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Abstract

A central problem in the theory of multi-agent reinforcement learning (MARL) is to understand
what structural conditions and algorithmic principles lead to sample-efficient learning guarantees,
and how these considerations change as we move from few to many agents. We study this question
in a general framework for interactive decision making with multiple agents, encompassing Markov
games with function approximation and normal-form games with bandit feedback. We focus on equi-
librium computation, in which a centralized learning algorithm aims to compute an equilibrium by
controlling multiple agents that interact with an (unknown) environment. Our main contributions are:

* We provide upper and lower bounds on the optimal sample complexity for multi-agent deci-
sion making based on a multi-agent generalization of the Decision-Estimation Coefficient, a
complexity measure introduced by Foster et al. (2021) in the single-agent counterpart to our
setting. Compared to the best results for the single-agent setting, our upper and lower bounds
have additional gaps. We show that no “reasonable” complexity measure can close these gaps,
highlighting a striking separation between single and multiple agents.

* We show that characterizing the statistical complexity for multi-agent decision making is
equivalent to characterizing the statistical complexity of single-agent decision making, but with
hidden (unobserved) rewards, a framework that subsumes variants of the partial monitoring
problem. As a consequence of this connection, we characterize the statistical complexity for
hidden-reward interactive decision making to the best extent possible.

Building on this development, we provide several new structural results, including 1) conditions
under which the statistical complexity of multi-agent decision making can be reduced to that of
single-agent, and 2) conditions under which the so-called curse of multiple agents can be avoided.

* Work done in part while interning at Microsoft Research.

© 2023 D.J. Foster, D.P. Foster, N. Golowich & A. Rakhlin.



FOSTER FOSTER GOLOWICH RAKHLIN

1. Introduction

Many of the most exciting frontiers for artificial intelligence are game-theoretic in nature, and involve
multiple agents with differing incentives interacting and making decisions in dynamic environments,
either in cooperation or in competition. Numerous recent approaches, adopting the framework of
multi-agent reinforcement learning (MARL), have achieved human-level performance in multi-agent
game-playing domains (Silver et al., 2016; Brown and Sandholm, 2018; Perolat et al., 2022; Kramar
et al., 2022; Bakhtin et al., 2022), and while there is great potential to apply MARL further in domains
such as cybersecurity (Malialis and Kudenko, 2015), autonomous driving (Shalev-Shwartz et al.,
2016), and economic policy (Zheng et al., 2022), sample-efficiency and reliability are obstacles for
real-world deployment. Consequently, a central question is to understand what modeling assumptions
and algorithm design principles lead to robust, sample-efficient learning guarantees. This issue is
particularly salient in domains with high-dimensional feedback and decision spaces, where the use
of flexible models such as neural networks is critical.

For reinforcement learning in single-agent settings, an extensive line of research identifies
modeling assumptions (or, structural conditions) under which sample-efficient learning is possible
(Russo and Van Roy, 2013; Jiang et al., 2017; Sun et al., 2019; Wang et al., 2020; Du et al., 2021;
Jin et al., 2021a; Foster et al., 2021). Notably, Foster et al. (2021, 2022b, 2023) provide a notion
of statistical complexity, the Decision-Estimation Coefficient (DEC), which is both necessary and
sufficient for low sample complexity, and leads to unified principles for algorithm design. For
multi-agent reinforcement learning, structural conditions for sample-efficient learning have also
received active investigation (Chen et al., 2022b; Li et al., 2022; Xie et al., 2020; Jin et al., 2022;
Huang et al., 2021; Zhan et al., 2022; Liu et al., 2022), drawing inspiration from the single agent
setting. However, insights from single agents do not always transfer to multiple agents in intuitive
ways (Daskalakis et al., 2022), and development has largely proceeded on a case-by-case basis. As
such, the problem of developing a unified understanding or necessary conditions for sample-efficient
multi-agent reinforcement learning remained open.

Contributions. We consider a general framework, Multi-Agent Decision Making with Structured
Observations (MA-DMSO), which generalizes the single-agent DMSO framework of Foster et al.
(2021) and subsumes multi-agent reinforcement learning with general function approximation, as well
as normal-form games with bandit feedback and structured action spaces. We focus on centralized
equilibrium computation, where a centralized learning algorithm with control of all agents aims to
compute an equilibrium by interacting with the (unknown) environment. Our main results are:

* Complexity of multi-agent decision making. We introduce a new complexity measure, the
Multi-Agent Decision-Estimation Coefficient, generalizing the Decision-Estimation Coefficient
of Foster et al. (2021, 2023), and show that it leads to upper and lower bounds on the optimal
sample complexity for multi-agent decision making. Compared to the best results for the
single-agent setting (Foster et al., 2023), our upper and lower bounds have additional gaps,
which we show that no (reasonable) complexity measure can close.

* Complexity of hidden-reward decision making. We show that characterizing the statistical
complexity for multi-agent decision making is equivalent to characterizing the statistical com-
plexity of single-agent decision making, but with hidden (unobserved) rewards, a framework
that we refer to as Hidden-Reward Decision Making with Structured Observations (HR-DMSO).
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Leveraging this connection, we characterize the statistical complexity of the HR-DMSO frame-
work, which encompasses PAC variants of the stochastic partial monitoring problem (Bartok
et al., 2014), to the best extent possible (for any reasonable complexity measure).

* Additional insights for multiple agents. Building on the results above, we provide a number
of new structural results and algorithmic insights for multi-agent decision making and RL,
including 1) general conditions under which the complexity of multi-agent decision making
can be reduced to that of single agent decision making, and 2) general conditions under which
the so-called curse of multiple agents (Jin et al., 2021b) can be removed.

Organization. Due to space constraints, the main body presents an informal overview of our
results, with detailed statements deferred to Part I of the appendix. Examples are given in Part I1.
See Appendix A for an overview of appendix organization.

1.1. Multi-agent interactive decision making (MA-DMSO)

We introduce a multi-agent generalization of the Decision Making with Structured Observations
framework of Foster et al. (2021), which we refer to as Multi-Agent Decision Making with Structured
Observations (MA-DMSO). The framework consists of 7" rounds of interaction between K agents
and the environment. For eachroundt = 1,2,...,T"

1. The agents collectively select a joint decision " € 11, where 11 is the joint decision space.

2. Each agent k € [K] receives a reward 1, € R C R and a pure observation o, € O, sampled
via (rf, ..., 7%, 0%) ~ M* ('), where M* : TT — A(RE x O,) is the underlying model. We
refer to R as the reward space and to O, as the pure observation space. We call the tuple
(r},..., 1%, o) consisting of all information revealed to agents on round ¢ the full observation.

After the T" rounds of interaction, the agents collectively output a joint decision 7 € II, which may be
chosen in an arbitrary fashion based on the data observed over the 7" rounds, and may be randomized
according to a distribution p € A(II). Their goal, which we formalize in the sequel, is to choose 7
to be an equilibrium (e.g., Nash or CCE) for the average reward function induced by M™*. The model
M™, which is formalized as a probability kernel from decisions to full observations (Appendix B), is
unknown to the agents, and is to be interpreted as the underlying environment.

The DMSO framework captures most online decision making problems in which a single agent
interacts with an unknown environment, and the MA-DMSO framework further generalizes it to
capture a wide variety of problems in multi-agent reinforcement learning. Examples include learning
in normal-form games with bandit feedback (Rakhlin and Sridharan, 2013; Foster et al., 2016; Heliou
et al., 2017; Wei and Luo, 2018; Giannou et al., 2021), where M * represents the distribution over
rewards for each entry in the game, and learning in Markov games with function approximation
(Chen et al., 2022b; Li et al., 2022; Xie et al., 2020; Jin et al., 2022; Huang et al., 2021; Zhan et al.,
2022; Liu et al., 2022), where M* represents the underlying Markov game. Additional examples
include normal-form games with structured (e.g., convex-concave) rewards and high-dimensional
action spaces (Bravo et al., 2018; Maheshwari et al., 2022; Lin et al., 2021).

Realizability. While the model M™* is unknown, we make a standard realizability assumption.

Assumption 1.1 (Realizability for MA-DMSO). The agents have access to a model class M
consisting of probability kernels M : TI — A(RY x O,) that contains the true model M*.
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For normal-form games, the class M encodes structure in the rewards (e.g., linearity or convexity)
or decision space, and for Markov games it encodes structure in transition probabilities or value
functions. See Part II of the appendix for examples, as well as Foster et al. (2021) for with K = 1.

1.1.1. EQUILIBRIA

The goal of the agents in the MA-DMSO framework is to produce an equilibrium for the underlying
game/model M*. We formalize the notion of equilibrium in a general fashion which encompasses
several standard game-theoretic equilibria. To keep notation compact, we define O := R¥ x O, to
be the full observation space, and will write o* := (r{,..., 7%, 0}) to denote the (full) observation.
For M € M and 7 € II, let E*"[-] denote expectation under the process (1, ..., Tk, 0o) ~ M (7);
in light of our notation O = RX x O,, we will sometimes denote this process as o ~ M (). For
each k € [K] and M € M, define the mapping f : I — R by f(7) = E~[ry], which denotes
agent k’s expected reward under M when the joint decision 7 is played.

For each agent k, we assume they are given a deviation space 11}, together with a switching
function, Uy, : I}, x II — II. Given a joint decision = € II, each agent k can choose a deviation
. € I}, which will have the effect that the joint policy played by agents is Uy (), ) instead of 7.
We aim for the output policy 7 ~ p produced in the MA-DMSO setup to have the property that no
agent can significantly increase their value by deviating. We quantify this via

K

Risk(T) := Bz | > sup [ (Uk(mp, m) — i (7)| (1)
=1 TRE,

For M € M and 7 € II, we abbreviate b (7) = Zle SUD 1, M (Uk(mp,,m)) — fp*(), so that
Risk(T) := Ez.,[h™" (7)]. The quantity 2 () measures the sum of players’ incentives to deviate
from the joint decision 7 under M ; we say that 7 is an equilibrium for M if h™ (7) = 0.

The notion (1) captures standard notions of equilibria, including Nash equilibria, correlated
equilibria (CE), and coarse correlated equilibria (CCE). As we have strived to make the setup in
this section as general as possible, we make two regularity assumptions to rule out other, potentially
pathological notions of equilibria.

Assumption 1.2 (Existence of equilibria). Forall M € M, there exists m € II with h™ (7) = 0.

Assumption 1.3 (Monotonicity of the optimal deviation). For any model M € M, agent k € [K],
and joint decision 7 € 11, there is some deviation ), € II} such that f} (Uy(m), 7)) > fo' ().

Assumption 1.3 implies that, up to a factor of K, the notion of risk in (1) is equivalent to the
maximal gain any agent can achieve by deviating. Both assumptions are satisfied by Nash equilibria,
CE, and CCE (see Definitions 1.1, 1.2 and G.1).

Summarizing, the MA-DMSO framework captures the problem of equilibrium computation: the
agents aim to find an (e-approximate) equilibrium 7 so that Risk(7") < e, but the underlying game
is unknown, so they must gather information by interacting with it and exploring. We refer to the
tuple A4 = (M,II, O, {11} }1, {Uk}) as an instance for the MA-DMSO framework. The instance
A specifies all information known a-priori to the agents before the learning process begins.

Remark 1.1. As described, the MA-DMSO framework allows centralized learning protocols, in
which a single learning algorithm may control all agents in a centralized fashion (equivalently,
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unlimited communication and coordination is permitted amongst agents throughout the learning
process). Lower bounds against centralized learning algorithms certainly apply to decentralized
algorithms, being a special case of the former. However, in general there may be gaps between the
minimax sample complexity for centralized and decentralized algorithms, and we leave a detailed
investigation of decentralized multi-agent interactive decision-making for future work.

Remark 1.2. Our presentation of the MA-DMSO framework captures settings in which (multi-agent)
learning algorithms are evaluated only on the proximity of output decision 7 to equilibrium, as
opposed to, say, the average proximity to equilibrium for the decisions played throughout the T°
rounds of learning. In the single-agent setting, such guarantees are often referred as PAC (Probability
Approximately Correct) guarantees, as opposed to regret guarantees (Foster et al., 2023). It is fairly
straightforward to extend many of our results to the regret setting.

1.1.2. EXAMPLES OF INSTANCES FOR MA-DMSO

We now highlight basic multi-agent bandit and MARL problems captured by the MA-DMSO frame-
work. We describe how to capture concrete notions of equilibria, then give examples of instances .Z .

Examples of equilibria. In Definitions 1.1 and 1.2 below, we specify the decision spaces, deviation
spaces, and switching functions that can be used to capture Nash equilibria and coarse correlated
equilibria (CCE); see Appendix G.1 for further examples, including correlated equilibria (CE) and
variants of CCE and CCE which have been studied in the context of Markov games.

Definition 1.1 (Nash equilibrium instance). An MA-DMSO instance A = (M, 11, O, {11} } i, {Us } )
is a Nash equilibrium (NE) instance if the following holds:

1. ForsetsIly,... I, we have Il =11 x --- x Ilk. For each k € K], we have II) = 11,
2. Foreach k € [K], 7 € 11, and 7}, € 11}, it holds that Uy (m},, 70) = (7}, 7—).!

We say that the NE instance .# is a two-player zero-sum NE instance if K = 2, and for all
M € M,r €11, it holds that f{"(m) + f3'(7) = 0.

The notion of Nash equilibrium in Definition 1.1 encompasses, but goes well beyond the standard
notion of mixed Nash equilibria in normal-form games (e.g., (Nisan et al., 2007)). In particular,
Definition 1.1 does not assume that the decision spaces 11 are distributions over a pure action space
of player k. Therefore, it captures refined solution concepts including pure Nash equilibria in normal-
form games (Daskalakis and Papadimitriou, 2006) and Markov Nash equilibria in Markov games
(Example 1.2). As a result of this generality, an NE instance per Definition 1.1 is not guaranteed to
satisfy Assumption 1.2, i.e., to have equilibria; nevertheless, we will ensure that all examples of NE
instances we consider are constructed in such a way so that Assumption 1.2 is satisfied.

Definition 1.2 (Coarse correlated equilibrium instance). An instance A = (M, 11, O, {11} }, {Us } )
for MA-DMSO is a coarse correlated equilibrium (CCE) instance if the following holds:

1. For some sets X1, . .., Yk (called pure decisions), we have Il = A(X1 x - -+ X X ). We will
write ¥ 1= ¥ X --- X Y. For each k € [K], we have IT), = ¥, U { L}.

1. We adopt the convention that m_, = (71, ..., Tk—1, Tk+1,...) and (Te, T—x) = (T1,. .., Thy ..., TK).
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2. For each m € Il and M € M, it holds that M (r) = E,[M(0)]. Further, there is a
measurable function ¢ : O — ¥ so that P, (5 (¢(0) = o) = 1 for each M € M and
o €Y (ie, M(o) reveals 7).”

3. Foreachk € [K|, m € II, and 7, € 11}, it holds that

Ly xm_p imp #L

)

Up(my,, m) = {

A
T cm, =1

where Hﬂé x m_y, € Il denotes the product distribution whereby agent k plays ;. and the other
agents play according to their joint marginal under 7 € 1L

In Definition 1.2, the inclusion of L€ II}. corresponds to player k choosing not to deviate. This
is necessary to satisfy Assumption 1.3 since there can be distributions 7w € II so that if player k
deviates to any fixed option in X, their value decreases.> We also remark that Definition 1.2 captures
the notion of CCE in normal-form games (with pure action sets Y;); in Appendix G.1 we give an
example of an instance capturing a slightly different notion of CCE in Markov games.

Examples of equilibria. We now provide concrete examples for the NE and CCE instances in
Definitions 1.1 and 1.2; see Appendix G for additional examples (including CE) and discussion.

Example 1.1 (Learning Nash, and CCE in normal-form games). We begin by describing the problem
of learning in normal-form games with bandit feedback. Suppose that each player & € [K] has a finite
action set Ay, with joint action set denoted by A = A x- - - x Ax. Upon playing a joint action profile
a € A, the (unknown) ground truth model M* samples (r1,...,rx) ~ M*(a), where r; denotes
the reward received by player k. The goal is to compute a distribution over joint action profiles which
is some type of equilibrium of the game whose payoffs are given by expected rewards under M*.

* To express the problem of Nash equilibrium computation, set IT; := A(Ay) for each k, let
IT = II; x ---IIx be the space of product distributions on A, and define I}, Uy, as in Defini-
tion 1.1. Moreover, let R = [0,1] and O, = A, O = RE x O,. Let M be the class of models so
that: (a) for all singleton distributions I, = I, x - -+ x I, € II, M(I,) € A(RK) x {I,}, and
(b) forall m € II, M (7) = Equre[M(L,)]. In words, M () samples an action profile a ~ 7 (in
particular, a;, ~ 7, for each k), reveals the action profile a sampled,* as well as K [0, 1]-valued
rewards drawn from an arbitrary distribution. Then the instance .# = (M, II, O, {II} }x, {Ux } 1)
is an NE instance per Definition 1.1. For 7 € II, ™" (%) measures the sum of the players’ incen-
tives to deviate from 7 under the true model M*; in particular, ™" (%) = 0 if and only if 7 is a
Nash equilibrium of the game whose payoff functions are given by a — fM" (a) := EM"[ry].

* To express the problem of CCE computation, set IT = A(A; X --- x Ag), and define II}, Uj,
as in Definition 1.2 with X; = Ay for each k. Moreover, let R = [0,1], and O, = A,

2. When clear from context, we associate singleton distributions I, with the element ¢ the distribution places its mass on.

3. In some contexts, CCE are defined without such an option L€ II}; in settings where the only goal is to establish
upper bounds, the addition of 1 does not make a material difference (since its only effect is to guarantee that the
suboptimality of a decision is non-negative), but since we aim to prove lower bounds as well, it is crucial to have the
option L& II}..

4. We assume that the model reveals the action profile played for technical reasons (see Assumption E.1); this is a very
mild assumption, satisfied in essentially all (centralized) settings, since agents know which action they play.



COMPLEXITY OF MULTI-AGENT DECISION MAKING

O = RE x O,. Let M be the class of models so that: (a) for all singleton distributions I, € II,
M(I,) € A(RE) x {I,}, and (b), for 7 € I, M (1) = Eqwr[M(I,)]. Then the instance .# :=
(M, IL, O, {IT} }&, {Ux } 1) is a CCE instance per Definition 1.2. For 7 € II, h*" (') measures the
sum of players’ incentives to deviate from 7 under the true model M*; in particular, h*" (7) = 0 if
and only if 7 is a CCE of the game whose payoff functions are given by a — fM" (a) := EM"[ry].

In the most basic (“finite-action”) version of the normal-form game setup, we allow M*(a) to be
arbitrary, subject to the constraint that r, € [0, 1], but assume that Ay, := |.Ag| < oo for all k. Beyond
finite-action normal-form games, the MA-DMSO framework captures structured normal-form games
with bandit feedback (equivalently, multi-agent variants of the structured bandit problem), in which
the players’ action spaces are large or infinite, but rewards have additional structure. Examples
include linear, convex, or concave payoffs (generalizing bandit convex optimization) (Bravo et al.,
2018; Maheshwari et al., 2022; Lin et al., 2021), and many others (Cui et al., 2022). q

Example 1.2 (Learning Nash equilibria in Markov games). For reinforcement learning, each model
M € M is aMarkov game M = (H,{Sp}ne(m): {Ar}reir)s {00 tnem) {By L ek nem), di),
where H € N denotes the horizon, Sy, denotes the state space for layer h, A; denotes the action
space for player k, A := A; x --- x Ag denotes the joint action space, P : S, x A = A(Sp41)
denotes the probability transition kernel for layer h, R;", : S) x A — A(R) denotes player k’s
reward distribution for layer h, and d; € A(S;) denotes the initial state distribution. Each agent’s
decision space IIj, is the space of their randomized Markov policies , = (my 1, ..., Tk i), where
T h © Sh — A(Ag), and the joint decision space is II = II; x --- x IIx. Given a joint decision
7 € II, an observation is drawn from M (7) according to the following process, called an episode.
First, an initial state is drawn according to s; ~ d;. Then, for h € [H], the state evolves via:

1. ahh ~ Wk,h(Sh), andrk,h ~ Rﬁ{h(sh, (al’h, ceay aK,h)) Vk S [K] 2. Sh+1 ™~ P}]L\/I('|Sh, (alyh, . ,CLKJL))

The distribution of (71, ..., 7k, 00) ~ M(7)is givenby 0o = {(sn, (a1,hs - - - ax.n)s (T1hs - - - s TK,R) b helH]
and r, = Z{Ll Tk,h. With IT}, U, defined as in Definition 1.1, # := (M I, O, {11} }+, {Uk}k)
is an NE instance of MA-DMSO, and ™" (%) = 0 if and only if 7 is a Markov Nash equilibrium
of M™ (e.g., Daskalakis et al. (2022)). By restricting M appropriately, this formulation captures
complex settings with function approximation (Chen et al., 2022b; Li et al., 2022; Xie et al., 2020;
Jin et al., 2022; Huang et al., 2021; Zhan et al., 2022; Liu et al., 2022); see Appendix G. q

1.2. MA-DMSO: Overview of results

We provide upper and lower bounds on the minimax sample complexity for the MA-DMSO frame-
work using a new complexity measure, the Multi-Agent Decision-Estimation Coefficient, which
generalizes the Constrained Decision-Estimation Coefficient introduced by Foster et al. (2023) in
the single agent setting.

The Multi-Agent Decision-Estimation Coefficient. For measures P and Q with a common

dominating measure v, define squared Hellinger distance by D2 (P,Q) = 1 / 315 dy du

Consider an instance .# = (M, 11, O, {II} }x, {U }x) for the MA-DMSO framework as well as
a reference model M : 11 — A((’)).5 For a scale parameter ¢ > 0, the Multi-Agent Decision-

5. The reference model M may be arbitrary, and is not required to lie in M.
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Estimation Coefficient for the instance .# with reference model M at scale ¢ is defined by

A - — : M 2 AT 2.
dec. (., M) := pvqénAf(H)]\ilelﬁ/l {Brnp[n™ ()] | Exng DR (M (7), M(7))] < €%} (2

whenever the set Hq (M) := {M € M | Erq[D3 (M (), M(7))] < %} is empty, we adopt the
convention that dec (.2, M) = 0. In addition, we define dec. (.#) := Sup 7o) d€C= (4, M),
where co(M) denotes the convex hull of the class M.

The interpretation of the definition (2), which is a min-max game, is as follows. The model
M € M selected by max-player represents a worst-case choice for the underlying model. The
joint distributions p,q € A(II) selected by the min-player represent strategies for a centralized
learning algorithm controlling all agents. The distribution ¢ € A(II) is an exploration distribution
which acts as a strategy for acquiring information, with the quantity Erq[DZ (M (), M (r))]
acting as their average “information gain” (that is, the amount information that allows to distinguish
between M € M and the reference model M). The distribution p € A(II) is an exploitation
distribution which aims to be near equilibrium for the model M € M selected by the max-player,
with E ., [h" ()] representing the distance from equilibrium. Thus, to summarize, the value (2)
captures, for a best-case choice of p, g € A(II), the worst-case distance to equilibrium for p for
models M € M that are “close” to M in the sense that their information gain under g is small.

For familiar readers, we recall that the (single-agent) constrained DEC generalizes the earlier
offset DEC of Foster et al. (2021) (which acts as a Lagrangian relaxation), and always leads to tighter
guarantees (Foster et al., 2023). Our definition (2) generalizes the so-called PAC variant of the
constrained DEC in Foster et al. (2023), as opposed the regret variant, which restricts to p = q.

Main results. The first of our results gives upper and lower bounds on the minimax sample complex-
ity for the MA-DMSO framework based on the Multi-Agent Decision-Estimation Coefficient. To state
the result in the simplest form, we assume that | M| < oo; see Appendix D for more general results.

Theorem 1.1 (Informal version of Corollaries D.1 and D.2). For any instance # = (M, 11, O, {11} }x, {Ux } )
for the MA-DMSO framework and T' € N:

* Upper bound: Under Assumption 1.1, there exists an algorithm that achieves
E[Risk(T)] < O(1) - decz(r)(#), where &(T) < O(y/log|M|/T). 3)
» Lower bound: For a worst-case model M € M, any algorithm must have

E[Risk(T)] > Q(1) - dec.()(#), where &(T) solves dec.(.Z) > §(€2KT). 4)

This result shows that the MA-DEC is a fundamental limit for equilibrium computation in
the MA-DMSO framework, and is sufficient for low sample complexity whenever log| M| < oc.
The upper bound is an immediate corollary of an upper bound given by Foster et al. (2023) in the
single-agent setting, while the lower bound requires a new approach; this is due to fundamental
differences between the single and multiple agents, which we highlight in the sequel.

To build intuition, let us start with a basic example. Suppose that .# is a CCE instance consisting
of two-player A; x Ay normal-form games (that is, | A;| = A; and | As| = A) with bandit feedback
(Example 1.1) and Bernoulli noise. In this case, one can show that dec.(.#) o -/ Aj + Ag, so that
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the upper bound (3) gives E[Risk(7T)] < w, or equivalently, w rounds

of interaction are sufficient to find an e-CCE. For this class, one can take log| M| < O(A; - Ay).
We give more refined results (Appendix F) which allow one to replace log| M| by maxy, log|IT} | <
log(A; + Az), so that we achieve sample complexity 6(A1€+2A2 ), which is optimal.

Turning to lower bounds, for the same normal-form game instance .#, one can choose (7) 2
VALEA (5o that (4) gives E[Risk(T)] > 41542, or equivalently, (41£42) rounds of interaction
are necessary to find an e-CCE. Comparing the upper and lower bounds, there are two gaps. The first
is the term log| M| appearing in the upper bound, which represents the sample complexity required
to perform statistical estimation with the class M, and in general scales poorly with the number of
agents. This can be refined (cf. Appendix F), but is not possible to completely remove in general,
even in the single-agent setting; see Foster et al. (2021, 2023) and Appendix D for further discussion.

The second gap is the difference between the values £(7") and ¢(7") appearing in the upper
and lower bound; we set (") oc 1/+/T, while £(T') is chosen to solve the fixed-point equation
dec.(.#) > Q(£2T) (we focus on the case of constant K in this discussion). For normal-form
games, this causes the lower bound to scale with % instead of 8% This gap is not present in the
single-agent setting (Foster et al., 2023), where the best upper and lower bounds based on the
constrained DEC have £(T") ~ £(7") (up to dependence on log| M |). We show (Proposition D.1) that
for most parameter regimes,

decz(p) () S (K2log|M| - dec.p (4)) ",

i.e., the gap between the upper and lower bounds is no worse than quadratic generically. This gap
turns out to be fundamental: We show (Propositions D.2 and D.3) that there exist instances for which
each bound (upper and lower) is tight, and—somewhat surprisingly—the following result shows
that no complexity measure satisfying fairly general conditions can fully characterize the sample
complexitymaking beyond a quadratic gap, even when log| M| = O(1).

Theorem 1.2 (Informal version of Theorem D.4). For any € € N, there exist two-player zero-sum
Nash equilibrium MA-DMSO instances #1 = (M1, 11, O, {11} } i, {Us }x) and Ao = (Mo, 11, O, {11} } i, {Us }x.)
with log| My | = log|Mas| = O(1) and a one-to-one mapping & : My — Mas satisfying:

1. Forall M € My, f}* = £ forall k € [2].
2. Forall M,M' € My and all = € II, D}(M (7), M'(r)) = D4(&(M)(r), &(M') (7).

3. There exists an algorithm that finds an -NE for any model in 1 using 0] (%) rounds, yet any
algorithm requires <) (8%) rounds to find an e-NE for a worst-case model in 5.

Informally, this result states that if a complexity measure depends on the instance .# only
through 1) reward functions and 2) pairwise Hellinger distances for models in M, then it cannot
characterize the optimal sample complexity for every instance beyond the gap in the prequel. In
addition, the full result is not limited to Hellinger distance, and applies to general f-divergences
including KL- and y2-divergence. This rules out tighter guarantees based on various variants of the
DEC, as well as most other general-purpose complexity measures; see Appendix D.2.2 for details.

6. Directly applying Theorem 1.2 to the constrained DEC presents complications due to M € co(M); see App. D.2.2.
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We emphasize a fundamental separation between the single and multi-agent frameworks. In the
single-agent setting, the constrained DEC characterizes, up to logarithmic factors, the optimal number
of samples required to learn an e-optimal decision, as long as log| M| = O(1) (Foster et al., 2023).
For two or more agents, Theorem 1.2 and Propositions D.2 and D.3 rule out such a characterization.

1.3. Hidden-reward interactive decision making (HR-DMSQO)

To prove the results in the prequel, we establish a certain equivalence between the MA-DMSO frame-
work and another single-agent setting we refer to as Hidden-Reward Decision Making with Structured
Observations (HR-DMSO), which generalizes the single-agent DMSO framework (MA-DMSO with
K = 1) by allowing rewards to be hidden from the agent. This setting is of interest in its own right,
and can be thought of as a stochastic, PAC variant of the partial monitoring problem (Bartok et al.,
2014). In what follows, we introduce the framework, then show that 1) MA-DMSO can be viewed
as a special case of the HR-DMSO framework via a simple reduction, and 2) a converse holds, thus
showing a sort of equivalence. We then discuss implications for minimax rates in both frameworks.

Formally, the HR-DMSO framework proceeds in 1" rounds, where for eachround ¢t = 1,2,...,T"

1. The learner selects a decision w* € 11, where 11 is the decision space, and gains (but does not
observe) reward fM" (7).

2. The learner receives an observation o' € O sampled via o' ~ M*(x"), where M* : II — A(O)
is the underlying model. We refer to O as the observation space.

After this process finishes, the learner uses the data collected throughout the 7' rounds of interaction
to produce an output decision 7 € II, which may be randomized according to a distribution
p € A(II). The learner’s goal is to choose the decision 7 so as to maximize its (unobserved)
reward f*" (7). Formally, writing 7, := arg max, <y f* (7), we define the risk of an algorithm as:
Risk(T) = oy [f*" (mare) — £ (7).

We assume that every model M is associated a (known) function f* : II — R, where f*(7)
specifies the learner’s value under decision 7w € II when the underlying model is M. We make the
following realizability assumption, analogous to Assumption 1.1.

Assumption 1.4 (Realizability for HR-DMSO). The learner has access to a model class M consist-
ing of probability kernels M : 11 — A(Q) that contains the true model M*.

We refer to the tuple 57 = (M, II, O, {f* ()} srem) as an instance for the HR-DMSO frame-
work. We extend the constrained Decision-Estimation Coefficient of Foster et al. (2023) to HR-DMSO
as follows. For an instance % = (M, IL, O, {f™(-)} ), reference model M : 1T — A(O), and
scale parameter £ > 0, the constrained Decision-Estimation Coefficient is given by’

dec.(, M) = inf  sup {Ervp[f"(ma) — fM(7) | Enng[Df (M (7), M(7))] < %}, (5)
p,a€A) MeMm

We define the Decision-Estimation Coefficient (DEC) of the instance .77 at scale € to be dec.(.7) =

SUP 7 cco(M) dec. (A, M ). This definition is identical to the constrained PAC DEC (Foster et al.,

2023); this is natural, as the only difference between the HR-DMSO framework and the DMSO
framework (Foster et al., 2023) is that we relax the constraint that the agent observes its reward.

7. Note that we use the same notation for the DEC in the HR-DMSO and MA-DMSO settings; we will typically use the
letter .7 to denote HR-DMSO instances and .# to denote MA-DMSO instances to avoid ambiguity.
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Remark 1.3. The HR-DMSO framework is related to the partial monitoring problem (Bartdk et al.,
2014), which typically considers regret guarantees; in contrast, we consider PAC guarantees.

1.4. HR-DMSO: Overview of results

It is fairly immediate to see that the HR-DMSO framework generalizes the MA-DMSO framework.
For any MA-DMSO instance .# = (M,II, O, {11} }x, {Ux}x) satisfying Assumption 1.3 and
Assumption 1.2, by choosing the value function f"(-) = —h™(-), the instance of the HR-DMSO
framework specified by the tuple 7 = (M, 11,0, {f"} ) (recalling that O = O, x R¥) is
statistically equivalent to .#.® In particular, letting 9t(.#, T) denote the minimax risk for an
instance .# in the MA-DMSO framework, and let 9t(.7#°,T") denote the minimax risk for the
corresponding HR-DMSO instance 7 (see Appendix B for formal definitions), we have:

1. Forall M and € > 0, dec. (s, M) = dec.(.#,M). 2.Forall T, M(#,T) =M(4,T).

It is natural to ask whether the HR-DMSO framework is strictly more general than the MA-
DMSO framework. Indeed, by allowing rewards to be hidden, one might imagine that HR-DMSO
can capture problems outside of MA-DMSO, which forces rewards to be observed. The next result
shows that this is not the case: any HR-DMSO instance can be embedded in a two-player zero-sum
NE instance for MA-DMSO, with minimal increase in statistical complexity.

Theorem 1.3 (Informal version of Theorem C.2). Consider any HR-DMSO instance specified by
the tuple 7 = (M,IL,O,{f"(-)} ). For any § > 0, there exists a two-player zero-sum NE
MA-DMSO instance M = (M, 11, O, 11}, Uy) (Definition 1.1) such that:

1. Foralle >0, dec. (%) < dec.(.#) < § + dec.s5(H).
2. Forall T €N, it holds that (', T) < M(A,T) <IM(H,T) + 0.
3. If M is finite, then log |M| < log | M| + polylog(T, 6~1).

This result establishes that the MA-DMSO and HR-DMSO frameworks satisfy a sort of equiva-
lence, and shows that characterizing the minimax sample complexity for MA-DMSO is no easier than
characterizing the minimax sample complexity for the HR-DMSO framework. The proof proceeds
by embedding a given instance for the HR-DMSO framework into a two-player game: the first of the
two agents in the game plays the role of the HR-DMSO agent, and the second agent selects actions
to ensure that optimal actions for the original HR-DMSO instance are Nash equilibria for the new
instance, and vice-versa. The key idea is that even though rewards in the game are observed, by
making the game polynomially large, we can ensure that discovering them requires a prohibitively
large amount of exploration, rendering them effectively hidden.

HR-DMSO: Minimax rates. To prove the multi-agent minimax rates in Theorems 1.1 and 1.2,
we first prove analogous bounds for the HR-DMSO framework, then use the equivalence above to
extend them to MA-DMSO. These results can be found in Theorems D.1 to D.3 in Appendix D.

8. It is essential for this reduction that the rewards in .7 be hidden, since it is in general impossible to simulate a reward
whose mean is —h™ () using samples from M (7).
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1.5. MA-DMSO: Additional results

Beyond minimax rates, we provide a number of structural results for the MA-DMSO framework,
including: (1) conditions under which the multi-agent DEC can be controlled by the single-agent
DEC, and (2) conditions under which the so-called curse of multiple agents can be avoided.

From multi-agent to single-agent. We show that it is generically possible to upper bound the
MA-DEC in terms of the single-agent DEC for each player k. This result is most easily stated in
terms of a multi-agent analogue of the offset version of the DEC introduced in Foster et al. (2021).
Specifically, we consider a regret variant of the offset DEC that restricts p = ¢, coupling exploration
and exploitation: For an instance .#, reference model M, and scale parameter vy > 0, we define

rdec (. 3) = it sup {Exylh (m)] 7 Exy DR (M(m). M)} 6)

It follows immediately from the results of Foster et al. (2023) (see Proposition E.1) that dec. (.7, M ) <
inf.,~{r-decS (.#, M) V 0 4 ~ve*}, so upper bounds on r-dec? (.#) yield upper bounds on dec. (.#),
which can in turn be inserted into Theorem 1.1 to yield upper bounds on minimax risk. While it is also
possible to directly upper bound dec. (.#, M) without going through r-dec’ (4, M), using r-dec’(-)
is more convenient and does not lead to any significant quantitative loss in the resulting upper bounds.

