomposition for the main agent.). Let u = piy and v be an arbitrary policy taken
by the min-player. It holds that

Vi) -V ) < S0 Bl SO + V) - Viale!)
Lemma 2 (Value decomposition for the booster agent.). Suppose that u = iy is taken by the
max-player and g is sampled from the posterior by the booster agent. Let v be taken as in Algorithm|3]
Then, it holds that
VI () = Vil a) = =

H
Eun&f(g",g" O + V() — VT (a).

h=1
We remark that these two lemmas also account for the extra optimistic terms in the prior distributions.
The proofs of these two lemmas are deferred to Appendix.

4.2 MULTI-AGENT DECOUPLING COEFFICIENTS

In the previous subsection, we convert the problem of bounding Reg(T") to bounding the summation
of Bellman residuals. However, the posterior distribution is more related to the squared Bellman
residuals. Therefore, we need some structural information to relate the growth of the cumulative
Bellman residuals to the growth of the cumulative squared Bellman residuals. To this end, the
multi-agent decoupling coefficient is introduced, which is an extension of the single-agent version in
Dann et al.|(2021)), as follows.

Definition 1 (Multi-agent decoupling coefficient). Given an MG(H, X, A, B,P,r), a function class
F, a time horizon T, and a parameter . > 0, the multi-agent decoupling coefficient de(F, MG, T, 1)
is given by the minimum integer K such that the following inequality holds

H T H T t—1 5
>3 [ et (osst o) 2 3 3 [ et (s )]

h=1 t=1

LK
au’

where g is a policy pair (jiy,, vy, q,) induced by (fs, gs) as in the Algorithms[2|and[3] The set of
these distributions induced by f, g € F is denoted as Dr.

It remains to bound the cumulative squared Bellman residuals 5" _} [Er & (g 2", al, b")] 2
by connecting it to log-likelihood function Lh (g gt S ). Then, similar online aggregation
techniques can be used as in|Dann et al. (2021)

4.3 COMPLEXITY OF F

For optimization-based algorithms, the complexity of the function class F is usually characterized
through the cardinality |F| or the covering number Jiang et al.| (2017); Wang et al.|(2020); Jin et al.
(2021aib); |[Huang et al.| (2021)). On the other hand, the posterior sampling algorithm employs a prior
distribution pg over F, which allows the algorithm to favor certain parts of it. Accordingly, our
theoretical result depends on the complexity of F through the prior preference which is characterized
by the following quantity.

Definition 2. For a policy py, f € F and for any function g’ € Fy41, we define
Fr'(6,9') =19 € Fn:sup, 4, 16,7 (9,9'52,0,b)] < ¢},

containing the functions that have small ’T}ff -Bellman error against g for all state-action pairs. We

then define
= SUPger Z 1/p0 (Fh (e h+1))) J

and
K(€) = sup ez fp, ().
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Under Assumption it is assumed that k(€) < oo, which is supported by the following two examples.
For the finite function class with completeness, with a uniform prior p2(f) = 1/|F|, we have

H
r(e) <Y In|Fy =In|F],
due to the Realizability assumption. For an infinite function class, by replacing | F| with its covering

number, similar result can also be ontained. For a d-dimensional Lipschitz parametric models
Fn={gs € R0 ¢ Q, } where €2, is compact, we can generally assume that

k(€) < coHdln(cy/€).

for some constants ¢y and ¢y depending on the prior and the Lipschitz constant (Dann et al., | 2021)).

5 MAIN RESULTS

In this section, we state the main theoretical result of this paper and interpret it using several examples.

5.1 THEORETICAL GUARANTEE

We now provide an upper bound for the overall regret.

Theorem 1 (Overall regret). Let Assumptions and 3| hold. If nB? < 0.5 and \3? > 1 hold,
and let dc(F, MG, T) be an upper bound for the sup, <, de(F, MG, T, n), and we further take

T“(%) 1 .
A= W?WGUT)’ n= 15 then, it holds that

E Reg(T) < O (5 de(F, MG, T)s(5)T + de(F, MG, T)).

We shall use a sufficiently small learning rate 7 the condition about ) is easily to satisfy for large 7.
Theorem [I] can be established once we can bound the main agent part and the booster agent part.

Theorem 2 (Bound of the main agent). With the same conditions as Theoreml[l] it holds that
- 5
Z Es, 1 Efomp By, opi (Vi () = V(') <0 (ﬂ\/dc(]-', MG, T)H(W)T +de(F, MG, T)) )

t=1

The regret of the booster agent is induced by approximating the best response policy.
Theorem 3 (Bound of the booster agent). With the same conditions as Theorem|l} it holds that

T
D Esy i B By, g (VI (') = VT (@h)) <O (Wde(f, MG, T)x(B8/T?)T + de(F, MG, T)) :

t=1

The detailed proofs can be found in the appendix.

6 CONCLUSION

In this paper, a self-play posterior sampling algorithm is proposed for two-player zero-sum Markov
games with general function approximation, which is the first to the best of our knowledge. A new
complexity measure, multi-agent decoupling coefficient, is introduced to characterize the complexity
of function class. Rigorous theoretical analysis showed that the proposed algorithm can achieve
comparable regret bounds compared with other OFU-based algorithms for problems with low multi-
agent decoupling coefficient, which extends the results in the single-agent RL.

As existing algorithms with general function approximation are computationally inefficient in general,
one important direction for future works is to design computationally tractable algorithms for MGs
(and MDPs). Another interesting open question is how to extend the posterior sampling algorithms
for general-sum Markov games.
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A RELATED WORK

There have been a lot of works focusing on designing provably efficient algorithms for zero-sum
MGs. For the tabular setting, Bai et al.| (2020); [Bai & Jin| (2020); |[Liu et al.,| (2020) provide
O(poly(|X],|Al,|B|, H) - V/T) regret guarantees for the proposed algorithms, where |X| is the
number of states, |A| and |B| are the number of action spaces of two players, respectively, H is
the episode length, and 7" is the number of episodes. Then, Xie et al.| (2020); Chen et al.[(2021)
study two linear-type MGs and design algorithms with O(poly(d, H) - \/T) regret, where d is the
dimension of the linear features. Recently, Jin et al.[|(2021b)); [Huang et al.|(2021) further propose
efficient algorithms for zero-sum MGs with general function approximation.

