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Abstract

Although parallelism has been extensively used
in reinforcement learning (RL), the quantitative
effects of parallel exploration are not well un-
derstood theoretically. We study the benefits of
simple parallel exploration for reward-free RL
in linear Markov decision processes (MDPs) and
two-player zero-sum Markov games (MGs). In
contrast to the existing literature, which focuses
on approaches that encourage agents to explore a
diverse set of policies, we show that using a sin-
gle policy to guide exploration across all agents
is sufficient to obtain an almost-linear speedup
in all cases compared to their fully sequential
counterpart. Furthermore, we demonstrate that
this simple procedure is near-minimax optimal in
the reward-free setting for linear MDPs. From a
practical perspective, our paper shows that a sin-
gle policy is sufficient and provably near-optimal
for incorporating parallelism during the explo-
ration phase.

1 INTRODUCTION

Parallel methods in deep RL have been successfully applied
to problems ranging from Go (Silver et al., 2016} [2017)
and Starcraft (Vinyals et al) [2019) to Atari games (Nair|
et al., 2015) and unmanned aerial vehicles (Pham et al.,
2018). In the episodic case, parallel methods use P agents,
each simultaneously interacting with the environment for
K episodes. At the beginning of each episode, each agent
is assigned an exploration policy that it uses to collect a
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trajectory from the environment. Agents update their poli-
cies as they explore and learn in the environment, with ag-
gregation and synchronization mechanisms that calculate
the exploration policy for the next episode. For example,
Nair et al.|(2015)) synchronized the value function estimates
stored on each agent and used the same value function to
guide subsequent exploration. As a result of having multi-
ple agents collecting data simultaneously and exploring the
environment, parallel methods are faster than their single-
agent or sequential counterparts. They can learn near-
optimal policies in a relatively short amount of time—only
K rounds are needed to collect and use a total of K P tra-
jectories. While synchronization of agents’ policies is often
used to ensure unbiased gradient estimates for the neural
networks used to represent the value function, synchroniza-
tion of the exploration policies is not necessary for unbi-
ased gradient estimates. Alternative approaches have been
proposed to improve the coordination of multiple agents for
exploration in parallel RL.

Importantly, much of the literature has focused on the di-
versity of exploration policies—plausibly as a necessary
condition for efficient exploration. |Dimakopoulou and
Van Roy| (2018)) proposed multiple sampling-based algo-
rithms that provide agents with a diverse set of exploration
policies. Mahajan et al.| (2019) proposed the use of mutual
information to ensure that agents explore with a diverse set
of policies—we remark that Mahajan et al.[(2019) focused
on the multi-agent RL (MARL) case and not on parallel
exploration in RL. At a high level, these alternatives ensure
that the agents’ exploration policies are sufficiently differ-
ent from one another and argue that the diversity speeds up
the learning process.

Taken together, existing theory and practice motivate a cen-
tral question: is the diversity of exploration (by different
policies) always required for efficient parallel exploration
in RL? By efficient exploration, we refer to exploration that
results in a speed-up of the learning process.

We consider this question in the reward-free RL setting.
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This setting allows us to isolate the benefits of parallelism
in exploration, as it separates the collection of trajecto-
ries from the learning of an optimal policy (Wang et al.,
2020; |Q1u et al. 2021} [Wagenmaker et al., [2022). Thus,
the reward-free setting provides a level playing field for
comparing exploration procedures. Therefore, we can fo-
cus on studying which procedure explores the environment
more efficiently, without requiring the procedure to balance
the trade-off between exploration and exploitation—a chal-
lenge inherent in the online RL setting (Jin et al.,|2020b).

We provide a surprising negative answer to the central
question by showing that diversity is not necessary for ef-
ficient parallel exploration. In summary, we show that no
sophisticated coordination is necessary and that a simple
algorithm in which all agents use the same exploration pol-
icy to collect data is sufficient for efficient parallel explo-
ration. Specifically, we prove that when the number of par-
allel agents is no larger than the number of rounds we in-
teract with the environment, using a single policy to guide
exploration is sufficient to achieve a near-minimax optimal
rate. Even outside of this regime, we prove that our method
has an almost-linear speedup in learning compared to a sin-
gle agent setting.

We demonstrate the surprising effectiveness of our pro-
posed approach in solving both MDPs and two-player zero-
sum Markov games (MGs). The latter is widely regarded
as one of the simplest forms of multi-agent reinforcement
learning (MARL) (Zhang et al.,|2021), which has resulted
in its increased popularity in recent years (Zhang et al.,
2020a; (Chen et al., 2022} [Kozuno et al., 2021; [Zhu and
Zhao| [2022). Our results suggest that the success of our
parallelization method is not dependent on the simplicity
of the MDP, and can be extended to more complex MARL
problems.

The paper is organized as follows. In Section [2] we for-
mally introduce the setting. To provide insight into both the
construction and analysis of our proposed algorithms for
the reward-free setting, we consider the online RL setting
in Section 3] In Section[d we describe the algorithms used
for reward-free exploration in both MDPs and two-player
zero-sum MGs, and analyze their theoretical properties.

Contributions We summarize our contributions and
their practical implications.

* We introduce the first parallel reward-free RL algo-
rithms for both linear MDPs and MGs, inspired by a
straightforward parallel online RL algorithm. Specifi-
cally, all algorithms—-both online and reward-free—
are simple in nature and use the same exploration pol-
icy for all agents. Compared to their sequential coun-
terparts, our algorithms demonstrate an almost-linear
speedup in performance.

e _We provide an_information-theoretic lower bound on

the ability of any parallel reward-free RL algorithm
to achieve e-suboptimality. By comparing the lower
and upper bounds, we demonstrate that our algo-
rithm is nearly minimax optimal when the number of
agents is P = O(K) for K episodes. We empha-
size that this assumption accurately reflects real-world
use cases where the number of collected trajectories
is often much larger than the number of available
agents (Pham et al.| 2018; |Silver et al.| 2016, 2017}
Vinyals et al., 2019). With regard to near-optimality,
our upper bound fully matches the speed-up term from
the lower bound (i.e., in K and P) and is only greater
than the lower bound by a low-degree polynomial fac-
tor on the other problem parameters. Consequently,
even if different exploration policies are used for each
agent, their performance can at most match the rate
of our single-policy algorithm in terms of K and P,
which are arguably two of the most important param-
eters in parallel exploration. For a more detailed dis-
cussion, see Section 4.3]

* In terms of practical implications, our work justifies
the simple approach of employing the same explo-
ration policy across all agents in parallel RL. This
eliminates the necessity for complex parallel systems
that result in additional computational and communi-
cation overhead required to explore with a diverse set
of policies.

1.1 Related Works

Our paper is related to the literature on reward-free, multi-
agent, distributed, and deployment-efficient RL, as well as
the literature on parallel and federated bandits.

Reward-free RL Reward-free RL addresses the problem
initially proposed in Jin et al.| (2020a) in which agents at-
tempt to explore the environment without knowledge of
their individual reward functions. The setting focuses only
on the exploration capabilities of different algorithms and
serves as a level playing field when comparing different
exploration strategies. Jin et al.| (2020a) studied reward-
free exploration in tabular MDPs and [Wang et al.| (2020)
proposed a provably efficient reward-free exploration algo-
rithm for linear MDPs. |Qiu et al.[(202 1)) proposed a reward-
free exploration algorithm when using a kernel function
approximation that is efficient for both MDPs and two-
player zero-sum MGs. More recently, [Wagenmaker et al.
(2022)) provided a tighter reward-free exploration algorithm
that matches the sample complexity of PAC RL for linear
MDPs, while|Agarwal et al.|(2020) studied reward-free RL
with unknown feature representation in low-rank MDPs.