We prove an upper bound on the multi-agent DEC of the instance ., in terms of the (single-
agent) DEC of K different model classes My, defined in terms of .. To define these model classes,
for M € M and k € [K], we first define an induced single-agent model M |}, as follows: a pure
observation drawn from M |, (7) has the distribution of the pure observation o, when o, ~ M (7),
and the reward drawn from M |;(7) has the distribution of r; when (r1,...,7x) ~ M(7). In
short, the model M| is identical to M but simply ignores the rewards of all agents except k.
Next, the model class M % 1s defined to have policy space I, so that models in M k are mappings
M : 1y — A(R x O,). Finally, we define the class My, which is indexed by II_; x M, via
./T/l/k = {ﬂ'k g M’k(ﬂ'k,ﬂ',k) c_pell_y, M e M}

Theorem 1.4. Let 4 = (M, 11, O, {11} }1, {Us } ;) be a NE MA-DMSO instance satisfying Assump-
tion E.1. Then for any v > 0, it holds that’

K
sup  r-decS (.4, M) < Z sup r-dec?y/K(ka, My).
Meco(M) k=1 My €co(My)

This result allows us to bound the MA-DEC using standard bounds on the single-agent DEC
(Foster et al., 2021). For example, for normal-form games, where each player has Ay, actions, it
yields r-dec’ (., M)<K- Zszl %. See Appendix E for refinements concerning Markov games.

The proof of Theorem E.1 employs a novel fixed-point argument: For each agent k, if all other
agents commit to some joint distribution, this induces a single-agent DMSO instance, and it is natural
for k to play the strategy that minimizes the single-agent DEC for this instance. Using Kakutani’s
fixed point theoerem, we show that it is possible for all K agents to apply this strategy simultaneously.

9. Here, the notation r-decf , x (M %, M) refers to the single-agent DEC for the model class My; see Appendix B.

12



COMPLEXITY OF MULTI-AGENT DECISION MAKING

On the curse of multiple agents. In multi-agent reinforcement learning, the curse of multiple
agents refers to the situation in which the sample complexity required to learn an equilibrium scales
exponentially in the number of players (Jin et al., 2021b). In general, our upper bounds on sample
complexity for the MA-DMSO framework (Theorem 1.1) suffer from the curse of multiple agents due
to the presence of the estimation complexity term log| M|. For example, in a K -player normal-form
game with A actions per player, one has log| M| =~ A (using an appropriate discretization of
M). Our final result shows that it is possible to avoid the curse of multiple agents by replacing the
estimation complexity log| M| with the maximum size maxy, log|II} | for each player’s deviation set,
which is usually polynomial in the number of agents; the tradeoff is that the result scales with the
MA-DEC for the MA-DMSO instance in which the model class M is convexified via M < co(M).

Theorem 1.5 (Informal version of Theorem F.1). Let A4 = (M, 11, O, {11} };, {Ux }1) be a CCE
instance (Definition 1.2) or a CE instance (Definition G.1) of the MA-DMSO framework. Then, for
any T € N, Algorithm 1 outputs 7@ € 11 such that with probability at least 1 — 6,

Risk(T) = 1" () < O(K) - inf {r-decg(co(///)) + 7 log (max’;’n ’) } ,

where we adopt the convention that co(#') = (co(M),I1, O, {11} } i, {Us }x.)-

In normal-form games with K players and A actions per player we have decf(co(.Z)) < %
and maxy, log|II}| = log(A), so this result gives Risk(7) < /poly(K)A/T. More broadly,
Theorem 1.5 shows that it is generically possible to av01d the curse of multiple agents for convex
classes, including structured classes of normal-form games with bandit feedback such as games
with linear or convex payoffs. In general though, it does not lead to tight guarantees for non-convex
classes such as Markov games, and is best thought of as complementary to results for this setting
(Jin et al., 2021b; Song et al., 2021; Mao and Basar, 2022). The result is proven by adapting the
powerful exploration-by-optimization algorithm from the single-agent setting (Lattimore, 2022;
Foster et al., 2022b) so as to exploit the unique feedback structure of the multi-agent setting. We
refer to Appendix F for details, as well as additional results which highlight settings in which the
curse of multiple agents cannot be avoided in the sense of Theorem 1.5.
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Part 1
Main results

Appendix A. Organization of appendix

Part I of the appendix presents our main results, with preliminaries in Appendix B. In particular,
Appendix C and Appendix D present our main sample complexity guarantees for the MA-DMSO
and HR-DMSO frameworks.

» Appendix C establishes a certain equivalence between the MA-DMSO and HR-DMSO frame-
works.

* Appendix D establishes upper and lower bounds on the minimax rates for both frameworks
based on the Decision-Estimation Coefficient, and highlights barriers to obtaining sharper
guarantees analogous to those found in the single-agent, reward-observed DMSO framework
(Foster et al., 2023).

Appendix E and Appendix F present additional results concerning the MA-DMSO framework.

* Appendix E gives general conditions under which it is possible to bound the MA-DEC in
terms of the single-agent DEC.

* Appendix F gives conditions under which one can obtain sample complexity guarantees in the
MA-DMSO framework that avoid the so-called curse of multiple agents.

Part II provides examples (instances, as well as upper and lower bounds on the DEC and minimax
rates) and discussion for the MA-DMSO framework, and Part III contains proofs for all results.

Appendix B. Preliminaries
Below we provide additional technical preliminaries which will be used throughout our proofs.

Probability kernels. For probability spaces (X, 2") and (Y, %), a probability kernel P(-|-) from
(X, Z)to (V,%) isamapping P : # x X — [0, 1] which satisfies (1) forall z € X, P(-|z) isa
probability measure on (), %), and (2) for all Y € %/, the mapping x — P(Y|z) is measurable
with respect to 2. To simplify notation we often denote probability kernels as P : X — A()).

MA-DMSO framework. We adopt the same formalism for probability spaces as in Foster et al.
(2021, 2023). Decisions are associated with a measure space (II, &), and observations are associated
with the measure space (O, ¢). In the MA-DMSO framework, pure observations are associated
with the measure space (O,, 0,) and rewards are associated with a measure space (R, %), and
furthermore, we have O = O, x RE and 0 = 0, ® #°X. Formally, a model M(- | -) is a
probability kernel from (IT, 22) to (O, &'). We denote the set of all models as M. Note that M™
depends on the measure spaces (II, &), (O, €); when we wish to make this dependence explicit, we
will write MRO. The history up to time ¢ is given by ' = (7', 0"), ..., (7", 0"). We define

t T
QO =]Jax o), F'=Q(7 2 0),

i=1 =1
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so that $* is associated with the space (Q*, . #").
We assume throughout the paper that R = [0, 1] (which implies in particular that A" (7) € [0, K]
for all M, 7) unless otherwise stated. To simplify notation, for each 7 € Il and M € M, we write

Iy () = supg en, [ (Un(my. ) — (), so that b () = S5 by (7).

Remark B.1 (Notation for MA-DMSO framework). We use the following convention throughout the
paper: When convenient, we associate any singleton distribution with the element that the distribution
places its mass on. For instance, for a pure decision 0 = (01,...,0x) € 31 X -+ X X in the
context of Definition 1.2, we will denote its corresponding singleton distribution I, € A(X) = IT as
just o € II. In addition, when possible, we use the convention that 3 denotes a pure decision set,
whereas II denotes a decision set that may be pure or mixed (this will be clear from context).

The canonical single-agent instance. Given a decision space II, an observation space O =
O, x R, and a model class M C (II — A(Q)), there is a canonical single-agent instance .# =
(M, 11,0, {11 }1, {Ux } ) corresponding to the model class M: we take IT} = II and Uy (7}, 7) =
7}, which ensures that A" (7) = max,¢cry fV(7') — f(x) for all m € II, M € M. The single-
agent instance .# of the 1-player MA-DMSO framework exactly captures the DMSO framework
in Foster et al. (2021, 2023) for the model class M. Furthermore, for any model M, we will
write dec. (M, M) = dec. (.#, M) (and similarly we will write r-decS (M, M) = r-dec (.4, M)
for regret variant of the offset DEC introduced in Appendix E); the quantity dec.(M,M) =
dec. (A, M ) is identical to the constrained (PAC) DEC of the model class M as defined in Foster
et al. (2023), and the quantity r-decS, (M, M) = r-dec’, (A, M) is identical to the offset (regret)
DEC of the model class M as defined in Foster et al. (2021).

HR-DMSO framework. As in the MA-DMSO framework, decisions are associated with a measure
space (II, &), observations are associated with the measure space (O, &), and models M (- |
-) are probability kernels from (II, &) to (O, &). The history up to time ¢ is given by ' =
(m*,0"),..., (7" o), and is associated with the space (2*,.#") given by

t T
QO =[] 0), F'=Q)(7 2 0).

=1 i=1

We denote the set of all models as M™. Unless stated otherwise, we will assume throughout that
fM(w) € [0,1] forall M € M™ and 7 € IL

For a model M and decision 7 € II, E™~[-] denotes expectation under the process o ~
M (7). To simplify notation, we often abbreviate g" (m) := f"(my) — fM(7), so that Risk(T) =
Ezplg™” (7).

Remark B.2 (Alternative formulation for HR-DMSO). An equivalent formulation of the HR-DMSO
framework would be to consider models M : IT — A(O x R) that specify joint distributions over
observations and rewards and define f(7) = E™[r|, but only allow o to be observed by the
learner under (o, 7) ~ M (7).

Remark B.3 (Contrast with reward-free DMSO). Despite the similar name, the HR-DMSO frame-
work is distinct from the “reward-free” DMSO framework considered in the recent work of Chen et al.
(2022a); in the latter framework, which is specialized to Markov decision processes, a reward-function
is given to the learner explicitly, but only after the learning process ends.
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Density ratios. For both the MA-DMSO and HR-DMSO, we define

M(A|7T)}
V(M) = Y Ve. 7
= sp supsp { Oy @

Finiteness of V(M) is not necessary for our results to hold, but improves several of our bounds by a
log(T) factor.

Divergences. Total variation distance is given by

Dry(P,Q) = sup |P(4) - Q)| = ; [ 1dP - da)

AeF

and the Kullback Leibler divergence is given by
dP
D) - { {LEl)® Eed

400, otherwise.

Minimax sample complexity. Formally, for 7" € N, an algorithm (for either the HR-DMSO or MA-
DMSO frameworks) is a collection of probability kernels (p, q) = (p( ) {a' (- | ')}?:1), where
each ¢’ : Q=" — A(II) is a probability kernel from (Q*~',.#*") to (I, &), and p : Q" — A(II)
is a probability kernel from (Q7, ™) to (II, &). We let P*:(*9) denote the law of ($”,7) under
the process:

g (1O, o~ M(- | ), VEE[T], T~ p(- | 97),

and we use EM (™9 to denote the corresponding expectation. Our main goal is to characterize the
minimax PAC sample complexity of an instance .# = (M,II, O, {II} }1, {Uy}1) of the MA-DMSO
framework or 77 = (M,II, O, {f"(:)} ) of the HR-DMSO framework. The minimax sample
complexities for both cases are defined in an identical manner, spelled out below:

M(A,T) := inf sup EM @IE. p(15T) Z sup Ug(my,, 7)) — f2'(7) ],
(p,q) M*eM P 17rk€1'[’
MHT) 1= inf sup BN OVBg ) [ () = (7))
Additional notation. For an integer n € N, we let [n] denote the set {1,...,n}. Foraset X, we

let A(X) denote the set of all probability distributions over X'. For z € X, we use I, € A(X) to
denote the distribution which places probability mass 1 on . We adopt standard big-oh notation,
and write f = O(g) to denote that f = O(g - max{1, polylog(g)}). We use < only in informal
statements to emphasize the most relevant aspects of an inequality. For a set X, let P(X’) denote the
power set of i.e., the set of all subsets of X.

Appendix C. Equivalence of MA-DMSO and HR-DMSO frameworks

In this section, which forms the starting point for our main results, we show that the MA-DMSO and
HR-DMSO frameworks satisfy a certain statistical equivalence. First, in Theorem C.1, we formalize
the trivial direction of this equivalence: namely, any instance of the MA-DMSO framework can be
viewed as an instance of the HR-DMSO framework. To state the result, recall that per our convention,
the full observation space in a MA-DMSO instance is denoted by O = O, x RX.
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Theorem C.1 (Reducing MA-DMSO to HR-DMSO). Consider any instance of the MA-DMSO frame-

work satisfying Assumption 1.3 and Assumption 1.2 and specified by the tuple # = (M, 1L, O, {11} } &, {Usk }&)
Then for some choice of value functions fM , the instance of the HR-DMSO framework specified by

the tuple 7 = (M,I1, O, {fM} ), satisfies:

1. For all models M and ¢ > 0, dec. (5, M) = dec.(.# , M).
2. Forall T € N, (A, T) = M(A,T).

This result proceeds by choosing the value function f¥(r) = K — h (r). Note that for this
reduction to be admissible, it is critical that rewards are hidden: the function A" () is not observed
directly in the MA-DMSO framework, and as we will see, this is a source of fundamental hardness.

Theorem C.1 is a fairly immediate result, and it is natural to imagine that the HR-DMSO
framework might truly be more general than the MA-DMSO framework, especially since rewards are
observed in the latter. The following result, which is the formal version of Theorem 1.3, shows that
if one allows for small approximation, any instance of the HR-DMSO framework can be embedded
in a two-player, zero-sum NE instance for MA-DMSO with minimal increase in complexity.

Theorem C.2 (Reducing HR-DMSO to MA-DMSO). Consider any instance of the HR-DMSO
framework specified by the tuple 7 = (M,IL, O, {f™(-)} ). Then for any V' € N, there is a two-
player zero-sum NE instance M = (M, 11, O, 11, , Uy,) for the MA-DMSO framework (Definition 1.1)
such that:

1. Foralle > 0, dec.(.#) < dec.() < 6/ V + dec, (/v )-1/2(A).
2. Forall T €N, it holds that WM( ,T) < M(A,T) < M(A,T) + O(Tlog(T)/V)'/4).

3. M is indexed by tuples (M,i) € M x [V]. In particular, if M is finite, then log \./\7] =
log |IM| 4 log V.

The main consequence of this result is that characterizing the minimax sample complexity for
the MA-DMSO is no easier than characterizing the minimax sample complexity for the HR-DMSO
framework; this will allow us to restrict our attention to the latter task for the results that follow. Let
us make some additional remarks.

* As we increase the parameter V, the approximation to the minimax rate in Theorem C.2
improves. Choosing V' = poly(T") suffices for all settings of interest, the only tradeoff is that
the size of the model class M increases from log| M| to log| M| + log V. For the results we
consider in subsequent sections, this increase will be inconsequential (beyond log(7") factors).

* Beyond preserving the minimax risk, both reductions preserve the value of the Decision-
Estimation Coefficient, which is a consequence of preserving rewards and Hellinger distances
for models in the class. This will become relevant for our results in the sequel (Appendix D),
where we show that the DEC is closely connected to minimax risk, yet not completely
equivalent.

* Both reductions are algorithmic in nature. For example, suppose that we start with a HR-
DMSO instance .7 and produce a MA-DMSO instance .# via the reduction in Theorem C.2.
Then any algorithm that achieves low risk for every model in .# can be efficiently lifted to an
algorithm for the original class .77
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Theorem C.2 is proven by embedding a given instance ¢ for the HR-DMSO framework into a
two-player zero game instance .#, where the first of the two agents plays the role of the HR-DMSO
agent. The key properties of the embedding are that:

1. The second agent selects actions to ensure that near-optimal decisions for the original HR-
DMSO instance form Nash equilibria for the new instance, and vice-versa.

2. Even though rewards in the game instance .# are observed, by increasing the size of the game
(as a function of the parameter V'), we can ensure that discovering an action with non-zero
reward requires a prohibitively large amount of exploration, rendering them hidden (up to
small approximation error).

Appendix D. Upper and lower bounds on minimax rates

This section presents our results regarding minimax rates for the MA-DMSO and HR-DMSO
frameworks. We work in the HR-DMSO framework for the majority of the section, and give
implications for the MA-DMSO at the end, using the equivalence from Appendix C. In more detail:

* In Appendix D.1, we give upper and lower bounds on the minimax rates for interactive decision
making in the HR-DMSO framework, which scale with the constrained DEC.

* Next, we establish in Appendix D.2 that, under mild regularity assumptions on the constrained
DEC, the upper and lower bounds on the minimax rate are separated by at most a polynomial
factor (ignoring the estimation error term); for most parameter regimes, the gap between the
bounds is at most quadratic. We then show—perhaps surprisingly—that neither the upper or
lower bounds can be improved, in that there are instances where each is nearly tight. In other
words, in contrast to the DMSO framework (Foster et al., 2023), in the HR-DMSO framework,
the constrained DEC cannot not give a characterization of the minimax sample complexity
which is tight beyond a quadratic factor. We show further that this gap is not limited to the
constrained DEC, and in fact holds for an entire family of complexity measures based on
pairwise f-divergences between models. As a result, any characterization of the minimax rate
for HR-DMSO which is tight up to polylogarithmic factors must use a complexity measure
substantially different from those considered in recent works (Foster et al., 2021, 2022b, 2023).

* Finally, using the equivalence shown in the previous section, we establish (Appendix D.3) that
all of the results above hold verbatim in the MA-DMSO framework.

All of the results in this section are presented in a general form. We refer to Part II of the appendix
for applications to specific instances of interest.

D.1. HR-DMSO: Upper and lower bounds on minimax rates

We now give upper and lower bounds on the minimax risk for the HR-DMSO framework. We obtain
upper bounds as an immediate corollary of regret bounds for the Estimation-to-Decisions™ (E2D™ for
PAC) algorithm from recent work of Foster et al. (2023). The E2D* for PAC algorithm was introduced
in the (single-agent/non-hidden-reward) DMSO framework, where it leads to tight upper bounds
on minimax risk based on the constrained DEC (Foster et al., 2023). We observe that it provides
identical guarantees for the more general HR-DMSO framework without modification; this can be
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seen by inspecting the proof of correctness of the E2D™ for PAC algorithm in Foster et al. (2023) and
noting that it does not make use of the fact that the learning agent observes the rewards 7', ..., r".
Further background on the algorithm may be found in Appendix J.1.

Our main upper bound is stated for the case in which M is finite (] M| < o0); more general

guarantees for infinite classes are given in Appendix J.1.

Theorem D.1 (Minimax upper bound for HR-DMSO (Foster et al., 2023)). Fix § € (0, 15) and

T € N, and consider any instance 7 = (M,IL, O, {f"(-)} »). Suppose that Assumption 1.4 holds.

Letting (T') := 16\/ W -log %', the E2D™ for PAC algorithm, when configured appropriately,
guarantees that with probability at least 1 — 0,

RiSk(T) < decg—(T) (%)

In addition, if f™(-) € [0, R] for all M € M and some R > 0, then the expected risk is bounded
as E[Risk(T)] < decs(7) () + 6 R.

Before interpreting this result, we complement it with our main lower bound, Theorem D.2,
which shows that the minimax risk for any algorithm is lower bounded by the constrained DEC for
an appropriate choice of the scale parameter € > 0. The statement of this result uses the definition
C(T) :=log(T A V(M)). In addition, we recall that g (7) := f (7)) — f (7).

Theorem D.2 (Minimax lower bound for HR-DMSO). Consider any instance 7 = (M, 1L, O, {f*(*)} u)
and write R := sup,cry prem 9" (7). Given T € N, let £(T') > 0 be chosen as large as possible
such that

1
e(T)?-C(T)-R-T < g “decen) (). ®)
Then for any algorithm, there exists a a model in M for which
1
E[Risk(T)] > 5 - dec, (1) ().

Understanding the bounds. We now give a sense for the behavior of the lower bound of Theo-
rem D.2 and the upper bound of Theorem D.1 through several examples. For simplicity we consider
the case that R = sup ¢y pren 9 () = 1 (in the context of Theorem D.2).

o \/T-rates. Most of the classes studied in the literature on bandits and reinforcement learning
have the property that the optimal rate is O(+/T’). Many of these problems have the property
that rewards are observed (i.e., they lie in the DMSO framework), but such rates also arise
for problems in HR-DMSO for which rewards are not observed; a notable example is locally
observable finite partial monitoring problems (Bartok et al., 2014). For such classes, it holds
that dec. () x - / Chrob» for some problem-dependent constant Cp,.op, > 0 reflecting the
complexity of the model class M (see Foster et al. (2021, 2023) for examples). In this case,
by choosing a failure probability of § = 1/, we have &(T) < +/log(T) log(T|M|)/T, so
that Theorem D.1 gives an upper bound of

E[Risk(T)] < O ( CpbloglM!>

T
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on the minimax risk. For lower bounds, if dec. () o € - 1/Cprob, then the solution to the
fixed point equation (8) is £(T') 2 /Cprob/(T - C(T)). This translates, via Theorem D.2,
into a lower bound of

E[Risk(T)] > O (CpTcm>

on the minimax risk, which differs from the upper bound by a quadratic factor (ignoring the
log | M| factor). By the results of Foster et al. (2023), for the special case where rewards are

Cprob 10g |M|
T

observed (i.e., the DMSO framework), the upper bound of 9) ) is the correct

rate (up to the log | M| factor and log T factors). We will show in the sequel that for general
settings where rewards are not observed, this is not necessarily the case, and the lower bound
can be tight.

* Nonparametric rates. For nonparametric model classes, for which the optimal regret is
w(v/T), it is typically the case that dec. (%) oc '~ for some p € (0,1). For such prob-
lems, Theorem D.1 yields an upper bound of E[Risk(T)] < O ((log IM|/T)(1=P)/2) on
the minimax risk. In contrast, the best possible solution to the fixed point equation in
@®)ise(T) 2 1/(T - C(T))ﬁ, which translates, via Theorem D.2, into a lower bound
of E[Risk(T)] > <1 / T}TZ) on the minimax risk. Here the lower bound is off from

the upper bound (ignoring the log | M| factor) by a power of %ﬁ < 2. By the results of
Foster et al. (2023), for the special case where rewards are observed, the upper bound of
O ((log | M|/T)(1=P)/2) is the correct rate (up to the log | M| factor and log T factors).

We refer to Foster et al. (2023) for concrete examples exhibiting the growth rates sketched above for
the special case where rewards are observed (DMSO), and to Part II of the appendix for examples
arising from MA-DMSO.

D.2. HR-DMSO: Gaps between bounds and impossibility of tight characterizations

We now investigate the nature of the gap between the upper and lower bounds in Theorems D.1
and D.2. We first give a generic bound on the gap, then show that it is not possible—in a fairly strong
sense—to close the gap further.

D.2.1. ON THE GAP BETWEEN THE UPPER AND LOWER BOUNDS

Ignoring constant factors, the only difference between the upper and lower bounds of Theorems D.1
and D.2 is the scale € at which the DEC is computed. The upper bound of Theorem D.1 uses
scale £(T) = 8\/ M - log| M|, whereas the lower bound of Theorem D.2 (with R = 1) uses
the scale £(7"), which is defined implicitly to be as large as possible subject to the constraint
eT)?-C(T)-T<i- dec. (1) (). Thus, the size of the gap between £(T") and £(7") controls the
degree of tightness of these upper and lower bounds. In what follows, we give a bound on the size of
this gap that holds whenever the constrained DEC satisfies the following regularity assumption.

Assumption D.1 (Regularity). An instance € (of either HR-DMSO or MA-DMSO) is said to satisfy
the regularity condition with constants Cyeg, Creg > 1 at scale € € (0, 2) if

dec. () < cfeg - dec, ¢, ().
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Most natural classes satisfy Assumption D.1 for some constants cyeg, Creg (in particular, the
condition is satisfied whenever dec. (.7#") o eP for p < 2). We note that a similar assumption used in
Foster et al. (2023) to give upper bounds on the optimal rates attainable in the DMSO framework.

Under Assumption D.1, the following result shows that our upper bound on minimax risk, which
scales with decz () (), is bounded above by a quantity that is a polynomial of our lower bound,
namely dec, (1 ().

Proposition D.1. Suppose that an instance € (for either HR-DMSO or MA-DMSO) satisfies

Creg

Assumption D.1 for some values Creg > Creg > 1 and forall e € (¢(T) - ot g(T)). Choose any

log cre.
B = O8(Crog feren) Then forany T € N,

1

decer) () < (Clog 1/6 - log| M| - C(T) - Creg Creg) T°7 - dec.p () TH7.

We remark that Proposition D.1 is a purely algebraic fact that makes no use of the structure of the
DEC, and in particular holds for instances of both the HR-DMSO and MA-DMSO frameworks. To
make the result concrete, we consider, we revisit each of the situations we discussed in Appendix D.1,
and describe how applying Proposition D.1 allows us to conclude that our upper and lower bounds
are related by a polynomial factor.

« \/T-rates. Suppose that dec. () o € - y/Cprob, for some problem-dependent constant
Cprob > 0. Then, for any constant 3 > 1, there is a sufficiently large absolute constant

Chreg > 1 s0 that, for all € > 0, dec. () < Cr%g -dec. /¢, (7). It follows that Assumption
D.1 is satisfied with the constants Creg and creg := Cri{; (which satisfy g > log(lgi%),
and Proposition D.1 gives that

1

dece(r) () < O(log| M) 7 - dec.(r) () 77,

Disregarding the estimation error and taking 3 — 1, we conclude that decy(7) () <

dec(r) (A )1/ 2=o(1) 'je., there is a (roughly) quadratic gap between our upper and lower
bounds.

e Nonparametric rates. Suppose that dec.(#) x £!=° for some p € (0,1). Then for any

constant 5 > 1_—p, there is a sufficiently large constant Ciee > 1 so that, for all € > 0,
1+p y g g

dec. () < Cr’i(ng ). dec./c,,, (7). Thus, Assumption D.1 is satisfied with the constants

Creg and Creg 1= Cg(ng)/ 2, which satisfy g > bg(lgi%, and Proposition D.1 gives that

decs (1) (H) < 5(10g|/\/l|)$ -decg(T)(%)ﬁ_

Disregarding the estimation error and taking 5 — }%’; (so that ﬁ — HT”), we conclude

that decz(7) () < dec. (1) () HTP_O(D, i.e., the gap between the upper and lower bounds is
smaller than quadratic.

Of course, the arguments in Appendix D.1 already allowed us to draw these conclusions directly; the
purpose here is to exhibit how this conclusion can obtained as a special case of the more general
Proposition D.1.
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D.2.2. ON TIGHT CHARACTERIZATIONS FOR THE MINIMAX RISK

It is natural to wonder whether the polynomial gap between our upper and lower bounds can be
tightened to give a characterization of the minimax risk up that is only loose by polylogarithmic
factors. In this section, we show that this is not possible in several senses.

Tightness of the upper and lower bounds. In Propositions D.2 and D.3, we give two instances
JA S5, so that, up to log é factors, we have both dec. (/1) < ¢ and dec.(.7%3) < €. Despite having
the same behavior for the DEC, the minimax rates for the instances are different: For the instance
/A, the upper bound from Theorem D.1 is tight (M(74, T') > 1/+/T), yet for .73, the lower bound
from Theorem D.2 is tight (M (523, T) < log(T")/T).

Proposition D.2 (An instance where the upper bound is tight). For any sufficiently L, A € N, there is
an instance 74 = (M, 1L, O, { f"(-) }ar) with log | M| < log(LA) and which satisfies the following
properties:

1. Forall T < 2"/2, the minimax rate for 7 is given by (4, T) = O(\/A/T).

2. Foralle € (2_L, 1/\/2), it holds that ¢ - e/ A < dec.(74) < C- VA, for some constants
c,C > 0.

The instance .77 in Proposition D.2 has model class given by a subclass of multi-armed bandit
problems with A arms and Bernoulli rewards, and the bounds in the proposition are an immediate
consequence of prior work. We provide a proof in Appendix D.2 for completeness.

Proposition D.3 (An instance where the lower bound is tight). For any sufficiently large L € N and
any Cprob > 1, there exists an instance 7 = (M, 11, O, { f™(-)}r) with log | M| < L?, satisfying
the following properties:

8C2 o log T

1. Forall T < 2L, the minimax rate for the instance 5 is bounded as (.75, T) < ——

2. Forall € > %, we have Sorob . ¢ < dec.(46) < 2Cpc0p - €. In particular, e(T) >

Cp V8L
C ro
Q (W(Tb).]:) as long as T < 2% /L3,

In particular, for any T € N, by choosing L = 100log T, we have that for all ¢ > 2 <C%)’

prob‘TlOO
the instance /3 satisfies, Q(e - Cpron/ log 1) < dec.(5) < O(e - Cyron), yet the minimax risk is
bounded as M(5,T) < O(Cgmb log(T)/T).

Let us compare the instances for Proposition D.2 and Proposition D.3. First, note that for both
instances, the estimation complexity log| M| scales as O(1). Thus:

« Theorem D.1, using the radius £(T"), yields an upper bound on the minimax risk of O(1/v/T),
which is tight for 7.

« Theorem D.2, using the radius £(7), yields a lower bound on the minimax risk of Q(1/7),
which is tight for 7%3.
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That is, the instance 57 establishes that our upper bound cannot be improved to use the radius
e(T), and the instance 7% establishes that our lower bound cannot be improved to use the radius
&(T). More generally, since dec. (.74 ) and dec.(##2) have the same behavior, yet 77 and .7/ have
different minimax rates, the constrained DEC cannot give a tight characterization of the minimax
risk for the HR-DMSO framework. This contrasts the situation for the (reward-observed) DMSO
framework in Foster et al. (2023), where the constrained DEC characterizes the minimax rates up to
logarithmic factors whenever log| M| = O(1).

We remark in passing that the instances constructed in Propositions D.2 and D.3 satisfy the
regularity condition of Assumption D.1 for Creg, creg < O(logT) and all ¢ > ¢(7"). Thus, the
regularity condition is not sufficient to close the gap between the upper and lower bounds.

Ruling out more general characterizations. We now show that the gaps highlighted above are
not limited to the DEC, and are in fact intrinsic to a broad class of complexity measures. Our main
result, Theorem D.3 shows that for any f-divergence D(- || -) satisfying a mild assumption, it is
possible to construct two HR-DMSO instances .74 and % for which the minimax risk differs by a
polynomial factor, yet 1) the value functions associated with .74 and .7% are identical, and 2) the
pairwise D(- || -)-divergences between all models in .77 and .74 are identical. In other words:

It is impossible to obtain a tight characterization for minimax risk that depends only on value
functions and pairwise f-divergences.

Definition D.1 gives our main technical assumption regarding f-divergences: roughly speaking, it
states that the function defining the f-divergence exhibits at most polynomial growth near 0 and oco.

Definition D.1 (Bounded f-divergence). Consider a convex function ¢ : [0, 00) — [0, o0] so that
d(1) = 0 and ¢(x) is finite for all x > 0, and let

dP
Dy(P =E — 9
o110 = Eofo( 55 )] ©)
denote the associated f-divergence for probability measures P and Q with P < Q. For constants
a, 3 > 0, we say that ¢ is («, 3)-bounded if, for all x > 1,

¢(x)

o(1/)+ 2 < 5

In such a case, we say that the f-divergence D is (v, 3)-bounded.

Essentially all commonly used f-divergences satisfy Definition D.1 for small values of a and f3.
For the Hellinger divergence, we have ¢(z) = (y/z — 1)?, so that D} (-, -) is (0, 2)-bounded; for the
KL-divergence, we have ¢(z) = xIn(x) + 1 — z, so that Dk (- || -) is (0, 2)-bounded; and for the
x*-divergence, we have ¢(z) = (x — 1)%, so that D, 2(-, -) is (1, 1)-bounded.

Remark D.1 (Non-negativity of ¢). We remark that often, when f-divergences are presented, it
is assumed that the function ¢ maps to [—oo, 0o] (as opposed to [0, oc]). Assuming that ¢ maps to
[0, oo] is without loss of generality, for the following reason. It is well-known that for any ¢ € R,
and for any convex function ¢ satisfying ¢(1) = 0, letting ¢(x) = ¢(z) + ¢ - (z — 1), we have
Dy = Dj. Thus, given any ¢ : [0,00) — [—00, 0], we may choose any ¢ € —d¢(1), so that
0 € 9(¢(x) + ¢+ (x — 1)), which in particular implies that ¢(z) + ¢ - (x — 1) > 0 for all x, and the
f-divergence induced by ¢(x) + ¢ - (x — 1) is equivalent to Dy.
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Theorem D.3. For some constants o, 3 > 0, suppose D is an («, [3)-bounded f-divergence. Then
foranyT € N, e € (0,1), and Cprop, > 1, there are instances 74 = (M, 11, O, { 1" () }vrenm, )
o = (Mo, s, Oz, { f3" (")} srerm, ) of the HR-DMSO framework, so that 11y = 11y, Oy = Oy, and
there is a one-to-one mapping & : My — My satisfying:

1. Forall M € My, fi* = 5.
2. Forall M,M" € My, and € IIy, Dg(M (7) || M' (7)) = Dy(&(M)(m) || &(M')(7r)).

3. There is some constant Cy depending only on ¢ so that for all T" with T < T" < T3/2-2¢.

(C¢C;f§gr€ InT)~1, it holds that

1/2+¢/(20) 1/2
M(AA,T') < % +2- (C‘;iOb) L M, T) > 2 e (ﬂ»;ob) .

In the event that a = 0, the quantity (Cpyop/T)"/?+</(2%) in the statement of Theorem D.3 is to
be interpreted as 0. In particular, if D(- || -) is the Hellinger divergence or the KL divergence, then
we have M (4, T') < 1/T in Item 3, giving a quadratic separation. If D(- || -) is the y2-divergence,
then we have MM (.74, T") < O(1/T"/?+</2), which leads to a smaller, yet still polynomial separation
for any choice of the constant € > 0.

Several variants of the DEC and related complexity measures depend only on the value func-
tions fM(-) (for M € M) and pairwise f-divergences between models in the class M, and thus
cannot provide a characterization for minimax risk in the HR-DMSO framework that is tight up to
polylogarithmic factors. Below, we highlight a few notable examples.

e The distributional offset DEC (Foster et al., 2021; Chen et al., 2022a; Foster et al., 2023), is
defined for 57 = (M, IL, O, {f(-)} ) as:'°

dec®™(#) = su inf  sup Epoo[fM(ma) — f7(m)] = v Epg [Er_ [DE(M (), M(7))]].
S = sup e Bl £ (1) = (1)) = 7 By B, [DF (M (), 31()]

Clearly, this definition depends only on value functions { f*} ;e A and pairwise Hellinger
distances for models in M, and hence can only characterize minimax risk up to a quadratic
factor.

* The offset DEC (Foster et al., 2021, 2023) is defined for 7 = (M, II, O, { f* ()} ) as:

dec(#) = sup  inf sup Erop[fM (mar) — (7)) = 7 - Brng[DE (M (7), M(7))].
Meco(M) PaAID) MeMm

Note that dect, () depends on the divergence between models in M and those in co(M),
which is not covered by Theorem D.3. However, Foster et al. (2023, Proposition D.2) show that
decS () < dec:’/rzd () < dect () (that is, decS (#') and decy™(#) are equivalent
up to constant factors), so it follows from the previous bullet point that this complexity measure
can only characterize minimax risk up to a quadratic factor.

10. We consider the PAC variant of the offset DEC here (Foster et al., 2023), but it is clear that our argument applies
identically to the regret version of the DEC (Foster et al., 2021).
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* Foster et al. (2021, 2023) consider variants of the DEC that are applied to localized subsets
of the model class M. In particular, the following two notions of localization have been
considered in Foster et al. (2021): for some localization radius o > 0, a model class M, and a
reference model M,

Ma(M):={M € M : f¥(my) < f¥(7) +a}, and

ME(M) = {M € M : |[(¥(m) = F(7) = (f"(mw) = [7(m)] < @ ¥ € T}

Since these definitions only depend on the value functions { f*} yyc a1, Theorem D.3 implies
that incorporating localization into the variants of the DEC considered above cannot help to
provide a characterization of the minimax risk.

* The information ratio (Russo and Van Roy, 2014, 2018; Lattimore and Gyorgy, 2021) was
introduced to bound the Bayesian regret for posterior sampling and a more general algorithm
known as information-directed sampling. The information ratio of a model class M is closely
related to the DEC of the convex hull of M; in particular, Foster et al. (2022b) showed
that a parametrized version of the information ratio of M is equivalent to the DEC of the
convex hull of M, up to constant factors. As the DEC of co(M) involves pairwise Hellinger
distances between models in the convex hull of M, Theorem D.3 does not definitively rule
it out as providing a characterization of minimax risk. However, the DEC of co(M) is
known to be exponentially larger than the minimax risk for many natural examples (e.g.,
tabular reinforcement learning (Foster et al., 2022b)), so it seems unlikely to provide a tight
characterization.