Our work is also closely related to another line of work on posterior sampling algorithms. In the
context of contextual bandit, due to the impressive empirical performance of Thompson Sampling,
there has been significant efforts in developing its theoretical analysis, including Russo & Van Roy
(2014) in the form of Bayesian regret and Kaufmann et al|(2012);|Zhang| (2021) in the frequentist
setting. For the Markov Decision Process (MDP), the seminal work |(Osband & Van Roy| (2014)
considers the Bayesian regret and proposes a general posterior sampling RL method. The randomized
least-squares value iteration (RLSVI) algorithm |Osband et al.|(2016)) is shown to admit frequentist
regret bounds for tabular MDP Russol (2019)); |/Agrawal et al.| (2020); [Xiong et al.|(2021]) and linear
MDP Zanette et al.|(2020). Beyond the linear setting, a recent work [Dann et al.| (2021)) proposes a
conditional posterior sampling algorithm to solve the MDP with general function approximation.

A recent posterior-sampling-type work by Jafarnia-Jahromi et al.|(2021)) considers the infinite-horizon
zero-sum MGs with average-reward criterion in the tabular setting, with a focus on the Bayesian
regret, whose analysis technique is fundamental different from ours. To the best of our knowledge,
there is no posterior sampling algorithm with a frequentist regret guarantee to date.

B EQUIVALENT ALGORITHMS

We will consider a slightly more general posterior sampling algorithm with an extra parameter
a € (0, 1]. We recall that the posterior defined in equationﬂis

p(f1S0) o exp(AVy.1 ( Hq (F'178y),

h=1

where B(f)exp (—nLh(f, P41 9)))
h|phtt gy — POl ) XD AT ’ !
a(f"[f*7, 5 = Efprg exp(—nLh(fh, fht1;8,))"

Equivalently, we may consider the excess loss

AL 15 G) =(fM(al, al b0) — 1t *thﬂ( h“))2

= (Tnf" (&, 0l b5) = g = Vi (25)?, ®)
where we employ the notation that (s = {[z”,a, " r?]}L . We then define the potential function

as

t—1
O} (f) =—Inpf (f) +and_ AL" (f", f"5¢)

s=1

i €))
+a lnthNpg exp (—77 Z AL" (fh, i Cs)) ;
s=1
where a € (0, 1] is the extra parameter to facilitate the proof. We also define
Afi(at) = Vya(ah) = Vi ().
Then, we obtain a generalized posterior distribution on F:
pe(f) o< exp ( Z@h +)\Af1(x1)> , (10)
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where it is equivalent to the posterior given in equation[d] when o = 1.

We then recall the posterior distribution of the booster agent defined in equation|/|is given by

P"(9|St) oc exp(=AV ( Hqu gP1g" L, S8,),
h=1

where

M1 g = P (g") exp (—nLp(g", g" ;1)

Egn wpn exp(—nLe(g", 9" 54))

Similarly, we define the excess loss for the booster agent:

ALy(g", g" 5 ¢) = (9" (el al, bY) — vl = VI (al))?

CREa- ]

7*(g"lg

(11

(T @k alb) — vl = Vi )

and
Agi(zl) = Vllm(”l) - Vglfl(zl)v
and use the following notation (with slight abuse of notation) for the potential function:
t—1
O (g, 1) = —npf (g") +and_ ALE (g", 9" ¢)

B (12)

t—1
+ O[hl]Egh,Npg exp (‘77 Z ALZ (gha 9h+1§ Cs)) )
s=1

since the analyses for Algorithm and Algorithm are separate so the meaning of ®/(-) will be
clear from the context. Finally, we obtain a generalized posterior function for the booster agent:

H
P (g) o< exp <— > (g, m) + Mgi(ﬂcl)> : (13)

h=1

The main motivation to use AL"(-) (ALZ(~)) is that the variance will be cancelled during our
theoretical analysis as it is equivalent to the case where we know the Bellman operator. This is
possible because the novel denominator term is introduced in the likelihood function as in|Dann et al.
(2021).

C USEFUL LEMMAS AND ADDITIONAL NOTATIONS

In this section, we provide several useful lemmas and additional notations that are useful later. We
start with the following definitions. First, we further define a quantity similar to Definition 2} which
will be used for the analysis of the main agent.

Definition 3. For any [’ € Fy1, we define the set
Fu(e, f') = {f € Fn: sup |Ex(f, /2, a,b)] < €}

1170’7

containing the functions that have small Ty -Bellman error against f' for all state-action pairs. We
then define the quantity

= sup n—m———
fe]-'hz:l Pl (Fnle fh“))

which is the probability assigned by the prior to functions that approximately satisfy the Bellman

equation w.rt. f for all state-action pair.

Note that 1 (e) < k(€) because

H H
1 1
k1(€) = sup E In - < sup sup E In = k(€).
ger i p(F 0 (e,9"Y) T rerger o po(F (6,9"1)

12
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Definition 4. For o € (0,1), we also use the notations:
K a,e) = (1 - a) ln]thJrlengg(fh(e, fhty)—a/(=a),

and k7 (1,¢) = lim,_,1- k" (a, €) where it holds that
1
h
ki(l,e)= sup In————— < o0,
' frreFny P (Fa e fh)

and
H
Zn? (1,e) < k(e).
h=1

Similarly, we define
HZZ(O(,€) =(1-a) lnthJrleg,Hpg(f,‘:(e,fh+1))_°‘/(1_°‘),
and ki(1,€) = lim,_,1- /' (a,€), Then, it holds that
1
h
kp(l,e)=  sup In—0p——— < 00,
g frrleFnia pg(f}l;(67fh+1>)

and
H
=> Kl(1e) < rle).
h=1

Lemma 3. For any fixed g € F and max-player’s policy 1 := 5 for some f € F, we define a
random variable for all s and h as follows:

& (9" 9" G) = = ALY (6", ", ¢) =M E i g n oy X0 (=20AL] (6", 9", ) -

Then, for all h, we have

t—1
Es,_, exp (Z ¢l (ghyg"“@s)) =1
s=1
A special case is that f = g where we have

ALy (f* f"¢) = AL, 27 G).

Proof. This lemma is from |[Zhang| (2005) and is also proved in|Dann et al.| (2021)). O

Lemma 4. Let v be a probability distribution. Then, E,f — H(v) is minimized at v(x)

exp(—f(x))-

Proof. This is a corollary of Gibbs variational principle whose proof can be found in|Van Handel
(2014}, Lemma 4.10. O

Using Lemmad] we can obtain the following key lemma as used in|[Dann et al.| (2021).
Lemma 5. It holds that
H

H
Efop, (Z L(f) — AAF! (2) +1n]5t(f)> = ingfN,,(.) (Z OL(f) — AAf! (21) +1np(f)) ;
h=1

h=1

H H
~pt (Z D/ (g, 1) — Mg, (=) + 1n15?(9)> = mfEgp() (Z D/ (g, 1) — Mg, (=) + 1np(g)> ,

h=1 h=1
(14)
where we remark that the definitions of ®1(-) in two equations are different.