Multi-agent RL Our paper is related to cooperative
MARL (Boutilier, [1996). In the online cooperative set-
ting, |Agarwal et al.|(2021) proposed a communication ef-
ficient algorithm for tabular MDPs_and [Dubey and Pent-
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land| (2021) derived a provably efficient algorithm in the
linear MDP setting, allowing agents’ reward functions to
be heterogeneous. We note that the online RL setting is
not suitable for isolating the effectiveness of exploration
alone, as it requires exploration strategies to balance both
exploration and exploitation. |[Zhang and Zavlanos| (2019);
Lin et al.| (2019); Suttle et al.| (2020) studied distributed
variants of the actor-critic algorithm (Konda and Tsitsiklis}
1999), but did not explicitly characterize the benefits that
arise from parallel exploration. Our work also contributes
to the literature on two-player zero-sum MGs, which is an-
other example of MARL (Perolat et al., 2015} Zhao et al.|
2022} Zhu and Zhao) 2022;(Kozuno et al.,2021;|Chen et al.}
2022).

Parallel and Federated Bandits (Karbasi et al., 2021}
Chan et al.| [2021)) studied parallelized learning in contex-
tual bandits, where the decision maker receives a batch of
bandit feedback with a predetermined size at the beginning
of each round. (Zhu et al., 2021} |Huang et al., 2021} [Shi
et al., 2021; |Dubey and Pentland, 2020) focused on feder-
ated bandits and efficient parallel algorithms adapted to the
federated learning setting.

Concurrent RL The works (Bai et al., 2019) and (Zhang
et al.l |2020b) also analyze the setting in which parallel
agents can perform exploration with a single policy. They
provide almost-linear speedup conditions, but their setting
differs from ours: they only focus on the tabular case for
online RL and do not study MGs. We note, however, that
they are more interested in the problem of reducing the up-
dating frequency of policies in RL.

Deployment Efficient RL Drawing inspiration from ban-
dit learning with low switching costs (Auer et al., 2002}
Cesa-Bianchi et al., |2013)), a recent line of work has ex-
amined efficient algorithms for RL when the number of
times the exploration policy changes is restricted. |Bai et al.
(2019) proposed a low switching cost () learning algo-
rithm for tabular MDPs, and (Gao et al| (2021)) developed
a provably efficient low switching cost algorithm for lin-
ear MDPs. Huang et al.| (2022) provided a mathematically
rigorous definition for deployment efficiency, which is in-
herently linked to the concept of low switching cost, and
presented two provably efficient algorithms for deployment
efficient reward-free RL. As we will discuss later, the algo-
rithms attain suboptimal sample complexity.

Transfer learning The work (Tuynman and Ortner;, [2022))
examines the setting in which multiple agents explore a
copy of the same tabular MDP, except that the reward may
vary. They demonstrate that sharing trajectories among
agents results in better total regret performance than each
agent learning without sharing.

1.2 Notation

Let || - || be the Euclidean norm, and |[v]|4 = VoT Av
for a positive semidefinite matrix A. Let <, > be the ma-
trix Loewner order. For a positive integer k, let [k] =
{1,2,...,k}. Let I,, be the m x m identity matrix and
let I[ - | be the indicator function. Let A(A) be the prob-
ability simplex defined on a given finite set 4. We de-
fine the clipping operator as Il 4)[b] := min{b,a}* =
min{max{b,0},a} for any a« > 0 and b € R. Given the
big-O complexity notation O, we use O to hide polyloga-
rithmic terms in the quantities of interest.

2 PRELIMINARIES

Markov Decision Processes. An episodic Markov deci-
sion process (MDP) takes the form M = (S, A, H,P,r)
where S is the state space, A is the action space, H € Z>
is the length or number of steps of each episode, P =
{Pn}_, are the transition probability measures where
Pr(-|z,a) is the transition kernel over the next states if
action a € A is taken for state x € S at step h € [H],
and r = {rp}2, withr, : S x A — [0, 1] are the re-
ward functions. For simplicity of presentation, we assume
deterministic rewards, but remark that random rewards, as
long as they are bounded, do not affect our results. We as-
sume that A is a finite set of actions and the non-bandit
case H > 2. A stochastic policy 7 = {m,}_, con-
sists of functions 75, : S — A(A) that map the state
x € &S at step h of the MDP to a distribution over ac-
tions. The value function V; : & — Ris V7 (z;r) =

E. {Z;;I’:h Th(Spryan)|sp = x} and the action-value
function or Q-function Q7 : S x A = Ris Qf (z,a;7) =
E. {Zg:h Th(Spryap )|sp = @, ap = a)}, where the
expectation [ is taken with respect to both the random-
ness in the transitions P and the randomness inherent in
the policy w. When the given reward function is under-

stood from the context, we will omit it from the notation of
the value and action-value functions.

For any function f : & — R, we define the transition
operator as (Ppf)(7,a) = Euop,(.|z.a)[f(7')] and the
Bellman operator as (B, f)(x,a) = r, + (Prf)(z, a) for
each step h € [H]. The Bellman equation associated with
a policy 7 is: Qf(x,a) = (rn(z,a) + PV )(z,a),
Vii(@) = Banm,(@[@5(2,a)], Vir(2) = 0, for any
(z,a) € SxA. Let* = argmax, V] (z), Vi = V[ (z),
and Q5 (z,a) = QF (z,a).

Zero-sum Markov Games. An episodic zero-sum Markov
game (MG) takes the form Mg = (S, A,B,H,P,r)
where S is the state space, A is the action space for Player
1, B is the action space for Player 2, H is the number of
steps per episode, P = {P4}ne[m) are transition proba-
bility measures and Py, (- | x,a,b) denotes the transition
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kernel over the next step if Player 1 takes action a € A
and Player 2 takes action b € B for state x € S at
step h € [H], and reward functions r = {7}, };,cm) With
r, + S x Ax B — [0,1]. We assume that both ac-
tion spaces A and B are finite sets. We denote Player
s policy by 7 = {m}fL, with 7 : & — A(A) and
Player 2’'s by v = {vp}L | with v : S — A(B). We
define the value function V;"” : & — R at the h-th
step as V," (z;r) = ]EW,V[ZZI/:;L Th (Shrs anry brr) | sp =
z] and the Q function Q7Y : S x A x B — R as
Qn" (@ a,b57) o= B [Spiep i (s ans bw) | sn =
x,ap, = a,bp, = b]. The Nash equilibrium (NE) is de-
fined as any pair of policies (77, ") that is a solution to
maxX,ea(4) Min,eas)y Vi"¥ (#;7) for a given initial state
x — the max and min can be interchanged (Shapleyl
1953). For simplicity, we let V;/ (z;7) = V7' (z;7)
and Q! (z,a,b;7) = ;ZT’VT (z,a,b;r) denote the value
function and Q-function under the NE (7, vt) at step
h € [H]. Given a state + € S, the best response
against Player 1 with policy 7 is defined as bry(w) :=
argmin,, V;""(z; r) and the one against Player 2 with pol-
icy v is defined as bry (v) := argmax, V""" (z;r). Note
that Vlbrl(y)’u(x;r) > Vi(z;r) > Vfr’b”(ﬂ(x;r) holds
for any policies 7™ and v and x € S. We also introduce the
notation V;*(s;7) = max, ,, V""" (s;r) and the associated
optimal value function and optimal Q-function for the h-th
step as V¥ (z; ) and Q (z, a, b; ).

Linear MDP. Under a linear MDP setting, there exists
a known feature map ¢ : S x A — R? such that for

every h € [H], there exist d unknown (signed) mea-

d
(i, ...s?

tor 0, € R such that Py, (2'|x,a) = (p(z,a), un(z')),
rp(z,a) = (¢(x,a),0y) forall (z,a,2') € SXx AxS. We
assume the non-scalar case with d > 2 and that the feature
map satisfies ||¢(x,a)|] < 1 for all (z,a) € S x A and
max{||un(S)||, [|0n]|} < V/d at each step h € [H], where
(with an abuse of notation) ||ux(S)|| = [ [lun(z)|dz.
Note that the transition kernel P, (+|z, a) may have infinite
degrees of freedom since the measure jip, is unknown.

sures ptp = ) over S and an unknown vec-

Linear MG. The linear MG is defined in a similar way to
the linear MDP by simply adding an additional argument to
the feature map ¢ to include the effect of the actions taken
by the second player.