There are also variants of the information ratio which Theorem D.3 does rule out: given a
reference model M € M and a distribution € A(M), one can define (Foster et al., 2021)

TF . (EWNpEMNM LY () — f (7")])2
I(H, M, 1) ;= arg min — .
A ) = e B D (M () | V()

As this definition depends only on value functions and pairwise KL-divergences for models in
M, Theorem D.3, no function of Z(.%#, M, 11) (such as a worst-case version of the informa-
tion ratio defined by max ;. \  max,eam) Z(H, M, 1)) can provide a characterization of
minimax risk.

* Note that in general, the constrained DEC dece(#) = sup ¢ qo (a1 dece (7, M) depends
on Hellinger divergences between models in M and those in co(M ), so Theorem D.3 does
not directly rule out a characterization in terms of dec. (7). However, we have already ruled
out such a characterization separately in Propositions D.2 and D.3. Of course, the variant
SUP 7 0 dece (A7, M), which restricts to M € M, only depends on the value functions and
pairwise Hellinger divergences of models in M, and hence is covered by Theorem D.3.

Let us remark that one complexity measure not currently ruled out by our results is the generalized
information ratio considered in the work of Lattimore (2022) on adversarial partial monitoring, which
uses an unnormalized KL-like divergence based on the logarithmic barrier, and cannot be written in
terms of f-divergences. The upper and lower bounds on regret given by Lattimore (2022) are loose
by poly(|II|) factors, and as such we find it to be unlikely that this complexity measure can give tight
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guarantees in the “large decision-space/model class” regime where 7' < min{| M|, |TI
the focus of our work.

}, which is

Remark D.2. While this is out of scope for the present paper, we remark that it is possible to
establish similar impossibility results for the regret (as opposed to PAC) framework.

D.3. Implications for MA-DMSO framework

Up to this point, all of the results in this section concerned the HR-DMSO framework. Using
Theorems C.1 and C.2, we can immediately derive analogous results for the MA-DMSO framework.
In what follows, we state these analogues (in particular, upper and lower bounds on minimax risk,
and impossibility of tighter results), all of which are corollaries the results in the prequel. We refer to
Part II of the appendix for applications of these results.

Upper and lower bounds on minimax risk. We begin by stating upper and lower bounds for
the minimax risk for instance of MA-DMSO in terms of the Multi-Agent DEC; these results are
corollaries of Theorems D.1 and D.2.

Corollary D.1 (Minimax upper bound for MA-DMSO). Fix § € (0, 1—10) and T' € N, and consider

any K-player MA-DMSO instance .# = (M,II, O, {11} }, {Ui}«). Suppose that f;'(-) € [0,1]
forall k € [K] and M € M, andlet&(T) := 16\/% : w. Then we have

Dﬁ(.//, T) < dng(T)(%) + K. (10)

Proof of Corollary D.1. Given an instance .# of MA-DMSO, consider the instance 7" =
(M,IL, O, {f"} ) as per Theorem C.1. We have that b (-) € [0, K] for all M € M, meaning
that f () € [-K + 1,1] for all M' € M under the construction in the proof of Theorem C.1. By
rescaling f*(-), the guarantee from Theorem D.1 ensures that (7", T) < decs()(#) + K6,
from which (10) follows using Theorem C.1. We have also used here that both M(#°, T') and
dec.(77) scale linearly under rescaling of the value functions f*(-). [ |

As we discuss further in Remark J.1, the high-probability guarantee from Theorem J.1 applies
also in the MA-DMSO setting, i.e., in the contex of Corollary D.1.

Corollary D.2 (Minimax lower bound for MA-DMSO). Consider any instance .# = (M, II, O, {11} } ., {Us }x)
for the MA-DMSO framework with R = [0, 1]. Given T" € N, let £(7") > 0 be chosen as large as
possible such that e(T)? - C(T) - K - T < & - dec.(r)(.# ). Then

gﬁ(%, T) > . decé(T) (./f)

Corollary D.2. Given an instance .# of MA-DMSO, consider the instance # = (M, I, O, { f*},,)
as per Theorem C.1. By definition of f, we have that SUD e, e SUPen M= fM(r) < K.
Then we have (47, T) = M(A,T) > ¢ - dec. () () = - dec.(7)(# ), where the two equali-
ties use Theorem C.1 and the inequality uses Theorem D.2. |
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As we have already remarked, Proposition D.1, which bounds the gap between our upper and
lower bounds based on the DEC, already applies to instances of MA-DMSO whenever Assumption
D.1 is satisfied. In particular, this means that whenever dec.(.#) o e' = for p € [0,1), we have

decs () () < O(K 55 log 2" | M) - dec.(r (.4) 5"
Tightness of the gaps. Next, we provide analogues of Propositions D.2 and D.3 for the MA-DMSO.
The results construct MA-DMSO instances . (Proposition D.4) and .#5 (Proposition D.5) that
exhibit the same DEC behavior, in that dec. (.#}) =< ¢ and dec.(.#>) =< &, yet have minimax rates:
M (A1, T) 2 1/N/T and M (M, T) < log(T)/T. In particular, Proposition D.4 below shows that
in the upper bound Corollary D.1, the scale £(7T") cannot be decreased, and Proposition D.5 below
shows that in the lower bound Corollary D.2, the scale £(7") cannot be increased.

Proposition D.4. For any sufficiently large L, A € N, there is an instance A = (M, 11, O, {11} }1, {Us } )
with log | M| < log(LA) and which satisfies the following properties:

1. Forall T < 2%/2, the minimax rate for the instance .4, is given by M (.41, T) = O(\/A/T).

2. Foralle € (2_L, 1/\/2), it holds that ¢ - e\/A < dec.(.#,) < C - eVA, for some constants
c,C > 0.

Proof of Proposition D.4. We observe that the instance 7 = (M, I, O, {f™(:)},/) used to
prove Proposition D.2 immediately yields the 1-player instance of MA-DMSO given by .#; =
(M,I1,0,11}, Uy ), with IT] = II and Uy (7}, 7) = 7}, since rewards are observed under all models
in M. The result then follows immediately from Proposition D.2. |

Proposition D.5. For any sufficiently large L € N and any Co1, > 1, there exists an instance
My = (ML O, {1 e, {Ug }r) with log|M| < O(L?* + log Cprob), satisfying the following
properties:

8Cgmb log T

1. Forall T < 2%, the minimax rate for the instance .#s is bounded as W (Mo, T) < —Pp—.

2. Forall e > CPT\/EQL’ we have C\}’goz e < dec.( o) < 2Cprob - €. In particular, (T') >

C ro
Q (W(Tb).]:) as long as T < 2% /L3,

Proof of Proposition D.5. Given L and Cyrob, let 7 = (ML, O, {f"(-)}) be the instance
given per Proposition D.3. Next, let ./ = (M, 11, O, {IT}. }&, {Usx } ;) be the instance constructed
per Theorem C.2 for the instance . with V = 100 - C2 . - 22L. We have log | M| = log | M| +

prob
logV < O(L? +log Chprob). Using the guarantees of Proposition D.3 and Theorem C.2, we have

C2 b 1
M (Ao, T) < Dﬁ(if T) < M for T < 2%, and for all ¢ > %})QL (which ensures that
pro

6/V > C ob* 2L)
C ro
\/g z : (g - \/G/V) < dec. _g)yy-1/2(H) — 6/VV < dec.(My) < dece(H) < 2Cprap - <.
Since € > 5 2L implies that \/6/V < /2, it follows that \"/’5"“ e < deco (o) < 2CH0p -c. A
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Ruling out more general characterizations. Finally, we state an analogue of Theorem D.3 for the
MA-DMSO framework, which shows that any complexity measure that dependence on the instance
A only through value functions and pairwise f-divergences can only characterize the minimax risk
up to polynomial factors.

Theorem D.4. For some constants o, 8 > 0, suppose that Dy is an (o, 3)-bounded f-divergence
(Definition D.1). Then for any T € N, e >0, and Cpror, > 1, there are instances M1 =
(M, L O AT Y, {Us Vi), Ay = (Mo, IL, O, {10} i, {Uk }i) of the MA-DMSO framework, so
that there is a one-to-one mappzng & My — Moy satisfying:

1. Forall M € My, fi' = 25(M)
2. Forall M,M' € My, andw €11, Dg(M(7) || M' (7)) = Dy(&(M)(m) || &(M')(7r)).

3. There is some constant Cy, depending only on ¢ so that for all T" with T <T" < T3/22¢.
(CoCM2T I T) =1 it holds that

prob

1/24€/(2a) 1/2
M(A,T') < ;+2-<ij2""> , vet Sﬁ(//lz,T’)ZZ—i‘—?/E.(CI;Ob) .

The proof uses the equivalence of Theorem C.2 to translate the construction of HR-DMSO
instances in Theorem D.3 to the MA-DMSO framework. Since Theorem D.3 makes a claim about
pairwise f-divergences as opposed to the constrained DEC of the instance, dec.(.7), we cannot
apply Theorem C.2 in an entirely black-box manner, yet most of the reasoning from the proof of
Theorem C.2 carries over.

Appendix E. MA-DMSO: From Multi-Agent to Single-Agent

Having established upper and lower bounds on the minimax risk for the MA-DMSO framework
based on the Multi-Agent Decision-Estimation Coefficient, we spend the remainder of the paper
providing structural results which can be used to apply our main risk bounds to concrete settings of
interest. To this end, in section we provide generic results which allow the conditions under which
the multi-agent DEC can be controlled by the single-agent DEC, thereby allowing one to lift the
plethora of existing results for the single-agent setting (Foster et al., 2021, 2023) to multiple agents.

Induced single-agent model classes. Consider a Nash equilibrium instance .# = (M, II, O, {11} } ., {Us }&.)
for the MA-DMSO framework (Definition 1.1), recalling that IT = II; x --- x IIx. We will prove
upper bounds on the multi-agent DEC of the instance . in terms of the single-agent DEC for a
collection of induced single-agent model classes M, defined based on .#. To define the model
classes My, for M € M and k € [K], we first define a single-agent model M|y, as follows: a pure
observation drawn from M | (7) has the distribution of the pure observation o, when o, ~ M (7),
and the reward drawn from M | (7) has the distribution of r; when (ry,...,7x) ~ M (m). In other
words, the model M|y, is identical to M but ignores the rewards of all agents except k.

The single-agent model class M, % 1s defined to have policy space 1I, so that models in M L are
mappings M : Il — A(O, x R). In addition, M % is indexed by IT_j x M and its models are
given as follows:

My, = {mp > M|p(mp,7_p) : 7 € O_py, M € M}. QY
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The intuition behind this definition is that for each agent k, if other agents commit to playing m_g,
this induces a “single-agent” environment for k. If M € M is the original environment, then the
model M| (-, m_j) € My is precisely the induced single-agent environment for & (in a decentralized
protocol in which each agent observes its own reward but not the reward of other agents).

Offset Decision-Estimation Coefficient. The results in this section are most naturally stated in
terms of the offset variant of the DEC introduced in Foster et al. (2021)—specifically, the regret
variant which restricts to p = ¢ (that is, exploration and exploitation are coupled). For an instance
M , reference model M, and scale parameter v > 0, we define
r-decS (.4, M) := inf sup {Er,[h(7)] — - Exp|DE (M (7)), M(m))]} . 12
SN = ind - sup (B [0 ()]~ B [DR(M(), M)} (2)

We remark, via Foster et al. (2023), that this notion can be related to the constrained (PAC) DEC as
follows.

Proposition E.1 (Foster et al. (2023)). Forall M € M™ and ¢ > 0,
dec. (4, M) < iI;fO{r-decg(//l,M)v0+’y€2}. (13)
¥

Proposition E.1 suffices to derive tight bounds on the constrained DEC for all of the examples
we will consider. It is also possible to relate the two complexity measures in the opposite direction,
but this can lead to loose results (Foster et al., 2023); this will not be necessary for our purposes.

E.1. Bounding the MA-DEC for convex decision spaces

Our first result considers a general class of instances in which agents’ decision spaces II; satisfy a
convexity property, formally stated as Assumption E.1.

Assumption E.1 (Convexity of decision spaces). For each k € [K], there is a finite set Ay, (called
the pure decision set) so that 11, = A(Ay). Furthermore, the following holds:

1. Each M € M is linear in 7, ie., form € II, M(m) = Eq, ~r,vi[M(a)], where we write
a=(ay,...,ax).

2. There is a measurable function ¢ : O — Asothat, foralla € Aand M € M, P, p(4)(p(0) =
a) =1, i.e., M(a) reveals a.

This assumption is quite mild, and is satisfied whenever players 1) are allowed to randomize
their actions, and 2) observe the resulting actions that are sampled at each round. In particular, this
encompasses (structured) normal-form games with bandit feedback (see examples in Appendix G.3).
To simplify notation, we will write A = Ay x -+ X Ag and A_p = [[1 1 Ap-

Our main result for this subsection, Theorem E.1, shows that for any M € A(M), we can bound

the multi-agent DEC r-dec,(.#, M) in terms of the single-agent DECs r-dec?, (M, My), of the
K model classes M, « and reference models M.

Theorem E.1 (Restatement of Theorem 1.4). Suppose that # = (M, 11, O, {11} }1, {Us}) is an
NE instance of the MA-DMSO framework satisfying Assumption E.1. Then for any v > 0, it holds
that

K
sup  r-decS(.#, M) < Z sup  r-dec? . (My, My).
Meco(M) k=1 Mkeco(ﬂk)

37



FOSTER FOSTER GOLOWICH RAKHLIN

This result is quite intuitive: It shows that the complexity of centralized equilibrium computation
is no larger than the complexity required for each agent to optimize their own reward in the face of a
worst-case environment induced by the other players. It is proven using the following fixed-point
argument: For a given agent k, if all other agents commit to a joint distribution, this induces a
single-agent DMSO class M, and it is natural for agent k to play the strategy that minimizes the
single-agent DEC for this class. This is not enough to bound the MA-DEC as-is, because we need
to specify a strategy for all agents, but by applying Kakutani’s fixed point theoerem, we show that
it is possible for all K agents to simultaneously minimize their respective single-agent DECs with
respect to the other agents’ strategies. Furthermore, we remark that an immediate consequence of
Theorem E.1 is that the same upper bound on r-dec,oy(./// ) holds also when .# is a CCE or a CE
instance, since Nash equilibria are always (coarse) correlated equilibria (see Appendix G.3).

As a concrete example, for the multi-armed bandit problem with A actions, we have r-decS (M) <
(@] ( %) (Foster et al., 2021). Using Theorem E.1, it follows that if .# is the class of K -player normal-
form games with bandit feedback and A, actions per player, then

K
A
sup r-dec) (4, M) < O(K) - @.
Meco(M) ol

Using Proposition E.1, we conclude that dec.(.#) < O(e /K Zszl Ak). We refer to Ap-
pendix G.3 for details, as well as additional examples, including structured normal-form games with
linear or concave payoffs. For many of these examples, the application of Theorem E.1 leads to
nearly tight bounds on r-decf (). However, this is not always true: In Proposition G.11 (Appendix

G.3.5), we show that there are instances .# for which r-decg(./q k) is much larger than r-decS (.7 ).

E.2. Bounding the MA-DEC for Markov games

While Assumption E.1 is quite general, and holds for most standard normal-form game setups, a
notable setting that it does not capture is that of Markov games, where the joint decision space 11
consists of randomized non-stationary policies (formalized in Assumption E.2 below).!! In this
section, we provide an analogous result specialized to this general, non-convex setting.

Assumption E.2 (Markov game instance). The instance # = (M,I1, O, {11} }1,{Uy}) is such
that for some H € N, finite state space S, and finite joint action space A = Hle Ay, each model
M € M is a K-player, horizon-H Markov game with state space S and joint action space A (see
Example 1.2). In addition, for each k, the class 11y, consists of non-stationary, randomized Markov
policies, i.e.,

Oy = {(mkas - Tem) | Ton 0 S = A(Ag) Yh e [H]}.

The finiteness of S and A in Assumption E.2 is made for technical reasons, so as to enable the
application of fixed point theorems; our bounds in this section will not depend quantitatively on |S|
or | A|, and we anticipate that this assumption can be relaxed.

11. One might try to satisfy Assumption E.1 by convexifying each agent’s decision space Il ; however, in the setting of
Markov games, this will lead the model classes M. defined in (11) to be prohibitively large, since the policies 7—
will now be mixtures of non-stationary Markov policies. In particular, the DEC of the induced model classes M, that
result will in general scale with the DEC of the class of mixtures of MDPs, which is exponential even in the tabular
setting (Foster et al., 2022b).
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Under Assumption E.2, we provide the following analogue of Theorem E.1.

Theorem E.2. There is a constant C > 0 so that the following holds. Suppose that M =
(M, 11, 0,{I1, }1, {Ux }r) is an NE instance of the MA-DMSO framework satisfying Assumption
E.2. Then for any v > 0, it holds that

K
— CKHlogH —
sup r-dec (.4, M) < ZnT el E sup  r-dec? ;e 1og 1) (Mes M)

MeM v k=1 MpeM,

As an example, for when M is a class of tabular MDPs with |S| = S and |A| = A, we have
r—decg(./\/l) < w (Foster et al., 2021). Theorem E.2 then implies that for tabular Markov

games with [S| < S and |Ag| < A, we have supy;. , r-decd (4, M) < w and via (13),

sup dec.(.#, M) < e-/poly(S, A, H,K).
MeM

We remark that while Theorem E.1 allows for improper reference models M € co(M), Theorem E.2
is restricted to proper reference models M € M, and hence is mainly useful in settings (such as
tabular MGs) in which proper estimators are available. See Appendix G.3 examples, as well as
further details.

Appendix F. MA-DMSO: On the Curse of Multiple Agents

A nuisance encountered frequently in the study of multi-agent reinforcement learning is poor scaling
of sample complexity with respect to the number of agents K. In particular, algorithms which directly
estimate the model M ™ or agents’ (J-value functions typically incur sample complexity exponential
in K, due to the fact that both the model and agents’ Q)-value functions require at least exp(K)
parameters to specify; this phenomenon has been called the curse of multiple agents (Jin et al.,
2021Db). In this section, we investigate the curse of multiple agents in the MA-DMSO framework
through the lens of the Multi-Agent Decision-Estimation Coefficient.

We first remark that the upper bound on the minimax risk in terms of the DEC in our upper
bound, Theorem D.1 (as well as the more general version, Theorem J.1), does indeed suffer from
the curse of multiple agents: even for very simple model classes such as K-player normal-form
games, the estimation error log| M| in Theorem D.1 will scale exponentially in K (see examples in
Appendix G.3 for details and discussion), and therefore the upper bound in Theorem D.1 will also
scale exponentially in K, even though the MA-DEC is not itself exponential. Note that our lower
bound (Theorem D.2) does not have exponential dependence on K, since (a) the DEC typically
scales as dec. (A) =< Chrob - €, where the problem-dependent constant Cp,r1, depends only on the
size of agents’ individual action sets, thus avoiding scaling exponential in K, and (b) the bound of
Theorem D.2 does not include any term involving model estimation error (in particular, it does not
multiply the scale £(7") at which the DEC is evaluated).'?

12. We recall that even in the single-agent setting, the appearance of the estimation error term in the upper bound, but not
in the lower bound, leads to a gap between them. Foster et al. (2023) emphasize that narrowing this gap is an important
open problem.
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Evading the curse of multiple agents. Celebrated results in multi-agent (bandit) learning imply
that the curse of multiple agents is not necessary, at least for multi-player normal-form games with
bandit feedback: if each player runs an adversarial bandit no-regret algorithm, then the empirical
average of their joint action profiles over 7' time steps approaches a (coarse) correlated equilibrium
for the game at a rate of poly (K, max; A)/v/T (e.g., Rakhlin and Sridharan (2013)), where A,
is the number of actions for player k. Furthermore, a sequence of recent works has extended these
results to the setting of Markov games (Jin et al., 2021b; Song et al., 2021; Mao and Basar, 2022).

It is natural to wonder if it is possible to capture these results, which avoid exponential scaling
with K, through our framework and the Multi-Agent Decision-Estimation Coefficient. In light of
the discussion above, this question translates to asking whether the log | M| term in Theorem D.1
(more generally, the term Esty(7") in Theorem J.1, which can be controlled in terms of covering
numbers), which results from estimation error, can be decreased. Note that in general, as observed in
Foster et al. (2021), the estimation error term log| M| appearing in Theorem D.1 cannot be removed
completely, even in single-agent settings, but one might hope to replace it with a weaker quantity.
One possible avenue, if possible, would be to replace log| M | with log |F |, where Faq denotes the
induced class of value functions; this approach was explored for the single-agent setting in (Foster
et al., 2022a), where it leads to tighter guarantees for model-free reinforcement learning settings.
However, this approach is insufficient for the purpose of avoiding the curse of multiple agents, since
(an e-cover of) the value function class JF typically has size whose logarithm scales exponentially in
K, even for normal-form games with bandit feedback (Example 1.1).

In light of this discussion, perhaps most promising approach for evading the curse of multiple
agents is to aim for bounds that are analogous to Theorem D. 1, but replace the factor log| M| with the
logarithm of the size of the agents’ decision sets. Indeed, the logarithm of the size of the joint (pure)
decision set typically does not scale exponentially in K. For instance, for K -player normal-form
games in which each player has A actions, the number of pure action profiles is AX, so its logarithm
is only /inear in K; equivalently, one can look for bounds which scale as the sum of the logarithms
of the agents’ individual decision sets. In the single-agent DMSO setting, Foster et al. (2021, 2022b)
indeed obtain bounds that scale with log |II|, as opposed to log | M|. There is a cost to pay for this
improvement, however: the upper bounds of Foster et al. (2021, 2022b) that replace log| M| with
log |TI| depend on the DEC of the convex hull of M, as opposed to the DEC of M itself.

Our upper bound. In Theorem F.1 below, we provide an upper bound that replaces the factor
log| M| appearing in Theorem D.1 with maxy, log |II} |, at the cost of scaling with the MA-DEC for a
convexified version of the instance .. The quantity maxy, log |IT} | is equal to maxy, log(|3x| +1) in
the special case of CCE instances (Definition 1.2), but is also small for CE instances (Definition G.1),
as well as the following more general notion of correlated equilibrium, which we refer to as a
“generalized correlated equilibrium”.

Assumption F.1 (Generalized correlated equilibrium). We say that an MA-DMSO instance # =
(M, II, 0, {11} }1, {Uys } ) satisfies the generalized correlated equilibrium assumption if the following
holds: we have Il = A(X1 X --- X X), for finite sets X1, ..., Xk, called pure decision sets.
Furthermore, writing ¥ := ¥ X --- X X, the instance /A satisfies:

1. Each M € M is linear in , i.e., for m € II, M(mw) = Eyore[M (0)].
2. The deviation functions Uy, respect linearity in the sense that for all k € [K|, M € M, and
m € I, m, € 1T}, we have f) (Uy(m, 7)) = Eonr [fi (Uk(7y,, 0))]-

40



COMPLEXITY OF MULTI-AGENT DECISION MAKING

It is straightforward to check that both CCE instances (Definition 1.2) and CE instances (Defini-
tion G.1) satisfy Assumption F.1 as long as the pure decision sets >, are all finite.
To state our result, for an instance .# = (M, 11, O, {11} } ., {Ux } ) of the MA-DMSO frame-
work, we define the convex hull of the instance .# to be the instance co(.#) := (co(M),IL, O, {11} } ik, {Usk }x.).
We with the results in the previous section, our guarantees are most naturally stated in terms of the
regret variant of the MA-DEC (r—decg’; cf. (12)).

Theorem F.1. Suppose that 4 = (M, 11, O, {11} } ., {Us } i) is an MA-DMSO instance satisfying
Assumption F.1. Then, for any T € Nand 6 € (0, 1), there exists an algorithm (MAEXO; Algorithm 1
in Appendix L) which produces 7@ € 11 such that with probability at least 1 — 6,

. /
Risk(T) = h™" (7) < O(K) - inf {r-decg(co(///)) + 2 og (Kma)mnk> } .
v>0 T 1)

We view this result as extending guarantees that replace log| M| by log|II| in the single-agent
setting (Foster et al., 2021, 2022b); as with those prior results, the cost is that the DEC is applied to
the convex hull of the instance. For the problem of computing CCE in normal form games with K
players and A actions per player, we have dec(co(.#)) < % and maxy, log|IT}, | = log(A), so this
result gives

Risk(T) < M;
T
see Appendix G.3 for details and further examples. Theorem F.1 shows that it is possible to avoid the
curse of multiple agents for convex classes, and leads to tight guarantees for structured classes of
normal-form games with bandit feedback, such as games with linear or convex payoffs. In general
though, it does not lead to tight guarantees non-convex classes such as Markov games. We prove the
result by adapting the powerful exploration-by-optimization algorithm from the single-agent setting
(Lattimore, 2022; Foster et al., 2022b) in a way that exploits the unique feedback structure of the
multi-agent setting. One might wonder how the guarantee of Theorem F.1 compares to what one
would obtain by having each agent & run the (single-agent) exploration-by-optimization algorithm
of Foster et al. (2022b) separately (applied to the model class M, defined in (11)) and using the
resulting regret bound of Foster et al. (2022b) for each agent to obtain an approximate CCE. As we
show in Proposition G.11, the guarantee of Theorem F.1 can be arbitrarily better than this alternative
approach, since it involves the multi-agent DEC, r-decS (co(.#)), which can be arbitrarily smaller

than the DEC for the single-agent classes, r-decf’y(co(//\/lv k))-

Extending the result to infinite decision sets. We next explain how to extend the guarantee of
Theorem F.1 to the setting where the pure decision sets ¥, and deviation sets I} are not finite.
We will focus on CCE instances: consider a MA-DMSO instance .# = (M, II, O, {1} }x, {Uk }x)
satisfying Assumption F.I. Consider subsets ¥y C ¥ and ﬁ;c C II;, for each k, and write
I = A(il X o0 X EK) C II. (As an example, if .# is a CCE instance, we will often take
ﬁ% = ¥, U{L}.) It is straightforward to see that the instance .# = (M, II, O, {ﬁ;}k, {Uk}r)
satisfies Assumption F.1 (with pure decision sets f]k). We now define a sense in which the instance
M isa good cover for .Z .
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Definition F.1. Let .#, M be defined as above. For € > 0, we say that that M is an =-decision
space cover for A if
VMeM, Vke[K), VRell el st max [ (Un(mh 7)) - ' (Un(Fh 7)) < %

TS

We let Nt (A ,€) := maxye(x) ]ﬁ§€| denote the size of the largest deviation set in the smallest such
cover, and define, for T € N,

estip (A, T) = igg {log Np(A ,e) + T} .

Let /4 = (Mv, ﬁ, 0, {ﬁ;ﬂ}k, {Uk}x) be an e-decision space cover for .#. Note that, for any
7 ¢ 1II, it follows from Definition F.1 that

K K
WM (@) = max fif(Ug(m, 7)) — fi'(7) < Y max fY (Uk(m, 7)) — fi'(7) +e.
P k=1 "% €Mk
Therefore, applying the algorithm of Theorem F.1 to an appropriate decision space cover for the
instance .2 (for an appropriate choice of ), we get the following result as an immediate corollary:

Corollary F.1. Suppose that .7 = (M, II, O, {11} }i, {Uk }) is a MA-DMSO instance satisfying
Assumption F.1. Then, for any 7" € N and 6 € (0, 1), there exists an algorithm which produces
7 € II such that with probability at least 1 — 6,

Risk(T) = h™* (%) < O(K) - inf {r-decg(co(/// ) + % (estn (A, T) + 1og(K/6))} :
Lower bounds for Nash equilibrium instances. Theorem F.1 relies on the assumption that .# is
a generalized correlated equilibrium instance (Assumption F.1). To close the section, we complement
this result by showing that it is not possible to achieve analogous guarantees for Nash equilibria.
First, in Proposition F.1 we show such an impossibility result for K-player NE instances: We give
an instance for which the upper bound in Theorem F.1 is polynomial in K, yet the minimax risk is
exponential in K.

Proposition F.1. There is a constant cq > 0 so that the following holds. For any K € N, there is a
K-player NE instance M = (M, 11, O, {11} }1, {Ux }«) so that:

1. maxy |IT} | = 2.

2. Forally > 0, r-decS(co(#)) < O(K/7).

3. There is no algorithm that adaptively draws 2°5) samples and outputs a policy with expected
risk at most cg - K.

For the instance .# in Proposition F.1, we have |II}| = O(1) so a bound of the form in
Theorem F.1 would imply that O(poly(K)/€2) samples suffice to learn an e-approximate Nash
equilibrium; the lower bound on sample complexity of 22(5) from Proposition F.1 rules this out. The
proof of Proposition F.1 follows directly from well-known lower bounds on the query complexity of
K -player Nash equilibria (Rubinstein, 2016; Babichenko, 2016; Chen et al., 2017).

For our last result Theorem F.2, we go even further, and show that the impossibility of proving
any variant of Theorem F.1 for NE instances persists even in the case when K = 2 and the game is
Zero-sum.
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Theorem F.2. There is a constant Cy > 0 so that the following holds. Fix any N € Nwith N > Cj
and € € (1/N,1). There is a two-player zero-sum NE instance M = (M,I1, O, {11} }1, {Ux}1)
such that the following holds:

1. max{[TE |, [Ty} < |TI] < Cp - N/
2. Forall v > C, r-decS(co(#)) < e.

3. There is no algorithm that adaptively draws v N /Co samples and outputs a policy with
expected risk at most 1/C.

Observe that for the instance .# in Theorem F.2, we have log|II| < log(NN/¢), so a bound of the

form in Theorem F.1 would imply that roughly w

samples suffice to learn an e-approximate
equilibrium. The lower bound on sample complexity in Theorem F.2, which shows that Q(\/N )
samples are required, thus rules out a guarantee of this type in a fairly strong sense.

We remark that the instance .# constructed in Theorem F.2, while an NE instance per Defini-
tion 1.1, does not correspond to the standard notion of mixed Nash equilibrium in normal-form games
(see the discussion following Definition 1.1). Since the marginals of coarse correlated equilibria in
two-player zero-sum games constitute mixed Nash equilibria, Theorem F.1 rules out a strengthening
of Theorem F.2 which constructs an NE instance corresponding to the standard notion of mixed Nash
equilibrium.

The proof of Theorem F.2 is significantly more challenging (given prior work) than that of
Proposition F.1. It uses the classical support estimation problem (e.g., Paninski (2008); Canonne
(2020)) to construct an instance for which the DEC is small but the minimax risk is large. This
idea is natural, because the support estimation problem has large model-estimation error, and the
upper bound of Theorem J.1, which involves the model estimation error, must be respected by the
instance .#. Using the support estimation problem as a building block, we construct a class of
two-player zero-sum games, which bears some resemblance to the construction used in the proof
of Theorem C.2. However, the construction in the latter result does not ensure that r-decf (co(.#))
remains small, necessitating a more sophisticated approach. To ensure that r-decS (co(.#)) is small
while maintaining a lower bound on minimax risk, we need to embed a few additional components in
the construction, namely the composition of a Reed-Solomon code and a randomness extractor. We
refer the reader to Appendix M for further details.

Part 11
Examples

Appendix G. MA-DMSO: Examples of instances

In this section of the appendix, we give examples of instances for the MA-DMSO framework, and
apply our results to derive upper and lower bounds on the minimax risk.

* In Appendix G.1 we give additional examples equilibria that can be captured in the MA-DMSO
framework, focusing on correlated equilibria and variants.
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* In Appendix G.2 we give detailed examples of MA-DMSO instances, including normal-form
games with linear or concave payoffs (Appendix G.2.1) and Markov games (Appendix G.2.2).

* Finally, in Appendix G.3, we give bounds on the Multi-Agent Decision-Estimation Coefficient
and minimax risk for variance instances, including finite-action normal-form games (Appendix
G.3.1), structured normal-form games (Appendix G.3.2, Appendix G.3.3), and tabular Markov
games (Appendix G.3.4). In addition, in Appendix G.3.5, we give an instance which shows
that the multi-agent to single-agent reduction in Theorem E.1 can be loose in general.

G.1. Additional examples of equilibria

Definition G.1 below shows how we can use the MA-DMSO framework to capture the problem of
(normal-form) correlated equilibrium computation in games. The definition is similar to that of CCE
instances (Definition 1.2), except players’ deviation sets consist of mappings from their pure decision
set to itself; these mappings describe how the player deviates as a function of their pure decision.

Definition G.1 (Correlated equilibrium instance). We say that an MA-DMSO instance A =
(M, IL, O, {11}k, {Uk }i) is a correlated equilibrium (CE) instance if the following holds:

1. For some finite sets X1, . .., X (called pure decisions), we have Il = A(X1 X --- x X ). We
write ¥ = 31 X - -+ X XK.

2. Foreachw € Il and M € M, it holds that M () = Eyre[M(0)].
3. Fork € [K], we have 1T}, = E%k, i.e., IT) is the set of functions ¢ : Xy, — 3.

4. Foreachk € [K), m € I, and ¢ € 11}, U (¢, ) € A(X) is the distribution whose probability
mass function is given as follows:

Vo €3, Uk(gba W)(U) =7 ({(O-;mo-—k) S QZ)(O'/;) = Uk}) .
In words, Uy (¢, ) is the distribution of (¢(oy), 0_), for o ~ .

Our next example considers notions of equilibria specialized to Markov games. Recall that
Definitions 1.2 and G.1 describe instances that capture the notions of (coarse) correlated equilibria
in normal-form games, in which the pure actions belong to > = ¥ X - - X Y. In the setting of
Markov games, often a slightly different notion of (coarse) correlated equilibrium is used, whch we
show is captured by Example G.1 below.

Example G.1 (Markov (coarse) correlated equilibria in Markov games). In Example 1.2, We will
show how to capture the problem of computing Markov coarse correlated equilibria (CCE) and
Markov correlated equilibria (CE) (e.g., Bai et al. (2020); Liu et al. (2021); Daskalakis et al. (2022))
in the MA-DMSO framework, generalizing the notion of Markov Has equilibrium from Example 1.2.
As in Example 1.2, we assume that the class M consists of finite-horizon Markov games with
horizon H € N, state spaces S, for h € [H|, action spaces Ay, for £ € [K], and distribution
dy € A(Sy), all of which are identical across all models in the model class. The pure observation
space O, consists of trajectories, and the reward space is R = [0, 1]. For both Markov CE and
Markov CCE, the joint decision space is the set II of Markov correlated policies, namely policies
7w = (m1,...,mH), where each 7, : S, = A(A; X --- x Ag) specifies a mapping from states to
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Jjoint distributions over actions. For a model M and a joint decision 7 € II, an observation (trajectory)

o= {(sn,(@1,hs--»arn)s (T1hs -+ s Ti 1)) bhe[r) is drawn as follows: first, s ~ dy, and then for
h e [H]:

* (@i, --rarn) ~ ma(sn) and rgp ~ Ry (spy (@1, - -5 akp))-

* Spe1~ P (sp, (ath, - aKh))-

It remains to specify the deviation sets ITj and switching functions Uy:

* For the case of Markov CCE, for each k € [K], the deviation set IT}, is the set of deterministic
Markov policies for player &, which take the form ) = (7, ..., ™, 5), where 7} , : Sp —
Ay,. For a joint policy 7 € II, Uy (), m) € II is the Markov correlated policy where player k
plays according to 7T;€’ », at each state and all other players play according to 7. In particular,
denoting 7 := Uj(m},, 7), we have that 7 (sp) = 7, (sn) X T_gn(sp), where m_g (sp)
denotes the marginal of 7,(s;,) on the actions of all i)layers but k. Summarizing, for the
MA-DMSO instance .# = (M,IL, O, {II} }x, {Ux }r), we have that 7 € II, h™" (%) = 0 if
and only if 7 is a Markov CCE of M*.