In what follows, we derive a lower bound of LHS of equation[T4] and an upper bound of RHS of
equation[T4]for the proof of Theorems [2and

13
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D PROOF OF THE THEOREM

In this section, we provide the proof for Theorem 2} The proof provided in this section basically
follows the same line of that of single-agent RL because essentially the algorithms employ the same
properties of the problem as discussed in Section ] and for the main agent, and the Bellman residuals
is free of the min-player’s policy.

Lemma 6. For all functions f € F, we have

E ot cpn o an o AL (F1 741 6) = (En (fiah,al b))
and

E ALL (fh ph+l 2<%5 el g b))
wh TPl (-|zh ah bh) (f o 7Cs> =3 (h(faxsaa’sa s))

Proof. We define the random variable

Z = fh(xh al bh) - r? — Vf7h+1(x’;+1).

Rt A

Let E be conditioned on [z”, a”, b]. Then, the randomness is from the state transition and we have

EZ = E,(f; 2" o, b").

We also have
ALMf, M ¢) = 2% — (Z ~EZ)°.
and
E[Z* —(Z -~ EZ)’] = EZ* - var(Z) = (EZ)* = (&n(f; 2%, al, 7))
Also note that Z € [, 8 — 1] and max Z — min Z < f if it is conditioned on [z", a®, b%], this
implies that

E(Z? — (Z —RZ)?)* < -3*(EZ).

L W~

O

Lemma 7. If the learning rate 1) is sufficiently small such that n3? < 0.8, then for all functions
f € F, we have

lnEz§+1~Ph(~|xQ,aQ,bg) exp (—nALh (fh7 o )
< ]E12+1~Ph(»|wi},a’;7bg) exp (*TIALh (fha fh+1a Cs)) -1

< —0.25 (& (f: 2", a",p"))?.

Proof. Withnp? < 0.8, for all f € F, we have
—nALM(fM, 1 ¢) <08.
This implies that
exp (—nAL"(f*, 1", ¢)
< 1=nALM(" 7 G) + 06T AL (1 f7 G0,

where we use the fact that 1)(z) = (e* — 1 — z)/2? is increasing in z and (0.8) < 0.67. Therefore,
we have

INE rt1 pngh an pny €XP (=nAL" (", f*.¢0))
S Byt cpn gt ot o) P (DALY (f1 1 G)) =1
SE net pn (o an oy — TALT (" 7 G) + 06702 AL (F7, F7F1, ¢)°
< —0.25n(ER (M, M, ¢)2,

where the first inequality is because In z < z — 1 and the last inequality is because Lemma 6] and
(57mb0.67) < 0.75. O

14



Presented at the Gamification and Multiagent Solutions Workshop (ICLR 2022)

Lemma 8. It holds that
H H

HleS, VEpen( lz <I>h —AAfL (xl) + 1np(f)] < Xe+dan(t — 1)H62 — Z lnpg (fh (e, Q;‘H_l)) .
h=1 h=1

Proof. Consider any fixed f € F. For any f h ¢ F" that depends on Ss_1, we obtain from Lemma
that

_ _ 2
E¢, exp (—nALh (fh, f}’+1,CS)) — 1< -0.25nE,, (fh(:ma) — ﬂlfh+1(x,a,b)) <0.
We let
t
Wth = Est]EfNP(') lnthNpg €xXp (‘7] Z ALh(fh7 fh+17 c8)> )

s=1
and recall that

Ph(f) exp (—n 2y AL (7 174,
Efo oy exp (-0 X0 AL (F 106 )

A? (J?h | fh+1,5t71) _

We have

exp (n it AL (71,51,
Wsh — WS"71 = ESSEpr(-) lnthNp[;} 1 =
By e (-0 T2 ALY (7 741,6,))

= ]ESSEpr(-) In EflquéL(.lf}L+l’Ss_l) exp <_77ALh (fha fh+1a Cs))

< Bs.Bpnp() (Efm@gufhﬂ,ss,l) exp (—nALh (f’"% i, C)) - 1) <0

exp (—nALh (fh, f’”ﬂ@))

where we use Inz < z — 1. By W/ = 0, we know that

t
W) =W+ [Wr-wl ] <o,

s=1
equivalently,

t
Es,Efnp) MEfn_,nexp <—77 Z AL (S i, Cs)) <0.

s=1

This implies that for any p(-), we have

Es, 1 Eropy

H
Y @L(f) = AAf (2h) + lnp(f)]

h=1
H t—1
=Esi 1 Epup) )‘Afl +anZZALh fh fhr )
h=1 s=1
3 S 1 p(f)
- _ h{7h rhtl
+Oéh2::1hlthNp8 eXP( T}ZAL (f af aCs)) —|—lnp0(f)‘|
3 ()
<Es, 1Erap) |-AASf (2 +Zanz &n ( f,xmas’b?))erln;(f)]’
s= 0

where we use the definition of the potential function in first equality. Since p(-) is arbitrary, we can
take f € Fi(e,Qj ) forall h € [H]. We then have

(2, a,b) — Qh(x,a,b) = [ ["(x,0,b) = TQj 1 (x,a,b) < e,
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forall (x,a,b,h) € X x A x B x [H]. Then, we have
|gh(f;xaa7b)‘ < |fh(x,a,b) - QZ(:ZI,CL,I))‘ + Su/p |Vf-,h+1(zl) - ‘/;+1(1'/)| < 2e,

where we use
Vinsa (@) = Vi ()] = [ sup inf Dy, " (") — sup inf Dy, Q41 ()]
B B

< supsup D, (f"71 (@) = Qh (@) < e,
H v

where the first inequality is because of
inf f —inf g| < f—gl.
|inf f —inf g| < sup| 9|

By taking p(f) = po(f)I(f € F(e))/po(F(€)), with F(e) = [, Fn(e, Q). we obtain the
desired result. O

Lemma 9. It holds that

H
Efep(ry pe(f) 0B pp, Ipy(f) + (1= a)Epup, Y Iy (f*)
h=1

H
>3 2By e (£1.11) (15)

H

+ (1= 0.50)Efep, npe (/1) + (1= a) Y Epep, npe ().
h=2

Proof. To show the first inequality, we just subtract all terms of RHS from LHS to see that it is a
KL-divergence which is non-negative. The second inequality is equivalent to
H
Efrp, mPr(f) > 0.5E s, Inpy (1) + 0.5 Epp, Inpy (7, 7).
h=1

This follows from
H

0.5E fp, Inpy(f) > 0.5 Esp, Inpy (", f") I(his a odd number )
h=1
and

H
0.5E fp, Inpe(f) > 0.5Efp, Inpy (f1)+0.5 Z Efp, Inpy (f*, f"1) I(h is an even number )

h=1
which is a result of the non-negativity of mutual information. O
Lemma 10. Iz holds that
H
Es, Esvp, (Z By (f) = AAST (1) + huat(f))
h=1