Parallelism in the Online Case and Performance Met-
ric. Consider the case where we have P agents living in
an identical episodic Markov decision process and explor-
ing it in a total of K episodes. We assume that all agents
start at some sy € S at the beginning of each episode.
Given an agent p € [P] at a step h € [H] of an episode
k € |K], let xfb’p be the state, aﬁ’p be the action taken ac-
cording to some policy )", and Tﬁ’p = rh(:vfl’p7 aﬁ’p) be
the reward obtained. Let 75?7 := {x"P}H_ . For a set of

policies {m"?} ¢ (] pe(p) Provided by an online RL algo-
rithm, performance is measured by parallel regret

P K

Regret(K, P) = Z
p=1k=1

(V7™ (s0) = Vi " (s0)). @.1)

Parallelism in the Reward-free Case for MDP and its
Performance Metric. In the exploration phase of the
reward-free RL problem, we consider the case where we
have P agents, each of whom live in an identical episodic
Markov decision process, collecting trajectories in a total of
K episodes. We assume that all agents start at some sg € S
at the beginning of each episode. We use the same notation
as introduced for the online case, with the difference that
the reward function will be computed by the algorithm it-
self. In the planning phase, a central server receives all
the trajectories collected by the agents and, given a reward
function 7 = {rp, } ne[] provided by the user, computes a
policy 7 = {m,}L,. Given the policy computed by the
planning phase, the performance metric is the suboptimal-
ity metric

SubOpt(m;7) = Vi (s0;7) — Vi (s0; 7). (2.2)
Parallelism in the Reward-free Case for MG and its
Performance Metric. We basically consider the same set-
ting as in the MDP case, but with an underlying zero-sum
Markov game instead. Given some policies 7 for Player
1 and v for Player 2 computed by the planning phase, we
define our performance metric as

SubOpt(rm,v;r) = Vlbrl(u)’y(so; r)— Vlﬂ’bm(ﬂ)(so;r).
2.3)
Note that SubOpt(r, v;7) = 0 iff (7, v) is a Nash equilib-
rium.

In this paper, we consider linear MDPs and linear MGs.

3 WARM UP: THE PARALLEL ONLINE
RL CASE

We propose Parallel Optimistic Least-Squares Value Itera-
tion (POLSVI), as described in Algorithm[I} Our algorithm
is based on the LSVI-UCB algorithm (Jin et al., 2020b)) and
is parallelized as follows. At each episode, a central server
aggregates the state-action trajectories collected by the par-
allel agents up to the previous episode in a covariance ma-
trix AZ (line 7 of Algorithm , after which it computes
an optimistic estimate of the Q-function (line 9) using the
optimism bonus B(é(-,-) T (AF)~1¢(-,-))/2. Each agent
then simultaneously explores the environment by follow-
ing a greedy policy using the common function computed
by the central server. The state-action trajectories taken by
all the P agents will then be collected by the central server
at the next episode and the whole process repeats. We have
the following result for the POLSVI algorithm.
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Algorithm 1 Parallel Optimistic LSVI (POLSVI)
1: Input: P, K, 5, A
2: for episode k € [K] do

3: P« soforp € [P]
4.  #DONE BY CENTRAL SERVER:
5: Q%Jrl(-,-) +~0
6: forh=H,...;1do
7: AR — Ay +
k— T T
Zp 1 ZT }qﬁ( xy ,ah )QS(Ihpvahp)T
k—1 T,
8: h (AZ) Zp 1 ET 1 ¢( Ty 7ah )[rh/p +

maXgecA Qlii.t,_l (xh-i-l’ a)}

9: Qi () . min{(wy)"é(,)  +

B, ) T(AR) o)) /2, HY

10:  end for

11:  # DONE BY EACH AGENT p € [P] IN PARAL-

LEL:

12:  for h € [H] do

13: ab? € argmax,eq QF(z)",a) # GREEDY
POLICY

14: Observe :cZH

15:  end for

16: end for

Theorem 3.1 (Performance of the POLSVI algorithm).
There exists an absolute constant cg > 0 such that, for
any fixed 6 € (0,1), if we set \ = 1 and f = cgdH /1,
with v := log(dK HP/d), then, with probability at least
1—26,

Regret(K, P) < O (\/ KPvV d3H4L2>

Base term
KP
+ (’)(\/d4H4LPlog (1 + d) ) . (3.1

Overhead term

From Theorem 3.1| we observe that our performance metric
has two complexity terms: the base term and the overhead
term, which we discuss next.

Speedup in the Base Term. The base term is the per-
formance that would be obtained by the sequential coun-
terpart of POLSVI in K P episodes. The regret metric
that we would employ for the sequential counterpart be-
comes Regret(K) = Zk % ( by —vr "(x %), where
K is the number of episodes and 7* is the (greedy) policy
taken by the single agent at episode k € [K]. (Jin et al.,
2020b)) proved that with probability 1 — 0: Regret(K) <
O(VKVd3H*2), where 1 = log(2dK H/§) (under \ = 1
and 8 = cgdH+/t, cg being some absolute constant).
Therefore, the base term in our learning regret (3.1)) indi-
cates an almost linear speedup, because of the factor v K P
compared to the factor v/K in the performance of the se-
quential algorithm. In other words, in terms of the base

term, there is a complexity equivalence between perform-
ing the sequential algorithm for K P episodes and perform-
ing the parallelized version with P agents for K episodes.

Overhead Term: the Price of Parallelization. Given that
the base term indicates a speedup in POLSVI with respect
to its sequential counterpart, the overhead term adds an ex-
tra complexity term due to the use of parallel agents in the
RL algorithm — this term would be nonexistent if the al-
gorithm was sequentially executed by a single agent. Fol-
lowing the proof of Theorem [3.1] the overhead term orig-
inates from the occurrence of the event “AfF*t = 2AF”
across different steps h € [H| and episodes k: € [K]—we
call this event a doubling round, a term taken from |Chan
et al.[|(2021), where a similar phenomenon occurs in ban-
dits. The overhead term is a bound on the total number
of doubling rounds in all steps from all episodes in which
the algorithm is executed. Given a fixed step h, a doubling
round occurs when the information in the covariance ma-
trix between two consecutive episodes is too different, that
is, when aggregating the information collected by the par-
allel agents adds a considerable amount of information or
novelty to what has been obtained so far in the previous
episode. In Appendix |Al we further explain how the inef-
ficiency of parallel exploration and the stochasticity of the
environment result in doubling rounds.

POLSVI employs a single policy during exploration On
line 13 of Algorithm[I] we observe that all agents are using
the same function Q¥ in order to compute their greedy poli-
cies, instead of each agent constructing its own Q-function
to define its respective greedy policy. If agents have dif-
ferent Q-functions, then each one may take very distinct
(greedy) actions given the same state, i.e., there would be
heterogeneous policies.

4 PARALLELIZING REWARD-FREE
EXPLORATION: A SURPRISINGLY
SIMPLE BASELINE

We have shown that a simplistic incorporation of paral-
lelism in the online RL setting results in nearly optimal
regret up to logarithmic factors, without having the agents
execute a diverse set of policies. We use this intuition to
develop algorithms and results for the reward-free setting.

4.1 Markov Decision Process

Algorithm [2] and Algorithm [3] detail the exploration
and planning phases of the Reward-Free Parallel Op-
timistic Least-Squares Value Iteration (RF-POLSVI) al-
gorithm.  The exploration phase is very similar to
POLSVI, with the difference that the optimistic bonus term
B(d(-, )T (AF)"Lé(-,-))/? is used both in the construc-
tion of the reward function (see the term (-, -) in line 9)
and in its usual role as an optimism bonus (see line 11).
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In the planning phase, the central server computes the fi-
nal greedy policy based on the information collected by
the parallel agents in the exploration phase, using a user-
specified reward. The performance of the RF-POLSVI al-
gorithm is summarized in the following result.

Theorem 4.1 (Performance of the RF-POLSVI algorithm).
There exists an absolute constant cg > 0 such that, for any
fixed 6 € (0,1), if we set A = 1 and B = cgdH /1, with
¢ :=log(dK HP/§), then, with probability at least 1 — 36,

d3H6,2
KP
Base term

IAE6
+0<dHL10g(1

SubOpt(m;7) < O (

K

KP
+ d)) . @D

Overhead term

We have the same observations on the overhead and base
terms in the suboptimality performance metric (@.I)). Like-
wise, we observe that RF-POLSVI employs a single policy
for exploration: line 15 of Algorithm [2| shows each agent
following the same greedy policy based on the function Q.
(Wang et al.| 2020) studied the sequential counterpart of
RF-POLSVI and we observe that the base term indicates an
almost linear speed-up with respect to its sequential coun-
terpart. The overhead term is again an additional penalty
term due to doubling rounds.