* For the case of Markov CE, for each k € [K], the deviation set IT}, is simply the set of tuples
¢ = (@k,h,s)he[H),ses,» Where each ¢y p, s + A — Ay is a function from Ay, to itself. For a
joint policy 7 € II, U(¢, ) is the Markov correlated policy 7 defined as follows: the joint
action distribution of 7 at step h and state s;, € S, is the distribution given by:

n(s)(a) = ma(s)({(af, a—r) € A+ ¢(a) = ar}),

for joint actions a € A. In words, 7p,(s) is the distribution of (¢(a},), a_), for a ~ mp(s).
Summarizing, for the MA-DMSO instance .# = (M, II, O, {II}. } i, {Uk }x) , we have that
7 € I, WM™ (%) = 0 if and only if 7 is a Markov CE of M™*.

Note that the instances constructed above are not special cases of the CCE or CE instances (
Definitions 1.2 and G.1) we consider for normal-form games. This is because the notions of Markov
(C)CE discussed above are more restrictive, forcing the joint decision 7 to be a (joint) Markov policy,
as opposed to an arbitrary distribution over joint policies. Nevertheless, as Example G.1 shows, the
MA-DMSO framework is sufficiently general to capture all of these notions of equilibria. <

G.2. Additional examples of instances

In this section, we give additional examples of instances that capture standard equilibrium learning
problems found in the literature. We begin by describing examples of structured normal-form games
in Appendix G.2.1, and then consider multi-agent reinforcement learning problems in Appendix
G.2.2.

G.2.1. INSTANCES FOR BANDITS

In this section, we describe several instances of structured normal-form games, which may be thought
of as multi-agent generalization of structured bandit problem found in the single-agent setting. For
each example we consider, the models will have the following common structure (paralleling that of
Example 1.1).
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» Each agent & € [K] will have a set Ay, referred to as its pure action set, and the joint
policy space IT will be a subset of A(A) = A(A; x --- x Ag) which contains all singleton
distributions I,.

» We will take R := [—1, 1] as the reward space and O, := A as the pure observation space.

» Let a class of mean reward functions 7 C (A — R’) be given. We define the model class
M as the set of models M : IT — A(RE x O,) for which there is some (f1, ..., fx) € F

so that: (a) for all singleton distributions I, € II, the distribution of (71, ...,7x,00) ~ M(L,)
satisfies o, = a a.s. and EM'a[ry] = fM(I,) = fi(a), and (b) for all 7 € II, M(w) =
Eor[M(L,)].

In words, M x consists of models M where (i) value functions f,’(-) are given by some element of
F, and (ii) observations reveal the action played (via the pure observation).

First, in Example G.2, we consider a normal-form game with linearly structured rewards, gen-
eralizing the single-agent linear bandit problem (Dani et al., 2007; Abernethy et al., 2008; Bubeck
et al., 2012). This example generalizes Example 1.1, which can be thought of as the special case
where each player’s action set is the set of standard unit vectors.

Example G.2 (Normal-form games with linear rewards). Fix K € N; for each player k € [K],
Aj, € R% for some dj, € N. Write d = dids - - - dg. Suppose that ©1,...,0x C R? are convex
sets so that [(a1 ® - - - ®@ag,0)| < 1foralla; € Ay,...,ax € Ak, k € [K], and 0, € ©. Define
F C (.A — RK) by F = {(al,. . .,aK) — ((a1®- -'®aK,9k>)k€[K] 01 €0q,...,0 € @K}
We can now consider the instances corresponding to finding Nash equilibria, CE, and CCE for the
class of games whose payoffs are given by functions in F:

» We first treat Nash equilibria: suppose we set I, = A(A) for each k € [K] and II =
IIy x --- x I, and define II}, U, as in Definition 1.1. We define M = M. Then the
instance .# = (M, 11, O, {II} } ., {Ux } ) captures the problem of finding Nash equilibria in
an unknown linear bandit game.

* Next we treat (C)CE: we set II = A(A; x --- x Ag) and define II}, Uy, as in Defini-
tion G.1 (respectively, Definition 1.2). We define M = Mg, so that the instance .# =
(ML, O, {1 }&, {Ux } i) captures the problem of finding (coarse) correlated equilibria in an
unknown linear bandit game.

<

Next, Example G.3 treats the setting of concave games (with bandit feedback), which has received
extensive attention in the game theory literature (Rosen, 1965; Even-Dar et al., 2009), as well as
machine learning (Bravo et al., 2018; Maheshwari et al., 2022; Lin et al., 2021). It can also be viewed
as a generalization of the problem of single-player concave bandits (Kleinberg, 2004; Flaxman et al.,
2005; Bubeck et al., 2017; Lattimore, 2020).!3

13. Often referred to as convex bandits, or zeroth-order convex optimization, since it is typically phrased in the form of
loss minimization, whereas we consider reward maximization.
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Example G.3 (Concave games). Given K € N, for each k € [K], let dj, € N and A, C R% be
a convex and compact subset with nonempty interior. Set A := A; x --- x Ax C R?, where
d=dy + -+ dg. Define F C (A — RF) by

F = {f A= [0, 1]K |Vk € [K], Va_ € A_k, Ak D ag— fr(ak,a_g) is concave and 1-Lipschitz} )

Above, 1-Lipschitzness is with respect to the /2 norm. We consider the following Nash and CCE
instances:

e We first consider Nash equilibria: define II; , Uy, as in Definition 1.1, and set II = A, M =
M z. Then the instance .# = (M,II, O, {II }1, {Ux}) captures the problem of finding
Nash equilibria in concave games, a classical problem (Rosen, 1965). In the two-player zero-
sum case (namely, when K = 2 and f;(a) + f2(a) = 0 for all a € II), the problem of bandit
feedback which we cover has received extensive attention (Bravo et al., 2018; Maheshwari
et al., 2022; Lin et al., 2021).

» We next consider coarse correlated equilibria. Define IT := A(A; X --- x A ), namely the
space of Borel measures on the compact set Ay x - - - x A C R?, and set M = M z. Further-
more define IT}, Uy, as in Definition 1.2. Then the instance .# = (M, II, O, {II} }1, {Ux } )
captures the problem of finding coarse correlated equilibria in concave games; this has received
less attention than Nash equilibria in concave games.

Since the action sets .4, are infinite in this setting, it is not particularly natural to define a CE instance
in the sense of Definition G.1. N

G.2.2. INSTANCES FOR MULTI-AGENT REINFORCEMENT LEARNING

We now give concrete examples of Markov game classes M. The first example considers the special
case of the instances for computing Markov Nash equilibria and Markov (coarse) correlated equilibria
described in Examples 1.2 and G.1 in which the Markov game under consider is tabular (i.e., has
finite states and actions).

Example G.4 (Equilibria in tabular Markov games). Fix parameters K, H € N representing the
number of players and the horizon, finite action spaces Ay, (of size Ay € N) for each player k € [K],
and finite state spaces Sy, (each of size S € N) at each step h € [H]. The instances for each of the
three types of equilibria (Nash, CE, CCE) share the same observation space O: in particular, their
pure observation space is O, the space of all possible H-step trajectories over the state and action
spaces S1, . .., Sy and A, and the reward space is R = [0, 1].

We refer to the rabular setting as the model class M parametrized by all possible K -player
Markov games with horizon H, state spaces Sy, and action spaces A, so that the sum of each player’s
rewards is bounded in [0, 1] on any positive-probability trajectory.'* Then for the deviation and switch-
ing functions II}, U, as described in Example 1.2, the instance .# = (M,II, O, {II }x, {Ux})
captures the problem of computing Markov Nash equilibrium in an unknown tabular Markov game,
and for II}, U}, as described in Example G.1 corresponding to the notions of Markov CCE or Markov
CE, respectively, the instance .# = (M, 11, O, {II} }«, {Uy }) captures the problem of computing
Markov CCE or Markov CE, respectively, in an unknown tabular Markov game. N

14. This assumption allows us to take R = [0, 1].
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A key question in (multi-agent) online reinforcement learning is to understand what structural
properties of the model class M permit efficient learnability. In the simplest case (known as the
tabular case), the state and action spaces Sy, A are all finite, and M consists of all models specified
by arbitrary transitions P and reward distributions R;’, with uniformly bounded support. By
restricting M, our formulation also captures a more cofllplex settings that incorporate function
approximation (Chen et al., 2022b; Li et al., 2022; Xie et al., 2020; Jin et al., 2022; Huang et al.,

2021; Zhan et al., 2022; Liu et al., 2022). In what follows, we give one such example.

Example G.5 (Equilibria in linear mixture Markov games). Fix parameters K, H € N representing
the number of players and the horizon, finite action spaces Ay, for each & € [K], and finite state spaces
Sy, for each h € [H]. For a dimension parameter d € N, we are given mappings ¢y, : Sx AxS — RY,
VYpn: S x A — R such that for all h € [H] and k € [K]

> Onlsnialsna) =1 R and [ n(sn,a)]2 <1

Sh41€Sht1

forall s;, € Sp,a € A, sp11 € ShH.lS The instances we construct have pure observation space O,
given by the set of all possible H-step trajectories over the action and state spaces .A and Sj,, and
have reward space R = [0, 1].

For some B € N, the set of linear mixture Markov games is the model class M consisting of all
K -player Markov games M with horizon H, state spaces Sy, and action spaces Ay, for which there
are vectors 02 € R? satisfying ||0/||2 < B and

Py (sh+1lsn, a) = (03, dn(snt1lsn: @), R (shya) = (Op Yr,n(sn: @)

forallh € [H], k € [K], sp € Sp,a € A, Spy1 € Sp41, and for which under any positive-probability
trajectory, Y72 rep € [0,1].

For the deviation and switching functions IT} , U}, as described in Example 1.2, the instance .# =
(M, 11, 0,{1II} }1, {Us } ) captures the problem of computing Markov Nash equilibrium in an un-
known linear mixture Markov game, and for IT} , Uy, as described in Example G.1 corresponding to the
notions of Markov CCE or Markov CE, respectively, the instance .# = (M, II, O, {11} }x, {Ux }«)
captures the problem of computing Markov CCE or Markov CE, respectively, in an unknown linear
mixture Markov game.

<

G.3. Computing bounds on the DEC and minimax risk of multi-agent instances

In this section, we apply our results from Appendices D to F to (a) give bounds on the DEC of various
MA-DMSO instances, and (b) use these bounds on the DEC to derive bounds on the minimax risk
for learning equilibria in multi-agent interactive decision making.

G.3.1. NORMAL-FORM GAMES WITH FINITE ACTION SPACES

We begin with perhaps the simplest example: finite-action normal-form games with bandit feedback.
We consider Nash, CE, and CCE instances, as described in Example 1.1. Let us fix K € N along
with action sets Aj, ..., Ax for each of the K players, with joint action set A := A; X --- x Ag.

15. The values of ¢x (Sp+1|sk, a) will not matter, so we may take Sz1 to be, e.g., the set consisting of single state.
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We write A, := | A| for k € [K]. Let 4™, 4", 2 °°" denote the NE, CE, and CCE instances,
respectively, constructed in Example 1.1. In this section, we bound the DEC of these instances; we
begin with an upper bound on the offset DEC, which immediately yields an upper bound on the
constrained DEC via Proposition E.1.

Proposition G.1. For any v > 0, the instances MN", M F, M °°F defined above satisfy

o o o K- Zf:l Ak:
r-dec? (.4 ") < r-dec’ (A *) < r-dec) (AF) < =

Proof of Proposition G.1. Note that the instances .#Z ™, .# ", # ““® share the same observation
space O, i.e., they have pure observation space O, = A and reward space R = [0, 1].'¢ Thus, let
us write /™" = (M, IIN?, O, {(H;g)NE}lw {Ullg\IE}k’)v M = (M,IIF, 0, {(H;c)CE}k’? {UkCE}k)v
and 7" = (M, II%, O, {(I1}) " }i, {US" }i). To distinguish between the three different
settings, we augment the functions f*(-) and h* (-) with the superscripts NE/CE/CCE. For example,
for the instance .#Z ™%, we have, for M € M, w € TIV®,

K
PN = Bl and RN =0 ma O ) — S )
k=1"k"0k

The functions h*°® : TI°® — R and A" : TI°°® — R are defined analogously.

It holds that TT°® = T1°“F; furthermore, for any M € M and 7 € I1°® = T1°“®, we have that
hMCCE(r) < RMCE(m). It immediately follows that r-decS (.# %) < r-dec’ (.#“"). Next, note
that II""® C II°®, and for any = € II"*® and M € M, we have that h*"*(7) = h™“®(7). Hence,
for M € co(M),

r-dec(# ", M) = inf  sup Erw, [AM~¥(x) —~ - D& (M(x), M(x
ALY = it sup By (W) = - DR (M(m). M(m)]
> inf  sup Epe, [RMCE(n) — - D3 (M(n), M(n))] = r-dec(.# %, M).
> int sup By [1%(x) = - DR (M (), M(m)] = rdec (4%, 1)
This establishes that
r-dec (.4 ") < r-decs (A ") < r-decS (A"F).

It remains to upper bound r-decS (.Z"%). For k € [K], we write Il := A(Ag) and [Ty, :=

[ 14 25 k. For each k € [K], define the model class M, C (I = A(R x O,)) asin Eq. (11);in
particular:

My = {mi = Mlg(mi,mg) + 7k €14, M € M}
Next define the model class M) C (A — A(R x {L})) by

e =1{M : M(ax) € A(R x {L}) Vay € A},

16. Technically, the model class for the instance .#™" only acts on product distributions in TI"® = A(A1) X - - - x A(Ak),
as opposed to I1°°F = 19" = A(A) D IT"®; we will formally interpret the domain of M for the instance .Z ™" as
IT™" to avoid cluttering notation.
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i.e., M (ay) is allowed to be an arbitrary distribution over R x { L} for each ay. Proposition 5.2 of
Foster et al. (2021) shows that r-decS, (M) < A’“ . Next, fix M € co(M,), and let M’ € co(M;,) be

the unique model so that the reward r ~ M’ (ak) is distributed identically to the reward r ~ M (ay,)
for all a;, € Aj,. Then we have

r—dec?y(ﬂk, M)

:peiAn(%k) el Erp~p [ mﬁfﬁ FNE (g k) — FEN (g, mog) — v - DR (M (g, o), M(Wk))]
yT—k —k
<pelAn(f4k) Mefvlsup ern_ Fans [ meajt(k P ey mi) = £ (s mo) =y Dj (M(ak, T_k), M(ak))]
Tk k aj,

max f"(aj,) — [ (ar) — v - D{ (M (ar), M'(ay)) | = r-decs (M, M),

ap €Ay

< inf sup Eq,~p
PEA(AR) M eM, g

where the first inequality follows since A, C II; (by identifying each action a; € Ay with its
indicator distribution I,, € IIj), and the second inequality follows since for any M € M, 7_;, €
II_, there is a model M’ & /\/l;g so that for all a;, € A, the distribution of the reward r ~
M (ay, m_g) is identical to the distribution of r ~ M’ (ay). Note that in the display above we have
associated actions aj, € A, with their singleton distribution I, € IIj, per our convention. It follows
that r-decg(ﬂk) < r-decS (M) for all v > 0. Finally, by Theorem E.1 applied to the instance
MNE, we have that

K K-SK 4
r-dec’, (A#™F) < E r-decy /. ( (My) < E r-dec’ g (M) < %k
k=1 k=1

Note that our application of Theorem E.1 is valid since Assumption E.1 is satisfied by the definition
of .#" in Example 1.1 (in particular, our assumption that M (I,) € A(RX) x {I.}, i.e., that M
reveals a, satisfies the second point of Assumption E.1). |

Using Proposition G.1, we now bound the minimax rates for the instances .#~®, .4 ", .4 °°".
To simplify matters slightly, we consider slightly simplified special cases of these instances in which
the model class is constrained to models which output rewards according to the Bernoulli distribution
(i.e., the rewards are {0, 1}—Valued).17 Furthermore, we assume for simplicity that A > 2 for all k.
We denote the corresponding MA-DMSO instances with Bernoulli rewards by .Z)", 4§", #4§°".

First, we bound the minimax rate for . ":

Proposition G.2. There is an algorithm for the instance .#;'" which guarantees that with probability
at least 1 — 6, Risk(T) < /(maxy Ay) - A-T—1 - polylog(T, A,671), where A = A1 Ay - - - Ak.

It is evident that the same upper bound on risk for .#{'* in Proposition G.2 applies to .Z;", 4§ °"
since for any decision 7 € II"* C II°® = II°°", we have " °°F(7) < AMOE(T) < hM NE( )
(recall the definition of h*NE pM-CE BM.CCE in the proof of Proposition G.1).

17. This restriction of the model class is essentially without loss of generality: given any model class with general
reward distributions in [0, 1], we can simulate samples from a model class with the same value functions f;"(-) and
Bernoulli reward distributions by, upon receiving rewards (71, ...,7x) ~ M (), replacing each 7 with a sample

/
r, ~ Ber(ry).
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Proof of Proposition G.2. The combination of Proposition G.1 and Proposition E.1 yields that

dec.(Ay") <e-24/K - Zszl Ay. Since, |O| < 25 A (as rewards are assumed to be Bernoulli),
the class M satisfies Assumption J.2 with B = 2% A, and therefore Proposition J.1 gives that
Esty(T,0) = O(est(M, T) +log6~1) - K2 - log?(maxy, Ay). Finally, by discretizing the reward
means into multiples of £2, we see that AN'(M, e) < (1/2)4K, which implies that est(M,T) <
O(AK -log(T)). Therefore, Theorem J.1 combined with Theorem C.1 gives that there is an algorithm
with

Esty (T Ay A
Risk(T) < VK(A; + - + Ag) - \/W - polylog(T, 1/5) < ,/max% . polylog(T', 1/5, A).
n

Note that the upper bound of Proposition G.2 suffers from the curse of multiple agents: the number
of joint action profiles A is exponential in the number of agents K. It is a well-known result that such
exponential dependence on K is necessary for learning (e.g., Rubinstein (2016); see Proposition F.1),
while it is not necessary for learning (coarse) correlated equilibria. We next show that our results in
Appendix F allow us to recover this improved (polynomial) bound for (coarse) correlated equilibria:

Proposition G.3. Fix any T € N, ¢ € (0,1). There is an algorithm for the instance .#§* which
produces T € TICY such that with probability at least 1 — 6,

[ K* A?
Risk(T) < % - polylog (K, max Ak,é_l) .

Furthermore, there is an algorithm for the instance A§°" which produces @ € I1°°F such that with

probability at least 1 — 6,

[K3 A
Risk(T) < Z:jkflk - polylog <K, max Ak, 5_1) .

Proof of Proposition G.3. The statement of the proposition is an immediate consequence of
Theorem F.1. For the instance .#;“", we have that r-dec (co(.#; ")) < r-dec(co(.#“)) =

K
r-decS (A “F) < %, where we have used that the model class M is convex and Proposi-

tion G.1. Therefore, Theorem F.1 gives that there is an algorithm achieving

K
Risk(T) <0 (K i {KEA g (K meme })

v>0 Y T
K35 A
< szflk - polylog <K, m]?xAk,é_1> .

Next, for the instance .#§", the same upper bound on the DEC of co(.#™) holds, but the deviation
sets are larger: we have maxy, |II} | = max;, |A,?’“ |, and so Theorem F.1 gives

K K A A
RiSk( ) <0 ( - inf {Zklk 2l o (Hmkk> })
v>0 v T g 5

| K4 A2
< % - polylog <K, mkaxAk,é_1> .
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Lower bounds. Next we discuss lower bounds for the instances .Z; ", 45", 4" 1t is straight-
forward to see that each of them embeds an instance of single-player maxy, Ai-armed bandits, by
restricting the model class M to models for which the reward distribution depends only on the action
taken by any single player k. It then follows from the proof of Proposition 5.3 of Foster et al. (2021)
that dec. (.#Z'") > dec.(45") > dec.(A5°") > Q(ey/maxy, Ay) for € > 0; in fact, these lower
bounds are obtained by subclasses of M which have C'(T") = log(T A V(M)) = O(1). Therefore,
Theorem D.2 (with (T") = Civn}?w, for sufficiently small ¢ > 0) together with Theorem C.1
gives that for any of the instances .Z°", ", /", and any algorithm, there is a model for which
E[Risk(T)] > Q(maxy Ar/(KT)) under any of these three instances.

For the instance .5 °F, in the learnable regime 7' > maxy, Ay, this lower bound is off from
the upper bound of Proposition G.3 by a factor of \/T'/ maxy, A, - poly (K, maxy log Ay, logT');
for .#§®, the gap increases to /T'/ maxy, Ay - maxy /Ay, - poly(K, maxy log Ay, logT), and for
)", the gap increases further to y/7/ maxy, Ay - v/ A - polylog(T, A). In all these cases, the factor
of /T in the gap is due to the impossibility results discussed in Appendix D.2.2, and the remaining
terms are due to model estimation error appearing in the upper bound but not the lower bound. In
particular (up to a O(K) factor), there is no gap in the upper and lower bounds we have computed
on the MA-DEC for these instances.

G.3.2. NORMAL-FORM GAMES WITH LINEAR PAYOFFS

In this section we bound the DEC and minimax regret for the linearly structured normal-form game
instances defined in Example G.2. In particular, fix action sets Aj;, C R% for each k € [K], as well
as convex sets O1,...,0x C R? (withd = d; ---dg) so that [{(a; @ - ® ag, ;)| < 1 for all
(a1,...,ar5) € Ay X -+ X Ak, k € [K], O € O. Let 4N, ", .#““F denote the NE, CE,
and CCE instances constructed given the sets A, O as in Example G.2. The below proposition
bounds the (regret) offset DEC of these instances:

Proposition G.4. For any v > 0, the instances MN", M F, M °°F defined above satisfy

< K- 25:1 dk.

B 8

Proof of Proposition G.4. The proof is essentially identical to that of Proposition G.1, except that
each induced model class M}, can be viewed as a single-agent linear bandit problem in d dimensions,
allowing us to use Proposition 6.1 of Foster et al. (2021) to bound the DEC for (single-player) linear
bandits. |
Using Proposition G.4, we now bound the minimax rates for the instances .#Z~", .# ", .#“°". As
in the previous subsection, to simplify matters, we restrict the instances so that the model class
is constrained to models which output (random) rewards that take values in {—1, 1} (recall that,
for the linear bandit instances defined in Example G.2, f)'(a) € [-1,1] forall M € M,a € A).
Furthermore, we assume that for each k, d > 2 and all 8 € Oy satisfy ||0g|l2 < D and all
ap € Ay satisfy ||ax||2 < D for some D > 0. It follows that |ja; ® --- ® ax|l2 < DX for all
ay € Ay, ...,a; € Ayg; our bounds depend only logarithmically on D. We denote the corresponding
MA-DMSO instances with {—1, 1}-valued rewards by .#)"", .#§", .#§°". First, we bound the
minimax rate for .Z;":

r-decs (.2 °°F) < r-decS (.4 ") < r-decS (M)
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Proposition G.5. Forany T € N, ¢ € (0, 1), there is an algorithm for the instance 4" which guar-
antees that with probability at least 1 — 6, Risk(T) < /(maxy dy) - d - T~ - polylog(T, d, 5~ 1),
where d = didy - - - d.

Proof of Proposition G.5. Analogous to our notation for finite-action normal-form games, let
us write Z)" = (M, IV, O, {(I1})"*} %, {Uy" }x). The combination of Proposition G.1 and

Proposition E.1 yields that dec. (.Z)®) < 2¢ - \/K - Y& dy. For any 7 € TI"® C A(A), the
distribution on O = RX x O, = RX x A defined by v(-|7) := Unif({—1,1}¥) x r verifies that
M satisfies Assumption J.2 with B = 2X, and therefore Proposition J.1 gives that Esty (7T, 9) =
O(est(M,T)+1ogd~1)- K2. Finally, note that a product of €2/ DX -covers of Oy, for k € [K], with
respect to the Euclidean norm yields a e-model class cover of M in the sense of Definition J.1. Since
each Oy, has a €2/ D" -cover of size O(D®*1/£2)4, it follows that N (M, e) < (DE+1/g2)Kd,
which implies that est(M,T) < O(K?2d - log(TD)). Therefore, Theorem J.1 combined with
Theorem C.1 gives that there is an algorithm with

Risk(T) < /K (di + - + dg) - \/EStHT(T"S) - polylog(T, 1/6) < 1/ %‘l’“d - polylog(T, 1/5, d).

|
As in the case of finite-action normal-form games, the upper bound in Proposition G.5 (which
also applies to the instances .Z§", Z5°") suffers from the curse of multiple agents. For the
instance . °", we obtain improved bounds with minimax risk scaling only polynomially with K
by appealing to our results in Appendix F.

Proposition G.6. Forany T € N,§ € (0, 1), there is an algorithm for the instance 5" which
guarantees that with probability at least 1 — 9,

Risk(T) < \/ W log(K DT/5).

One might wonder whether a similar bound can be established for the instance .Z;". According
to our definition of .#{"® (which is a CE instance per Definition G.1) we have |IT} | = |.Ay|“! for
each k, meaning that the upper bound of Theorem F.1 would yield a risk bound with polynomial
dependence on | Ag|, which is unacceptable in the linear bandit setting since Ay, is often taken to be
exponentially large or infinite. Even if we were to attempt to use Corollary F.1 to decrease the size

of the deviation sets, the only choice of deviation set that works generically is ﬁ; = f]%’“ which
has logarithm scaling exponentially in the dimension dj. A more promising avenue is to consider
notions of equilibria between CCE and CE (sometimes known as $-equilibria), as in, e.g., Gordon
et al. (2008); Anagnostides et al. (2022); Mansour et al. (2022); we leave this direction for future
work.

Proof of Proposition G.6. The proposition follows as a consequence of Corollary F.1. Paralleling
our notation for normal-form games, let us write .Z;°" = (M, II1°°%, O, {(II},)°“* } 1., {UZ® }1).
Letuswritt 41 @ - @ A ={a1 ® - ®ag : a1 € Ay,...,ax € Ax}. Foreach k € [K],
there is an /(K D¥)-cover with respect to the £2-norm of Ay, of size at most O(KDKJFi/a)dk.
Let us denote such a cover by Ay C Ayg. Let us write A = Ay x --- x Ag, I19" = A(A), and
(IT,)°°® := Ay U {L} for each k € [K]. Consider any model M € M. Note that, for any k € [K],
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and ay, € Ay, there is some @), € .Zk so that for all @ € A,

|2 (U (ak, @) — fit (Uk(ag, )| =1 ® -+ Qap @+ Q@ag,0) — (01 @ @, @ - ® ak, 0|
<1042 - DXL @y — @)z < /K,

which in particular implies that the instance %’CE = (M, II°°F, O, {(ﬁ%)CCE}k, {UF" ) is a
e-decision space cover for .#°“® (per Definition F.1). It therefore follows that estry(.Z§°", T) <
K -maxy{dy }-log(K DT'). We have r-decS (co(.#;*)) < r-dec(co(.# ")) = r-decS, (.4 ") <

K
w by Proposition G.4 and convexity of the class M, which follows since the sets Oy, are
convex. By Corollary F.1, we have that there is an algorithm with

K-SEK a4, ~
Risk(T) <O(K) - inf { —=k=L"F & . K . max{dy} - log(KDT/6)
>0 vy T k

g\/ W log(K DT/$).

Lower bounds. We now derive lower bounds for the instances .Z°", ", #;" under the
assumption that Ay, ©, contain the unit #5 ball in their respective spaces.'® It follows from the
proof of Proposition 6.2 of Foster et al. (2021) that dec. (.#;") > dec.(.#y") > dec.(.#5°") >
Q(ev/maxy, di) for € > 0, using the fact that each of these instances embeds an instance of single-
player linear bandits in dimension maxy, d;. Therefore, Theorem D.2 (with £(7') = 67”??;’“%,
for sufficiently small ¢ > 0) together with Theorem C.1 gives that for any of the instances
MG, MST, AT, and any algorithm, there is a model for which E[Risk(T)] > Q(maxy, d/(KT))
under any of these three instances. Similar considerations apply to the gaps between the upper and
lower bounds as discussed in Appendix G.3.1.

G.3.3. CONCAVE (BANDIT) GAMES

We now bound the DEC and minimax regret for the normal-form games wth concave rewards given
in Example G.3. Fix sets Aj;, C R% and the class F C (A — RX) as described in Example G.3. We
assume that ||al|2 < D foralla € A, for some D > 0.; our bounds depend only logarithmically on D.
Let #/™* = (M,IIN®, O, {(TI1},)"" }&, {U;" }) denote the NE instance constructed in Example G.3,
and let 7" = (M, II°°%, O, {(I1}) "}, {US°" }i.) denote the CCE instance constructed in
Example G.3.!"” The below proposition bounds the (regret) offset DEC of these instances:

Proposition G.7. For any v > 0, the instances M~", 4 " defined above satisfy

K-8 dt
r-dec (.4 ") < r-dec (A"F) < 27’“:1’“ - polylog <m1?X{dk}’ D,7> .

18. Analogous lower bounds can be obtained under alternative action and parameter sets; for instance, if A% each contains
the /; ball and O, each contains the /. ball, then we can embed the normal-form game setting from the previous
subsection.

19. As we have done previously, we use the model class M for both instances .#™~", .4 ““®, where it is understood that
models have domain appropriate for each instance.
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Proof of Proposition G.7. The fact that r-dec (.# ““*) < r-decS (.#"") follows from the fact that
ITN® may be identified as a subset of TI°“F (namely, ITN" consists of singleton distributions in TT““F),
in a similar manner to the proof of Proposition G.1. To prove the second upper bound, we will use
Theorem E.1 applied to the instance .#™*, which gives that r-decS (.Z™") < Zszl r-dec? (M),

for ka defined as in (11). In turn, to bound the DEC of ka we define the model class MZ C
(A = AR x {L}),by M} = {M : f(-)isconcave}. Since, for any k € [K], M € MNE,
a_j € A_g, there is a model M, € M. so that, for all aj, € Ay, the distribution of r ~ M/ (ay,)
is the same as the distribution of 7, ~ M (ay, a_y), it holds that r-decz/K(//\/lvk) < r-decg/K(Mk).
Finally, Proposition 6.3 of Foster et al. (2021) (which is a restatement of Theorem 3 of Lattimore

4
(2020)) gives that, for all ' > 0, r-dec?, (M) < %’“ - polylog(dy, diam(.Ay), ), which yields that
K g
r-decs (A7) < % - polylog (maxg{d}, D, 7). [ |

We now turn our attention to bounding the minimax risk. The model classes M~ MCCE for
our concave game instances are extremeley large: any cover of M™® or M““® in the sense of
Definition J.1 must have logarithm exponential in the dimensions dj, so the model-based guarantee
from Theorem J.1 is not particularly interesting, even in the case where K is small. Therefore, we
turn directly to the policy-based guarantees given in Appendix F, and will prove a minimax risk
upper bound for the instance .# ““E. It turns out that such an upper bound will immediately imply
upper bounds for the instance .#Z ™", under the following assumption, specializing Even-Dar et al.
(2009).

Assumption G.1 (Zero-sum socially concave). We say that a model class M is zero-sum socially
concave if for all M € M, k € [K] and aj, € Ay, the mapping A_j, 3 a_, — f}(ar,a_y) isa
convex function and for all a € A, Zszl [ (a) =0.

In the special case that the model M is a two-player zero-sum concave game (i.e., fi + f3' = 0),
zero-sum social concavity necessarily holds.

Proposition G.8. Then for any T € N,0 € (0,1), there is an algorithm for the instance .# “"®
which guarantees that with probability at least 1 — 0,

K?% - max{d}°}
VT

Suppose further that the model class M is zero-sum socially concave (i.e., it satisfies Assumption
G.1). Then there is an algorithm for the instance .#~* which guarantes the same upper bound on
risk in Eq. (14) with probability at least 1 — 0.

Risk(T) <

- polylog <D, T,~, mgx{dk}, K, 1/5) . (14)

Proof of Proposition G.8. For each k € [K], there is an e-cover with respect to the /o-norm of Ay,
of size at most O(D/e)dk;Let us denote such a cover by Ay C Ag. Write A := A; X -+ x Ag.
Let II°“" := A(A), and (IT,)°°F == Ay, U{L}. Note that, forany M € M, k € [K], and a), € Ay,
there is some @}, € Ay, so that forall a € A,

&' (Uk(ar, @) — fi' (Un(@, @) = [fi" (ar, a-r) — fi' (@, a-k)| < llax — @2 <e,

where the first inequality uses 1-Lipschitzness of f,(-). Hence, the CCE instance MOCE =
(M, TI°°F, O, {(I1},)°“® }, {UZ°F }1) is an e-decision space cover for .# “°" (per Definition F.1).
It follows that estyy (#°“®, T') < maxy{dy} - log(DT).
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Next, we have r-dec’ (co(.# %)) = r-decS, (.#“") < i Z’“ 14 k. polylog(maxy{di}, D, )
by Proposition G.7 and convexity of the class ./\/l (which follows since the convex combination of
concave and 1-Lipschitz functions is concave and 1-Lipschitz). By Corollary F.1, for any 7' € N and
d > 0, there is an algorithm which outputs 7T € TI°°" so that with probability at least 1 — ¢,

v>0 vy T
< K?% - maxy{d3°}
- VT

Next we prove the upper bound for .Z™~®. As we have done previously in this section, for 7 € I1°°F
and M € M, we write h™ °°F(T) to denote the suboptimality of 7 with respect to the instance
A C°F, and for T € IIVF, we write h"N¥(7) to denote the suboptimality of 7 with respect to the
instance .Z"". Given 7 € I1°°F, define a := E,z[a] € A. Foreach k € [K] and M € M, we
have that

K-8 a4
Risk(T) <K - inf { —=k=1"k | 'ml?x{dk} - polylog (D,T,fy,ml?x{dk},K, 1/5>

- polylog (D,T,fy,m]?x{dk},K, 1/5) .

RMNE(a Z max fp'(a),a_x) — fr' (@)

al G.Ak
K
<3 max Boy [ (dhas)] - F'(@)
e 1ak€¢4k
K
= max E, k~7r[fk (ak’a k‘)] awﬁ[fliw(a)] = hM’CCE(%)’
P 1ak€Ak

where the first inequality follows from social concavity and the second equality follows from the fact
that S0, f(@) = 0 = S, Eqz[f2(a)]. Thus, given a decision 7 output by our algorithm for
the instance .# °“", we may simply output @ = E, =[a], which yields the same upper bound on risk.
|

Lower bounds. Assume that A = A4; x --- X Ag contains the unit £5-ball. Then the instances
A CF A" each embed a single-player linear bandit instance with dimension maxy, dy, (namely,
by taking the subclass of F to consist of linear functions in a; only), and so the lower bounds from
Appendix G.3.2 give dec.(.#~") > dec.(.#“°F) > Q(ev/maxy di) and a minimax risk lower
bound of Q(maxy, di,/(KT)). In this setting, even the DEC lower bound (in the single-agent setting)
is off from the upper bound implied by Proposition G.7 and Proposition E.1 (Foster et al., 2021).

G.3.4. TABULAR MARKOV GAMES

We next give bounds on minimax risk for the instances corresponding to Markov Nash equilibria,
Markov CE, and Markov CCE in tabular Markov games, as described in Example G.4. Given H € N,
state spaces Sy, each of size S, action spaces Ay, of size A, := Ay, and an initial distribution d' €
A(81)’ let.Z™" = (M7 ™=, O, {(H%)NE}lﬁ {UIIC\IE}k)’ M = (M7 1", 0, {(H%)CE}ka {UISE}k)’
and #Z " = (M, 11", O, {(T1},)°“® }, {UZ°" }1) be the MA-DMSO instances corresponding to
Markov Nash equilibria, Markov CE, and Markov CCE as defined in Example G.4. Technically, the
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model class M for .#™F acts on policies in IIN®, whereas the model class M for .#“® and .# ““®
acts on policies in I1°F = T1°“F =£ TIVF; we will write the model class for each instance as M and
formally interpret its domain as the appropriate decision space, to avoid cluttering notation.

In Proposition G.9 below, we begin with an upper bound on their offset DEC, which immediately
yields an upper bound on the constrained DEC via Proposition E.1.