> ESt—l]EfNﬁt

AL (2 050 nﬁt(fl)
A (2h) + (1 - 0.50)1 p(l)(fl)‘|

A

> o n sy AL
+ 0'5aESt—1Ef~At n QALL f 7fl aCS +1H 7
o I e ol (f2) Pt (Fh+)

Bp,

. S : pe (1)
+ ZEst,lEfwt alnEgz, . exp <—UZ AL" (fh7 Fans Cs>> +(1—-a)hn ] :
s=1

h
Pyt po (1)

Ch
(16)
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Proof. We use the definition of the potential function and apply Lemma(9] The desired result follows
from some calculations. O

Lemma 11. Ifn3? < 0.4, it holds that

A= _/\EstflEftNﬁtAftl(xl)’ a7
t—1 )
By > 0.25an Y Es, ,Epep,Er, (En (fi2l,a,00)) (18)
s=1
Ch > —ame(2b + €)(t — 1) — & (o, €). (19)

Proof. The bound of A comes from the non-negativity of KL-divergence and « € (0, 1]. To prove
the lower bound of B}, we define

5? (fha chrl’ Cb) = - 277ALh (fha fh+1a C&-) - IHEIQ'+1~IP”L(-\IQ,a’SL,bQ) €xXp (_QUALh (fh7 fh+1a C.s)) .
Then, for all h € [H], we have

t—1
ESt*l exp (ng (fhvfh+17Cs)> =1,

s=1

according to Lemma 3] Then, by Lemma[d] we have

t—1 N h frh+1
Efp. L_l =€ (" G) + ph (f") pe ™ (fh“)]

- t—1 b p (f7, )
2 |2~ UG i e Gy

t—1

= —1In th,Nngchrlengl exp <Z g? (fhv fh+17 Cs)) )

s=1

where we use the fact that Lemma[d]implies that the inf is achieved at

t—1
p (S ) ocpg () gt (1) exp (Z (s cs)) :

s=1

and the expectation is equal to

= t=1 chyph phtl
eXp Ss= fs f 7f 7CS
_Ep(fh',fh“)Zgg(fhafh+1a<s)+Ep(fh}fh,+1)ln (a1 &5 ) — _lne

(&
s=1

where ¢ = ]thwpg]thHNng exp (Zi;ll ¢h (fh, fhrL Q)) is the normalized constant. It then
follows that

= S eh phl
Es, 1 Ejp, [Z = (T G) +n pe (/" ") ]
s=1

P (fM)p ™ ()

t—1

> _]ESt—l lnthNngfh+1~pg+l €xXp (Z 52 (fha fh+17 Cs))
s=1

2

t—1
- hlthNngthNng]EStA exXp (Z 52 (fha fh+17 Cs)) =0,

s=1
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where we use the above result in the first inequality and use the convexity of —In(-) in the last
inequality. We then have

o rh(h hil pe (7, 171
By, =0.5aEs, \Erop, (1) 2AL" (f7, f"7¢) +1n ’
S g ( ph (1) o (f+)
t—1
> O-5QESFIE]¢N@ Z _1nEz?+1~]P’h(-\z’;,aQ,b2) exp (_QUALh (fh7 fh—i-l, Cs))
s=1
t—1

> 0504772 (En(fial,al,rl))?,

where we use the definition of ¢ (", "1, ¢,) in the first inequality and we use Lemmal in the
last step.

We now turn to the lower bound of C},. We have

S~ azh (g P ()
]Efwﬁt alnth,Npg exXp —'I’]ZAL (f 7f + 7<s) —|—(]_ —O[) IHW
s=1 0

- o — h(Fh phti p* (F*)
2 (]. _OZ) l;}lf]Eprh mlnEf"thg exXp _'I”;AL (f ,f 7CS) +IHW

-1 —a/(l1-a)
—(1-a) 1nth,+1Npg,+1 (thwpg, exp (—nz ALM (fh, fi, C6)>> ,
s=1

where we use the fact that the inf is achieved at

—1 —a/(1—a)
ph (fh+l) O(p(f)l+1 (fh+l) (thwpg exp <—772ALh (fhvchrlst))) )
s=1
We now consider a fixed f* € Fj, (e, fA+1). It holds that

|ALP (7, 1740, 6)) < (& (foalal)” + 28 |8n (27, a")] < (26 +¢)
To show this, we recall the definition
ALh (fh,fh+1; Cs) — (fh ( SL’ il7bgl) Vf htl ( h+1))
= (Tnf"* (wsa%bh) —rl = Vi (2241)7,
and we subtract and add T, f**1 (2", a®) inside the first term to obtain

AL (M, M7 ¢) = En(f 2l al)? 4+ 280 (fo 2l al) (T f1 P (2l ald) — vl — P Hh).
It follows that

t—1
E 1 pi €Xp (—77 S OALR(fh @)) <pg (Fu (6 ")) exp(—n(t — 1)(26 + €)e).

Thus, we have
O 2 aBs,_, E i1 npg (Fa(e, f4) exp(—n(t — 1)(26 + €)e)
= —ane(26+€)(t — 1) + aBs,_, InE ;1 neapy (Fule, f411))
> —ane(2B +€)(t — 1) — k(v €)
where we use the definition

—a/(1-a)
Ko, e) = (1 —a) lnIth+1Npg+1pg (Fn (& f"11)) a/(l-a)
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We are ready to prove Theorem [2]

Proof of Theorem Let 7; denote the distribution induced by p; x v; and define

S0 = NEu(fe; 2l alt bl — O25anZE (&n ft,:ct,at,bh))

Then, we have

H

)\2

> Es, \Efinp Bgpppt Beoom, D61 < a—ndc(]-", MG, T,0.25an/\).

t=1 h=1

For arbitrary v; induced by 117, and g;, according to the value-decomposition Lemma|I| we have
H

ESt—lEftNﬁtEgtNﬁ:Lt )‘(Vl* (xl) - Vlm’ut (xl)) - ]ESt_lEftNﬁt]Egtwﬁft EQNm Z 5?

h=1
H t-1

2
< _)\Est—lEftNﬁtAftl (‘rl) +0.25am Z ZEStflEftNﬁtEﬂ's (5h<ft§ x?v G?7 b?))
h=1s=1

H H
S&mﬁﬁ@(X}wU)AAF@”+MQU0+QW@”GWUH+§:%W¢)
h:lH h:lH
=Es,_, ir;fIEpr (Z dh(f) — ANAF! (:cl) + lnp(f)> +ane(268+€)(t—1)H + Zm}f(a €
-1 h=1

< Xe+ane(e +4e+28)(t —1)H Zlnpo (6,Qh41)) —|—ZK]1016

where the first inequality also uses the definition of Af}(x!); the second inequality comes from

Lemma[T0]and Lemma|[TT} the equality is because Lemmal[3} and the last step comes from Lemma ]
Summing over ¢, we obtain that

Z]ESt—lEftNﬁt]EgtNﬁft (Vl* ($1) - lemyt (1,1))
t=1

1 T(T — LT <l A
< €T+ San(5e + 25)711 - Zlnpo (6, Qhsr)) + 5 hz (o, €) + —dc(}" MG, T,0.25an/\)

< O(B\/de(F,MG,T)x(B3/T?)T + dc(]—ﬂ MG, T)).