4.2 Zero-Sum Markov Games

We study reward-free RL with an underlying zero-sum
Markov game to demonstrate the power of parallel explo-
ration in the MARL context. We propose the Reward-Free
Markov Game Parallel Optimistic Least-Squares Value
Iteration (RFMG-POLSVI) algorithm. The exploration
phase, described in Algorithm [5] in Appendix [B] is basi-
cally the same as RF-POLSVI with the difference that the
action space is extended to a product of action spaces cor-
responding to each of the two players in the MG — and
so there is exploration using a single policy. In the plan-
ning phase, in Algorithm |4} the central server computes
the policies for each player through the computation of two
Nash Equilibria for two-player zero-sum (static) games at
each step of the MG — lines 11 and 12 of Algorithm 4] are
minimax problems. The following result summarizes the
performance of the RFMG-POLSVI algorithm.

Theorem 4.2 (Performance of the RFMG-POLSVI algo-
rithm). There exists an absolute constant cg > 0 such that,
for any fixed 6 € (0,1), if we set A\ =1 and 8 = cgdH /1,
with « := log(dK HP/J), then, with probability at least

Algorithm 2 Reward-Free POLSVI (RF-POLSVI) — Ex-
ploration phase

1: Input: P, T, 3, \

2: for episode k € [K] do

3: WP g0 forp € [P

4. # DONE BY CENTRAL SERVER:

5: Q’f{ﬂ('a )0

6: forh=H,...;1do

7: Ak — YE +
Zp 125— }(ﬁ(l’h ’ah )(Zs(mzp,a;P)T

8: up(-,-) = min{B(o(-,-) T(AF) " o(-, )2, H}

9: () () /H

100 wh e (AD)TIEL D (e a”)
X maxqea QF 1 (xF ), a)

11: Qh( ) e min{(w) e(,) + () +

up(-,-), H}
12: end for
13:  # DONE BY EACH AGENT p € [P] IN PARAL-
LEL:

14:  for h € [H] do

15: aﬁ’p € argmaxaeAQh(a:h ,a) # GREEDY
POLICY

16: Observe xfbfl

17:  end for

18: end for

19: Return {(.’L‘h ,a: )}(h,k,p)e[H]x[K]x[P] # COL-
LECTED TRAJECTORIES

1— 36,

d3H6,2
SubOpt ) <
u p(w,u,r)(’)( %P )
—_——

Base term

4 [76
o (T 1

KP
+ d)) . 4.2

Overhead term

We are not aware of a sequential counterpart to RFMG-
POLSVI in the literature. However, recently, |Qiu et al.
(2021) provided (sequential) algorithms for reward-free RL
for MGs with theoretical guarantees under kernel func-
tion and neural network approximation — indeed, RFMG-
POLSVI is based on a parallel adaptation of the general
structure of the algorithms by Qiu et al.| (2021)). Since the
suboptimality in (#.2)) has the same form as in (@.1]), we can
conclude that we also have an almost linear speed-up com-
pared to the sequential counterpart of our algorithm. The
overhead term is also polylogarithmic in P.
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Algorithm 3 Reward-Free POLSVI (RF-POLSVI) —
Planning phase

Algorithm 4 Reward-Free Markov Game POLSVI
(RFMG-POLSVI) — Planning phase

c Input: P, B, A\, {(2}7, a5 ) Y (hokop) e [H] x (K] x (P> T =

{fh}he
2: QH+1('»') <0
3: forh=H,...,1do
4: Ah — Mg +

Zp 127— 1¢(33h 7ah )(b(x;p’a;p)T

50 up(,-) = min{B(e(-, ) T (An) ()2, HY
A S DD VD DRI
>/<\ maxge A Qri1 (x;ﬁp a)

7 Qu(h) — min{(@)To(,) + () +
uh('v')vH} =N

8  mn(-) € argmaxaes Qul-a)

9: end for

10: Return 7 = {7y }pe(m)

4.3 Lower Bound in Reward-Free Exploration

We now present and discuss the lower bound for paral-
lel reward-free exploration in linear MDPs. Our proof
technique mimics that of (Wagenmaker et al., [2022)) as
the lower bound constructed there is the tightest one for
reward-free exploration in linear MDPs.

Theorem 4.3. Lete >0, P > 0,d > 1, and KP > d°.
Consider running a parallel algorithm with P agents for
K episodes in a (d + 1)-dimensional linear MDP, where
each agent is allowed to have a unique exploration pol-
icy. Suppose that the parallel algorithm stops at a possibly
random stopping time T and outputs a policy T which is
a guess at an e-optimal policy. Then, there is a univer-
sal constant ¢ > 0 such that unless KP > c(dH/¢)?,
there exists a linear MDP M for which Pryp[{T >
K or 7T is not e-optimal}] > 0.1; i.e., with constant proba-
bility either T is not e-optimal or more than K P samples
are collected.

We remark that Theorem . 3]derives a lower bound for PAC
RL (Strehl et al.;, 2009), a setting that focuses on learning
a policy with suboptimality at most € for a given reward
function. As reward-free RL is capable of returning poli-
cies with suboptimality at most € for arbitrary reward func-
tions, any reward-free RL algorithm may be used for PAC
RL and, naturally, any lower bound for PAC RL holds for
reward-free RL.

Near-Minimax Optimality. We highlight the fact that
Theorem [£.3] and Theorem .1} in combination, show
that RF-POLSVT is near-minimax optimal up to logarith-
mic factors when P = O(K). More specifically, when
P = O(K), the suboptimality of Algorithm [2| decreases
at a rate of O(d2H?/\/KP), which translates to K =
Q(d*H® /(Pe?)) rounds of interaction with the environ-

1: Input: P, B, A,

{(xip,ai zw)}Uhkm)eUﬂx[K}xUﬂ:7'::{Th}he[M
2 QHJrl(v 7') <0
3 Qy, (5e0) 0
4: forh=H,...,1do
5: Ah — Ay +

Zp 127— 1¢(xh aahp pr)¢(praa}Lp pr)
6: uh/( ) 7.) <7 mln{/B( ( ) 7.) ( ) 1¢( ) 7 ))1/2,

H}
7w, o (A7t Zp 127 1¢(xh aa;{p bﬂp)
X]anﬂh+1(w;;‘fl),b~D( TP )[Qh+1(xh+17a b)]

(Ap)~! Zp 127 RCIRN TR )

X]EGNQ(JC;;fl)7bNV}L+1(£h+1) [Qh+1(‘rh+l7 a, b)]

8: wy, —

9 Qu(y+) « Mo ml@n)To(, ) + ral,--) +
uh(.’ . )}

10: Qh((.’ " ))} — H[O,H][(Mh)—r¢('7 " ) + rh('7 ) ) -
un(-y -,

11:  (mp(x), D(x)) € Nash Equilibrium (Q,,(z, -, -)) for
anyz € S

12: (D(z),vp(x)) € Nash Equilibrium (@, (z,-, ")) for
anyx € S

13: end for

14: Return 7 = {ﬂ'h}he[H]’ V= {Vh}he[H]

ment, matching the lower bound derived in Theorem @]
necessary to obtain a (dH?¢)-optimal policy — i.e., our al-
gorithm matches the minimax lower bound up to a factor
dH? (ignoring logarithmic factors). We highlight that it
may be possible that minimax optimality may be attained
by heterogeneous policies; however, as our results demon-
strate, these heterogeneous policies can at most match the
rate of our single policy algorithm in terms of K and P,
arguably two of the most important parameters in parallel
exploration. Moreover, the extra dH? factor in our rate is
benign considering that we only have a single exploration
policy, and yet we avoid extra high-degree or even expo-
nential factors on the problem parameters.

As discussed in Section |l| we remark that the assump-
tion P = O(K) for near-optimality holds even in large-
scale real-world parallel RL applications, such as Alp-
haZero (Silver et al.| [2017), which used 700,000 batches
of trajectories generated using only 5,000 parallel proces-
sors.