Proposition G.9. Forany vy > 0, and any M € M, the instances M N", # ", .# °°F defined above
satisfy
27K H3log(H)S Y1, Ay

r-decS (.4, M) < r-decS (./#*, M) < r-decS (A", M) < S

Proof of Proposition G.9. As in the proof of Proposition G.1, we augment the functions f"(-) and
h™ () with the superscripts NE/CE/CCE to distinguish between the value functions for models in the
three different instances. For example, for the instance .Z~%, we have, for M € M, 7 € TINE,

H K

]i\/I,NE(ﬂ_) — ]EM,W Zrk,h , hM,NE(ﬂ_) — max fliu,NE(UlgrE(W;wW)) _ ]iM,NE(ﬂ_).
h=1 jm1 mRER)NE

The functions A™-“® : TI°® — R and h*-°°F : TI°°® — R are defined similarly.

We have T1°¥ = TI°“F; furthermore, for any M € M and 7 € II°® = II°“F, we have
that B C“®(7) < hMCF(r). Thus r-decd(.# ", M) < r-dec)(.#°", M). Next, note that we
may identify IT"F as a subset of II°" as follows: for 7 = (71,...,7x) € II"E, we associate it
to the joint Markov policy 7 = (71,...,7g) € II°" where 7 (sp,) is the product distribution
Th(sy) == mp(sp) X -+ X wg p(sp). Itis straightforward to see that, for such 7 and any model
M € M, the distributions of M (7) and M (7) are identical. Accordingly, with slight abuse of
notation, for 7 € TIN®, we denote its corresponding policy in II°® as 7 as well. Thus we have
hMNE (1) = hM-CE(7), and for any M € M, we have
r-dec?, (./™", M) = Ai?éNE) sup Ernyp [RMNP (1) — v - D (M (7), M ()]

- peAi?1£CE) J\/Sflelﬁxl Erwp [h* () — 7 - DR (M (7), M(m))] = r-dect (.27, M).
It remains to upper bound r-dect, (.#/ ™). For k € [K], let 11, be the class of randomized Markov
policies of player k (so that IIN® = II; x --- x IIx). For each k € [K], define the model class
My, € (T, = A(R x O,)) as in (11):

My, = {m = My(mp, m_g) : m_p € Ly, M € M}.

Define M, to be the model class consisting of all horizon-H Markov decision processes with action
set A and state spaces Sy, . .., Sy, and so that the sum of rewards under any trajectory that occurs
with positive probability is bounded in [0, 1]. Formally, the pure observation space of M is the
space O, of trajectories {(sp, a n, Tk,h) Yhe[H)» With s, € Sp, agp € Ak, Tkn € R, its reward space
is R = [0, 1], and its decision space is IT. Thus M) C (Il — A(R x OY)). Proposition 5.4 of
Foster et al. (2021) shows that for all M € M],, r-decS (M), M) < 26%.

~ Next, fix M € M. By definition of M, we can find M € M and 7_;, € II_; so that
M (7)) = M|y (g, ©_y) forall my, € T, Let M’ € M, be the unique model so that for all 7, € IIj,
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the marginal distribution of {(sp, @k h,7k,n) } ne(m) for a trajectory drawn from M (7y) is identical to
the distribution of the pure observation drawn from M’ (7). Such a model exists, since for each state
sy, € Sy, and action ay, j, € Ay, the transition distribution P,iﬁ/(-|sh, ag,n) € A(Sp41) is defined as
By p~iis n(sn) v 2k [P (|sh, (agn, a—k,p))] and the reward distribution RZ;L(S;L, aip) € A(R) is
defined as By, 7, , (s1) v/l R (S, (@g,ns a—g,p))]. We now compute

r-decg(ﬁ/lvk, M) (15)
=t S Ew[r,ngg WNE () = SoN () = - DR (Mg o), M ()
T—k —k T k

< inf sup E
peAIly) MreM;,

= r-dec (M}, M'),

T~P

max i () = i () — - DR (M (), M'w))]

where the inequality follows since, via the same argument used to construct M’, for any M €
M, m_). € II_y, there is some M’ € M;C so that for any m;, € II, the marginal distribution of
{(8hs @,hs Tk,n) Y ne[m) for a trajectory drawn from M (., w_y) is the same as the distribution of a
trajectory drawn from M’ (7). In addition, we have applied the data processing inequality for the

Hellinger distance to conclude that D (M (my, 7_), M (m;)) is an upper bound for the squared
Hellinger distance between the marginal distributions of {(sp, ax,n, 7k,n) } nem) under M (mg, 7_)

and M (7). Finally, by Theorem E.2 applied to the instance .#Z ", we have that

K
. CKHlogH o
sup r-decy (", M) <=5 43" sup r-decS s pr10g iy (Mies M)
Mem v k—1 MyeM,
_CKHlog H K

_sup  1-decSc pr1og 1) (M M)
i k=1 M eM;,

K
SCKHlogH —i—ZQGHQSAk- CKHlogH

v k=1
_2TKH? log(H)S S A
< S :

|
Using Proposition G.9, we now bound the minimax rates for the instances .#Z~", .#°" | .#“°". To
simplify matters, we assume that reward distributions are known. Formally, we fix some functions
R, Spx A— A(R) (for k € [K], h € [H]) and restrict the model class M to models M € M
for which Ry} (sp,a) = Ry} (s, a) € A([0,1/H]) for all M € M. We also assume that Ay, > 2
for all k. With the functions R} ,, fixed, let us denote the resulting instances by .#®, 4", A4§". %

20. Essentially the same argument in Proposition G.10 allows us to upper bound the minimax risk for the original instances
MNE 8, 2 C°F, for which rewards are not known, but doing so requires a renormalization argument (and the
loss of a factor of H) to ensure rewards are always bounded in [0, 1], which we omit for brevity.
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Proposition G.10. There is an algorithm for each of the instances A", A", M5 " which guar-
antees that with probability at least 1 — 6, Risk(T) < 4/ %W -polylog(T,6~ %, A, S, H).

Proof of Proposition G.10. Note that it suffices to bound the minimax risk for the instance
A, since for any 7 € TINP C TI9" = II°“®, we have that b C“F(7) < hMOB(7) < hMNE(T).
(Recall the definition of h*-CCF pM-CE pM-NE in the proof of Proposition G.9.) The combination of
Proposition G.9 and Proposition E.1 yields that, for any M € M,

K
dec ()", M) < O e- | KH3log(H)S > Ay
k=1

Because of the constraint that M € M in the DEC upper bound, we need a proper estimation
algorithm, i.e., one with M=M (in the context of Assumption J.1). To do so, we use the approach
of layer-wise estimators from Foster et al. (2021). Note that the model class M has the product
structure M = My X - - - x M, where each My, is the set of transition kernels Sy, x A — A(Sp41),
which is a convex set, thus satisfying Assumption 7.2 of Foster et al. (2021). Furthermore, by gridding
the transition densities into multiples of £2, we have that N'(M, €) < (1/£2)5*4, and therefore, by
Proposition 7.1 and Lemma A.16 of Foster et al. (2021), there is an estimation algorithm Algg,,
with M = M and which has estimation error Esty(7,6) < O(S?AH) - polylog(S, H,6~1,T).
Therefore, Theorem J.1 combined with Theorem C.1 gives that there is an algorithm with

EStH (T, 5)

K
Risk(T) <, | KH3log(H)S Y Ay - ——— +polylog(T, 1/5)
k=1

_ \/ maxy, Ay, - AS3HA

7 -polylog(T, 671, A, S, H).

Lower bounds. It is straightforward to see that for any k, each of the instances .#ZN%, .# °®, .4 “°*
embeds an instance corresponding the class of single-player MDPs on state spaces Sy, action space
Ap, and horizon H: in particular, take the subclass of M whose transitions and rewards only
depend on player k’s action at each step. Then it follows from the proof of Proposition 5.8 of Foster
etal. (2021) that dec. (.#Z ") > dec.(#“*) > dec.(.#“°") > Q(e\/SH - maxy, Ay,). Therefore,
Theorem D.2 (with g(T') = Ciw for sufficiently small ¢ > 0) together with Theorem C.1
gives that for any of the instances .# ““®, .# °F, .#™*, and any algorithm, there is a model for which

E[Risk(T)] > Q(SH - maxy, A,/ (KT)).

G.3.5. A SEPARATION BETWEEN MULTI-AGENT DEC AND SINGLE-AGENT DEC

In the previous subsections, we bounded the multi-agent DEC, and thereby the minimax risk (via an
application of Theorem J.1 and Theorem C.1), for several bandit problems. In all cases, our upper
bound on the multi-agent DEC (for CCE, CE, and Nash instances) followed via an application of
Theorem E.1 to upper bound the multi-agent DEC by the single-agent DEC of the model classes My,
defined in Eq. (11). The next (straightforward) proposition shows that this approach is not tight in
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general, indicating that the multi-agent DEC represents a fundamental complexity measure that is
distinct from existing ones.

Proposition G.11. For any K, A € N, there is a K-player MA-DMSO NE instance M =
(M,H,g,{ﬂ;}k,{Uk}k) so that r-dec(.#) = 0 but r-decS(My) > Q(A/y) for all v > 0,
where M, are defined as in (11).

Proof of Proposition G.11. Fix K, A € N, and set 1T, = {0,1,..., A} foreach k. Let R := [—1, 1]
and O, := A. Define F C (I — RX) to be the class of all tuples (f1,..., fx) with fj, : ITT — RE
with the property that for all 7w € II, if there is any & so that m;, = 0, then fj/(7) = 0 for all ¥’ € [K].

Set M := M x, and define II} , U}, as in Definition 1.1.
Define mg = (0,...,0). Since A" (m) = 0 for all M € M, it follows that r-decS(.#) = 0.

On the other hand, it is straightforward to see that each class M , embeds a standard multi-armed
bandit instance with A arms, meaning that by Proposition 5.3 of Foster et al. (2021), we have that
r-decs, (My) > Q(A/~) for all v > 0. [

Part I11
Proofs

Appendix H. Technical tools
H.1. Information theory
In this section we collect several technical lemmas which are used in our proofs.

Lemma H.1. Let (X, Z"), (Z,.#) be measure spaces. Suppose that for each i € I, there are
distributions P;, P} € A(X), and Q) € A(T). Suppose further that there is a measurable function
¢ X = T so that, for each i € I, Pyp,(p(x) = i) = Ppop/(p(x) = i) = 1. Then for any
f-divergence D(- | -), it holds that

D(Ei~g[P] || Eing[P]]) = Eing[D (P || F)]-

Proof of Lemma H.1. That D(E;q[Pi] || Ei~q[P!]) < Ei~q[D(P; || P)] follows from convexity
of D(- || ). To establish the opposite direction, our assumption on the function ¢ together with the
data processing inequality yields

D(Eiwq[P] || EinglP]]) =D (Eig[li x P] || Einglls x P/]) = Einq[D(P; || F)],

where the final inequality follows from, e.g., Polyanskiy and Wu (2014). |

Lemma H.2 (e.g., Polyanskiy and Wu (2014)). Let (X, Z") and (), %) be measure spaces, and
let X x Y be equipped with the product sigma-algebra 2" @ %. Let (xz,y) be a pair of random
variables on X x ), distributed according to some distribution P, . For any f-divergence D(- || -),
it holds that

Eonp, [D(Pyls || Py)] = Eyep, [D(Puy | P2)] -
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Lemma H.3 (Lemma B.5 of Foster et al. (2022b)). Let P, Q be probability distributions on a measure
space (X, Z"). Forany o> 1, let Go :=={g: X = R : ||g]lcc < a}. Then

1
5DA(P,Q) < sup {1 Ep[e’] - Egle ]} +4de~.
gega

Lemma H.4 (e.g., Foster et al. (2022b)). Consider measure spaces (X, Z"), (¥, %), and let (x,y)
be a pair of random variables distributed according to some distribution Py, on (X x Y, 2" @ ¥).
Then

Bont. [DA(Byor)] < 4- inf Bovs, [DR(Pyn Q)]

Proof of Lemma H.4. Consider any Q € A()). Using the fact that the Hellinger distance satisfies
the triangle inequality, we have

Ezw]P’z [Da (Py\mPy)] SEI"’Pz [2 ’ Da (Py|xa Q) +2- DE' (Q’ Py)]
<2 Eonp, [Dfi(Pyje, Q)] + 2 DA(Q, Eonr, [Py2])
<4-Ez-p, [Dﬁ (Pylm’@)] ’

where the final inequality follows from convexity of the squared Hellinger distance. |

Lemma H.5 (Donsker-Varadhan; see Polyanskiy and Wu (2014)). Let (X, Z") be a measure space,
and let P, Q be probability measures on (X, Z"). Then

D (P|Q) = sup {Ex~p[h(X)] —log Ex~glexp(h(X))]},
h:X R
where the supremum is over all (measurable) functions h : X — R satisfying Ex glexp(h(X))] <
0.

Lemma H.6. Let P, Q be probability measures on some probability space (2, ). Consider some
event £ € .F sothat P(E) > 1 — 6, for some 6 € (0,1). Suppose also that for all events F € F, we
have P(ENF) = Q(ENF). Then Dty (P,Q) <.

Proof of Lemma H.6. Choosing &' = Q) gives Q(€) =P(€) > 1 — 4. Then for any event F € %,
we have

IP(F) = Q(F)| <IP(FNE) —QF NE)|+[P(FNE) —QF NET)|
—|P(F N E°) — Q(F NEY)| < 6.

H.2. Concentration inequalities

Lemma H.7 (Lemma A.4 of Foster et al. (2021)). Let (X)yc[r) be any sequence of real-valued
random variables adapted to a filtration F*. Then with probability at least 1 — 0,

T T
> X <) log (B [eX[.Z71]) + log(1/6).
t=1 t=1
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H.3. Topological lemmas

The below lemma is a special case of the Berge maximum theorem.

Lemma H.8. Let U,V be compact subsets of Euclidean space, and consider any continuous function
G:UxV — R DefineC:V — PU) by C(v) := argmin, o, {G(u,v)}. Then C is upper
hemicontinuous.

Proof of Lemma H.8. Consider any sequences u,, — u € U, v, — v € V so that u,, € C(vy,)
for all n. We wish to show that u € C(v), i.e., G(u,v) < G(v/,v) for all v’ € U (which suffices to
prove upper hemicontinuity by compactness of V; see (Beer, 1993, Lemma 6.2.6)). To do so, fix
any v’ € U and € > 0. There exists N so that for n > N, we have |G(uy,, v,) — G(u,v)| < € and
|G(v,v,) — G(u',v)| < € by continuity of G. Then

G(u,v) < G(up,vn) + e <G v,) + e < G, v) + 2,
and by taking € — 0 we get that G(u,v) < G(u/,v). [ |

The next lemma is a straightforward consequence of Kakutani’s fixed point theorem. In its
statement, we write Xy, := [ [} X and X = [ c() X

Lemma H.9. Suppose that X1, ..., Xk are nonempty, compact, and convex subsets of Euclidean
space. Suppose that for each k € K] we are given an upper hemicontinuous function Fy, : X —
P(Xy) so that, for all x € X, Fy(x) is nonempty, closed, and convex. Then there is some © € X so
that

x € Fi(z) x -+ x Fg(x).

Proof of Lemma H.9. Define /' : X — P(X) by F(x) := Fi(x) X --- X Fg(z). Itis evident
that for each x € X, F(x) is nonempty, closed, and convex. Furthermore, we claim that F’ is upper
hemicontinuous. To see this, consider any sequences x,, — z and y,, — y so that y, € F(zy,)
for each n € N. Writing y,, = (Yn,1,-..,Yn,x) and y = (y1,...,Yx), by the product structure
of F(x,), we have that y,, ;, € Fy(z,,) for each k € [K]. By upper hemicontinuity of F}, and the
fact that y,, , — Yy, it holds that y, € Fi(z). Thus y € F(z). By Kakutani’s fixed point theorem
(Osborne and Rubinstein, 1994, Lemma 20.1), it holds that F' has a fixed point, namely some z € X
so that x € F(x). [ |

H.4. Minimax theorem

Theorem H.1 (Sion’s minimax theorem). Let X, ) be convex subsets of topological vector spaces,
with X compact. Let F : X x ) — R be a function such that (a) the mapping y — F(x,y) is
concave and upper semicontinuous for all x € X, and (b) the mapping x — F(x,y) is convex and
lower semicontinuous for all y € Y. Then

inf sup F(z,y) = sup inf F(z,y).
IeXyeB (®:) yegfcex (@)
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Appendix I. Proofs for Appendix C

Proof of Theorem C.1. Consider an instance .# = (M,II,Oo, R, {11} } ., {Ux }&.) of the MA-
DMSO framework.
For all models M and decisions 7 € II, define?!

K

Frim) = K =0 (m) = K = Y s (¥ Uirio ) - /().
k=1 Tk

Now fix any M € M. By Assumption 1.2, there is some 7* € II so that h™(7*) = 0. By
Assumption 1.3, it holds that A" (7) > 0 for all = € II. Then

sup Py — f(r) = K — (K — B (1)) = b (x). (16)

Note that the instance 5% = (M, 11,0, { f*} ;) is well-defined since models in M are probability
kernels M : I — O = O, x RX, and the observation space in the instance . is by definition O.
Thus, the first claimed point is follows from (16) since for any M, we have:

dec.(.#,M) = inf sup  Erp[h™(m)] (17)
Pa€AI) prew, o (A)

= inf sup  Eqep |sup f(n') — fM(n)| = dec. (2, M).
pa€AID) preyy, (M) '€l

Finally, we note that since the decision and (full) observation spaces of .7, .# are identical, the
space of algorithms (p, ¢) and distributions PM*.(P:9) gre identical in the two frameworks. It follows
from the definitions of 9(#°, T') and M (.4, T') that they are equal. [ |

Proof of Theorem C.2. Consider an instance ¢ = (M, II, O, {f"(:)}) and some V € N. We
first specify the instance .# by defining each of its components:

* Define ¥ = [Mand ¥y = {0,1,...,V}, Il = A(S) fork € {1,2}, and II := II; x II.

* We define IT} , Uy, for k € [2] in the standard fashion for NE instances, per Definition 1.1; in
particular, set IT) = II;, = A(X},) for each k and Uy(m;, 7) = (7}, m—k).

e Define O, := OU{L}, R = [~1,1], and set O = O, x R2.

« The model class M is indexed by tuples (M,v) € M x {1,2,...,V} = M x [V]. In
particular, for each such tuple (M, v), we have a model M, Mo € Mv, which is defined as
explained below. As the instance .# we are constructing corresponds to that of computing
mixed Nash equilibria in a game whose pure action sets are X1, >.o, we call elements of
Y11 X Yo pure decisions.

— For pure decisions of the form (o1,0) € ¥ x Yo, the distribution of (0o, 71,72) ~
M., ((01,0)) is given by:
OONM<O'1)EOCOO, ry =19 =0.

21. The addition of K in the definition of f* () is for convenience, so as to ensure that if h () € [0, K] for all M, ,
then the same holds for f* (7).
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— For pure decisions of the form (o1,7) € Yo x Y9 with ¢ > 0, the distribution of
(00,71,72) ~ My, ((01,17)) is given by:

-1 ¥
0o =1, rp=-Tr1=9 Z 7
gM(o1) i=w.
— For general decisions 7 € II, we can write 7 = 1 x 3 for mp € A(S,) for k € [2]. Then
the distribution M, , () is the distribution of M,, ,(o), for ¢ = (01, 02) is distributed
as: oy, ~ my, for k € [2].

For reference later in the proof, we state a basic technical lemma, which is an immediate
consequence of the construction of M.

Lemma L.1. Forany m = m X my € ﬁ and any M’ = MMW € Mv it holds that
WM () > ma(S2\{v}) - Egyom [9" (01)] + m2(22\{0, v}).

Proof of Lemma I.1. By considering the deviation 75 = v, we have

W' (m) = sup {3 (Ua(mh, ) = £37 ()}

wh eI
>f3" (w1 x L) — f3" (1 % )
=Egym [9" (01)] + m2(22\{0, v}) — m2(v) - Egy oy [9" (01))]
=m2(X2\{v}) - Egynmy [9" (01)] + 72(22\{0, v}).

Bounding (57, T) by MM(.#,T). Consider any algorithm (p, q¢) which achieves I(.#,T).
We have p: [T, (IT x ©) — A(Il) and § = (¢, ...,¢"), with each ¢ : [T.Z1(IT x O) — A(T)
(we refer to Appendix B for background on how algorithms in the MA-DMSO framework and
HR-DMSO framework are formalized).

Given (p, q), we define an algorithm (p, ¢) for the instance . as follows. For any model
M € M, the algorithm attempts to simulate the interaction of (p, ¢) with M, a.» Dy only interacting
with M € M. The algorithm will store internal state, denoted by (7*, (¢, 74, 74)), for each i € [T,
which store the “simulated” decisions and observations taken with respect to M, am.o- As aresult
of this internal state, our description below does not explicitly identify the probability kernels
p(+]*), ¢'(:]-). Since these kernels take as input the entire history, there exist kernels p(-|-), ¢"(-]-)
which produce exactly the same distribution over trajectories as the below algorithm, but writing
them down explicitly is somewhat cumbersome.

In particular, the distributions ¢* (for ¢ € [T']) and p are defined (implicitly) as follows:

1. Fort =1,2,...,T":
(a) Draw 7 ~ @' (-|(&", (3", 71,75)), ..., (71, (61, 7t 7571))), so that 7 € IL.

(b) Draw (o7,0%) ~ 7".
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(c) The distribution ¢ is defined (implicitly) by taking the decision o} € ¥; = IL

(d) For use in choosing future decisions: as a function of the observation o' received after o}
is played, define

¢, 0,0 co5 =0
@, vt = {000 o
(L,1,-1) :a4>0.

2. Finally, the distribution p is defined as the distribution of o1, where @ ~ p(-|(7*, (0", 7%,75)), ...

and 81 ~ %1.

To analyze this algorithm, for each M € M, we introduce a model M, .0 Which is defined identically

to M,;, for any v € [V] except that M, ((01,4)) outputs (L, 1, —1) a.s. forany o1 € £y,i € [V].

It is straightforward to see that if there is some underlying model M € M so that o' ~ M (c}) when
the algorithm (p, ¢) defined above is used, then the distribution of {(7*, (', 7},74))}/_; defined
above is exactly the distribution of the history under P*'».0-79 We next appeal to the following

claim, which states that we can pass from this distribution to the distribution P*'».2* P9 for some
v* e [V]:

Lemma L2. There is an absolute constant C' > 0 so that for any choice of algorithm (p, q) and
model M € M, there exists v* € [V] so that:

1. D1v ([[DMMQ (5,d) [[DMM o (20 ) < C+/Tlog(T
2. EMuot DR (7o (v*)] < C\/Tlog(T

The proof of Lemma 1.2 is provided following in the sequel. Let § := C'/T log(T")/V, where C'
is the constant from Lemma L.2. If 6 > 1, then it is immediate that (72, T) < M(#,T) + O(9),
so we may assume henceforth that § < 1. We then have:

B0l (81)] = 60 P75z, 7,5 (50)]
< EMM *,(D, a)EﬁwﬁEalwﬁl [QM ((/7\1)] 46
o Fpg o (=
S EA/JM,U*’(I)’@E%N;; [min {h//\(ﬂ-) 1}

1 —ma(vr)’ 9

< (14 v3) - E"or VR, 17t (7)) + 25
S EMM«U*’<5’®EﬁNﬁ[hﬁALv* (5‘['\)] —+ 6\/3,

where the first inequality follows from the first point of Lemma 1.2, the second inequality follows
from Lemma 1.1, the second-to-last inequality uses the second point of Lemma 1.2 together with
Markov’s inequality to conclude that P20 D (7, (v*) > /5) < 1/, and the final inequality uses
that K™’ () < 4 forall M’ € M, 7 € IL.

Taking a supremum over all models M € M, we conclude that

sup EM OB [gM(61)] < sup EMPDEL ShY(7)] + 6V6.
MeM MeM
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Bounding (.2, T) by (7, T). Consider any algorithm (p, ¢) which achieves (7, T).
We have p : ]_[thl(H x 0) = A(T), and ¢ = (¢', .. .,¢"), with each ¢ : [[.Z; (TT x O) — A(II).

We define an algorithm (p, ¢) for the instance .# as follows. Given 7" € 0,0 € O,, ri,T5 €R
for each ¢t € [T'], we define

ﬁ('|(ﬂ'lv (017 ri,ré)), AR <7TT7 (OT7 7“{,7“5))) S A(ﬁ)

to be the distribution obtained by sampling (o}, o5) ~ 7' for each ¢, and taking the pure decision
(0,0), where & is distributed according to p(-|(o],0'),..., (o], 0")). Similarly, define

gl (o', rd)), - (0 (0T ry ) € A(TD)

to be the distribution obtained by sampling (o}, 04) ~ m' for each i < ¢, and taking the pure
decision (¢},0), where o} is distributed according to ¢'(-|(o7,0'),..., (o] ", 0'")). Since each
q" is supported only on (pure) decisions in 3 x {0}, for any model M € M and any v € [V],
letting M’ = M,, ,, the distribution of {(ct, ot))}tT:1 under PM"(# is the same as the distribution

of {(n*,0")}]_, under P*»), Thus, we have

EM OBz, [9" (7)) =B TVE G, 0)o5l9" (1))
:EM/7®’®IE(31,O)NI7 [ Sup {féVII(U2<7T,27 (317 0))) - éw((al? 0))}
wh €T,
:EM,’(@@E(ELO)N]? |:hM/ ((31’ 0))] ’
where above we have shortened p = p(+|(7',0'),..., (7

T
P9 and p = p(-|(7', (o, 71,73)), ..., (77, (o, r],r
PM"®®_ This establishes that M (7, T) < M(A, T).

7)) to denote the random variable under
)) to denote the random variable under

,0
2)
Bounding dec. (%) by dec./(.#). Consider any reference model M € co(M). Given e > 0,
sete’ := € + 1/6/V. We will upper bound dec. (., M) by dec.(.# M) for some M € co(M).
For some distribution v € A(M), we can write M (7) = Ep;,[M(m)] for all 7 € II. Define
p = v x Unif([V]) € AM x [V]), and M(r) := E(ps)p[Mar ()] for all € II. Choose
some p, q € A(ﬁ) so that

dec (M, 30) = sup_{Er-gl1" (r)] | Enog [ DR (31'(7). M()) | < )7} .

Define p € A(II) to be the distribution of o1 where 7 = w1 X 79 ~ p and o1 ~ 71. Similarly define
g € A(II) to be the distribution of oy where 7 = w1 X 7y ~ g and 01 ~ 1. Now choose v* € [V]
as follows:

v* := arg min {EﬂNg[Wz(v)] + Ewwj[ﬂ?(v)]} ;
velV]

where we have used the convention that m = 7w X 7 above. Then we have

2

Ernplmz(v7)] + Ennglma(v™)] < 77
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Consider any model M € M, and let M’ := M, Mo+ We now compute

Egynp [gM (o1)] =Erplo;~m [QM (01)]
R ()~ w9\ (0.07))
SEM[ { (5 [07}) 1}]

- " (m)
1/2
<V 2+ Erp [1_1/—1/2]

<V V2 4 (14 2VY2) B, 5hM (1)),

where the first inequality uses Lemma I.1 and the second-to-last inequality uses Markov’s inequality
to conclude that P, 5[ma(v*) > V~1/2] < 2VV~1/2, Furthermore, we have

Erg | DR (M'(7), M(7))| <Eai [Eio, 0s)r | DR (M (01, 02)), M((01,02)) )|
<E, i [72(0) - Egyromy [ (M'((01.0). 7((01.0) ]

+EM 2(0") - Eoremy [DA (M ((00,0). M ((01,0"))) ]
~7 [m2(2\{0, v*} - D} (Ber(0), Ber(1/V))]

Eoing [Da (M (04,0)), M((01,0)) ) | + 2+ Eraglma(v')] +2/V
0'1Nq [Da (M( )] +6/V

where the first equality uses convexity of the squared hellinger distance, the second inequal-
ity uses that M is a mixture of M), with v ~ Unif([V]), and the third inequality uses that
DZ(Ber(0),Ber(1/V)) < 2- Dty(Ber(0), Ber(1/V)) = 2/V. Thus, it follows that

dec. (', M) <]\/Sllelp {E o1~pl9™ (T)] | Eoyng [Da(M(Ul)aM(Ul))] < 52}

< sup {QV*W + 42V Y2) B b (71)] | By [Da (M’(ﬂ), M(w)ﬂ <e?q 6/v}
M'eM
<2V2 4 (14 2VY2) - dec, (6112 (A, M)

§6V_1/2 + decg+(6/v)_1/2 (%, M)

Bounding dec.(.#) by dec.(.). Next consider any reference model M € co(M). We will
upper bound dec.(.Z, M ) by dec. (7, M ) for some M € co(M). For some distribution n €

A(M x [V]), we have M (7) = ]E(M,U)NM[MJW,U( 7)] for all = € II. Define M by letting v € A(M)
to be the marginal of 1 over M, and then: M (7) := Eps, [M (7)] for each 7 € II. Choose some
p,q € A(II) so that

dece(#, M) = sup {Exylg" (7)] | Envq[DR (M (), M(m)] < ).

67



FOSTER FOSTER GOLOWICH RAKHLIN

Let p € A(II) be the distribution of (cy,0) where eop ~p, andq € A( ) be the distribution of
(01,0) where o1 ~ ¢. By definition of the models MM ., for any M’ = MM v € M, we have:

Ernplh™ (7)) Em[sup {A U}, m) = 7 (m)} + sup {f3" (Ua(mh, m) = f3" ()}
m €1T) €15

_E,.; [ sup {f;f’(Umam))}]

wh €T,
:ECHNP [gM (01)]-

Furthermore, since ¢ is supported entirely on ¥; x {0} and all models in M have rn=1ry=20
a.s. under such policies, it holds that

Ervg | D (M (1), M (7)) | = By [DR(M (), M(m))]
which certifies that

dec. (., M) < . {Emﬁ[hwf’(ﬂ)] |Erg [Da (M'(W)JTJ(W))} <e } < dec. (s, M).

for each m € II, M(7) to be the distribution of o, when (0o,71,72) ~ MM’U((T(,O)) and
(M,v) ~ p. [

Proof of Lemma I.2. We denote a history drawn according to any of the distributions M, o (forv >
0) by {(7*, (*,7%,74)) }1_,. Furthermore, we abbreviate ¢ = ¢'(-|(7*, (0%, !, 1), (@ (0 Ty )
and p = p(-|(71, (0%, 74, 78)), ..., (774, (07 L, v ', r3™")))). Define M’ := M,, , and choose

= arg min {ZEM POEzt gt [Ty (v)] + T - ]EM/’(‘;@Eﬁwﬁ[ﬁg(v)]} :

Then the choice of v* together with the fact that all 7 € II satisfy E}}/:l m2(v) < 1 ensures that

T
!~ ~ "B = 2
Z EM DBz, a7y (v*)] + T - EM POEL 57 (v*)] <

T
v (18)
t=1
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Write M" = MM,U*. Next, using (Foster et al., 2021, Lemma A.13),”> we have:
s

D} (BV 59 BV 00 ) ~0(log T) - EY"70 |3 D} (M’(%%M"(%t))]
Lt=1

T
SO(IOg T) : EM/Y@@ Z E(a’{,ag)wﬁ't [Da (M/((O—i7 05))7 Ml/((o-i7 Ué)))]]
Li=1

T
<O(logT) -EM"7D | Bt g1)ze[2-1{0h = v*}]]
t=1

TlogT
<
o (71T,

where the final inequality uses (18). Since total variation distance is bounded above by Hellinger
distance, it follows that Dy (PM"®9 PM".¢:0) < C'\/Tlog(T)/V for some constant C' > 0.
Using this fact together with (18), we see that

BN POEL 5[ (v*)] < BM DRz 57 (v*)] + C\/Tlog(T)/V < 2T)V + C+/Tlog(T)/V,

where the second inequality above uses (18). |

Appendix J. Proofs for Appendix D
J.1. Proofs from Appendix D.1

J.1.1. FURTHER DETAILS FOR UPPER BOUND

The upper bound from Theorem D.1 is derived by appealing to the E2D™ for PAC algorithm from
Foster et al. (2023). In what follows, we give some background on the algorithm, as well as a more
general upper bound. In brief, the E2D* for PAC algorithm proceeds as follows: The algorithm uses
an online estimation oracle, denoted by Algg,, (defined formally in Assumption J.1), which is given
as input a model class M and attempts to estimate the true model M* € M given data obtained from
playing various decisions under M™*. To generate each successive datapoint at iteration ¢, which will
be fed to the estimation oracle Algg,,, the E2DT for PAC algorithm solves the minimax problem in
(5) to compute distributions p*, ¢*, where the model M is set to be the output of the estimation oracle
from the previous iteration. Then, a decision 7* is sampled from ¢*, and we observe the resulting
observation o' ~ M* (7). The tuple (7, 0") is then be fed to the estimation oracle, which produces
its next estimate M**'. The algorithm’s output after 7" iterations is given by a sample from one of
the distributions p*", where t* ~ [T is uniform. See Foster et al. (2023) for further background.

Assumption J.1 (Estimation oracle for M). For each time t € [T, an online estimation oracle
Algg,, for the class M takes as input "' = (7',0"),..., (77", 0""") where o' ~ M*(n") and
7t ~ ¢, for arbitrary (adaptive) choices of the distributions ¢ € A(II). Then, for some class

22. In particular, we apply this lemma to the sequence X1, ..., Xor, where, for odd values of ¢ we have X; = 7,
Xiy1 = (0%, ri,r5), and use that the conditional distribution of 7* given the history up to step ¢ — 1 is the same under
the distributions P*"(®@ and PM" -9 since the algorithm (7, §) is the same.
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McC co(M), the oracle Algg,, returns an estimator Mt € M. We assume that if M* € M, the
estimators produced by the algorithm satisfy

Esty(T) := iEﬂtwqt [Da (M*(wt), A?f(ﬂt))} < Esty (T, 4),
t=1

with probability at least 1 — §, where Esty (T, 9) is a known upper bound.

For most estimation oracles, the class M in Assumption J.1 will be co(M), though in some
cases it is possible to take it to be smaller (see Proposition G.10 for an example).

Theorem J.1 (Foster et al. (2023), Theorem 3.1; Upper bound for HR-DMSO). Fix § € (0, %0)

and T € N, and consider any instance 7 = (M,IL,O,{f"(-)}rn). Suppose that Assump-

—

tions 1.4 and J.1 hold for the model class M and some class M C co(M), and let Esty =

Esty <DO§€/61 , 4“Og62/61 ) Letting £(T) := 84/ M - Esty, E2D" for PAC, with access to the
oracle Algg,, guarantees that with probability at least 1 — 6,

RiSk(T) < sup dng(T)(%, ]\7) < dng(T)(:%ﬂ).
MeM
If further f"(-) € [0, R] for all M € M and some R > 0, then the expected risk is bounded as
E[Risk(T)] < decsr) () + RS.

We remark that Theorem J.1 is only stated in Foster et al. (2023) for the case M= co(M), but
an inspection of the proof shows that the same guarantee holds for an arbitrary subclass M C co(M)
in which Algg,, produces its predictions (with no modifications to the proof being necessary).

Theorem D.1 follows from Theorem J.1 by noting that there exists an estimation oracle with
Esty(7,9) < 2log(|M]/6) for finite classes (Foster et al., 2023).

Remark J.1 (Analogue for MA-DMSO). Using the transformation of Theorem C.1 (which does
not change the model class of the instance, and therefore preserves estimation error guarantees),
there is an analogue of Theorem J.1 for the multi-agent setting. In particular, for any instance .#

of MA-DMSO, under Assumptions 1.1 and J.1, there is an algorithm that ensures with probability
1-29, Risk(T) < deC§(T) (.//)

Infinite model classes. As some of our applications in Appendix G involve infinite model classes
M, we next describe a simple way to bound the estimation error Esty(T, §) for such classes,
following the approach in Foster et al. (2021).

Definition J.1 (Model class cover; Foster et al. (2021), Definition 3.2). A model class M' C M
is an e-cover for M if for all M € M, there is M' € M’ so that sup,.cr; D{(M (1), M' (7)) < 2.
Let N'(M, g) denote the size of the smallest such cover M’, and define

s 2
est(M,T) := ;gg {logN'(M,e) +&°T} .