Here in the last step, we first let « — 1~ and note that

_mﬁ(( Qhy1) < K1(Lse),

—Zlnpo (6, Qhi1) "‘Z’ﬁ (1, €) < 2k(e).

h=1
Then, we take ¢ = %, A =4/ %, andn = ﬁ. This concludes the proof. O

E PROOF OF THE THEOREM[3]

In this section, we provide a proof for Theorem 3]

Lemma 12. For any max-player’s policy y and all functions g € F, we have

Bt on o ar oy DL (970", C) = (f (g5l ol 01))°
and 15
Ex?“~P’L(-|m§,ag,b2)ALZ (gh’9h+17<8)2 < % (&x (979"’ ay bh))

s8I Vs
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Proof. The proof of this lemma only employs the Markov property of the transition and the range of
function g € F. By replacing the notations in the proof of Lemma[6} we conclude the proof. O

Lemma 13. Letting n3? < 0.8, then for all functions g € F and any max-player’s policy p, we have

In E$§+1NP;L(4|IQL7QQ’1}LL) exp (_UALZ ( L AENE ))
< E h+1~IP’h(~|:rh ah,bh) exp (_TIALZ (g 7gh+17 Cs)) -1
< —0.25n (€1 (f;2",a, b))

Proof. The proof of this lemma only employs the range of function g € F. By replacing the notations
in the proof of Lemma([7} we conclude the proof. O

Lemma 14. It holds that

H
Es,.Ef~p, I0fE Z (9, 1) — Mg, (z1)+1np(g)]

g~p(-)

H
< Ae+dan(t — 1)He —Es, Efnp, > Inpl (f;;f (67 Qgﬂ))
h=1

Proof. Consider any fixed g € F. For any g" € F" that depends on Ss_; and 1., and for any s 5
we obtain from Lemmal[7] that

E¢, exp (—nAL (g NN )) —1<—-0.25nE, (gh(x,a) — E”"'gh'*'l(x,mb))z <0.

We now fix some ¢. For all s < ¢, we define

Wgh = ESsEfNﬁf,+1]Eg~p(~) lnEg;prg exp ( ’I]ZALILf a ’gh+1’<£)> ,

and recall that

b exp (-0 X2 ALL, (3,6"C))
Eglwpg exp (—17 ZS;I ALZf (¢, ght1, Cs))

ar (" | "y, Sim) =

We have
Wsh — Wsh—l = ESsEfNﬁH.l( ) lnEgthh( lgh*1 5,85 1) EXP (—nALZf (gh,gh-',-l7 <s))

<SEs.Efupi) (]Eghwzh( lg"+1,ps,S5-1) CXP (777ALZf (gh’gh+1’<s)) B 1) =0
where weuse Inz < z — 1. By Woh = 0, we know that
t
Wi =Wg+ Y W —wl,] <o,
s=1

equivalently,
t
Es.Efpiir () Egmp() MEgnpn exp (-772 ALy (G", 9", Cs)> <0.
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Note that ¢ is arbitrary. This implies that for any p(-) and any ¢, we have

H
Z (9, 15) — Mgy, (2') +Inp(g)

]ESt—l]EfNﬁt(')EgNP(')

H t-1

Mg, () +and S AL (" g" ¢

h=1s=1

H t—1
—l—ozZlnEgthg exp (—nZALZf (gh,gh“,és)> +In r(9) ]

h=1 po(9)

=Es,_ Erep () Egap()

S Es, Epep () Egrpy

H
—)\Aglltf +Zanz & ( g,xs,as7b?))2+ln£)((gg))1 .

Since p(-) is arbitrary, we can take g" € FF'(e, Qh+1) for all h € [H]. We need to show that g"
admits a small 7;"-Bellman-residual. We have

9" (z,a,b) — Q" (w,a,b)| = |¢"(z,a,b) — TFQYT (z,a,b) < e,

for all (z,a,b,h) € X x A x B x [H]. Then, we have

8 (g5 2, a,b)] < |g"(x,a,b) — Q1T (2, a,b)] o Sup |V (') - Vit (2] < 2e,

where we use

Vi (@) = Vit (a)] = [ inf Dy g(a’) — inf Dy, Qpf ()]

< sup Dy (9(2') — Qi (@) <,

where we use the fact that

inf f —infg| < —ql.
| f f lgglfsgplf gl

By taking p(f) = po(f)I(f € Fle. 1)) /po(F (e, uy)). with Fle, jug) = [T, Fil (e, Q41T we
obtain the desired result.

Lemma 15. For any max-player’s policy u that is induced by some f € F, we have

Ey s (o) 10D} (9) 2By pr mpl(g) + (1 — a)Eypp S Il (g")

H
% S Eyopr npl (6", 9" ) (20)
h=1
H
+ (1 = 0.50) By pp In pf (") +(1-a) Z Egpe Inpy (gh) .
h=2

Proof. The proof of this lemma only relies on the non-negativity of mutual information and KL-
divergence. By replacing the notations in the proof of Lemma[9} we conclude the proof. O
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Lemma 16. It holds that
ESt 1Eft"‘pt g~pY (Z (I)h )\Agi ( )—i—ln Aut( )>

> Estfl]EftNﬁtEgNﬁ;L

N2 1
~AAgl (&) + (1-0.50)In pt(gg)]

A’
H

Wbt p (9" ")
+ZOE)OAESt 1EffN;Dt g~p T)ZQAL g9 7(5) + n ( ) h+1 (gh+1)
h=1

B’

h

At

= ho(=h _h+l i (9")
OllnEghwpg exp _UZALM (g g + aCs) +(1_O‘)l “htl s pas |
s=1

H
+ > B, Efnp, By po (")

h=1

C},l
21

Proof. We use the definition of the potential function and apply Lemma [T5](note that it is valid for
any ps, f € F). O

Lemma 17. Ifn% < 0.4, it holds that

A/ > _)\Est—lEftht gNPMtAg# ( )7 (22)
t—1

B, > 0.25an Y Es, Epep, By Ex, (€1 (f,xs,as,bg)) (23)
s=1

Ch > —ane(2b+€)(t — 1) — Bs, ,Ef,p,r, (@ €). 24

Proof. The bound of A’ comes from the non-negativity of KL-divergence and « € (0, 1]. To prove
the lower bound of B}, we define