We end the section by noting that the proposed parallel
reward-free exploration algorithms are surprisingly hard
to beat. In particular, we show that simple adaptations
of state-of-the-art results in reward-free exploration cannot
outperform our proposed methods.

Comparison to Huang et al.[(2022). [Huang et al.| (2022)
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proposed a deployment efficient reward-free exploration al-
gorithm that can be trivially adapted to the parallel setting.
However, without additional assumptions on the feature
representations — assuming that the so-called reachability
coefficient is sufficiently large (see Definition 4.3 in|Huang
et al[(2022)) — only Algorithm 1 from (Huang et al.|[2022)
can be applied, which requires K = O(1/(Pe°¥)) rounds
of interactions. In other words, using the results in (Huang
et al.,|2022)) directly cannot achieve the optimality obtained
in our setting, even when P = O(K).

Comparison to Wagenmaker et al. (2022). [Wagenmaker
et al.| (2022) proposed a reward-free RL algorithm for lin-
ear MDPs that achieves a O(d?H® /%) sample complex-
ity, which improves the dependence on d (the dimension-
ality of the linear feature representation ¢) with respect to
the sequential counterpart of RF-POLSVI: from d° to d>.
However, we notice that RF-POLSVI has a sample com-
plexity dependence on d* coming from the overhead term,
and not from the base term. Therefore, we argue that im-
plementing a parallelized version of the algorithm by |Wa-
genmaker et al.| (2022)) using our single policy exploration
method would still incur the same dependence on d* and
no reduction in d would be gained. Moreover, we remark
that even in the sequential case, the improvement by Wa-
genmaker et al.| (2022) is in d only and requires a signif-
icantly more complex algorithm and representation. In-
stead, RF-POLSVI achieves an almost linear speedup in
P under mild assumptions with an algorithm that has a less
complex structure.

S CONCLUSION

We formally proved that, for various RL problems, a sim-
ple way of aggregating information collected in parallel by
agents in the exploration phase results in both an almost
linear speedup term benefiting from the amount of paral-
lelization P, and an additional complexity term polyloga-
rithmic on such P. For the reward-free setting, our method
is nearly minimax optimal. Moreover, we showed the ben-
efits of parallel exploration in a MARL context.

Our work gives rise to a host of open questions that re-
main to be answered. The success of more intricate coordi-
nated exploration has been demonstrated in empirical stud-
ies, while our simplistic approach is provably near-optimal.
What are the theoretical justifications in support of these
coordinated exploration strategies? Are there settings un-
der which coordinated approaches provably outperform our
simplistic approach, i.e., by better matching the minimax
lower bound? What could be the communication, compu-
tation, and sample complexity trade-offs between coordi-
nated exploration and exploration using only a single pol-
icy?

Acknowledgments

We are grateful to all the reviewers and the meta-reviewer
for their time and their comments to improve our paper.
This work is partially supported by NSF III 2046795, 1IS
1909577, CCF 1934986, NIH 1RO1MH116226-01A, NIFA
award 2020-67021-32799, the Alfred P. Sloan Foundation,
and Google Inc. This work is also partially supported by
the William S. Fishman Faculty Research Fund at the Uni-
versity of Chicago Booth School of Business.

References

Y. Abbasi-Yadkori, D. Pal, and C. Szepesvari. Improved
algorithms for linear stochastic bandits. In Advances in
Neural Information Processing Systems, 2011.

A. Agarwal, S. M. Kakade, A. Krishnamurthy, and W. Sun.
FLAMBE: Structural complexity and representation
learning of low rank MDPs. In Advances in Neural In-
formation Processing Systems, 2020.

M. Agarwal, B. Ganguly, and V. Aggarwal. Communica-
tion efficient parallel reinforcement learning. In Uncer-
tainty in Artificial Intelligence, 2021.

P. Auer, N. Cesa-Bianchi, and P. Fischer. Finite-time analy-
sis of the multiarmed bandit problem. Machine learning,
47(2):235-256, 2002.

Y. Bai, T. Xie, N. Jiang, and Y. Wang. Provably efficient Q-
learning with low switching cost. In Advances in Neural
Information Processing Systems, 2019.

C. Boutilier. Planning, learning and coordination in multi-
agent decision processes. In Theoretical Aspects of Ra-
tionality and Knowledge. Morgan Kaufmann, 1996.

N. Cesa-Bianchi, O. Dekel, and O. Shamir. Online learn-
ing with switching costs and other adaptive adversaries.
In Advances in Neural Information Processing Systems,
2013.

J. Chan, A. Pacchiano, N. Tripuraneni, Y. S. Song,
P. Bartlett, and M. 1. Jordan. Parallelizing contextual
linear bandits. arXiv preprint arXiv:2105.10590, 2021.

Z. Chen, D. Zhou, and Q. Gu. Almost optimal algorithms
for two-player zero-sum linear mixture Markov games.

In International Conference on Algorithmic Learning
Theory, 2022.

M. Dimakopoulou and B. Van Roy. Coordinated explo-
ration in concurrent reinforcement learning. In Interna-
tional Conference on Machine Learning, 2018.

A. Dubey and A. Pentland. Provably efficient coopera-
tive multi-agent reinforcement learning with function ap-
proximation. arXiv preprint arXiv:2103.04972, 2021.

A. Dubey and A. S. Pentland. Differentially-private feder-
ated linear bandits. In Advances in Neural Information
Processing Systems, 2020.



Pedro Cisneros-Velarde, Boxiang Lyu, Sanmi Koyejo, Mladen Kolar

M. Gao, T. Xie, S. S. Du, and L. F. Yang. A provably effi-
cient algorithm for linear markov decision process with
low switching cost. arXiv preprint arXiv:2101.00494,
2021.

J. Huang, J. Chen, L. Zhao, T. Qin, N. Jiang, and T. Liu.
Towards deployment-efficient reinforcement learning:
Lower bound and optimality. In International Confer-
ence on Learning Representations, 2022.

R. Huang, W. Wu, J. Yang, and C. Shen. Federated linear
contextual bandits. In Advances in Neural Information
Processing Systems, 2021.

C. Jin, A. Krishnamurthy, M. Simchowitz, and T. Yu.
Reward-free exploration for reinforcement learning. In
International Conference on Machine Learning, 2020a.

C. Jin, Z. Yang, Z. Wang, and M. 1. Jordan. Provably effi-
cient reinforcement learning with linear function approx-
imation. In Conference on Learning Theory, 2020b.

A. Karbasi, V. S. Mirrokni, and M. Shadravan. Parallelizing
Thompson sampling. In Advances in Neural Information
Processing Systems, 2021.

V. R. Konda and J. N. Tsitsiklis. Actor-critic algorithms.
In Advances in Neural Information Processing Systems.
The MIT Press, 1999.

T. Kozuno, P. Ménard, R. Munos, and M. Valko. Learn-
ing in two-player zero-sum partially observable Markov
games with perfect recall. In Advances in Neural Infor-
mation Processing Systems, 2021.

T. Lattimore and C. Szepesvéri. Bandit Algorithms. Cam-
bridge University Press, 2020.

Y. Lin, K. Zhang, Z. Yang, Z. Wang, T. Basar, R. Sandhu,
and J. Liu. A communication-efficient multi-agent actor-
critic algorithm for distributed reinforcement learning.
In Conference on Decision and Control. IEEE, 2019.

A. Mahajan, T. Rashid, M. Samvelyan, and S. Whiteson.
MAVEN: Multi-agent variational exploration. In Ad-
vances in Neural Information Processing Systems, 2019.

A. Nair, P. Srinivasan, S. Blackwell, C. Alcicek, R. Fearon,
A. De Maria, V. Panneershelvam, M. Suleyman,
C. Beattie, and S. Petersen. Massively parallel meth-

ods for deep reinforcement learning. arXiv preprint
arXiv:1507.04296, 2015.

J. Perolat, B. Scherrer, B. Piot, and O. Pietquin. Approx-
imate dynamic programming for two-player zero-sum
Markov games. In International Conference on Machine
Learning, 2015.