We will bound the estimation error Esty(7,0) for a model class in terms of the quantity
est(M, T'); to do so, we need the following mild assumption.
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Assumption J.2. Suppose that there is a kernel v from (11, &) to (O, O) so that M (7)) < v(r)
forall M € M, € 11, and let m™ (-|7) denote the density of M (-|w) with respect to v(-|r).
Furthermore, suppose there is a constant B > e so that

1. v(O|r) < Bforall m € 1L
2. Sup,cp Sup,eco mY (o|m) < B forall M € M.

Proposition J.1 below shows that the estimation error Esty (7, 0) scales with log B. This
quantity is typically small: for instance, it is a constant for standard multi-armed bandit problems
(e.g., Bernoulli bandits and Gaussian bandits), and is polylogarithmic in the size of the state and
action spaces for reinforcement learning problems with finite state and action spaces.

Proposition J.1 (Lemma A.16 of Foster et al. (2021)). Suppose Assumption J.2 holds. Fix'T' €
N,§ € (0,e71), and write by = log(2B*T). Then there is an algorithm Algg,, that guarantees
that, with probability 1 — §, we have

Esty(T) < O(by - est(M, T) + b3 log(67 1)),
i.e., we can take Esty(T,8) = C - (by - est(M, T) + b2 log(6 1)) for some universal constant C.

J.1.2. PROOF OF THEOREM D.2

Proof of Theorem D.2. Fix T' € N and an algorithm (p, ¢) = {¢*(-|-), p(:|-) }/—,. For each model
M € M™, we use the abreviation PM = PM:(9 and write EM for the corresponding expectation.
We also define

bv = EM[p("fJT)]a qdu = EY

1 T
T;q(-lfo )] .

Choose £(T') as in the theorem statement, and write ¢ = £(7'). Choose M € co(M) so that
dec. (M) = dec.(M, M).2> We will prove a lower bound on the expected risk in terms of
dec: (M, M). Define

M := argmax {EWNPM [¢" (m)] | Erngy; [D3 (M(?T), ]\7(77))] < 62} ,
MeM

where we recall that C(T) := log(T A V(M)). Note that if the H,_ .(M) = @, then by definition

dec.(M, M) = 0 and the result follows. Thus, we may assume that HqM,E(M ) # &, and hence the
choice of M above is well-defined. Furthermore, the choice of M ensures that

Er~p[g" ()] > dec.(M, M) = dec.(M). (19)
By Lemma A.13 in Foster et al. (2021), we have®*

D? (PM,W) < O(T) - T By [DE(M(x), M(7))] < C(T) - T - €2

23. If the supremum over M is not achievable, then we may apply the argument that follows for a sequence that achieves
the supremum.
24. In order to apply this result, we need to ensure that for all measurable sets £ C O and all 7 € II, we have

ggm < V(M). This follows from the definition of V(M) in (7) and the fact that M € co(M).
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Using the data processing inequality, it follows that
1
DE(papwr) < O(T) - T-e* < — - dec.(M), (20)

where the second inequality follows from the choice of ¢ = ¢(T").
Next, using Lemma A.11 in Foster et al. (2021) and the fact that g™ (7) € [0, R] for all 7, we
have

EWNPM[QM(W)] <3- EWNPM [9M<77)] +4R - DE{ (pM7pJW)-

Combining the above display with (19) and (20) and rearranging, we see that
1 .
o0 (M) < Ernpy 9 (m)] = EVE, oo™ ()] = EY[Risk(T)].

which gives the desired lower bound on expected risk. |

J.2. Proofs from Appendix D.2
J.2.1. PROOF OF PROPOSITION D.1

Proof of Proposition D.1. Define A := %. If A > 1, then we have (T") > £(T), so

we may assume from here on that A < 1. Choose

log1/A -‘
o= >1,
[210g(creg/ Creg) |

which in particular is the smallest positive integer so that (Cfeg / cfeg)a > 1/A. Such « is well-
defined by our assumption that Cyeg > Creg and since 1/A > 1. Applying Assumption D.1 to
£ =¢&(T) - (Creg/Creg)’ for 0 < j < a, it follows that

decs(r) (M) <&, - decz(r)/ce, (M)

<A -G - deczry /0, (M)
decs(1)/cq, (M)
<dec. : ieg .
sdeesn M) 5 6m) oy OT) T
Hence ¢(T) > &(T)/Crg, and so
1

dec.(r)(M) = decs(r)/ca, (M) =

The definition of « and £(T") gives that

(Creg)m Creg 1 _ Creg 8°-[log2/d] - Bsty - C(T)
" Creg AT Creg deCE(T) (M)

Creg
Our definition of 3 ensures that ¢2, < ((Creg/creg)**)?, meaning that, for some constant C,

reg —

dece—(T) (M) < C?gg . decé(T) (M) < (C- Creg/creg)ﬁ . logﬁ 1/6- mﬁ . C(T)ﬂ . d605(T) (M)_ﬂ . deC§(T) (M),
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and rearranging yields:

1

_ 8
decz() (M) < (Clog1/é - Esty - C(T) - Creg/Creg) 7 - decy () (M) 7.

J.2.2. PROOF OF PROPOSITION D.2 AND PROPOSITION D.3

Proof of Proposition D.2. We set IT = [4] and O = {0,1}. For each § > 0, we define a
model class M; C (II — A(0O)), as follows: Ms = {Ms, : a € [A]}, and define M;,(7) =
Ber(1/2 4 01 {r = a}). We now set M = [J~, My_:, from which it follows that M| < LA.
Define f*(m) = E"[r], where r ~ M (7). Finally set 7 = (M, II, O, {f*(-) }r). Note that the
instance .77 is actually a standard (non-hidden reward) DMSO instance in the sense of Foster et al.
(2021).

Since the model class M is a subclass of the class of all A-armed bandit problems, we have from
Proposition 5.1 of Foster et al. (2021) and Proposition E.1 (which applies identically to HR-DMSO
instances in addition to MA-DMSO instances) that dec. (.%#°) < O(sv/A). Furthermore, we have
IM(A,T) < O(VTA) (Audibert and Bubeck, 2009) (up to logarithmic factors, this bound is also a
consequence of, e.g., Theorem D.1).

For each § > 0, write 54 = (Mg, IL, O, {fM(-)} ). Also write M5 = %Zle M;s, €
co(M). Since for all 7 € Il and a € [A], D (Ms(m), Mjo(m)) < 462, it is straightforward to see
that deC45/ﬂ(%) > dec45/\/A7(,%%, Ms) > Q(6). Since increasing the size of the model class can-
not decrease the DEC, it follows that, for all € satisfying 1/v/A > ¢ > 27, dec. () > Q(eVA).
Finally, since the rewards are observed in the instance .5¢, we can use Theorem 2.1 of Foster
et al. (2023) to conclude that for A at least some sufficiently large constant, and T < oL/ 2,

M(,T) > Q(/A/T). n

Proof of Proposition D.3. Fix L to be larger than some universal constant (whose value will be
specified below), and consider any value for a constant Cp,or, > 1. We define the following instance
= (ML O, {f"(-)} mem), with the individual components defined as follows:

e For1 </{¢ < L,define g :=1/L, Ny = 2¢ and 6, = W'
pro

e LetV := Hfil[Ng], and set IT := V.
e LetO = Hle([Ng] U {L¢}). For ease of notation we write O, := [Ny] U {L,}.
* For oy € Oy and vy € [Ny], define

1—-6(Ng—1) :0p=1y
PW(Og) =< dy tog € [NeJ\{ve}
0 D0y = Vy.

Then P,, € A(Oy).
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¢ The class M is indexed by tuples v € V; in particular, for each v = (v1,...,v7) € V, there
is a model M, defined as follows. For 7 € I, M, () € A(O) is the following distribution
which does not depend on 7: for o = (01, ...,0r) € O,

L
My(m)(0) = [ Purlo0).
/=1

Since the distribuiton M, (7) does not depend on 7w, we will often drop the argument 7
and simply write M,, € A(O). Accordingly, the Hellinger distance between observation
distributions of two models M, M’ € co(M) will be denoted by D (M, M’).

* Forallv € Vand m = (my,...,71) € II, the value function f : II — [0, 1] is defined as
follows:

~

) =) o (1=T{m = vi}).
=1

For convenience we write f2" () := (1 —1{m; = vg}), so that ™ (m) = 37, cp - £ ().

It is clear that for all v € V there is some 7 (namely, any 7 so that m, # v, for all £) for which

fM(m) = 1, meaning that g™ (7) = 1 — fM(m).
Upper bounding the minimax sample complexity. Fix some 7' € N; we next upper bound
M (7, T). Since the distribution over observations for all models in the class M does not depend
on the decision, to specify an algorithm (p, ¢) we need only to specify the distribution p, which is a

mapping from 7'-tuples of observations to distributions over decisions. To define p, we first define
mappings p; : OF — [Ny], as follows:

Unif(Il) :o0p1 == op7 =1Ly,
Lo, :t:=argmin{s € [T]| ops #Ls} exists.

pf(oﬁ,l, cee 70€,T) = {

In particular, py outputs the first index of an observation which is not _Lg; if no such index exists, then
pe outputs the uniform distribution over [N;]. Now we define

L
p(ola cee 7OT) = (pZ(OK,h ) OK,T))gzl 5

where we have written o; = (014, ...,0r,) foreach T € [T7.

We now upper bound the risk of the algorithm p. We abbreviate the distribution over histories
under a given model M, € M by P*v(.), and write E"[-] for the corresponding expectation. For
each ¢ € [L], we have, for all M, € M,

1
..... ™ E?

since the probability that there is no t € [T] so that oy #1,is (1 — §¢(Ny — 1))T, and on the
complement of this event (so that such ¢ exists), pg(o1, . .., or) puts all its mass on such og; # vy,
so that f;™(m) = 1. Hence

L L T
Qy 1%, 1
EMUEWN;D(OL‘..,OT)[QMU (77)] < Z N (1 - 65(Nf - 1))T < Z ~ 1= 2 :
2CprobN£

74



COMPLEXITY OF MULTI-AGENT DECISION MAKING

Given T' < Ny, choose ¢, = £, (T) € [L] as large as possible so that T' > 2log(Ny, ) - 2C?

probe* ’
which gives

" e & 2log Ny, T L Qy
el 3 e ()
l=L+1
Z a1 ZL: a1 3G loeT
= Ne NG, o, e,+1A& N, &
where the final inequality uses that our choice of ¢, gives that N,, > W,

prob
Lower bounding the DEC. By the tensorization property of the squared Hellinger distance, we
have, for any two models M,,, M,, € M,

L L

L
1—;Dauauwg)_II<1—;Dau@nRM0._II(1_;.HﬁM¢vd~2@>;zy—Ej@.ﬂhw¢vﬁ,
(=1

/=1 =1

which implies that D2 (M, M,) < 2357, 8, - T{ug # ve}. Let @ := (1,1,...,1) € V, and set
M = M.

Now consider any 2 > ¢ > /25,. Choose /* = {*(¢) to be the smallest possible value of
¢ € [L] so that €2 > 26,. For each i € [Ny+], define o° € V by:

_ vy AFEL
Vy =
i =,

and write M = Mi. Then for all i € [Ny], we have Da (]\7, MZ) < 264+ < €%, For any
distribution p € A(II), there must be some i* € [Ny« so that

Ennpll — ¥ ()] = Banp(mes = i*) = 1/ N,

Therefore,

T QLp* o *C C
deCS(M,M) > haiidl = a@*Cprob 54* > £~ prob o prob

— e = ‘E,
Ny« V8 V8- L

where the final inequality uses that €2 < 86, since §y; = §yp/4 forall { < Land e < 2.

2D

Upper bounding the DEC. Next we upper bound dec. (M) for € € (0, 2); while not necessary
for lower bounding £(7"), an upper bound on the dec. (M) serves to ensure that the class M satisfies
the regularity condition of Assumption D.1. This certifies that the instance .7# we construct satisfies
the assumptions that we use to upper and lower bounding minimax risk in terms of the DEC.
Consider any M € co(M). We can write M = E,.,[M,] for some distribution p €
A(V). For each ¢ € [L], let uy € A([INyg]) be the marginal of x on [Ny] (recall that V =
Hle[Ng]). Since D} (Py,, P,,) = 26, for uy # vy, any two distinct values v, vy € [Ny satis-

fying D3 (Ey,py[Pu,), Po,) < €2 and D}, (IEWNM [Py, Pv;> < &2 must in turn satisfy

265 = Da (Pvevpvg) <2 Da(EWNM[PW]’PW) +2- Da (EUZNMZ[PUZ]7PU2> < 452- (22)
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Now consider any ¢ € (1/d1,2). Define £ = 7 (¢) to be the largest possible value of £ € [L] so that
g2 < §;/2. By (22) it follows that for all £ < /, there is at most a single value of vy € [N] so that
DZ(Eyymp, [Pu,], Py) < €. Denote this value of v, by v if such a vy exists; if not, choose vy € [INy]
arbitrarily. o

By the data processing inequality, for any v € V and each ¢ € [L], it holds that Da (M , Mv) >
DZ(Eyymp, [Pu,], Py,). Thus, for each M, € M so that D{ (M, M,) < €, we must have that
vy = Uy forall £ < /4. .

Now choose any v* € V so that v; # v, for all £ < ¢, and define p* € A(II) as follows:

p*="Unif ({veV|v=uvV<1l}).

We may now compute:

L
dec.(M, M) < sup {Eqvp[¢"(m)] | DE(M, M) <%} < Z % = N < 2C%0be,
MeM o—ip1 ¢ +1

where the final inequality uses that 2 > § 7/8 by definition of ¢ and the fact that ¢ > /7.

Bounding £(7"). Consider any 7' < Ny, /L3, which ensures that (for sufficiently large L),
Cprob \/§
> =20z, (23)
8/8-L-C(T)-T ~ Cprob - NL t

where we have used that C(T') < Cj - log(T') for some universal constant C. Recall that £(7') is
defined to be as large as possible so that £(T)? - C(T) - T < % - dec.(7)(M). Set

— CPYOb ( Cprob )
g0 = >l ——— ).
8V8-L-C(T)-T Tlog(T) - L
which, using (23) and (21), satisfies €% - C(T') - T < £ - dec., (M), and thus £(T') > «o. [

J.2.3. PROOF OF THEOREM D.3

Proof of Theorem D.3. Givenany Cpyo1, > 1, fix N = [\/T/Chyrop |. Forreal numbers 6, 8 € (0,1),
we will define instances .77%% of the HR-DMSO framework. We will later choose F€, H5 1o be such
instances for certain choices of §, 8. For some model classes MEP , each of size NV, we will have, for
all 6, 3, AP = (M8 IL,0, {f™(-)}u). i.e., the instances .7#>” share the same decision space,
observation space, and value functions. We next define these components:

e II=[N]Jand O = [N]JU{L}.
« For all 4, 3, we have M%# = {M{S”B, . .,Mg}ﬁ}. For i € [N] and 7 € II, Mf’ﬁ(ﬂ') e A(O)

is the following distribution, which does not depend on 7:
1-6(N-1)—p :j=1
s, . 4 4
M (m)(§) = {8 € INI\{i)
15} 1] =1.
Since the distribution M, f B () does not depend on 7, we will often drop the argument 7 and
simply write Mf’ﬁ € AO).
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* For all 4, 5 and for all 7 € II, ¢ € [INV], the value function fo’B : IT — [0, 1] is defined as
follows:

() =110 = 7).

Since the above value function does not depend on 4, 3, we will simply write fi(r) :=
P

£ () and g () o= g*0" () = 1{i = 7}

In the model M f B , all decisions except decision ¢ are optimal. Furthermore, we will always have

B < 6, meaning that, under Mf # it is more likely to observe any given index in [N]\{i} than it is
to observe .

Upper bounding the minimax risk. Next, for T’ € N, we upper bound 9(.#%#, T). Since the
distribution over observations for all models in the classes M%? does not depend on the decision,
to specify an algorithm (p, ¢) we need only to specify the distribution p, which is a mapping from
T-tuples of observations to distributions over decisions. Furthermore, to specify the distribution over
histories under a given model M f # | we write EM;” [-]. Now consider the algorithm p defined by:

Unif(Il) :01=---=or=1
p(017"')0T) = . . (24)
Lo, ct:=argmin{s € [T]| 0s #L}, exists.

In particular, p outputs the index of the first observation which is not | ; if no such index exists, then
p outputs the uniform distribution over decisions. To upper bound the expected risk of p, note that,
for any model M f P we have

, . 1-6(N—1) - )" 8 (1-svN-1)" 8
EYR i(m)] < <
TI’Np(Ol,...,OT)[g (ﬂ)] = N + B + 5(]\[ _ 1) - N + (5(N — 1)7
(25)
where the first term on the right-hand side accounts for the case that o; = --- = o =, and the

second term gives the probability that, given that there exists s such that os #_|, the index ¢ of the
first such observation satisfies o; = i.

Lower bounding the minimax risk. We next lower bound the minimax risk for the instances
%P in the following lemma; the proof is provided at the end of the section.

Lemma J.1. Fix any real numbers C' > 1 and e € (0, 1), suppose 6 < 1/N, andwrite § = §/C. The
minimax risk for the instance %" is bounded below as follows: for S < 1/5'¢, M(#%P,S) >

1
2NC?/e
Computing Dy. It is now straightforward to compute the Dy-divergence between any two models

in M%?. In particular, for ¢ € [N ] we have:

8,8 8,3 - 0 1= j
DolM I MGT) = {5-¢(5/6)+5-¢(6/5) A 20
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Choosing 6, 3. Lete € (0,1) and T' € N be as in the theorem statement. Since ¢ is assumed to be
(a, 5)-bounded, we have that

¢(N€/a) X Nfe/a +¢(Nfe/a) _ B Ne€

s@rrop) S emperenm =N e
where we have written 3/ := max {1, m}
For some constant Cjy > 0 to be specified below, we choose
"= (](\/;O_IHST’ Pr= ]\fl/a 2= ¢<N6/;>(é)]>72 fqﬁ?l%ive/a) o B=5 e
The choices of 41, 31, d2, B2 ensure that
B+ @(61/B1) +01- ¢(B1/61) = B2 - ¢(d2/B2) + 02 - ¢(B2/02), (29)

which, together with (26), ensures that for all ¢, j € [N, Dd,(Mfl’ﬁl I Mfl’ﬁl) = D¢(M;52’62 I M;‘Sz,ﬁz)‘

Wrapping up. We set 74 = #0001 and 74 = 272 and correspondingly set M; = M5
and My = M52 We define the one-to-one mapping & : M; — My by the mapping that sends
Mf Lo, Mi5 272 for all i € [N]. It is clear that these definitions satisfy Item 1 and Item 2 of the
proposition statement.

From (25), the expected risk of p against a worst-case model in M®#1 is bounded above as
follows:

T
sup  EM ?[Risk(T)] < (1 _ G 1“T> + 51(51

MreMd161 T N-1)
ColnT\7" 2
< exp <_ T ) + N1l+e/a
1/24¢/(2
<T149. (Cprob> el
= T M

where the final inequality holds as long as we choose Cyy = 1; recall that N := [{/T"/Cpob |- The
above display establishes the upper bound of Item 3.
Next, for the lower bound, recall that (27) gives that 5 < 3’ - N€- §1, so

1 - 1 - (Nl—eT)l—e - N1-de T - T3/2—2€
5;76 ~ (B/Ne-61)—¢ = 28'ColnT — Qﬁ/COCSrOb InT — 26,0001/2+6 lnT,

prob

where the second-to-last inequality uses that 7¢ < N?2¢ . C¢

brob- Thus, from Lemma J.1 with
(3, 8) = (82, B2) (so that C' = 2), we have that for all T/ < —L/2%

2
26/'CoCL 2 T’

1 1 1 T
m %52,,32 > . > . .
( ) olt2/e " N = 222/¢ "\ Cprop
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Thus, taking C, = 2/3'C), the above inequality verifies the lower bound of Item 3.
|

Proof of Lemma J.1. Consider any algorithm p : O° — II. Note that the distributions of
Mf S M]‘i;‘S are all identical. Thus, there is some ¢ € [N] so that

B B rp(on, o) AT = i} = B B or, o) [9°(m)] > 1/N.
For A > 0, define
Sy :={(o1,...,05) cO% : [{te[S] : o =i} > A}
Then the probability that (o1, ..., 05) € Sy is bounded above as follows:

8,6

P (01, 05) € 83) < (f) < (S0P < 6N

Choosing A = 2/¢ yields 6* = 62 < 1/N?2, meaning that
5,6 .
EM: Ewwp(ol,...,os) []I {(01, s uOS) ¢ 82/6} ’ ]I{T(' = 7’}] > 1/N - 1/N2 > 1/(2N)

For any (01,...,05) € S\, we have that

i ((01,...,05)) 5)\ 1 C)\
M ((o1,...,05)) = (B/0)7 < /0%

Thus,

5,8 i {5,,3 .
B ]Eﬂ'Np(Ol,...,Os)[g (77)] > EM: Eﬂ"vp(OL...,OS)[H {77 = Z} - {(017 cey OS) ¢ 82/6}]

5,6 . €

> EMi Enwp(o1,---7os)[]1 {m=i}-1I {(017 o.,08) & 52/6}] ’ 1/02/
1

> —

~2N(C?/e

J.3. Proofs from Appendix D.3

Proof of Theorem D.4. Given Cpyon, > 1, fix N = [/T/Cprob|. Recall the definition of the
instances 7% = (MP 11,0, { f™(-)}ar) (for &, 8 € (0, 1)) of the HR-DMSO framework defined
in the proof of Theorem D.3, where we have II = [N] and O = [N] U {L}. For each ¢, 3, we
now define .#%% = (//\/lv‘s’ﬁ 1,0, {11} } %, {Ux } ) to be the instance of the (2-player) MA-DMSO
framework constructed given the instance .7%? per the construction in the proof of Theorem C.2
with a value of V to be specified below. In particular, f[, O ,IT/_, Uy, do not depend on 0, 3. For clarity,

we explicitly write out the definition of the components of .#%? in terms of the components of
A8

* Define 3y = I = [N] and 5 = {0,1,...,V}, I, = A(Zy) for k € {1,2}, and IT =
H1 X Hz.
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* Define IT}, Uy, for k € [2] so that .# %8 is an NE instance (Definition 1.1); in particular,
1T}, = IIj, for each k and Uy, (7}, 7) = (mp, m_j).

* Define the pure observation space to be O, := O U {I} the reward space to be R = [—1, 1],
and the full observation space to O := O, X R2,

« The model class M%7 is indexed by tuples (M,v) € M%B x {1,2,...,V} = M%B x [V].
(Thus \./\/l‘m| = NV.) In particular, for each such tuple (M, v), we have a model M,, ,, which
is defined as follows:

— For pure decisions of the form (01,0) € X1 X Xg the distribution of (0o, 7r1,72) ~
M., ((01,0)) is given by:

0o~ M(o1) € O C O, ry =19 = 0.

— For pure decisions of the form (o1,7) € X1 x 39 with ¢ > 0, the distribution of
(00,71,72) ~ My, ((01,1)) is given by:

- —1 )
0o =1, T2=—T1={ 7 (30)

gM(o1) i=w,

where we recall that g™ (01) = maxgs e, {f*(07)} — ¥ (01).

— For general decisions 7 € ﬁ, we can write m = 7y X my for w, € ﬁk for k € [2]. Then
the distribution M, , () is the distribution of M,, , (o) where o = (071, 02) is distributed
as: oy ~ my, for k € [2].

Next, let 61, d2 be defined given T, N, €, ¢, «, as in the proof of Theorem D.3 (in particular, they
are specified in (28)). We write ./ = .# 0181 and .4y = .#%P2, and correspondingly write
Mi = M1 and My = M®FP2 Moreover, we define the mapping & : M; — Mo in an
analogous manner to the definition in the proof of Theorem D.3. In particular, for each 9, 3, we
have M%% = {MOP ... MY}, First define & : MO — M®FP2 by & (M) = MP>%2,
for i € [N] (exactly as was done in the proof of Theorem D.3. Then for each model of the form
]\7M7v € MOPL = M (so that M € M®P1 4 € [V]), define éa(MMv) = Mgo(]”)’v. We are now
ready to verify the individual claims of the theorem:

Proof of Item 1. Consider any ]/\Z\M c MoB (so that M € MOP1 ¢ e [V]). For any
(01,02) € X1 X X, we have, by definition of &,

) - 0 1o2=0
B ene) = T one) = {1 ror e [VIV{v}

gM(o1) o=,
which establishes Item 1 since all instances are 2-player O-sum instances.
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Proof of Item 2. Consider any two models ]\7M7v, MMIJ/ € Mouh (so that M, M’ € M5,
and v,v" € [V]). For any m; € II;, we have that

Dy(Myr(m1,0) || Myyr (71, 0)) = Do(M(m) || M'(m1))

=Dy (& (M)(m1) || So(M")(m1)) = Dy(Mayan,o(m1,0) [| Megyiarry o (m1,0))

—Dy(& (M) (71,0) || &My ) (1, 0)), 31)
where the first and third equalities follow by definition of M5B above, the second equality follows
by Item 2 of Theorem D.3 and the fact that our choice of d1, 31, d2, B2 is identical to that in the proof
of Theorem D.3 (cf. Eq. (28) and Eq. (29)), and the fourth equality follows from deﬁnition of &.

Next, for any o1 € ¥; and o9 € X5\{0}, note that the distributions M,, vw(01,09) and
& (M vw)(o1,092) = M, &o(a),0(01,02) are identical: the pure observation under both these distribu-
tions is L a.s., and the rewards are given by (30), where we have noted that g* (1) = g“0*" (o) for
all o1 € 21 It follows that for any 71 € II; and o9 € A(32\{0}), the distributions MM (1, 72)

and & (M, w.0) (1, m2) are identical. In a similar manner, we have that for any such 7y, 73, the
distributions M, w' o (1, m2) and & (M w' o) (71, o) are identical. Therefore,

D¢(MM,U(7T1JF2) || M]\/I/,U/(Tr].)?TQ)) = D¢(@@(MM v)(ﬂ-luﬂ-2) H éa( M, ’)(7'(1;72))' (32)

Now consider any joint decision (71, 72) € ITy x Il5. Let us write 73 = 72(0) - Io + (1 — m2(0)) - h,
where 772 € A(X2\{0}). Since, for any model M € M%# (for any 6, 3), the distributions M (m1,0)
and M (71, 75) have disjoint support (namely, under the second, the pure observation is always 1,

and under the first, the pure observation is never J_) it follows from Lemma H.1 that for any two
models M, M’ € M5,

Dy(M (1, 73) || M (w1, 73)) =m2(0) - D¢(A7(w1,0)l|vﬂ7'(w1,0))~
+ (1 = m2(0)) - Dy(M (71, 75) || M'(m1,75)).  (33)

Then for the decision (71, m2) € II; x Ilg, with wé defined as above, we have

Dy(My,(m1,72) || Myyr (71, 72))
=75(0) * D(Myr,,(71,0) | My os(71,0)) + (1 = m2(0)) - D( Mg, (w1, 7h) || My s (71, 75))
=75(0) - Dy(&(Mys,,) (71,0) | €(Myyr 1)(71,0)) + (1 = 72(0)) - D(& (Mis,,) (w1, 75) || E(Myyr o0 (1, 75))
=Dy (& (Myr,,)(m1,m2) | €(Mypr,) (1, 72)),

where the first and third equalities use (33), and the second equality uses (31) and (32). The above
display verifies Item 2.

Proof of Item 3. For each 6, 3 € (0, 1), the construction of .#%? given 7% according to the
construction in the proof of Theorem C.2, together with the conclusion of Theorem C.2, gives that,
forall 7" € N,

M4, T') < M, T') < M, T') + O(T og(T)/V)H). (34)
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Then Item 3 of Theorem D.3, together with our choice of d1, 81, d2, 52 to mimic that in the proof of
Theorem D.3, yields that for all T/ with T < T’ < T%/2-2¢ . (C,CY2 10 T) !

prob
1 O\ /2 e/ (20)
My, T') = M(A°P, Ty <M(°0P1, T < 7+2 ( o ) (35)
M( Mo, T') = M7, T') =M, T") — O((T"og(T")/V)'1*)
C 1/2
22 (S ) o og(r) V).
Choosing V = T100 . 28+8/¢ engures that
1/2
M( Mo, T') > 27372/ (Cpr’b> . (36)
Together (35) and (36) verify Item 3.
[ |

Appendix K. Proofs for Appendix E

Throughout this section, we consider an instance .# = (M, II, O, {II} }1, {Uy } ;) of MA-DMSO
which is an NE instance (Definition 1.1). It follows in particular that for any M € M, 7 € 11, we
have

K K
WM () =Y h () =) sup fif (mp mok) = S ().
k=1 k=1 Tk
K.1. Bounds for general games with convex decision spaces

Proof of Theorem E.1. Foreach k € [K] and m_j, € II_y, define
Mi(m_g) = {m = M|p(mp, 7_p) = M € M},

It is straightforward from the definition of ka in (11) that foreach k € [K], ka = Uw,ken,k ka (m—k),
and therefore that (U, _, 7, co(My(m_g)) C co(My). Forany 7_, € II_j, and M € co(M), we

denote the corresponding element of co(M(7_)) by (M, 7). (In particular, (M, 7_y) is the
model that sends 7y, — M |k (7, T—k).) It then suffices to prove the following stronger result: for
each M € co(M),

K
r-decS (.4, M) < Z, sgg r-dec? s (M, (M,7_y)). 37
k=1T-k<Hk

Next, note that for any M € M, 7_, € I1_y, the value function for the model 7y, — M| (7, T_f)
is given by fMlk(my,) = f (mi, m—y), for m € II (this holds since the distribution of the reward
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under M | (7, m—p) is simply the distribution of agent k’s reward under M (7y,, w_)). Then for any
M € co(M), T_j, € T1_g, we have

r'dng/K(ﬂk, (Mv ﬁflf))

: / v o
= inf  sup  Epp, | max fif (mp, mog) = fi (T, mok) — 5= - Dig (M (g, m—g.), M (3, T
PREATE) MeM KPR et R (k> T—k) — Jii' ( ) = 7o DA (M( ), M( )
m_pell_g -

> inf sup  Emg~pe | max fY(mh, k) — f (ag, m_) — 7. D§ (M (ay, m—1), M (ay, 7))
Pe€Al) Mem  ax~T | elly K
T_p€ell_g -

. Y — _
= inf  sup Egm, | max f¥(mp, mk) — fi (a, m—k) — == - D} (M(akaﬂ'—k)aM(ak,ﬂ'—k))] ,
€l AMeM W;CGH;C K
T_p€ll_g

(38)

where the inequality uses joint convexity of the squared Hellinger distance, and the final inequality
uses the fact that any distribution p; € A(II;) may be replaced by the singleton distribution for the
decision 7y, := Er, ~p, [7%], without changing the value of the expression.

Thus

rdecd s (My, (M, 7_1)) > inf  sup  Egpor, [hﬁ(ak,w_k)—l-Da(M(ak,n_k),M(ak,f_k))}.
€l Mem K
m_p€ll_g

Existence of fixed points. For each k € [K], define the set-valued function Cy, : IT — P(Il;) by

Ci(T) := arg min sup - [h%(ak,ﬂ'_k) - % - D}y (M (ag, 7—), M (ax, ﬁ_k))} :
€l MeMm_pell_y

Further, for m_j, € II_;, M € M, define the function Gps_, : II x II_;, — R by

GMr_ i (Thy T—k) = Egpromy [hf(akm—k) - % - Djj (M(ak:aﬂ'—k),ﬂ(akﬁ'—k))} :

Assumption E.1 gives that for all aj,, the map 7_j, > M (ag, ™) is linear. It follows by the domi-
nated convergence theorem that for all M, 7_y, a, the function 7_j, — D (M (ay, m—), M (ag, T—))
is continuous. Hence G/ _, (7, T_}) is continuous in (7%, 7 ), and the function

Gr(mg, T—k) := sup Gy, (T, Ti)
MeM,m_pell_y
is also continuous in (7, 7_). Furthermore, since, for each 7_, the function Garr_, (7%, T—j) is
linear in 7, (Assumption E.1), Gy (g, T 1) is convex in .. It follows that Cx(7) = arg min, oy, {Gr(mx, T—1)}
is a closed, nonempty, and convex subset of II; for all 7. Furthermore, by continuity of G}, and

Lemma H.8, we have that Cy (7) is upper hemicontinuous. By Lemma H.9, it follows that the mapping
T+ C1(T) X - -+ x Cx (7) has a fixed point, namely some 7 € II so that T € [ ]} ¢ Ck (7).
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Applying the fixed point strategy. Let7 € [] kelK] Ci(7) be a fixed point of C; X -+ - X Cx. Then

r-decS (.4, M) < sup {h"(7)—~- D§(M(7), M(7)) }

MeM
K
:]\3161% {; h]]y(f) - DIQ-I(M(W)vM(W))}

K
<> swp {nl'(m) — - DR (M (m), W ()}

_ y 9 B —
P hi! (T, ) = 5= - D (M (R, m—), M (T, T
o ) — G- DR(M (), M7 0)

k=1
K
k=1
K ~ o
=Y s Egen, {h,ﬁf(ak,mk) - —-Dj (M(ak,ﬂ,k),M(ak,ﬁ,k))}
k=1
K

MeM,m_ell_y K
. Y = _
= inf sup EakNﬂ'k [hgf(a‘ka ﬂ—fk) - T Da (M(akv W*k)? M(aka ﬂ—fk)):|
ﬂ'kenk MEM,W_kEH_k K

K
< Zdecv/K(ka, (M, 7_)).

B
Il
—

Above, we have used the following facts:
1. The second equality uses Assumption E.1 to conclude that for all ay,, 7, T—p, M, M,
PowM(ak,ﬂ',k)((P(O) = ak) = 17 PONM(akjfk)(SO(O) = ak) = 17
thus allowing us to apply Lemma H.1 to give that

D|2_| (M(Trk,ﬂ',k), M(fk, ﬁ,k)) = Eak,\,ﬁk [Da (M(ak, ﬂ,k), M(ak,ﬁ,k))] .

2. The third equality follows from the fact that 7 € C(7) for all k € [K].

3. The final inequality follows from (38).

K.2. Bounds for Markov games

Here, we prove Theorem E.2. The proof uses a number of technical lemmas which are stated and
proven in the sequel.

Proof of Theorem E.2. As in the proof of Theorem E.1, for each k € [K] and 7_j, € II_, we
define

My (m—p) == {mp = M|p(mp,m_t) + M € M}
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For any 7_;, € II_;, and M € M, we denote the corresponding element of /Wk(TLk:) - ﬂk by
(M, ﬁ;k). We will prove the following stronger result: there is some constant C’ > 0 so that for
each M € M,

K

C'KHlog H . —
SRR N sup rdec o iog iy (M (T, 7_1)). (39)

r-decs (.4, M) <
Y =1 T_pell_g

Fix any € > 0. For each k € [K], let II{, be a finite e-cover of IIj, in the sense that for all 7, € IIj,
there is some element 7, € I, so that, forall M € M, 7_;, € 11y,

D (M (g, w_y,), M (7§, m_)) < €2.

Furthermore, we require that the mapping 75, — 7}, is measurable with respect to the Borel o-algebra
on II;. By finiteness of S, Ay, it is straightforward to see that such a finite cover IIj, exists. The
size of the cover IIj, may depend on |S|, |.A|, but this will not matter as |II{ | will not enter into our
final bounds. (We introduce discretization here only to ensure that IIj, is compact when applying
Lemma H.8.)

We collect a few basic properties of 11 in the below lemma, proved at the end of the section:

Lemma K.1. For any mj, € Iy, there is some m € II} so that the following holds. For any
M,MeM, n_yell_y,

v
W =

Da (]\4(7‘1’,2,7‘(',]07 M(ﬂ'i, f,k)) . Da (M(ﬂ'k, F,k), M(ﬂ'k,ﬁ',k» — 262

\hi! (g, k) — hy! (7, k)| <e.