& (9" " s G) = = 20ALL (9", 9", G) =B s on o ar iy P (=20AL5, (9", 9"4,5))

where p; is an arbitrary policy induced by some f; € F. Then, for all h € [H], we have

t—1
Eg, , exp (Z ¢h (g’%g”*ﬂ@)) =1,

s=1

according to Lemma 3] Then, by Lemma[d] we have

t—1 -
e lz; —€4 (9" 6" e G) +1n Z(? )(ghﬁ (ghll)]

§ h( h h p(g" g"*")
2 lnf E‘JNP _fsl (g g l+1a /J/tvgs) +In
= ph (9" pg ™ (o)

t—1
= — lnEgh,Npg,]Egh+1Npg,+l exp (Z 52 (gh’gh-&-l, MtaCs)) 7
s=1

where the last step is from some simple calculations and the fact that Lemma 4] implies that the inf is
. t—1
achieved by p(g", ¢" ™) oc pi (9" )pg ™ (9" ) exp (30 €0 (9" 9" paes C5))-
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This implies that

Es, 1Ef~Pt g~py Z gh fh fh+1a,ufta<s)+1n

Am (fh fh+1) ]
(fh) po ()

\ \/

t—1
ESt 1Ef’\‘Pt lnE "Egh+1,\,p"+1 exXp (Z gh +17 Hts CS)>

v

t—1
~IEg pnE i i1 Epap Es,_, exp (Z " (g", g" ™, s, gs)> =0,

s=1
where we use the convexity of — In(-). With this result, the definition of Bj, and the definition of
& (g", 9", pe, ¢s), we have

B, = 0.5aE E Z2ALh h h+1<)+ p (9 gh+1)
h St_1 ft""pt grph n g ' g » Qs ( ) A (gh+1)

t—1
> 0.50Es, \EfpEgupre > —E ni1 pnpun an ) 0 (—20ALL, (9", 9", ¢))
s=1
t—1 1
> 0500 5Es,  Epnp EgopriEr, (€1 (9520, al, 1)),
s=1

where we use Lemma|[T3]in the last step.

We now turn to the lower bound of Ch For any max-player’s policy (1, we have

gh )
alnEgn n exp( ZALh ", ", ¢ )) +(1—-a)ln h+1 gh+1 1

>(1 inf E a InE ALh h h+1 ph(gh )
>( _a)lri g~p" 1—a D Egn~plh €XP Z p8+1( +1)

E,.

gr~py

P

—a/(1-a)
(1—a)lnE h (E hexp< nZALh hoghtt ¢, ))

where we use the fact that the inf is achieved at

-1 —a/(l—a)
ph (gh+1) O(pg—i-l (gh+1) <Egthg exp <_nZALZ (gh7gh+1,Cs)>> ]
s=1

We now consider a fixed g" € Fl (e, g"*1). Using the same arguments as in the proof of Lemma
it holds that

AL (9", 9"+ )| < (8 (9,20 al))” + 20 €] (.2, al')] < e(2b+ ).
It follows that

Egnpp eXP (—n > AL (9" " Cs)> < pf (Fi! (e,9"™)) exp(=n(t = 1)(2b + €)e)
=1
Thus, we have
Cp > aEs, Efup, In Ej-,L+1Npg+1p8(]:ﬁt (g7gh+1)) exp(—n(t — 1)(2b + €)e)
= 70[776(217 + 6)(t — 1) + OLESf 1EfNﬁt In Egh-*—leg‘*'lpg(f;:t (e,thrl))

> —ane(2b+e€)(t —1) —Eg, ,Ef,p, ;Lt (v, €),
where we use the definition

L —a/(l—a)
“Z(O"e) =1-a) lnEthNngpg (]:}/l (ﬁ’gh+1)) .
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We are ready to prove Theorem 3]

Proof of Theorem[3] Let m; denote the distribution induced by 1; x 4 and define
t—1
h _ 1t h _h ph o ko h phy)\2
0 = =M (g, ', b)) — 0.25anZE,rs (&N (ge, 2t ar, b))
s=1
According to the value-decomposition Lemma 2] we have

H
ESt,lEfyvpt ge~pht )‘(Vuhw( 1) - ‘/lutj(xl)) - E5t71Eft~ﬁtEgt~ﬁft ECtNﬂ't Z 6?
h=1
H t—1 )
= —AEs,_,Ej, 5By, oot Agls (x') +0.25an > > Es, \Efnp By, pm B, (E) (g1, 20, all, b))
h=1 s=1
H
< Es, Epnp Eginp, (Z cI)?(.gh Nt) - )‘Agztl (.’L‘1> + lnﬁft (gt)>
h=1
H
+ 0‘776(21) + 6) (t - 1)H + ]Est—l]EftNﬁt Z KZ, (0‘7 6)
h=1
H
= Est—lEftNﬁt il;f]EQNP (Z g :u’t )‘Ag#fl (xl) + 1Hp(g)>
- H
+ane26+¢)(t —1)H +Eg, Ey,p, Z /@'Zt (a,€)
h=1
H H
< Xe+ ame(e + 46+ 28)(t — VH —Es, ,Ej,up, > Inpl(Fule, QuiD)) + Es,  Epnp, >kl (ar6).
h=1 h=1

Summing over ¢, we obtain that

T

> s, Epip Egomp, (V¥ (21) = Vi (a1)

t=1

T H
1 T(T - 1 )
<€l + Xan(&f + 25)7 X Z:: St—l]EftNﬁt Z lnp(})l(fh(ev QZ—#TL))

h=1

A
)\ E Es, ,Ef,~p, E /i ( e)—i——dc(}' MG, T,0.25an/))
h=1

<0 B\/dc F,MG,T)x(8/T?)T + de(F, MG, T)).

The last step is proved as follows We find an upper bound for Eg, _ 1Eft~p, Zt 1 Zh Vel (o).

We note that for all s, k., (cv, €) is increasing w.r.t. o with the limit 5!, (1,€) < k(e) < co. By
monotone convergence theorem we know that

T

T H T H
Es, \Efnp DY fip(a,6) > Bs, \Bpap, d > ke (1,0 =Y Es, Efnpip,(€) < Trle).
t=1 h=1

t=1 h=1 t=1
We also have

T H
Est—llEftNﬁt Z Z - lnpg (‘Fh(e’ h+1)> < ]Est 1EftN;0t Z KJIM < T’%( )
t=1 h=1 t=1

It follows that

T H T H
- ZESt—lEftNﬁt Zlnpg(]:h(E? Qiii)) + ZESt—lEftNﬁt Z lﬁ:ﬁt(l, 6) < 2TH(6)'
t=1 h=1 t=1 h=1
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Now we first let & — 171, Then, we take ¢ = %, A= 1/%, n= ﬁ. This concludes
the proof. O

F INTERPRETATION OF THEOREM

F.1 BOUNDS FOR THE MULTI-AGENT DECOUPLING COEFFICIENT

In this subsection, we provide several examples whose multi-agent decoupling coefficient is provably
small. The proof can be found in Appendix

Linear MG. The first example is the MG with linear function approximation [Xie et al.| (2020). In
this case, there exists a feature map ¢(z, a,b) € R and it holds that " (z,a,b) = ¢(x,a,b) " O"
and P"(2'|z,a,b) = ¢(x,a,b)" uy(x’) for some unknown 6" € R? and j,(-) € RY satisfying
maX{HGh lpnll} € Vd. We have the following upper bound for the multi-agent decoupling
coefficient.