H. X. Pham, H. M. La, D. Feil-Seifer, and L. V.
Nguyen. Cooperative and distributed reinforcement
learning of drones for field coverage. arXiv preprint
arXiv:1803.07250, 2018.

S. Qiu, J. Ye, Z. Wang, and Z. Yang. On reward-free RL
with kernel and neural function approximations: Single-

agent MDP and Markov game. In International Confer-
ence on Machine Learning, 2021.

O. Shamir. On the complexity of bandit and derivative-
free stochastic convex optimization. In Conference on
Learning Theory, 2013.

L. S. Shapley. Stochastic games. Proceedings of the Na-
tional Academy of Sciences, 39(10):1095-1100, 1953.

C. Shi, C. Shen, and J. Yang. Federated multi-armed ban-
dits with personalization. In International Conference
on Artificial Intelligence and Statistics, 2021.

D. Silver, A. Huang, C. J. Maddison, A. Guez, L. Sifre,
G. van den Driessche, J. Schrittwieser, I. Antonoglou,
V. Panneershelvam, M. Lanctot, S. Dieleman, D. Grewe,
J. Nham, N. Kalchbrenner, I. Sutskever, T. Lillicrap,
M. Leach, K. Kavukcuoglu, T. Graepel, and D. Hassabis.
Mastering the game of Go with deep neural networks and
tree search. Nature, 2016.

D. Silver, J. Schrittwieser, K. Simonyan, 1. Antonoglou,
A. Huang, A. Guez, T. Hubert, L. Baker, M. Lai,
A. Bolton, Y. Chen, T. Lillicrap, F. Hui, L. Sifre,
G. van den Driessche, T. Graepel, and D. Hassabis. Mas-
tering the game of Go without human knowledge. Na-
ture, 2017.

A. L. Strehl, L. Li, and M. L. Littman. Reinforcement
learning in finite MDPs: PAC analysis. Journal of Ma-
chine Learning Research, 10(11), 2009.

W. Suttle, Z. Yang, K. Zhang, Z. Wang, T. Basar, and J. Liu.
A multi-agent off-policy actor-critic algorithm for dis-
tributed reinforcement learning. IFAC-PapersOnlLine, 53
(2):1549-1554, 2020.

A. Tuynman and R. Ortner. Transfer in reinforcement
learning via regret bounds for learning agents. arXiv
preprint arXiv:2202.01182, 2022.

O. Vinyals, 1. Babuschkin, W. M. Czarnecki, M. Mathieu,
A. Dudzik, J. Chung, D. H. Choi, R. Powell, T. Ewalds,
P. Georgiev, J. Oh, D. Horgan, M. Kroiss, I. Danihelka,
A. Huang, L. Sifre, T. Cai, J. P. Agapiou, M. Jader-
berg, A. S. Vezhnevets, R. Leblond, T. Pohlen, V. Dal-
ibard, D. Budden, Y. Sulsky, J. Molloy, T. L. Paine,
C. Giilgehre, Z. Wang, T. Pfaff, Y. Wu, R. Ring, D. Yo-
gatama, D. Wiinsch, K. McKinney, O. Smith, T. Schaul,
T. P. Lillicrap, K. Kavukcuoglu, D. Hassabis, C. Apps,
and D. Silver. Grandmaster level in StarCraft I using
multi-agent reinforcement learning. Nature, 575(7782):
350-354, 2019.

A. Wagenmaker, Y. Chen, M. Simchowitz, S. S. Du, and
K. Jamieson. Reward-free RL is no harder than reward-
aware RL in linear Markov decision processes. In Inter-
national Conference on Machine Learning, 2022.

R. Wang, S. S. Du, L. Yang, and R. R. Salakhutdinov. On
reward-free reinforcement learning with linear function
approximation. In Advances in Neural Information Pro-
cessing Systems, 2020.



One Policy is Enough: Parallel Exploration with a Single Policy is Near-Optimal for Reward-Free Reinforcement Learning

K. Zhang, S. M. Kakade, T. Basar, and L. F. Yang. Model-
based multi-agent RL in zero-sum Markov games with
near-optimal sample complexity. In Advances in Neural
Information Processing Systems, 2020a.

K. Zhang, Z. Yang, and T. Bagar. Multi-agent reinforce-
ment learning: A selective overview of theories and al-
gorithms. In Handbook of Reinforcement Learning and
Control, pages 321-384. Springer International Publish-
ing, 2021.

Y. Zhang and M. Zavlanos. Distributed off-policy actor-
critic reinforcement learning with policy consensus. In
Conference on Decision and Control, 2019.

Z. Zhang, Y. Zhou, and X. Ji. Almost optimal model-free
reinforcement learning via reference-advantage decom-

position. In Advances in Neural Information Processing
Systems, 2020b.

Y. Zhao, Y. Tian, J. D. Lee, and S. S. Du. Provably
efficient policy optimization for two-player zero-sum
Markov games. In International Conference on Artifi-
cial Intelligence and Statistics, 2022.

Y. Zhu and D. Zhao. Online minimax Q network learning
for two-player zero-sum Markov games. IEEE Transac-
tions on Neural Networks and Learning Systems, 33(3):
1228-1241, 2022.

Z.7Zhu,J. Zhu,J. Liu, and Y. Liu. Federated bandit: A gos-
siping approach. In ACM SIGMETRICS / International
Conference on Measurement and Modeling of Computer
Systems. ACM, 2021.



Pedro Cisneros-Velarde, Boxiang Lyu, Sanmi Koyejo, Mladen Kolar

A FURTHER EXPLANATION OF DOUBLING ROUNDS

There are two ways to further understand when a doubling round may occur.

* If exploration is not very efficient across episodes, then we have that all the parallel agents are exploring similar
directions or regions of the action-state space across episodes — this could happen, for example, due to optimism
biasing the agents in their exploration. Then, when the stochasticity of the environment surprises the agents by leading
them to explore more diverse regions, the aggregation of this information in the newly computed covariance matrix
will differentiate it more than usual with respect to the covariance matrix of the previous episode, thus triggering a
doubling round.

« If all agents were exploring the state-action space more efficiently across episodes by having more diversity in their
exploration, we would not expect such an abrupt change between information aggregation to happen since the novelty
across episodes would be at a more stable level and the stochasticity of the environment would have less effect in
driving diversity in the exploration across the agents.

In either case, it is the inefficiency of exploration across parallel agents that introduces doubling rounds.

B RFMG-POLSVI ALGORITHM: EXPLORATION PHASE

Algorithm 5 Reward-Free Markov Game POLSVI (RFMG-POLSVI) — Exploration phase
1: Input: P, K, (3, A,
2: for episode k € [K] do

3: P s forp € [P]

4: #DONE BY CENTRAL SERVER:

50 Qfa(,) 0

6: forh=H,...,1do

7: Ak M, +2p LS (Pl b (TP al P b ) T

8: Z( ) ") «— mln{ﬁ( ( ’ ,‘) (A;Cz) 1¢( ’ 7'))1/2’H}

9: Tﬁ('?'?')%u;i(’ ) )/H

10: wa A (Aﬁ)_l Zp 1 Zﬁ }Qﬁ(xh ’ah’p by p) maX(q,b)c AxB Q£+l(a:;’f1,a,b)
11: Qk (o) o ml(wf) T (o) + 75 () +up ()]

12:  end for

13:  #DONE BY EACH AGENT p € [P] IN PARALLEL:
14:  for h € [H] do

15: (ap?, bpP) € argmax(q e axs Qf ()7, a, b) # GREEDY POLICY
16: Observe xfb’fl

17:  end for

18: end for

19: Return {(25”, ay”, by"")} (. k pyela)x (] x [P] # COLLECTED TRAJECTORIES BY THE AGENTS

C USEFUL TECHNICAL RESULTS

For the rest of the appendix, let Z>( (Z>1) be the set of non-negative (positive) integers.

Proposition C.1 (Linear Q-function with bounded parameters; Proposition 2.3 and Lemma B.1 in (Jin et al.,[2020b))). Con-
sider a linear MDP M. For any policy m, there exist paremeters wf € R, h € [H], such that Q7 (z,a) = (¢(x, a), w})
for any (z,a) € S x Aand |wf|| < 2HVd.