Existence of fixed points. Let C' > 0 be the constant of Lemma K.4, and write v/ = ~v/(C K H log H).
For each k € [K], define the function Cj, : IT — A(IIS)) by

Ci(T) = argmin Sup By, (P4 (T m—i) =7 DR (M (mg, w_), M (1, T 1)) | + € ||pe |3,
pREA(TTE) MEM,m_y€TI_

where ||py || denotes the squared ¢ norm of py, interpreted as a vector in the Euclidean space RIT,
Further, for m_j, € II_j, M € M, define the function Gps _, : A(Il;) x II_;, — R by

Gy (0, T—k) = By [0 (i mge) — 7' D} (M (7, 7—), M (mp, 7)) ] -

We may view 7_j, as an element of A(Ay)5> (7] which is a subset of Euclidean space (since Ay, S
are assumed to be finite). Since there are finitely many states and actions, it follows from the domi-
nated convergence theorem that for all M, 7y, m_y, the function 7, +— D3 (M (mg, m_), M (75, T—))
is continuous. Hence G s _, (pr, T—i) is continuous in (py, T_j). Hence the function

Gr(pr, T_p) i= sup Grr, (pry Tr) + € |Iprll3
MeMm_ell_g

is also continuous. Furthermore, G rr_, (pi, T—j) is linear in py, (for fixed 7_), so G (P, T—k) is
strongly convex in py, (for fixed 7). Thus Cy,(7) = argmin,, ¢ A1) {Gr(Pk, T-1) } is a singleton

for all 7. Furthermore, by continuity of ék, compactness of A(Hi) and II_;, and Lemma H.8,
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we have that Cy(7) is upper hemicontinuous, which means, by single-valuedness, it is actually
continuous.

Given M € M, 7_;, € II_}, note that the pure observation distribution of the model 7},
M (my, T_y) is exactly that of an MDP, which we denote by M5 _, : it has horizon H, state space
S, action space A;,, and rewards and transitions given by those of M when each agent k' # k acts
according to 7y ,(+|s) at each state s and step h (to be precise, the rewards of M _, are given by
the rewards of agent k in M). Note that the space of randomized nonstationary policies of M. 7 .18
11, (using Assumption E.2).

Since we do not assume convexity of IIj, elements p;, € A(IIf,) may not belong to IT;,. We
next introduce a set of decisions in II;, which are “equivalent” to pj, given a reference model M
and a reference decision 7_j. In particular, for M € M,7_; € II_, and p;, € A(II5,), let
Hz*v,ﬁ_k (pr) C Ilj, be the set of all policies 7 € 11, which satisfy Eq. (44) of Lemma K.2 for p;, and

7, — M (7, T_1). Note that Hfﬁ,ak(pk) is a nonempty convex set: as a subset of A(Ay)S*H],

it is a product of sets (one for each factor of A(Ay)), each of which is either a singleton or all of
A(Ay). Tt is straightforward from the definition that the map (pg, 7—x) — I _ (pg) is upper

M7_y
hemicontinuous. Then Lemma K.4 gives that, for any M and 7_, and py, if 7 € IIy; _ (py) is the
corresponding policy in (44), then for v > 0,

sup {hzl(ﬂ-l:’ﬂ-—k) - % 'Da(M(TFZﬂT_k),M(TFZ,ﬁ_k))}
MeM, m_pell_y

1 —
S*/-i- sup Eﬂkwpk [hgl(ﬂ'k,ﬂ',k)—’y/-Da(M(ﬂ'k,ﬂ',k),M(ﬂ'k,ﬁ',k))} . (40)
v MeMm_ll_y

Since the mapping 7 — Cj(7) € A(II,) is continuous, the composition C;; () := H*Myﬂk(ck(fr))
is upper hemicontinuous. Thus, by Kakutani’s fixed point theorem (Osborne and Rubinstein, 1994,

Lemma 20.1), the set-valued mapping C*(7) := C{(7) x - -+ x Cj.(7) has a fixed point.
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Applying the fixed point strategy. Let 7 € II be a fixed point for C*, so that 7, € C;(7) for each
k € [K]. Then

r-decS (.4, M)

< sup {Z h!(7) — v - Di(M (%), M(w))}

MeM
K

<;ﬁgﬁ4 {hk (Th, T—k) — ? D} (M(ﬁk,ﬁ_k),ﬂ(ﬁk,ﬁ_k))}

=

<> s W) = - DR(M (R i) M (7 7o)
k=1 MGM m_p€ll_g

——

1 — _
— + sup B (7) [hf(wk, 7_1) —v - D§ (M(T['k, k), M (g, W_k))] (41)
h—1 MeMm_pell_y

\g

1 — _
- + e+ inf sup Erpmpe [P (g, m—1) =~ D (M (m, m_i), M (1, 7)) |
PeE€ALL) MeMm_,ell_y

\g

(42)
K /

= 4+ 26—1—7'.252—1— inf sup Ex ope |AM (Th, 7)) — — D2 M (i), M (7. 7
kzzl PhEATY) MeMom_pell_p o | M ( ) 3 ( ( ), M( ))

(43)

where (41) uses Eq. (40) and the fact that 7, € Ci(7) = 117 . (C(7)) for each k, and (42) uses

the definition of Ci (7). Finally, (43) uses Lemma K.1, as follows: given any distribution p;, € A(1ly),
we consider the distribution pj, € A(II}) which is given by pushing forward p;, through the map
m +— 7y, (here we use that 7, — 7} is measurable to ensure that p7p is well-defined). Then by
Lemma K.1, forall M € M, 7w_;, € II_p,7_; € II_j, we have

EWkNpi [h;cw (ﬂ—ka W—k)] SEﬂkNPk [h’;vw (7rk> W—k)} +e€

/
—y" By [DR (M (g, 7_1), M (g, T )] < — % By [DF (M (7, ), M (75, 7 1))] + 7 - 267

By taking ¢ — 0, we obtain that, for some constant C' > 0,

K

o, — CKHlogH . —

r-dec’ (.4, M) gf—i— g r-decs /(o k i 1og ) (M, (M, T—))
=1

CKHlogH & ~
ISy

_ Sup r_deC?//(CKH log H) (Mg, (M, 7)),
Y k=1 T_p€ll_g

thus verifying (39). |
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K.2.1. SUPPORTING LEMMAS

Proof of Lemma K.1. To establish the first property, we use the definition of IIj, and the triangle
inequality for Hellinger distance to conclude that

and rearranging gives the first claimed inequality of the lemma.

To prove the second inequality, we note that for each 7 € Ilj, the cover element 7}, € IIj,
satisfies the following: forall M € M 7_, € TI_4,

|hp! (T, i) — il (s m—i)| = | 2" (They m—i) — fo" (s =) | <Dy (M (7, m_.), M (mf,, m_)) < €.

The following lemma shows that for any MDP M and distribution p € A(TIgrns), there exists a

corresponding randomized policy in IIgng which induces identical occupancies in M.

Lemma K.2. Consider any finite-horizon MDP M = (S, H, A, P, R, ;1) with finite state and
action spaces S, A. Let IIgng denote the set of randomized nonstationary policies of M. Suppose
p € A(Ilgns) is a distribution over IIgns with finite support. Consider any policy m* € TIgng so
that:

_ S dM
Vae A, se€ Ss.t. Z p(')-di"" (s) >0: 7(als) = Z p(r) h, (S)M’ﬂ, -mp(als).
n'€llrNs mellgns: p(m)>0 ZTF’GHRNS p(ﬂ- ) ) dh (S)
(44)

Then for all states s € S, df’“*(s) = D rellpns P(T) - df’"(s), and for all (s,a) € S X A
4 (5,0) = rermn POT) - di 7 (s, ).

As a consequence, it follows that VlM’7r =D relinns P(7) - VlM’ﬂ.

Proof of Lemma K.2. We drop the superscript M in all relevant quantities throughout the proof.
We use induction on £, noting that the base case h = 1 is immediate since d7 is identical for all
7 € IIxns. Fix p € A(Ilgns), and let 7* be chosen as in Eq. (44). Assuming that the statement of
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the lemma holds at step h — 1, we compute

di ()= Y diiy(s) - mhoy(dls') - Puoa(sls', o)

s',al:
d;{il(s’)>0

’ ) - d¥ 5/
- 2 (Zp(ﬂ,)' 2—1(3/)) >3 Zp(pzw’)}:llg(’ )(S) -mho1(d’|s") - Pooy(s]s’,a)
! o _1

s',a’: ™
*
dr_,(s")>0

=S pm) - Y () ma(d]s) - Paa(sls' )

s',a’:
5" (s)>0

=3 p(m) - S Ay (s) - mhoa(@]s) - Py (sls', )

s',a!

=Y p(m) - dj(s),

where the second-to-last inequality follows since if df_l (s') = 0, then (using the inductive hypothe-
sis) for all 7, p(7) - df _,(s") = 0. The above chain of equalities then completes the inductive step.

It then follows immediately from the definition of 7* that d7 " (s, a) = > reTipns P(T) - dj (s, @).
The final statement regarding the value functions follows since, for all policies ,

H
Vit = Z Z dp(s,a)-rp(s,a).
h=1(s,a)eSxA

The remaining lemmas establish certain technical properties for the policy 7* € IIgng con-
structed in Lemma K.2.

Lemma K.3. There is a constant C' > 0 so that the following holds. Consider any finite-horizon
MDP M = (S,H, A, P" RM ™) with finite state and action spaces S, A. Let IIxng denote
the set of randomized nonstationary policies of M, and let p € A(Ilrns) be a distribution of
finite support. Consider any policy 7 € llgns satisfying Eq. (44) for p. Then for any MDP
M= (S ,H A P R", uM),

Ernp [Df(M(), M(n))] < CHlog H - D§ (M (7*), M (7¥)).

Proof of Lemma K.3. For any 7 € Ilgng, a full observation (r,0,) ~ M (w) consists of the

trajectory (s1,a1,71,-..,5H,aH,7H), Where s1 ~ p™, sy ~ PM(sp,ap) for h € [H — 1],
rp ~ R} (sp,ap) for h € [H], and ap, ~ mp,(sp,) for h € [H]. We use the notation 7;., to denote the
portion of a trajectory consisting of (s1,a1,71, ..., Sh, Gp, Th)-

We use P to denote the distribution of the trajectory 7 ~ M (7), and PM™ to denote the
distribution of the trajectory 77 ~ M (7). We use EM"[-] and E"[-] to denote the corresponding
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expectations. By Lemma A.13 of Foster et al. (2021), it holds that, for some constant C' > 0,

Erwp [Df (M (), M(m))]
H J—
<Clog(H) - ErpE"" ZD ( "(shlT1:n-1), PM’”(Sh!ﬁ:h—l))]
h=1
H —
+ Clog(H) - Erp B | Y " D} (PM” Th|Ti:h—1, S, @), PM’"(?“h|T1:h—1,7“h,ah)>]
h=1

_ [H-1 B
=Clog(H) - Dy <MM’“M) +Clog(H) - ErnpBMT [Z Di <P}iw(8h,ah)apiiw(5h,ah)>]
. h=1
Z (Rh Sh,CLh) Rh (Sh,ah))] (45)

=1

+ Clog(H) - Ep B "

By Lemma K.2 and the definition of 7*, for each h € [H],s € S,a € A, it holds that
Ervp {df’"(s, a)} = d}]\?”r* (s,a).

Thus, we may replace the expectation over ™ ~ p, (sp,ap) ~ M () in (45) with (sp, ap) ~ M(7*),
and obtain

By [DR (M (r), M(m))]

<Clog(H) - <Dﬁ (MM, uﬂ) +EM

H-1
Z Da (Pf]lu(sh’ ah)v Pfiw(sfw ah))]

h=1

i D} (Rﬁf(sh, an), R (sp, ah)>] > .

h=1

_'_]EM,W*

By Foster et al. (2021, Lemma A.9) and the data processing inequality, we have that:

H—

EM~ Z D} (Ph (81, an), P (sh, an)

] <AH - DA(M(x), M(*)).

H
[ZD (Rh (s, an), R,Af(sh,ah))] <4H - D (M (%), M(r*)),
h=1

It then follows that, for some constant C' > 0,
By [D3(M (), M(r))] < C - Hlog(H) - D (M(x*), M(x*)),

as desired. ]
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Lemma K.4. There is a constant C' > 0 so that the following holds. Consider any model class M
consisting of MDPs of fixed horizon H, finite state space S, finite action space A, and cumulative
rewards bounded by [0, 1]. Let IIgNg be the class of randomized nonstationary policies. Consider
any M € M and finite-support distribution p € A(Ilgrns), and let 7™ € TlgrNs denote any policy
satisfying Eq. (44) for M and p. Then for any v > 0,

sup {f*(mu) = f*(7*) — - DR(M(7*), M(7*)) }

MeM

CHlogH M M M
SRS swp Bry [f (mar) = () - CH]”OgH-Dﬁ(M(ﬂ,M(w))] (46)

An immediate consequence of Lemma K.4 is that

v () = £ () =3 DR(M (), M ()}

CHlogH . [ ~ , B
<20 4 inf sup Eaep | Y () — fY () — m—— - D (M(x), M(7)) | .
v pEA(HRNS)MG,I/)\/l P ! ( M) f ( ) CHlog H H( ( ) ( ))

Proof of Lemma K.4. Consider any M € M, finite-support p € A(IIgrns), and let 7* be defined
as in the statement of the lemma. Lemma K.2 gives that f¥(7*) = Er~, [f™(m)]. Let C be the
constant from Lemma K.3, and let C' = C + % Then for any v > 0,

sup f¥(my) — £ (x*) — C'H log H - v - D (M (), M(r*))

MeM
_ _ 1 —
< sup fY(my) — f(x*) — C'Hlog H -~y - DY(M(x*), M(x*)) + o + L - DR(M(x*), M ("))
MeM 2v 2
— 1
— sup f"(my) — f7 (%) — CHlog H - - DA (M(r*), M(r*)) + ~—
MeM 2y
r — 1
< sup Enep [ (mar) = f7(m) =7 - DR (M (), M(m))] + 5 “7)
MeM g
_ / B . B X
< sup Erny | £V(m) = £(7) = v - DA(M(x), M(m)) + 5= + T - DR (M(m), M(m)) | + 5=
MeM I 2y 2 2y
I — 1
= sup Enpop [fY(ma) — F(r) — % - Da(M(ﬂ'),M(Tr))] T (48)
MeM - Y
where (47) uses Lemma K.3. The statement of the proposition follows by replacing v with
~-C'Hlog H. [ |

Appendix L. Proofs for upper bounds from Appendix F

In this section we prove Theorem F.1, which gives an upper bound for learning equilibria for CCE
and CE instances in the MA-DMSO framework in a way that avoids the curse of multiple agents, i.e.,
avoids exponential scaling with the number of players K. In Appendix L.1, we describe the algorithm
(Algorithm 1) used to prove Theorem F.1, which is based on the idea of exploration-by-optimization,
used previously in Foster et al. (2022b); Lattimore and Gyorgy (2021). In Appendices L.2 to L.4
we prove Theorem F.1; our proofs roughly follow those of Foster et al. (2022b), but require some
subtle modifications to account for the multi-agent nature of our problem, as well as the more general
notion of deviation sets IIj. that we study.
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L.1. The multi-agent exploration-by-optimization objective

We begin by describing the algorithm, Multi-Agent Exploration-by-Optimization (MAExO; Algo-
rithm 1) used to prove Theorem F.1. The algorithm is a multi-agent counterpart to the exploration-
by-optimization (Ex0™) algorithm given Foster et al. (2022b). At a high level, MAExO (as well as
its precursor ExO™) is a variant of EXP3, which applies the exponential weights algorithm to a se-
quence of reward estimators which act as importance-weighted estimates for the true reward function.
However, unlike EXP3 and ExO™, MAExO does not apply exponential weights to agents’ pure policies
themselves, but rather to their potential deviations II}..

In particular, MAExO operates over 1" rounds of interaction with the environment. At each round
t € [T7, the algorithm first computes, for each player k, a reference distribution qj, € A(II}) over
their deviation space II/, according to an exponential weights update given a sequence of vectors
fé, ceey A,z’l constructed by the algorithm in previous rounds (Line 4). Roughly speaking, for
s <t —1, the entries f;(r}), 7}, € II,, of these vectors can be interpreted as the potential gain in
value that agent k could receive by deviating to 7, given adversarial choices of the other agents’
decisions. Accordingly, the reference distribution ¢;. will put more mass on deviations which lead to
larger gains in value.

Next, in Line 5, the players jointly solve an optimization problem. To define this optimization
problem, we introduce some notation. For each k € [K], let G denote the set of all functions
gr I, xEx O —=R,andletG =Gy x -+ x Gk. GivenqeHleA(H;C),n>0,7r€H,gGg,
™ = (nf,..., %) € [I1_, I, and M € M, define

K
Lyn(m, g7, M) :=Egr | > f} (Ui}, 0)) — ko(U)] (49)
k=1
1 & 7
.. , . ’. _ *. _1l.
+77 ;EUWW’ONM(U)]E%N% {exp (F(U) (gk(ﬂk,a,o) gk(ﬂk,a,o))> 1]

With this definition, the optimization problem solved in Line 5 of MAExO is as follows:

(7', g") < argmin sup Lyt p(m, g%, M). (50)
m€lLg€G MeM,mre[TE_, 11,

The interpretation of the objective (49) and the optimization problem (50) is as follows. Roughly
speaking, for each k € [K|,m, € II,0 € ¥,0 € O, the value gx(m,;0,0) for g € G can
be interpreted as an estimate of player k’s gain in value by deviating to 7, under joint decision
profile o, under an unknown model M which is “consistent with” the decision-observation pair
(0,0). Then, by solving (50), the algorithm wishes to find a joint decision 7* € II and estimator
9" =(9g%,...,9%) € G, which, for each player k € [K], satisfies the following two properties:

* First, corresponding to the first term in (49), for a worst-case unknown model M and an
unknown deviation 77, it should not be possible for player £ to gain much value by deviating
to 7y given the policy 7*. Here 7} should be interpreted as the best deviation in hindsight at
the termination of the algorithm.

* Second, corresponding to the second term in (49): 7* and g;. should be chosen so that with
high probability under o ~ 7*, g;. does not underestimate the value gain in deviating to 7}
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as compared to a sample 7, from the reference distribution g}.. The second term in (49) can
be viewed as a term that regularizes the adversarial choice of 7}, analogously to the term
subtracting squared Hellinger distance in the offset DEC (see (6)): in particular, if 7 has
significantly high value under the estimate gy, then this term will be very negative, canceling
out the (potentially large) first term.

Given (7', g*) computed in Eq. (50), Algorithm 1 samples a decision o' ~ 7' and receives an
observation o' from the true model. Finally, in Line 7, players construct their reward estimators J?]é (to
be used in future iterations ¢’ > ¢ to construct q,t;) using g;.(-; 0%, 0"). Once all T rounds conclude,
the algorithm outputs the joint decision 7 which is the uniform average over the 7" pure decisions
o',...,0". We remark that Algorithm 1 is different from having each player run the exploration-
by-optimization algorithm of Foster et al. (2022b): in the latter, agents each individually optimize
their own objective, in contrast to the optimization problem in (50), which is solved for all agents
simultaneously. This feature of MAExO allows us to obtain a guarantee scaling with r-dec(co(.#)),
which can be arbitrarily smaller than what one obtains by using the approach of Foster et al. (2022b)
(see Proposition G.11).

In Definition L.1 below, we formalize the value of the minimax objective (50) computed in the
course of Algorithm 1.

Algorithm 1 Multi-Agent Exploration by Optimization (MAExO)
1: parameters: Learning rate n > 0.

2: Tnitialize f0(w,) := 0 forall k € [K], x}, € IT}.
3:fort=1,2,...Tdo
4: For each agent k € [K], define gj, € A(II}) via exponential weights update: for 7}, € II},,

R (P> =FiH)
S per oo (00 Fi))

5: Define ¢* = g] x - -- x ¢ . The players jointly solve the following objective: //

(w*,g") < argmin  sup Lyt n(m, g3, M).
well,geG MeM,n*ell’

6: Sample o' ~ 7', play o°, and observe o' ~ M*(c*).

7: Each player k € [K] constructs their reward estimator f,’; as follows: for 7). € II},

fitey) = 222

] .. | T
8: return joint decision 7 := 5 Y ;_; I,
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Definition L.1 (Exploration-by-optimization objective). Consider any instance # = (M, 11, O, {11} }x, {Uk }1)
satisfying Assumption F.1. For any scale parameter n > 0 and distribution q € HkK:1 (II},), define

exo,(#,q) = inf sup Lyn(m,g;m*, M),
mE€ILIE0 e mmre T T,

and let exo, (M) = SUPe[TA | A() exo, (A4, q).

To prove Theorem F.1, we first (Appendix L.2) bound the performance of Algorithm 1 in terms
of exo,(.#). Following this, in Appendix L.3 and Appendix L.4, we will upper bound exo,,(.#)
by decz(/// ) for an appropriate choice of vy, using a quantity we call the multi-agent (parametrized)
information ratio as an intermediary. Finally, in Appendix L.5, we put these pieces together and
prove Theorem F.1.

L.2. Bounding the performance of Algorithm 1

The following result bounds the performance of Algorithm 1 (namely, the quantity A" (7)) in terms

of exo, (A ).

Lemma L.1. For any n > 0, Algorithm I ensures that for all § > 0, with probability at least 1 — 9,

. K . 2 & - |IT, |
W) = Y s (U ) £ (R) < ooy ) 4 1Sl (F ).

k=1

Proof of Lemma L.1. For any 7} € II) and player k € [K], we define player k’s regret with
respect to the deviation 7 € II) as follows:

Regy (7} ZEatwﬂ’t F Ui 0t) = fi (0" = T+ (R (Uk(mp, 7)) = i (7))

where the second equality above uses the definition of 7 in Line 8 of Algorithm 1 and the second
property in Assumption F.1. Hence, it suffices to bound % . Zszl maX, Regy, () to establish
the statement of the lemma.

Throughout the proof we use the following convention: for functions fj, : IIj, — R (for instance,
the reward estimators J/";g defined in Line 7 of Algorithm 1), we will view f; as a vector in R
whose coordinates are the values of fk(w,;), for 7T,’C S H;C. Furthermore, for each Tr/{C € IT, we write

ex € R to denote the corresponding unit vector whose . -th entry is 1 and all other entries are 0.

By adding and subtracting Zthl (exts f,’;> we obtain
Regy, () Z Eotemt [fi (Uk(mii o) = £ (0")]

T T
:ZEUtNﬂ't [fl?l*(Uk(Wl:agt)) M* + Z ewzafk Z eﬂ' 7fk (51
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By Lemma L.2 and the definition of the multiplicative weights updates for g;, in Line 4 of Algorithm 1,
it holds that

E

<eﬂ',§7 J?li>

t=

1
< t+1 fk ZDKL t+1 I Qk) + DKL (eﬂlc I qk)
t 1

SZ t+1 At _*ZDKL qt+1||q]t€)_’_
t=1

~

~

log |11},
o

(52)

By Lemma H.5, we have that for each ¢ € [T,

<t+17fk>_6DKL(qt+1 lai) < *10g > ai(mh) - exp(n - fi(mh)

/ !
AN

Using the above together with (52) and (51), we obtain

T
Regy, () <D Egtnme [ (Un(mh, o)) — kM*(Ut)HTl]lOg > ai(mh) - exp(n - filmi)

t=1 iy €11},
T
log IT] ~
Log T — lex, i) (53)
K =1
Let .7 denote the o-algebra generated by (o', 0',. .., 0", 0") (where the random variables o*, o® are

drawn as in Algorithm 1). Note that . is a filtration, and write E;[-] = E[-|.#"]. For each 7} € I},
we define a sequence of random variables, denoted { X¢(7};) }¢e[7), by

Xi(mp) =log | Y qh(mh) - exp(n- fi(mh) | — (ens.n - Fi)-

! !
ASIe

By Lemma H.7 and the union bound, with probability at least 1 — § /K, it holds that for all 7} € II},

T T

Xt(?‘(‘*) ’H ’
> Xu(rwf) < Z log By [e**(™)] 4 log 5 (54)
t=1 t=1
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Note that 7', ¢" are both measurable with respect to .%~'. Then, for any 7} € II} and any ¢ € [T,
we may compute

log By [eXt(T)]

=1logE;1 |exp [ log qr.(my) - exp(nfi(m,)) | — nfe(mr)

n n ,
= log EotrwrtEoth(at) [EWZNQZ |:eXp <7Tt(0't) . 92;(”125 at’ ot)>:| - exp <_7rt(af) . g’tﬂ(ﬂ'z; gf, Ot)>:|

< EUtNTrtEOtNM(O.t)]EW;chZ [exp <7Ttg70't) . (g,tﬁ(ﬂ';c; o', 0") — gj.(m%; 0, ot)))] -1, (55)

where the final inequality uses that log(xz) < z — 1 for all x > 0.

By (53), (54), and (55), and a union bound over k € [K], it follows that with probability at least
1 -4, forallmy € II},. .., 7} € I, letting 7* = (7}, ..., 7)),

||
K log | ——& T K
log |11, 8\ 7S Yy * * ’
< § : g7|7 k| + (77 ) + Eat,wrt [fliw (Uk(ﬂkao—t)) - liw (Ut)]
k=1

t=1 k=1

T K
1 n X
+ Z Z; <E0-1N7TtEOtNM(Ut)Eﬂ.I/€Nth€ [exp <7Tt(0't) . (g;;(ﬂ';g; o' 0") — gp(mg; o', ot))>] — 1>

t=1 k=1
K T
2 K-
< ; ) Zlog <6k + ZthW(Wt,gt;W*,M*)
k=1 t=1
K T
P K- -
<.Zlog< (i k’) —i—Z sup Lyt (7', 957", M)
l k=1 t=1 7*€ll',MeM
K
2 K - |11
< - log( | k’)—i—T-exon(//l),
U k=1 0

where the second inequality uses the definition of 'yt ,, (7", g*; 7, M*) in (49), and the final equality

follows since 7*, g* are chosen so as to minimize the multi-agent exploration-by-optimization objec-
tive (Line 5 of Algorithm 1). |

Lemma L.2. Consider any d € N, and let f*,. .., fT € R% be an arbitrary sequence of vectors. For
n>0letq",...,q" € A% denote the exponential weights update iterates with step size 1 when the
reward vectors are given by f*, ..., fT; in particular, for t € [T:

exp(n X<y [ (7))

O S Tt G

(56)
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Then for any q € A¢,

T

T T
SHa ) <D g - :]ZDKL(QHI I + 717DKL(q lq").

t=1 t=1 t=1

Proof of Lemma L.2. By rearranging and telescoping, it suffices to show that, for each ¢t € [T,

(q—q™ ) = 717 - (Dke(qllg") — Dxe(qll¢™") — De(q™ 11 ¢")) -

To establish this inequality, we note that the multiplicative weight updates (56) are equivalent to the
following mirror descent updates with the negative entropy regularizer ®(q) := Z?Zl q; - log q;:

t41
(p t+1 — (p t . t t+l: p
Vopp™)=Ve(qg)+n-f, q Ay

where 1 € R? denotes the all-ones vector. Using the fact that for all =, y, 2 € A% (Eq. (4.1) of
Bubeck (2015))

(VO(y) = V&(2),x = 2) = Di(z ||y) = Dri(z ]| 2) = Dz || y)

with z = ¢,y = ¢', x = ¢'", we obtain

717 - (Dri(gll¢") = Drulallg™!) = Duula™ 1) == - (VO(q") = V®(¢"), ¢ — q)

(VO(¢") = Ve (p™),¢"" —q)

[ t+1>
Y

4 —4q

T~
%d\r—ks\r—‘

where in the second equality we have used that V®(¢'*') = V& (p'™') — log ((1,p"™")) - 1. [

L.3. The multi-agent parametrized information ratio

In this section, we introduce a multi-agent version of the parametrized information ratio of (Foster
et al., 2022b, Definition 3.1), and upper bound this information ratio by the DEC of the convex hull
of ./ . In the following section, we will upper bound exo, (.#') by this information ratio.

We first introduce some notation. We will wish to reason about the space of probability measures
on M x ITf x --- x IT’.. Since | M| may be infinite, to avoid measure-theoretic issues, we will
slightly abuse notation by letting A(M x IT} x --- x IT%) denote the set of finitely supported
probability measures on M x I} x --- x II%. This convention ensures that for any function h :
My - x I — Randany g € AWM XIT} x - X T ), By ety [RM, 705 )]
is well-defined.

Consider any k € [K], a distribution 1 € A(M x IT} x - - - x IT}), and a distribution 7 € A(X).
Let [P denote the law of the process (M, 77, ..., 7)) ~ p, 0 ~ m, and o ~ M (o). We introduce the
following distributions, depending on p and k:

* Define the distribution pf, € A(II}) by pb (m,) = P(r; = 77), for ), € I},
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* Foreach o € ¥ and o € O, define the distribution pf, € A(IT}) by pk (7];0,0) = P(n} =
.| (o, 0)), for ), € II,.
The distribution ng should be thought of as a prior distribution over the deviation 7}, and the

distribution ul’go(-; o, 0) should be thought of as a posterior distribution over 7} after observing the
pure decision o together with an observation o ~ M (o).

Definition L.2 (Multi-agent information ratio). Given an instance # = (M, 11, O, {11} }1, {Ux })
which is a generalized correlated equilibrium instance, the parametrized multi-agent information
ratio of the instance .# is defined as

K
infry (4 = sup inf Bonn (M) on Z fi' (Uk(ri, o)) = fi' (o)
HEA(MXIT] X X I )7r€ k=1
K
-7 ]EO'NTI']EO|O' Z Da <M§o('; g, O)’ :U’Igr())] :
k=1

In the above expression, when we write Uy (15, 0) and f,' (o), we view o € ¥ as an element of I1 by
associating it with the singleton distribution on o, recalling that T1 = A(X).

Lemma L.3 upper bounds the multi-agent information ratio in terms of the multi-agent offset
DEC of the convex hull of a given instance.

Lemma L.3. Consider any instance A4 = (M,I1, O, {11} }x, {Uk }1) which satisfies Assumption
F.1, and for which co(.#) satisfies Assumption 1.3. Then for all v > 0,

infr,(#) < K - r-decS(co(4)).

Proof of Lemma L.3. We denote the pure decision sets of the instance .# by X1,..., Xk, and
the joint decision set as ¥ = X; X --- x Xg. Fix a prior p € A(M x II} x -+ x IT%) and
a distribution 7 € A(X). Recall our notation from above: let P denote the law of the process
o~ (M,7},....,7) ~ po ~ M(c). Foreach k € [K], let uf (]) = P(z} = 7, and
figo(y; 0, 0) = P(mf = ;] (0, 0)).

Consider the value of the multi-agent information ratio given the choices for u, ™

i D (1bo(:5,0), uﬁr(-))] .

k=1

EUNWE(M,W{,.. TR ) [Z Uk 7Tk? ) fliw(o')] -7 EO'NTFEO|O'

For each k € [K], 7}, € I}, and 7 € I, define M¥, ( ) := E,[M(x)|r; = =] Further define
M (m) = E,[M(x)]. Note that M*, (¢) = Py, x and M( ) = Pyq
k
To proceed, note that for each fixed o € %,

Esio | D (1o 19,0): 1pr()) | =Eofo | D (Brgionos Py )|
|

D} (M (0). M(0))] (57
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where the second equality follows since o ~ 7 and (77, ..., 7)) ~ p are (marginally) independent,
and the third equality holds by Lemma H.2. Furthermore, we have that

Etmp,itmnBona L Uk(rh, 0)) = £ (0)] =EonnBmpu By [fi (Uk(mh, 0) — £ (0) 7]
ak

a1, (Uilrto)) — 5, ()]

ME, , ME,
<Er:~y max Eoor [fk (Uk(my, 0)) = fr ’“(a)} .

m €Y,
(58)
Next, for any M7 € co(M), we have, for 7y > 0,
r-dec? (co(.# ), M)

= inf sup E,-
PEA) Meco(M) P

( max fi! (Ug(my, 7)) — f;é”(ﬂ)) — 7 D (M(m), Ml(ﬂ))]

! !
™, €L

= inf sup  Ervp

PEA) Aenot) max K, [f;i”(Uk(T% o)) — f,éw(a)] -7 Dﬁ (EUNW [M(U)LEJNW [Hl (U)])]

! !
| ™, €L

> inf sup Eq- max Eor [ /M (Up(mh,0)) — (o) =~ - Egmr|DE (M (o), M1 (0
B0 S ey |3 s B (0 0) = )] =1 Bl DR, T )
K
> inf  sup max Er,Eoor [fo (Us(h, o)) = f2(0)] =7 - ExepEonn [DE (M (o), M1(0))]
PEA(IL) Meco(M) =1 ThEML
K

> M / M A 2 AT
_welgmeesg()M);nggg Eomr [ (Uk(mk, 0)) = [ (9)] =7 - Bonn [D(M(0), M1(0))],

= 10 1

where the second equality follows from Assumption F.1, the first inequality follows from convexity
of squared Hellinger distance, the second inequality follows from Jensen’s inequality, and the final
inequality follows by replacing any p € A(II) with the decision 7 := E,,[7] € A(X) = IL

By the above display, the following holds: for any M € co(M), there is some 7 € II so that,
for each M5 € co(M),

K — —
Z max Eor fi2(Ug(mp, 0)) — ,i”z(a)} —v-Egr [Da (M3y(0),M1(0))] < r-dec’, (co(.#)).

!
1 AN

(39)

Since we have assumed that co(.#) satisfies Assumption 1.3, the following holds: for each k € [K],
7 € II, and My € co(M), we have (again using Assumption F.1)

max Eoor |17 (Un(nh, 0)) — fi7(0)] = max £ Un(nhm) — f7(1) 2 0. (60)
m, €L m, €11,
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Then, by (60) and (59), for each k € [K], we have that for any M, € co(M), there is w € II so that
for each M5 € co(M),

max E,r Mz(Uk(wk, o)) — ,?2(0)} — v -Egr [Da (M3(0), M1(0))] < r-decS(co(.#)).

! !
m, €L

(61)

Next, choose 7 € II, given M1 = M to ensure that (59) holds for all M3 € co(M). Then for
each k € [K] and each 7} € I}, choosing My = ]\7% in (61),

mk, ak, — —
max Bovs [ f. Uy 0)) — f, (g)] D [Da (Mfrz(a),M(a))} < r-decS(co(.)).
Th
Taking expectation over 7 ~ 1 and using (57) and (58), we obtain

E vt oo [ Uk, 0)) = J(0)] =7 BoneBojo | DA (1hol3,0), () )|

{ Mk, Mk,

@(mww»ﬁwwﬂ—wmw@MM%%M@ﬂ]

SEWI;N# !meaﬁcl Eoz
k

<r-dec(co(.#)).

Note that the choice of 7 depends only on M, and in particular it does not depend on k. Therefore,
we may sum the above display over k£ € [K], to obtain

E(M,Wf7...,7r}‘()~qu~%

K
ZfﬁI(Uk(WEaU)) —f,éw(a)] =7 EonrEolo

k=1

K

ZD (Mpo vO)vﬂpr('))]
=1

<K - r-decf(co(.#)).

Using that the choice of u € A(M x II} x --- x IT%) is arbitrary, we obtain that infr, (.#Z) <
r-dec’ (co(.#)), as desired. [ |

L.4. Relating the multi-agent information ratio and exploration-by-optimization objective

In this section, we prove the following result, which upper bounds exo, (.#) by the multi-agent
information ratio of ./#, at scale 1/(87).

Lemma L.4. Consider any instance M = (M, 1L, O, {11} } i, {Uk }1) satisfying Assumption F.1.
Then for all n > 0,

exon(///) < infl’l/(gm (.//)

Proof of Lemma L.4. Throughout the proof, we will denote the (finite) pure decision sets, as
guaranteed by Assumption F.1, by 31, ..., Yk, and the joint decision set by > := 31 X - -+ X Y.
Additionally, we write IT' := szl IT}, to denote the product of the deviation sets IT). We can write

exon(///) = sup inf sup E (M 74~ [qu(ﬂ’g; ™, M)].
qEHleA(H;C)”EA( )s 9EG peA(MXIT') ( )~
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For > max{1,1/n} and ¢ € (0, 1), define
Go={(91,---,9%) €G : |lgklloo < aVk € [K]}, P.={recll : n(o) > €% Vol

We will now use Sion’s minimax theorem (Theorem H.1), with X = P. x G, and Y = A(M x IT'),
to interchange the inf e geg and the sup,,c A« 11y in the definition ot exo, (.#) above. We first
check that its preconditions hold:

* Let the set P, have the standard topology induced from II, so that P is compact, and let
G, have the product topology. Tychanoff’s theorem yields that G, is compact, and thus
X = P. x G, is compact. It is also clearly convex.