Proposition 1 (Linear MG). For a d-dimensional MG with Fy, = {¢n(-,-,-) 16" : [|6"]| < (H +
1 — h)Vd} and ||¢(z,a,b)|| < 1,¥(z,a,b) € X x A x B, then for all u < 1, it holds that

de(F,MG,T,u) < 2dH(2+ In(2HT)).

Note that |Jin et al. (2021b) considers a more general setting of linear function approximation whose
multi-agent decoupling coefficient is also provably small due to Proposition[3] Also note that as a
special case, tabular MG is a linear MG of dimension d = | X||.A||B|.

Generalized Linear MG. We then consider the generalized linear MG. In this case, we have
(f" = T fos1)(z,a,0) = o(¢(z,a,b)T6") for any p induced by some function in F and f €
F where o is differentiable and strictly increasing. We further assume that ¢’ € (c1,¢2) and
max{||¢(z,a,b)|, [|6"||} < R for some c1,c2, R > 0.

Proposition 2 (Generalized Linear MG.). For a generalized linear MG, with F = {(z,a,b) —
o(¢p(z,a,b)T0 : ||0|| < HVA}, then for all u < 1, it holds that

de(F, MG, T, ;) < 2dH(c5/c1)(2 4+ In(2HT)).

We can also derive an upper bound for the multi-agent decoupling coefficient through multi-agent
Bellman Eluder dimension introduced in [Jin et al.| (2021D).

Definition 5 (e-independence between distributions). Let F be a function class defined on X, and
T, 1, - , T be probability measures over X. We say 7 is e-independent of {my,--- ,m,} with
respect to F if there exists f € F suchthat \/y ., (Er,[f])? < €but |[E;[f]] > e

Definition 6 (Distributional Eluder dimension). Let F be a function class defined on X, and 11
be a family of probability measures over X. The distributional Eluder dimension dimpg(F, 11, €)
is the length of the longest sequence p1,--- ,p;—1 C || such that there exists € > € where p; is
€'-independent of {p1,- -+ , pi—1} forall i € [n].

Definition 7 (multi-agent Bellman Eluder dimension). Let H x be teh function classes of Bellman
residuals where Hr j, := {f" =T} f"*1|f, g € F}. Then, the Bellman-Eluder dimension is defined
as

dimBE(]:, H, 6) = m}axdimDE (7‘[]:7;“ H, 6)
13

Proposition 3 (Reduction to multi-agent Bellman Eluder dimension). Let IIx = Dx be the set of
probability measures over X x A x B at each step h obtained by following (uy,vy ) for some
fyg € F. Ifforall e > 0 we have

dimpg(F,I,e) < Eln(1/e),
then for all i < 1, the multi-agent decoupling coefficient satisfies:
de(F,MG,T,u) <41+ In(T))EH.
Similar to the single-agent case, the multi-agent decoupling coefficient exhibits an additional factor
of H due to the formulation of summation over all steps instead of maximum as in the multi-agent

Bellman Eluder dimension case. This formulation can offer advantages when the complexity of the
function class varies with time steps h.
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F.2 INTERPRETATION OF THEOREM/I]

We now illustrate Theorem|[I|by concrete examples. The first example is for the finite function classes.

Corollary 4 (Finite function classes with completeness). Let F be a finite function class satisfying
Assumptions and with B = 2. Assume that the prior is uniform pl(f) = 1/|Fy|, and

F| =TI, | Fal- With = 0.1 and A = \| 5252, we have

EReg(T) = O(v/de(F, MG, T)T In(| F]).

Note that it is straightforward to generalize this result to the infinite function classes by replacing
the cardinality |F| with its covering number N, (F, €) with an appropriate choice of e. We then
illustrate Theorem|[I]| by considering the MGs with linear function approximation.

Corollary 5 (Linear MG). For the linear MG, if we assume that the prior is uniform, we have

k(€) = O(HdIn(1/e)). Withn = %3 and X = 1/#%, we have

EReg(T) = O(H?dVT In(HT)).

Compared with Xie et al.| (2020), our algorithm improves the regret bound for linear MGs by a

factor of V/d. Compared to the recent works on MGs (Jin et al., 2021bj [Huang et al.| [2021])), our
posterior sampling algorithm achieves comparable regret bound to that of algorithms based on the
OFU principle in the two-player zero-sum MG.

G PROOF OF THE VALUE-DECOMPOSITION LEMMA
Proof of Lemmall] Let ;o = piy and v be an arbitrary policy taken by the min-player.
Vi(ah) = Vi (')

H
= ZEu,uVﬂh(xh) — (@ a™ V) = Vi (") + V(@) = Vi (2h)
h=1

I
M=

By minDy, 0 f(z") — (2", a" ") = Vi (2") + Vi (@) = Vya(ah)

>
Il
—

Eu,qu,th(mh) - Th($h7 ah7 bh) - Vfathl(thrl) + Vvl*(xl) - Vf»l(xl)

M=

=
Il
—

Elhufh(xh?ah? bh) - Th(xh’ ah’ bh) - Vf7fb+1(xh+1) + Vl*(ml) - Vf,l(xl)

I
M=

>
Il
—

I
M=

EnEn(f" f",0) + Vi (@h) = Via(a?),

>
Il
—

where the first equality comes from the value-decomposition Theorem [Jiang et al.|(2017) (can be
verified easily by telescope sum and V#+1 = 0); the second equality is because of the definition of
w = psn(z) = argmaxmingea, ' f*(x, -, )v; the inequality comes from the fact that 1 = iy

HEA 4
and v may not be arg min,, D, . f (x"). This decomposition accounts for the use of an optimistic
prior in Algorithm O
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Proof of Lemma[2] Suppose that i = iy is taken by the max-player and g is sampled from the
posterior by the booster agent. Let v be given by v = arg min,, V}/*(z) for all (x, h). Then, we have:

Vit (@) = Vi ()
= V“1(x1) - V1#7V(x1) + V1MT(5U1) - Vg‘fl(xl)

H
= ZEM,VDH,Vg(xh) - Th(zhv ahv bh) - Vgljh+1(xh+1) + VllLyT('rl) - Vglfl(xl)

H
= ZE#»Vgh(xh’ a" o) — (2", ", b") ~ Vg/fh+1(xh+1) + V(@) - Vg‘fl(xl)

h=1
H

=Y B &L " "L + V(@) - V().
h=1

H PROOF OF THE DECOUPLING COEFFICIENT BOUNDS

In this section, we provide proofs for the decoupling coefficient bounds. We need the following
lemma.