Proposition [C.T]holds virtually the same for linear Markov games.

Lemma C.1 (Bound on quadratic form). Consider Ay g = My + Zle Zszl ¢a,b¢(—£b where ¢op € R and X > 0.
Then,

B
Zd);b AaB) tdap < d.

1b=1

WE

a



One Policy is Enough: Parallel Exploration with a Single Policy is Near-Optimal for Reward-Free Reinforcement Learning

Proof. Observe that

A B A B
Z Gap(Dap) " Gap =D D> (), (Aan) " bap) = tr(Aap) ' DD anday):

a=1b=1 a=1b=1 a=1b=1

Given the eigenvalue decomposition Zle Zszl qﬁa,bgblb = Udiag(\y,...,A\q)U " with \; > 0,4 € [d], we obtain
Aap =Udiag(A +A,...,. g+ MU T, and so tr((Aap) "' S0, S0 andny) = Soiy Mi/(h +X) < d. O

We now introduce an auxiliary definition.

Definition C.1 (Sequences Lp, Lp and their truncation). We now define the infinite sequence Lp, with integer P > 1, as
(1,1),(1,2),...,(1,P),(2,1),(2,2),...,(2,P),(3,1), ...

where the first term of the elements is an increasing sequence that takes values in Z>1 but the second term only takes values
in [P] periodically. We can index sequences using Lp, as for example in {pqp)}(ap)ycc, Where ) € R", n > 1.
We denote by Lp(a,b) the finite sequence resulting from the truncation of the sequence Lp at its element (a,b) € Lp.
Similarly, we define the infinite sequence Lp, with integer P > 1, by appending the sequence (0,1),(0,2),...,(0, ) at
the beginning of Lp. Thus Lp C Lp. For any appropriate element (a,b) of Lp or Lp, we have that (a, b) k>
represents the kth previous element to (@, b).

Using the recently introduced definition, we present another technical lemma.
Lemma C.2 (Concentration bound for self-normalized processes). Let B € Z>1. Let {F(ap)}(ap)cz,, be a filtration.
Let {T(qp) }(a,p)ecy be a stochastic process on S such that x(qp) € Fap), and let {¢(qp)}(ap)ecy be an Ré-valued

stochastic process such that ¢(qp) € F(qp)—1 and ||¢)(a7b)|| < 1. Let G be a function class of real-valued functions
such that sup,c s |g(z)| < H for any g € G, and with e-covering number N with respect to the distance dist(g,q’) =

sup,eg |9(x) — g'(z)|. Let Aap = Mg+ Za 1 Zb 1 Dab) (;5 (a,p)- Then for any A € Z>1 for every A, B € Z>1, every
g € G, and any ¢ € (0, 1], we have that with probability at least 1 — 0,

2

A B
ZZ D(a,0){9(@(a,0)) — El9(@(@,0)) | F (a1}

—1
Al

875

2R2,.2
< 4H? [;llog()\+f3/d>+lo N} +78Af <.

Proof. First, from our assumptions, for any g € G, there exists a g in the e-covering such that ¢ = g + A, with
sup,cs |Ag(x)| < e. Then,

2

A B

ZZ P(ap)19(77) — Elg(z7)|F(a,p)-1]}
a=tb=1 Axls

2

A B
ZZcb(ab {9(z(a,n) — E[g(2(a,0)) | F(a,p)-1]}
a=1b=1

ALl (C.D

)
2

)

—1
AA,B

A B
213> dlap {Ag((ap) — ElAG (3 (a0) | Flary—11}

a=1 b=1

an

where we used [la + b]| < [la] + 8] = fla+ b* < lla|® + [5]* + 2|la] 8] < 2|l + 2 b]* for any a,b € R%,
and which actually holds for any weighted Euclidean norm.

We start by analyzing the term (I) in equation (C.I). Let €(4) = §(Z(a,p)) — E[g(T(a,5))|F(a,p)-1]. Now, we observe
that 1) Ele(q,p)[Fap)-1] = 0 and 2) e(q4) € [—H, H] since g(x(q)) € [0, H]. From these two facts we obtain that
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€(a,p)[F(a,p)-1 is H-sub-Gaussian. Therefore we can apply the concentration bound of self-normalized processes from
Theorem 1 of (Abbasi-Yadkori et al, [2011) along with a union bound over the e-covering of G to conclude that, with
probability at least 1 — 4,

A B
ZZ (a,b)€(a,b)

a=1b=1

1/2 —-1/2
(I) _ S log <det(AA7B) det()\Id) )

5/N.
(%) 2H? <‘2i log (HfB/d) + log Oﬁ)) , (C2)

where (a) follows from det(\I;) = A% and from the determinant-trace inequality from Lemma 10 in (Abbasi-Yadkori
et al.,[2011) which let us obtain det(A4 ) < (A + AB/d)".

—1
AL

Now we analyze the term (II) in equation (CI). Let &, 5) := Ag(Z(ap)) — E[Ag(%(a,p))|F(a,p)-1]- Then,

A B A B @ A B
D> bamian || < DD o@nEan | < DY 1wy
a=1b=1 a=1b=1 a=1b=1
A B A B
SZZ|A5] I(ab |+|]El (x(ab) |‘F(ab) 1 SZZ G—ZABE,

a=1b=1

where (a) follows from qu(a,b) || < 1. Thus, using this result, we obtain

2

1414232 2

an < ~ <5

A B
ZZ (aD)E(ab)
a=1b=1

We finish the proof by multiplying by two the terms (I) and (II), and then adding them up to use them as an upper bound

to (C.I) . O

D PROVING THEOREM[3.1|

For simplicity, we Will use the following notation: at episode k, we denote 7" {Tl'h Yherm) as the greedy policy
induced by {Q} }1L_, as performed by agent p € [P] (line 13 of Algorlthm , and we let the value funct1on Vk’p (x), k) =

Qkh(xhp, e p(xﬁ’p)) = maxge 4 QF ()", a), and with some abuse of notation V" (z) = Q% (z, 71" (x)). We also set

P p

h (‘Th ) A )

We now bound the parameters {w’g}he[ ),ke[k] from POLSVI (line 8 of algorithm using Lemma

Lemma D.1 (Parameter bound for POLSVI). For any (k,h) € [K] x [H], the parameter w¥ in the POLSVI algorithm

satisfies || wf|| < (1+ H)y/ w.
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Proof. For any vector v € R?,

k-1 P
[oTwhl = o (AR YD 6P + max Qs (o7 a))|
T=1p=1
k—1 P
(1+ H) ZZ'UT (AEY=LgTP|
T=1p=1
) k—1 P k—1 P
| [ v ingre] [ Sieey o
T=1p=1 T=1p=1
© k—1 P
< (14 H)Vd D T (AR
T=1p=1
) d(k—-1)P
<+ H S
where (a) follows from the bounded rewards and Q% 4+1(+) < H; (b) from applying Cauchy-Schwarz twice as in the
following series of inequalities: given ¢ = (q1,...,¢m) and ¢ = (p1,...,pm) where ¢; and p; are vectors of arbitrary
dimension we have 3" ¢ pil < o0 @il I1pill < Vo Naillv/ >, [Ipill 5 () follows from Lemma and (d)
from (Af)~" < A=!1,. The proof concludes by considering that ||w}|| = max.,|,|=1 [vTwf]. O

Now we use Lemma|C.2]to prove a useful concentration bound for POLSVI.

Lemma D.2 (Concentration bound on value functions for POLSVI). Consider the setting of Theorem[3.1} There exists an
absolute constant C' independent of cg such that for any fixed 6 € (0, 1), the following event € holds with probability at
least 1 — ¢,

k=1 P
Z¢ Vit (@ 1)) = PrVia (277, a3 ")

T7=1p=1

V(k, h) € [K] x [H] :

(ap)—

< CdH\/og|(cs +1)dK HP/6).