* Letus give Y = A(M x II') (which we recall is the space of finitely supported distributions on
M x II') the weak topology, which is the coarsest topology so that the functional y1 — [ ¢dp
is continuous for all bounded functions ¢ : M x II' — R.

* To establish the remaining preconditions, we need that the mapping (7, g, i1) = Epz 0y [Lg (7, g5 7, M)
is uniformly bounded for (7, g) € P X G, and u € A(M x IT'). This follows immediately
from the definition of I'y (7, g; 7*, M) and the domains P. and G,.

* Clearly, the map p — E(p7 7+ [Lq,n(m, g;7*, M)] is linear, and thus concave, for each 7, g.
Moreover, it is continuous by boundedness of Iy ,, (7, g; 7*, M), and the fact that A(M x IT')
has the weak topology.

* By Lemma L.5, the map (7, g) + E(as ) llgn(m, g5 7, M)] is convex in (7, g) for any
fixed p. Furthermore, it is continuous by definition of the product topology and since 7(o) is
uniformly bounded below for 7 € P..

Having verified all of the conditions for Theorem H.1 to apply, we now have:

exo, (M) < sup inf sup  EeoyopuLan(m, g™, M)
n qEHi(Zl A(H;c) TEP:,9€Ga P«EA(MXH/) ( 7r) wlt gn

oy Sup inf  Egmoympn Lon(m g7, M), (62)
q€lTE, A(TT,) HEA(MXIT) 7€P:,9€Ga #

where the inequality follows since we are restricting to smaller sets G, C G and P, C Il in the
infimum, and the equality uses Theorem H.1. Given ¢ € Hszl A(L), p € AM xII'), w € P,
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consider the value of

inf Bz peoypuLgn(m, g5 7, M)

gega
> W) - )|

_E(M )~ p Eonr

K
1 n ’, *,
+ ;;Engfa E(M 1)~ Eonm on (o) Brf ng, [exp <7r(o) (gr(my;0,0) — gr(mfs o, o))> - 1]
K
:E(M,Tr*)NMEUNTF Zféw(U(ﬂ'z,O‘)) - léw(o-)]
k=1
n
+ = nglergl; . E (M,7*)~ EUNW,ONM(U)EﬂCqu |:eXp <7T((7) : (gk(ﬂ-;@; g, 0) - gk(ﬂ-]:; g, O))) - 1:| »

(63)

where we have used Gy, , to denote {gi, € Gr : [|gk|loo < a},sothat Go = G1 o X -+ X Gk q.

Let P be the law of the process (M, 7*) ~ p, 0 ~ m, 0 ~ M(o), and define, for k € [K],
pk () = P(rg = =), and pf (7} 0,0) = P(xf = 7}/(0,0)). Foreach k € [K], the term
corresponding to agent k in the second term of (63) above can be rewritten as follows, using the
definition of the posterior distribution ugo(ﬂ,’f; 0,0):

n
inf IE(M T )~ EJNW,ONM( )ETI';Cqu |:€Xp <7T(O') ’ (gk(ﬂgc; g, 0) - gk(ﬁ% g, O))> - 1:|

IkEGk o

sulrisoo) (s
= inf Ey;-E olo |:E7T;€qu |:6Xp (’r] e R 2 Eﬁlzwu o(0,0) [EXP\ —T1 - W —1].

9k EGk,a (o)

Given any gr € Gj . We have that (7,0,0) — @ - gr(my;0,0) and (7}, 0,0) — = -

gk(7}; 0, 0) both belong to Gy, , meaning that the above quantity is upper bounded by

gkéngl;f EUNWE0|U |:E7r’ ~qp [eXP(gk(Wé; g, O))] ' E?TENLLISO(';O',O) [eXp(_gk (72% g, 0))] - 1:| .
na

This expression is equal to

Vk(ﬂ-a q, ,u) = EJNWEO\J inf {EW;N% [exp(gk(ﬂ-;c)ﬂ E i~k (50,0) [exp(_gk(ﬂ-Z))] - 1} :

gk I =R, |l gx || o <an

By Lemma H.3, we have that for all 7, g, ,

Vk(ﬂ-a q, ,U') = - EUNWE0|U Sup { EW’ ~qk [exp(gk(ﬂ-;c))] ’ Eﬂ,’éwu’go(-;a,o) [eXp(_gk(ﬂ-;))] + 1}
-1 =R, [|gk [l oo <am
1 —a
< - 5 'EUNWEO\U [Da (ﬂfw(';a—a 0)7Qk):| + de” . (64)
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Combining (62), (63), and (64), we obtain the following upper bound:

eXOﬁ(%) S sup sup inf { M7r* N GNW [ ﬂ_k, B ’iw(o_)]
g€l I, A(T,) pEAMXTT) TEPe ( " Z

K
1 4K
_ % IEUN7r olo [Da (Mgo(.;a, 0),qk>} + T e 0”7} .

Since f} € [0,1] for all k, M and D (-,-) € [0,2], it follows that we may replace the inf ep, in
the above expression with inf <1 and pay an additive cost of Ke - (1 + 1/7), and so

K
Y U, 0)) — f;é”(a)]

k=1

exo, (M) < sup sup  inf {IE( [P
qEHle (H’ ) LEA(MXIT) rell

1 4
) ;anEow [Da (ul’éo(-;o, 0%%)] e e (1 1/77)} ,

Since the above holds for any € € (0,1) and & > max{1, 1/n}, we may take the limits ¢ — 0, & —
oo to get

exoy () < sup sup inf ¢ B rnypBonr
0el i, A (H' ) HEAMIT) TEMT

Z U(ng,o liw(a)]
_ 2177 ;EUWEOM [Dﬁ| (ugo(.; 0,0), Qk)] } .

Next, for any choice of g5, € A(II}), we have

EUNW]EO\U |:DI%| (:ugo(, g, O)a //Jl;r)i| :EUNWEO\U |:-Da (,U/,;o(a g, O)v EO'NWEOM[MPO('; g, O)])}
<4 EO'NWEO|O' |:DI%| (Mgo('; g, 0)7 Qk>] )
where the equality uses that, for ) € I}, uf,r(ﬂ;C) = EonrEoo[tpo(T},; 0, 0)] (by Bayes’ rule), and

the inequality uses Lemma H.4.
Hence, we have

exo, (M) < sup inf < Eps ey Eomn
o) ueA(MxH’)’TEH{ (M)p

=infry /(g (A ),

K
Zfli\/[(U(ﬂ27U)) - lgj(o)] - 7ZEO'N7FEO\ |:D2 (:U’po( g, 0) /

k 1

as desired. ]

Lemma L.5. For any fixedn > 0, q € Hszl A(L), M € M and 7 € IU, the map (w, g) —
Lyy(m, g;7*, M) is jointly convex with respect to (m, g) € Il x G.
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Proof of Lemma L.5. Fix any 7, g, M, 7* as in the statement of the lemma. Recall the definition of
Lyy(m, g;7*, M) in (49). Since convexity is preserved under summation, it suffices to show that, for
each k, the map from Il x G — R, given by

(7, g) = EBonr [fi' (Un(i, 0)) = fi' (0)]

1 Ui ’. *.
+ 5 .]EO'NTK',ONM(O')EW;CN(]]C [exp <7_(_(0_) ’ (gk(ﬂ-ka g, O) - gk(ﬂ.kv g, 0))) - 1:|

is convex. This follows directly from Lemma C.1 of Foster et al. (2022b). |

L.5. Putting everything together: Proof of Theorem F.1

The proof of Theorem F.1 is a straightforward consequence of the lemmas proven previously in this
section.

Proof of Theorem F.1. Consider an instance .# as in the statement of Theorem F.1. By Lemma L.3
and Lemma L.4, we have that, for any n > 0,

exoy, () < infry gy (A) < K - r-decy g,y (co(A)).

On the other hand, Lemma L.1 gives that for any 7, 4 > 0, Algorithm 1 run with the value 7, gives
that with probability at least 1 — 4,
e 2K K- IT]
Risk(T) = ™" (7) < exo,(4) + = - log K- max, [T ]
Tn 0
Minimizing over > 0 and substituting v = 1/(8n) yields that there is a value of 7 for which
Algorithm 1 yields risk upper bounded as

* 1 K . H/
Risk(T) = ™" (7) < K - inf { r-dec? (co(,#)) + 1 . log (K maxk [ |
7>0 7 T 5

which yields the claimed statement of Theorem F.1. |

Appendix M. Proofs for lower bounds from Appendix F

M.1. Proof of Proposition F.1

Proof of Proposition F.1. Fix K € N, and consider the K -player NE instance .# of Example 1.1,
where Aj;, = {1, 2} for each k € [K]. Certainly we have |II}| = |.A;| = 2 for all k. By Proposi-
tion G.1, we have r-decS (.#™") < O(K/~) for all v > 0. Finally, Rubinstein (2016) implies that
there is no algorithm which draws 2°(% ) samples (each of which requires querying the true payoff
function a — (f{*"(a),..., f}"(a)) once) and outputs a co-approximate Nash equilibrium with
probability at least 2/3, where ¢y > 0 is a sufficiently small universal constant; this yields the third
claimed statement of Proposition F.1. |
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M.2. Proof of Theorem F.2

In this section, we prove Theorem F.2. Before proving the result, we introduce some notation that
will be useful in the remainder of the section.

* Forintegers N > N’ > 0, we let ([]]VV,]) denote the set of all subsets of [N] = {1,2,..., N} of
size N'.

* For positive integers n < n’ let [n,n'] = {n,n+1,...,n'}.

e For sets X,), X LU Y denotes the disjoint union of X and ); it is formally defined as
{(,0) : ze X U{(y,1) : y€ YV}

* For finite sets X', ), we let X Y denote the set of all functions ¢ : Y — X. Note that, in the
case of ) = [n] for some n € N, the sets X™ (which is the n-fold product of X') and X" are
in bijection. We will at times slightly abuse notation by identifying these two sets.

* For a finite set X', let Unif(X’) denote the uniform distribution over X'

Proof of Theorem F.2. Fix ¢ > 0 and N € N; by increasing the constant Cj in the statement of
the theorem, it is without loss of generality to assume that V is a multiple of 3. Set Ny = N/3 and
Ny =2N/3 = N — Nj. Define

k=N, g=n=—=—, (65)
€

which ensures that ¢* > ( ]]\yl ) for sufficiently large N. We write .77 := ([NNI]) and F = ([NA;]) We
will now define a random function @ : 74 U Z5 — [q]I") U [¢ + 1,2¢)("*1:?") 50 that & maps Z to
[q)™ and Z to [q + 1, 2¢][" 12", We will show that with positive probability, ® satisfies certain
conditions.

1. First,let T : 73 U % — [q]* U [¢]* denote a random function, defined as follows: T' maps .7;
to the first copy of [¢]* (uniformly at random), and % to the second copy of [¢]* (uniformly at
random). In particular, for each S € 73 U %, I'(S) are independent and chosen uniformly
over their respective copies of [g]".

2. We next define a mapping ¥ : [¢]*LU[q]* — [q] U[g+1, 2¢]("+2"] which maps the first copy
of [¢]* into [¢]!™ and the second copy of [¢]* into [q + 1,2¢]"*1?"] according to the Reed-
Solomon code of Lemma M.6. (Here we have identified each of [¢]l") and [¢ + 1, 2¢](*+1:2"]
with [¢]" in the natural way.)

3. Wethenset® = Yol

We next argue that there is some choice of I' for which the resulting ® satisfies the following
Conditions M.1 and M.2.

Condition M.1. For each i € {1,2}, for all sets T,T' € J; with T # T, it holds that
ditam (®(T), ®(T")) 2 ¢ =k + 1.
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Condition M.2. For any subset Q C [N] with |Q| < V/N,

Vay € [],az € [a), Prvwisn) (8(T) ) = alQC T) <2/a (66)
Vai € [+ 1,202 € [0+ 1,20, Prvm(an (B(T)(@) = ml@C T) <2/g. (67)
To see that there exists such a choice for I', we make the following observations.

1. Since ¢* > 10 - ( ]]\\,71 )2 whenever NV is sufficiently large (by Eq. (65)), with probability at least

1—( 1]\>[1 )2 /q* > 9/10, the function I" is injective. Conditioned on being injective, Lemma M.6
gives that Condition M.1 holds, since the action of ¥ on each of the copies of [g]* is defined to
be that of a Reed-Solomon code. Thus, Condition M.1 holds with probability at least 9/10
over the choice of I'.

2. Consider any fixed choice of 7 € 1. Note that, for each coordinate a; € [n], the mapping
T = ®(T)(ar) =2(I(T))(a1), for T € 7, is distributed as a uniformly random function
from 77 — [q] (with respect to the randomness in I'). This fact follows from the final
sentence of Lemma M.6 and the fact that I' is a uniformly random function. Thus, by

Lemma M.7 with Ny = N and a union bound over all n possible values of a;, with probability
5N/6

1—n. NVN+1.97(8/6)/(Ca") (uo the choice of T, for any subset Q C [N] of size |Q] < V/N,

Eq. (66) holds. Similarly, an application of Lemma M.7 with Ny = N, yields that with
__(5N/6

probability 1 —n - N VN+L . 9 (w/e)/(C?) over the choice of I, for any subset Q C [N] of

size |Q| < VN, Eq. (67) holds. Note that our choices of ¢, N, € ensure that, for the constant

C in Lemma M.7, as long as N is sufficiently large,

5N/6
3logq < 6log(N/e) < 12log(N) < N/6 — C <log < N//6> - C,
meaning that it is valid to apply Lemma M.7. Finally, let us note that our choices for N, q
ensure that as long as [V is sufficiently large,

5N /6

/ > Cq?- (log(?n) + log(N‘/NH) + 5) ,
N/6

and therefore, (66) and (67) hold for all @ C [N] with |Q] < VN, with probability at least

1 — 27°. In particular, Condition M.2 holds with probability at least 1 — 2~ over the random

choice of T'.

Summarizing the above points, with probability at least 1 — 1/10 — 27> > 0 over the choice of T,
Conditions M.1 and M.2 both hold. We pick any such I' for which both conditions hold, and set
d=>Xol.

We are now ready to define the 2-player instance .# = (M, II, O, {11} } ., {Us }x.).

Policy space. LetII; = {1,2,...,2n} and IIs = {0,1,...,2¢}, and write IT = II; x IIs to
denote the joint policy space.

Deviation sets and switching functions. The deviation sets ITj and switching function U}, are set
as in Definition 1.1 to make .# a 2-player NE instance. To be concrete, we have IT) = II;, for each
k, and Uy (), ) = (7}, m_).
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Model class M. The class M is indexed by 71 U 5. Given aset T € 71 U J5, we write the
corresponding model as M. We will often consider the decomposition M = M; LI Mo, where
My ={My : T € FA}and My :={My : T € Z}. For each M1 € M, we need to specify
the distributions 0 = (r1,r2,0,) ~ My (), for each w € II. To do so, we first define a mapping
B* : 71U %% — P([2n] x [2¢]) C P(II), as follows: recall that ® maps .7; to [¢]™ and 7 to
[q + 1,2q]"t12"] Then for T € 7 U s, define B*(T) C [2n] x [2q] C I by

{6, ®(T)(0)) : i € [n]} L My e My

B*(T) = {{(Z,CI)(T)(Z)) ci€n+1,2n]} My e Mo.

Note that here we view, for each set 7 in the domain of ®, ®(7) as a function mapping either
[n] — [q] (for My € My)orn+1,2n] — [q + 1,2q] (for M1 € Mby).

We set the reward space to be R = [0, 1], and the pure observation space to be O, = [N]. Now,
for each M7 € M and 7 € 1II, the full observation o = (1,72, 0,) ~ My () is drawn as follows:

* The pure observation o, € O, is simply a uniformly random element of the set 7.

* The rewards are deterministic, i.e., we have rj, = f, 7 () for each k € [K], a.s. Moreover,
we define

0 :mellh x{0}
VT = —£T(m) =1 iwe (Il x{1,2,...,2¢)\B*(T) (68)
-0 meBT),

where we set ¢ := 1073,

Establishing the claimed statements. It is immediate from definition of IT that |II| = 2n - (2¢ +
1) = O(N?/e?), thus establishing the first claimed statement of the theorem. Next, Lemma M. 1
below bounds r-decS (co(.#)), establishing the second claimed statement.

Lemma M.1. Forany v > 0, It holds that r-decS(co(.#)) < e.

The proof of Lemma M.1 uses that ® satisfies Condition M. 1. Finally, the third claimed statement
is established by the following lemma.

Lemma M.2. There is a constant C' > 0 so that the following holds. For any algorithm that has at
most T' < v/ N /C rounds of interaction, there is some model M* € M so that

E" [Risk(T)] = EM" [nM"(7)] > §/100 = 107°.
Recall that above T denotes the output policy of the algorithm.

The proof of Lemma M.2 uses that ¢ satisfies Condition M.2. It remains to prove Lemmas M.1
and M.2; we do so in the remainder of this section. [ |

Proof of Lemma M.1. For M € co(M) and i € [N], let M[i] € [0, 1] denote the probability
]P’(T1 ra.,00)~ N () [0o = i], for an arbitrary decision m € II (note that the choice of decision does
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not affect the distribution over the pure observation 0,). For any M € co(M), we define the set

T (M) C [N] as follows:
T(M):={ie[N]: M[i]>1/N},
Now fix any M € co(M). Define p* € A(II) as follows, as a function of M:

. {Unif<{<1,0>,...7<n,o>}> |T(M)| = N/2
Unif({(n+1,0),...,(2n,0)}) : |T(M)| < N/2.
We have that

r-decd (co(.#), M) < sup Erppe [pM(m) — - D (M (), M(n))]
Meco(M)

2
= sup Epop [Z max (e, ) — f2'(m) —'y-Da (M(W),M(’}T))
Meco(M) k

= sup IErrwp [max f2 (7717772) 2M(7T) - Da (M(?T),M(Tr))
Meco(M) mH €l

where the final equality follows because for all M € co(M) and all 7 in the support of p*,

maXy! e1r, [ (my, ma) = 0 = f{'(m).

Fix v € A(M) so that M = M ,(7) := Eps,[M(7)] attains the supremum in Eq. (69). We

consider the following possibilities:

Case 1. Suppose first that |7 (M)| > N/2. We consider the following sub-cases:

1. First suppose that v(M;) <

ﬁ, where we recall that § := 1073 (Eq. (68)). Then for all
71 € [n] and 7o € [2¢g], it holds that

Vi 1 1
M
fy v (1, ma)) < s ( 1+5> ; (70)
since f2 7((m1,m2)) is only positive when = € B*(7), which happens with probability at
most 5 5 under M7 ~ v, as m; € [n]; moreover, when it is positive, it is §, and when it is
not pos1t1ve itis —1. Using (70), since for all decisions 7 in the support of p* (which have
71 € [n] in this sub-case), the expression in (69) is bounded above by 0.

. Next suppose that there is some model M € /\/l1 so that v(M7) > 14/15. Thus, we must
have 3~ 77 \TM [7] < de[N \TM [j] < £ On the other hand, since |7(M)| > N/2,

we have )\ M[j] > & - & =1/6. Thus, for any decision 7 € II,
D{ (M, (7), M(m)) > (Drv (M, (7), M(r)))* > (1/6 — 1/15)* = 1/100,
Thus, as long as v > 100, since f37(my, 7)) < 1 for all y, 7}, if we recall that M = M, is

chosen to maximize the expression in (69), we have that this expression is bounded above by
0.
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3. In the remaining case, we must have (M) > Tlré’ yet for each My € My, v(My) < 14/15.
Suppose for the purpose of contradiction that

Ermps | max fo' (w1, 7h) — f27 (1) | = Bpmpr | max fo™(my,7h)| > €. (71)
71'261_[2 7T2€H2

Write Z = {m € [n] : max, e, fa%v(my, mh) > 0}; since MaX, ey, falv (my, mh) < 1 for
all 1, (71) tells us that |Z| > en. By construction, for each 7r; € Z, there is at most one value

of m € [q] so that f)7*(my,m3) > 0; let this value of 7y be denoted by 73 (1), if such my
exists given 71, and otherwise set 75 (m1) = —1.

Note that if fM” (my,m) > 0 for any m; € II; , then we must have that v({ M7 € M, :
O(T)(m1) = ma}) > l—}r& > 1 — 4. Therefore, for all 7y, if 75(7;) > 0, then

v({M7 € My : ®(T)(m) = m3(m)}) > 1-6. (72)

For each M1 € M, define

((T):=HKm €L : &(T)(m) # m3(m)}-

We have that

zZl- > v =Y > vMp)-I{(T)(m) = m5(m)} = |Z]- (1 - 9),

MreM; 1 €L MyeM;y

where the inequality uses (72). Thus, by Markov’s inequality, for some subset M) C My, it
holds that v(M;\M}) < V/§ and for all M7 € MY, ((T) < |Z|-V/5. Since v(M;) > 13,
it follows that v(M}) > 1 -6 — Vo >1—2v6. Since 1 — 2/ > 14/15 by our choice of
§ = 1073, there must be at least two distinct elements of M, which we denote by M7, and
M.

To proceed, by definition of M}, it holds that
{m € : ®(T1)(m) = ®(T2)(m1) = w5 (m)}| = |Z] - (1 - 2V6) = [Z]/2 = ne/2.

It follows that diram (®(71), ®(72)) < n — ne/2 = n(1 — ¢/2), which contradicts Condition
M.1, since n(1 —¢/2) = 2¥ . (1 —¢/2) < 2¥ — N +1 =g —k+ 1. Thus, (71) is false, and
therefore the expression in (69) correspondlng to choosing M = M, is bounded above by e.

Case 2. Now suppose that |7 (M)| < N/2. In this case an argument symmetric to that in the case
that |7(M)| > N/2 may be applied to establish the same upper bound on the multi-agent DEC. (In
particular, the roles of M, My are swapped; the symmetry arises from the fact that sets in .7; have
size N/3 = N/2 — N/6 whereas sets in .73 have size 2N/3 = N/2 + N/6.) Below we expand on
the details for completeness.

1. f v(May) < 1+6, then for all m; € [n + 1,2n] and 7y € [2q], 2™ ((71,m2)) < 0, meaning
that, since for all decisions 7 in the support of p*, mo € [n + 1 2n] the expression in (69) is
non-positive.
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2. Next suppose there is some model M7 € My so that v(My) > 14/15. We must have that

> e T\T () M[j] < |T\T(M)| - %. On the other hand, since for each i € T we have
Mrli] = 3/(2N), we have X, cr i Mol > 4 A - IT\T(WD)| > 5k - [T\T (A1)

Thus, for any 7 € II, since |7 (M)| < N/2 and |T| = 2N/3 (as M1 € My),

2
DA(W1,(7).81(x)) > (Drv (.. 31(m)* = (1IN0 (53~ ) )

(N (T 1\
—\6 5N N 2257

Thus, as long as v > 225, since f3(m1,75) < 1 for all 7y, 7}, the expression in (69) for

M = M, is bounded above by 0.

3. In the remaining case, we must have v(Ms) > Tlré’ yet for each M € Mo, v(M7) < 14/15.
In this case, the expression in (69) for M = M, is bounded above by ¢, via an argument
identical to the one in Item 3 above where one replaces all intances of M7 with M.

Summarizing, we have shown that (69) is bounded above by ¢ for an arbitrary choice of M, which
completes the proof of the lemma. |

Proof of Lemma M.2. Fix any T < +/N/C (for a constant C' to be specified below), and
consider any algorithm (p,q) = {(q'(:|-), p(-|-)}]_;. Recall that, for any model M, $* denotes
the history of interaction between the algorithm (p, ¢) and the model M, and is defined by $H” =
(', 0"), ..., (7", 0"). HT is associated with the measure space (2”,.%#"). For each model M € M,
we use the abbreviate PM = PM:(»9) a5 the law of )7, and write E* for the corresponding expectation.
We will show the stronger statement that the algorithm (p, ¢) has large risk for a uniformly random
model M* € M; in particular,

Eprs it EY [ (7)] > 6/100. (73)

Clearly (73) implies the statement of Lemma M.2.
In order to prove Lemma M.2, we first prove a few intermediate results. To start, we define an
additional model Mj: the distribution of (r1,72,0,) ~ My(w) are as follows:

* The rewards 71, ry are given as in (68) with B* = &; in particular, v, = f,i” O(7) are determin-

istic with

Mo () = M0 () — 0 :mell x{0}
1 melly x{1,2,...,2q}.

* The pure observation o, € [N] is a uniformly random element of [N].

Next, recall that we write, for m € IL k € {1,2}, M € M, Iy/(m) = maxy ey, fi! (Ug(m, 7)) —

M
i (7).
Lemma M.3 below shows that for each i € {1, 2}, under the model M, with constant probability
either all models in M or all models in M5 have high risk with respect to the algorithm’s output

policy 7.
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Lemma M.3. There is some i € {1,2} (depending on the algorithm (p, q)) so that

PMo (VM € My : hM(R) > 8) > %

The proof of Lemma M.3 is provided at the end of this section. Since M is not in M, Lemma M.3

is not enough to prove Lemma M.2; we will next use a series of change-of-measure arguments to

reason about the history of interaction when the true model is a uniformly random model in M. In

particular, for each model M7 € M, we define an intermediate model M7 q: the distribution of
(r1,72,00) ~ M7 () is as follows:

* The rewards (71, 72) are given identically to the rewards under My(7) (in particular, they are
deterministic).

* The pure observation o, is a uniformly random element of T".

Lemma M.4 below shows that under a history drawn from M7 o for a uniformly random 7 ~
Unif (%), with high probability the algorithm will not query any decision belonging to B*(7) C II;
furthermore, the distribution of the history $* is close under M, and under M7, again for a
uniformly random 7~ ~ Unif(.%):

Lemma M.4. For each i € {1,2}, the following holds:

2T 1
EreuntpE ™ (... 7"} 1B (T) £ @) < = + 1o 74
Furthermore, for any measurable subset F € F7 of histories,
1
|EM [I{$" € F}] — Erwumit(z)E" 70 I{H" € F}]| < 100" (75)

The proof of Lemma M.4 is provided at the end of this section.
Next, Lemma M.5 shows that if, for some model M7, the algorithm does not query any decision
in B*(T") with high probability, then the distribution of histories under P*7.0 and P7 are close.

Lemma M.5. Fix some model M1 € M so that PM7.0o({x',... «7} N B*(Mt) # &) < n for
some ) > 0. Then Dy (PY70 PMT) <.

The proof of Lemma M.5 is provided at the end of this section. Given the above lemmas, we
now establish (73). Suppose for the purpose of contradiction that E ;unie(ag)EY [ ()] < 6/100.
Then by Markov’s inequality, Ey/unir(vEY [T{AY (T) > 6}] < 1/100. Since Unif(M) is the
uniform average of Unif(M) and Unif(My), it follows that for each i € {1, 2},

Ensounita) EY [T{AY (%) > 6}] < 1/50. (76)

We next note that Lemma M.3 gives that for some ¢* € {1, 2},

PMo (VM € M : h™(7) > 6) >

N | —

By the conclusion (75) of Lemma M.4, it follows that

Bt EY70 [{YM € M- : b (7) > 8}] > 1/2 — 1/100. 77)
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Next, by the statement (74) of Lemma M.4 and using that 27" < v/N and v N Jg<1/ VN <
1/100 for sufficiently large N,

. . VN 1 1
ETNUnlf(ﬂ*E TO[{{W7 ..,W}QB( )#g}]<7+m % (78)
Now, for n = 1/7, let us write x(7) := T{EM7o [[{{r,..., 77} N B*(M7y) # @} > n} €

T)
{0,1}; Eq. (78) together with Markov’s inequality give that ETNUnlf(:?i*) IX(T)] <1/7.
Next, Lemma M.5 gives that, for all 7 € 73 U %,

PYMT (VM € M+ hY(7) > §) > PM7o (VM € My : BM(7) > 6) — x(T) — n,

and taking expectation over 7 ~ Unif(.Z;+) and using that E7_upi(7.)[x(7)] < 1/7 and the
choice of 7 = 1/7 gives that

Prunit( 7 B"T [I{VM € My : BY(T) > 6}
>Prtnit( 7 VT [I{YM € M : WM (F) > 6}] — 2/7 > 1/2 — 1/100 — 2/7,

where the final inequality follows by Eq. (77). In particular, using that M7 € M+ if T € Jx, we
have

Etmit( 7 BV ({7 (%) = 6}] = 1/2 = 1/100 — 2/7 > 1/5,
which contradicts Eq. (76), thus completing the proof. |
Proof of Lemma M.3. We write II := II; x (I, \ {0}) = II; x {1,2,...,2¢} C IL First, we

claim that for all 7 € IL, and all M € M, it holds that h™ (7) = h¥ (1) + h}! () > 6. To see this,
consider any M = M7 € M, and we consider the following two cases:

o If 7 & B*(T), then f37((m1,0)) — f3%(m) =0— (1) = 1.
o If 7 € B*(T), then there must be some 7] € II; with (7], m2) & B*(T), and so f*((}, m2))—
M(r)y=1—(=0)=1+34.

Next, note that
max {IP’MO (% e U ([n] x {0})) ,PMo (% e TTU ([n+1,2n] x {0}))} >1/2.

Let us first suppose that P*o (ﬁ e U ([n] x {O})) > 1/2. Note that if M = My € M; and

™ € [n] x {0}, then R (m) > h3' () = f3" (w1, ®(T)(m1))) — f3" () = 6 — 0 = &. Moreover, the
two bullet points above establish that if 7 € I, then h™ (m) > 1 > §. Thus, in this case, we have
established that P*0 (VM € My, hM(7) > 6) > 1/2.

In the other case, where P*0 <7r €U ([n+1,2n] x {O})) > 1/2, it follows inb a symmetric
manner that, P (VM € My, hM(7T) > §) > 1/2. [

Proof of Lemma M.4. Fix any i € {1,2}. Foramodel M € {Mo} UUz¢5{ M7}, consider
adraw of H* = (7', (ry,75,08),..., 7", (r],r3,0l)) ~ P, where we have written out the full
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observations o' = (rt, 74, 0!). Since the distribution of the pure observations o}, ~ M (7) does not

depend on the policy , the distribution of )7 is identical to the following one: first, o}, ..., 0

are drawn i.i.d. from M (7g) (for an arbitrary decision ), and then the decisions 7' are chosen
adaptively, 7* ~ ¢'(-|$)*~"), with the rewards 7, r, being determined by 7*.

For any 7 € .7;, and for any t,t' € [T] with t # t', we have P¥70[o}, = o] = 1/|T| < 3/N.
Thus

PUTo (St £t 5 o) = of ) < T2-3/N < 1/100, (79)

where the final inequality follows since 7" < /N /300 (as long as the constant C' in the statement of
Lemma M.2 is sufficiently large). Let £ € .Z” denote the event that for all ¢ # t', o, # o’ . The
inequality (79) gives that

E7unit(z) BT [[{€}] > 1 - 1/100. (80)
In a similar manner, we also have that
EM[I{£}] > 1 —1/100. (81)
Now, we may compute
Erunit(7)BY70 [[{r" € BX(T)} | €]

1
= > 2 BT —wr| &) BV L{x € BT} |0l = wid]
TeZ 't Wy, wre[N]

1 1 M, t * 1:T
AP N DN Ty T BT et = el

distinct

1
NN-1)---(N—-T+1)

(]

ETwUnif(L%)EMO []I {7rt S B*(T)} | Oé:T = wi.T, {wla o ,WT} - 7—]
W1y, w €[N]
distinct

(82)
<2/q,

where:

* The second equality uses that the distribution of ” conditioned on o"” is identical under P

and PV7.0,

* The third equality switches the order of summation and uses that 1/|.7;| = ( ]]\\ifz )71 -
N(N71).%}V, N1y 8 well as the fact that the number of sets 7 containing any tuple
wi,...,wr € [N] of distinct integers is (N_T)(N_&:%'!(N—Nﬂrl)'

* The final inequality uses the fact that, for fixed w1, . . . , wr, the distribution of 7 ~ Unif (%) [{w1,...,wr} C
T is independent of the distribution of H” ~ PMo|ol" = wy.7. Moreover, the definition of
B*(T) in terms of ®(7) and the fact ¢ satisfies Condition M.2 means that, for any fixed
m = (71, m2) € Il with 1 > 0,

Proumit(7) (1 € B (T){w1, - - s wr} CT) = Provniez) (®(T)(m1) = mel{wi,...,wr} CT) < 2/q,
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where we take ®(7)(m1) = —1 if 71 is not in the domain of ®(7). (Here we have also
used that T < v/N.) In particular, the above inequality holds with the random choice of
7t~ PMo|olT = wy.p replacing .

Taking a union bound over all 7" values of ¢ € [T'] and applying (80), the first claim (74) of the lemma
follows.

To show the second claim (75) of the lemma, we note that for any fixed subset F € .#T (not
depending on 7) the chain of equalities ending in (82) implies that

Ertmit() EYTO[I{H" € F} | €] = E™[I{H" € F} | €],
Eq. (75) follows from the above equality combined with (80) and (81). |

Proof of Lemma M.5. Let £ denote the event that {7*,..., 7"} N B*(M7) = @. Consider any
subset F C .# " of histories. Then

PYTo(ENF) =PYT(ENF),

which follows since for any decition # ¢ B*(My), the distribution over the full observation
0o ~ My(m) and o ~ My o(m) is identical. The statement of the lemma then follows from
Lemma H.6. |

M.3. Supplementary lemmas

The following lemma, which is an elementary fact from coding theory, states the dimension and
distance properties of the Reed-Solomon code. To present it, we recall the definition of Hamming
distance: for ¢,n € N, and w,w’ € [¢]", we let dyam(w,w’) = |{i € [n] : w; # w,}| to be the
number of positions at which w, w’ differ.

Lemma M.6 (Reed-Solomon code; Section 5.2 of Guruswami et al. (2022)). Fix any integers n, q, k
satisfying q > k. Then there is a mapping ® : [q]* — [q|" so that for any two vectors v,v' € [q]"
with v # v/, it holds that dpam (®(v), (V")) >n — k + 1.

Furthermore, ® may be chosen so that if X € [q]k is uniformly random, then for each i € [n),
the value ®(X); € [q] is uniformly random.

Lemma M.7 below shows that a certain type of randomness extractor exists.

Lemma M.7. There is a sufficiently large constant C > 1 so that the following holds. Consider
any positive integers N, No, R, q with Ny < 2N/3, R < N/6 < Nyg — N/6, and 3logq <

log (5]]\%6) C.Let V. ([N }) — [q] be a uniformly random function. Then with probability at least
1— NE+L. (N/G )/(Cq*) over the choice of VU, for all subsets Q C [N] of size |Q| < R, and all

Jj € lal,

PTNUmf([Nl) (W(T)=jlQcCT)<

Q\I\D
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We clarify that the distribution of the uniformly random function ¥ : ([N]\g) — [g] in the above

[N]

No)’ U(S8) is an independent random variable,

lemma statement is given as follows: for each S € (
distributed uniformly on [g].
Proof of Lemma M.7. Since R < N/6 < Ny — N/6 and Ny < 2N/3, for any subset Q C [N]

of size |Q| < R, the distribution of 7 ~ Unif ([N]\g)\Q C T puts mass at most 1/(°)/%) on

N/6
any subset 7 (such a distribution is known as a flat k-source for some k > log (5]]\%6)). By
Vadhan (2012, Proposition 6.12) with ¢ = 1/g, for a sufficiently large constant C, as long as

3logq < log (511\%6) — C, with probability at least 1 — 27(

that, for any fixed Q of size at most R, the distribution of W(7), with 7 ~ Unif ([N]\g) |Q C T,is
1/g-close (in total variation distance) to uniform on [g], which in particular implies that ¥(7") = j
with probability at most 2/q for any j € [g| (again under 7 ~ Unif ([f\}g) |Q C 7).

Taking a union bound over all -7 | (%) < NF+1 possible sets Q, we obtain that ¥ satisfies

_(5N/6 2
the desired property with probability at least 1 — N+ .2 (wje)/(Ca ), |

5N/6
N/6 )/(Ca?) over the choice of W, it holds
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