Lemma 18 (Elliptical Potential Lemma, Lemma 10 of [Xie et al.[(2020)). Suppose {¢+}i>0 is a
sequence in R satisfying ||é¢|| < 1. Let Ag € R¥? be a positive definite matrix, and \; =
Ao + Zle $:¢; . If the smallest eigenvalues of A is lower bounded by 1, then

detAt Ta—1 detAt
1 < AT 9 <21 .
0g (det A(]) = ;m(bz j71¢1 = z1og det Ag

Proof of Proposition[l] We first note that the completeness assumption is satisfied in linear MG case
whose proof can be found in Huang et al. (2021). Now we consider two arbitrary 6", "1 whose

norms are bounded by H+v/d and f € F. We also define a function g € F s.t. g" = g(0") and
g"tt = g(0"*t1). By Assumption we can find some 0"(f) € R? with ||6"(f)| < HVd s.t.
T ((x,a,b) TOMY) = ¢(x,a,b) T 0"(f). Therefore, we have

Enl(gim,a,b) = ¢(w,a,b) " (0" = 0"(f)) = d(w,a,b) "w"(f,9),
where w"(f,g) € R? satisfies ||w"(f,g)| < 2H+/d. We denote ¢! = E_[¢(z",a", b")] and
P = N+ 30 ozl a?, 0" p(a, a" b")T where A > 1 is a tuning parameter. Then, we have

t—1

E., [Esft (gt;x?,a?,bg)] _:“ZEWS [5}’;& (gt;xg,ail)q

s=1

t—1
= wh (ftmgt)T d)r}fl - /uwh (ftagt)T ZEW.; |:¢ (Ih7aha bh) (ZS (zha a’hv bh)T:| wh (ft7gt)

s=1
S wh (ft7 gt)—r ¢? - :uwh (fta gt)—r (I)?;lwh (ftagt) + 4/~‘LAdH2
1 T -1
< 3p (@) (2) o+ duadH?

where the first inequality uses Jensen’s inequality and Hwh( ft, gt)H < 2H+/d and the second

inequality comes from the fact (a'b) < (||a||<1>?71 ||bH(<I>i11)’1) < %(HaHihl + ||b|\?¢¢71),1).
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Summing over ¢ € [T] and h € [H], we have

t—1

B (€17 (gt ol 0)] 03B, [E17 0l
! s=1

In(det(®%) — dIn(N)
[ 2
dln(A+T/d) — dIn())
2u

B
M=

“
I
—
=
Il

M=

+ 4uAdH2T}
h

I
—

IA
=

(

+ 4u\dH?T),

where we use the Elliptical Potential lemma in the first inequality and the second inequality uses

trace(®%
Indet(®%) < dIn M, and, trace(®!) < A\d + T.

By setting A = min{1, HQH%T}, we conclude the proof. O

Proof of PropositionE] We assume that ¢c; < 1 < ¢o. Otherwise, we can scale the feature maps and

the link function accordingly. By similar arguments with the completeness assumption as in the proof
of Proposition[I] we have

&' (g:2,0,0) = 0(¢(,a,0)"0") — o (é(x,a,b) 6" (f)).
By the Lipschitz property, we have
cilé(z, a,0) Tw(f, g)l < |€,7 (g2, a,0)| < e2l(, a,b) Tw(f, g),

for some w(f,g) € RY satisfying w(f,g) < 2H+v/d. We denote ¢; = E,_[¢(z",a”,b")] and
P = N+ 30, ozl a0 p(a, a", b")T where A > 1 is a tuning parameter. Then, we have

t—1

Er, [0 (9320, 00)] = 1> En, [g;jft (gt;xg,ag)z}

s=1
t—1
-
< eofu” (fin90) " o} —netu’ (frng) T D En, [ (2" 0" 6 6 (20" 1) | 0 (. g0)
s=1
< colw” (fo, g0) " O] — pS3w" (fi,ge) " OF_yw" (fr,91) + ApucINdH?
02 T 1
= 4 2o (o)) (@) @ +4uciadH?.
HCT

Summing over ¢ € [T] and h € [H], we have

T H t—1 5
SN B, (£ (g2 a0l 08)] = ) B, [55“ (ge3 2l al) }

t=1 h=1 s=1

H
In(det(®%) — dIn(N)
2 T
<24 { 2uct

+ 4MAc§H2dT]

dIn(A+T/d) — dln(\)
242

+ 4pci H?dT).

Setting A = min{1, W} concludes the proof. O

In what follows, we prove the reduction of Bellman-Eluder dimension to the decoupling coefficient.

The proof is almost the same as that of |Dann et al.|(2021)) with minor modification. We start with the
following lemma from Dann et al.|(2021)).
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Lemma 19. Let 7y, - -- ,m;_1 denote the measures over X x A x B obtained by following the policy
induced by (fg,gg) 1 € F x F at stage h and {dy,--- ,dp} be the set of unique measures in

decreasing order of occurrences and let (N;). | be the number of times a measure appears in the
sequence. If the e-BE dimension for the distribution set Dx and the function classes:

{o" =T g" ™ f.ge F}.

is £ and |€w)a,b~m5;:ft (9¢;,a,b)| > e. Then, it holds that

t—1
> Eraben, [5,7“ (gt;fv,mbﬂ > W] (Baa b, [E17 (9157, 0,b)])°
s=1

(25)
ifm =d; Ni€[E—1]

h h =
where Wy { [ 1 otherwise.
=E,

Proof of Proposition 5] Denote et s

T T H
ZZettSEH—l—eTH—i— Z Ze?tll{e?t>e}.
t=1 h=1

t=E+1 h=1

o ah, th *(gt; x, a,b), the LHS is upper bounded by

For each h € [H], the RHS is bounded by

T
/JZ 6?52+M2\/ E(1+In(T Z wtett]l{ett>e}

t=1 s=1 4’” t=E+1

2E(1 +In(T)) S ehI{el > e},

Zt:EJrl wh  t=E+1

where the last inequality is because

[T St (@) 2 [ o

which is due to

Every time a measure 7, appears in the £’ — 1 most common measures, one of IV; increases. Otherwise,
> ;> Vi increases by 1. Hence,
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