Proof. Define the function class

V:{V:S%R‘V(-):min{maxw o(, +ﬂ\/¢ a)TA=1¢(-, a), }}, (D.1)

where ||w|| < L, the minimum eigenvalue of A is greater or equal than ), and ||¢(x, a)|| < 1 forall (x,a) € S x A. Let
N be the e-covering number of V with respect to the distance dist(V, V') = sup,cs |V (z) — V'(x)|. Then, we can use
Lemma D.6 of (Jin et al., 2020b)) to obtain the bound

log NV, < dlog(1+4L/e) + d*log[1 + 8d'/23%/(A\e?)]. (D.2)

Now, let us go back to the POLSVI algorithm. We obtain that, with probability at least 1 — 4, 6 € (0, 1),

2

k-1 P
Z Z OnF Vikea (w3y) = PaViry (237 ap )]

7=1p=1 (AF)-1
@ —1)P 1 —1)2P2%¢

< 4H? {dlog()\ +(E—1) /d> + log NV, + log ] + 8k —1)7P7e

(b) d A+ (k- 1)P/d) 4(1+ H)\/d(k—1)P

< 4H?* |Z1o < +dlog [ 1+

2 (L) g 020

841/232 17 8(k—1)2P%e
2 _ - 7
+d*log (1 + e > + log 5} + 3
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where (a) is a direct application of Lemma[C.2} and (b) follows from the realization that from lines 9 and 13 in algorithm ]
ViF.1(-) € V and so has covering number upper bounded as in (D-2) with L = (14 H),/ M by using the bound from
Lemma[D.1l

Recalling that A = 1 and 8 = cgdH with ¢ = log(dK HP/¢) in the setting of Theorem [3.1] we claim that, after setting

€= f{—H in our previous equation, there exists an absolute constant C' > 0 independent of cg such that

2

k-1 P
SN P ViEA (@) = PaVik (2P, ap )] < Cd?H?log((cs + 1)dK HP/$). (D.4)
T=1p=1 (A;cl)_l
Proving this claim would conclude the proof.
We first introduce a couple of useful results:
dKHP
12 =log ( 5 ) > log(dKHP) > log(2-2) =log(4) > 1, (D.5)
1)dKHP
log <(Cﬁ+()s> =log(cg+1)+¢>1> 1. (D.6)

Now we start by replacing A\ = 1 in the right-hand side of (D.3)),

i l;j log (1 + (kdl)P> +dlog (1 LA H) Gd(k‘ 1)P>
/
+d*log (; (1 + 8d1€5/82>)} +8(k —1)2P%¢
< 4H?d? [log <1 + (’fdl)P) +log (1 n 4(1+ H) 6d(k - 1)P>

1 1/2 32
+log (< (1+ 8475 + 8(k — 1)2P%€%,
) €2
dH

Now we replace € = & in the previous expression,

_ _1)\1/2 3/2 q1/2
4d? H? {log <1 + k1P 1)P> + log (1 + A+ H)(k - 1) PKP )

d dH
— 421?10 (1 - (k_dl)P> +log (1 s H)(§1;21/2KP3/2>
+ log (; (1 + %g))] 1 Sd2H? (k;(21)2
o s 7)o S o 10552
+ 82 H?.
ot (157 e (o 527 v 58

+ 8d%H?.



One Policy is Enough: Parallel Exploration with a Single Policy is Near-Optimal for Reward-Free Reinforcement Learning

Now we replace § = cgdH+/L in the previous expression,
KP 8K3/2p3/2 1 8 H2K?P?\ \ |
22 kel o z B 7
4d“H [10g<1+ d )—Hog(l—i— 7172 )—l—log 3 1+ B2
+ 8d°H?
KP 8K3/2p3/2
= 4d2H2 |:10g (1 + d) + log (1 + dl/2> + log ( (1 + SC%dl/zLK2P2)>
4+ 8d2H? D.7)

K3/2P3/2 1
Sdlp) +4d*H? log <5 (1+ 8cgd1/2LK2P2)>
D (I

(cs + 1)dKHP)

SR

< 8d*H?1log (1 +

+ 8d%2H? log ( 5

where the inequality has made use of (D.6). We now upper bound the terms highlighted in (D.7). Then,

(I) < 8¢2H2log (1 -+ 8K¥/2PY/2) < 842 H? log (9K P?)

< 8d*H”log (9(1 + ¢5)*(dKPH)?)
(1+cp) dKPH) )

g 8d?H? log <
= (16 + 8log(9))d2H? 1o (W;dKHP),

where (a) follows from (D.6). For the other term,

(S(Cﬂ +1)% (dKHP)Q)

+ 8d2H? log(9) log <(05+1)dKHP>

4]

(I < ¢ 4d*H? 1o

< 4d*H? 1o

1)2 dKHP
o+ ’ ) + 4d* H? log(8)

1)2 dKHP
o+ i ) + 4d> H? log (1) + 4d? H? log(8)

< 8d*H? log + 4d® H? 1 + 4d*> H? log(8)

«(
T (
(

s+ 1) dKHP)

(12 + 4log(8))d?H? 1o <(C"+1W{HP>

4]

where (a) follows from cg > 0, (b) from 5% < 6, (c) from log(t) < ¢ (since ¢ > 1 from (D-3)), and (d) from ¢ <
log ((C‘*H)#) and from (D.6).

Now, joining the upper bounds for () and (I7) in (D.7)), we finally obtain

2

k-1 P
Z Z on” Vh+1 th1) ]P)thJrl(xh vap”)]
T=1 p= 1 (AI:L)71
< (36 + 8log(9) + 4log(8))d* H* log((cp + 1)dK HP/$)
which proves the claim and thus the proof. O

The previous lemma will be used to upper bound the difference between the estimated Q-function by POLSVI before
adding the optimism bonus (see line 9 in algorithm |1) and the Q-function for any fixed policy. The optimism bonus will
play an important role in such an upper bound.
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Lemma D.3 (Bounded difference between the estimated Q-function before optimism and an arbitrary Q-function).
Consider the setting of Theorem There exists an absolute constant cg > 0 such that for B = cgdH\/L with
v = log(dKHP/$) and any fixed policy T, given the event £ defined in Lemma we have for all (xz,a,h, k) €
S x A x [H] x [K] that

<¢(x7 a)vwflw - QZ(ILG) = Ph(vhk+1 - VhﬁJrl)(xv a) + Alg(x, a)’

for some A¥ (x,a) such that |Af (x,a)| < B\/¢>(x, a)T (AF)1o(z, a).

Proof. For any k € [K],

k=1 P

wh —wjy = (M) D o rn? + ViE () — w]

=1 p=1

k=1 P
(a) X pT 7 T, 7
Ak -1 Z¢ p ¢hp - ]P’thH(xhp,ah ) + Vh+1(xh+1)) W,

7=1p=1

i (S e A’f)

k—1 P
+ Z Z ¢;7P(th+1(x;’f1) - thhil(xi?pv a;p))>

7=1p=1

k-1 P
(b) — s T, T, T T, T,
= (AZ) ! <_)‘wh + Z Z¢hp(vhk+1(mh£1) - PthJrl(xthahp)))
T7=1p=1
i k-1 P
= MR wh + (AR TN T ar (Vi (@) = PaVil (237, 0 7))
—_———

@ 7=1p=1

an
k—1 P

Ak)_lzz(bﬂ P Vh+1 sz?+1)(m;7paa;’p)-

7=1p=1

(1)

where (a) follows from the fact that for any (z,a,h) € S x A x [H], Qf (2, a) := ($(z,a),wf) = (rn + PV} ) (2, a)
for some w] € R? (this follows from Proposition and the Bellman equation); and (b) follows from the definition of
A% in the POLSVI algorithm. Since (¢(x, a), wF) — Qh(aj a) = (¢(z,a),wk —wT) forany (z,a) € S x A, then we look
to bound the inner product of each of the terms (I) — (IIT) with the term ¢(z, a).

We first analyze the term (1),

(b, a), M) = (b, a), \AE) " wi)| = M(AF) 262, a), (AF) "/ w])]
<M a2 /o @)T (A0l @) < VA o] /o(e.0)T(AD) o, a)

where the last inequality follows from || - || Ary-1 < % -1

For the term (II), since the event £ from Lemma@lis given and A = 1, we directly obtain

k—1 P
[(¢(z,a),(D)| = ‘<¢>(ﬂ%a),(1\§)_lzz¢ (Vira (@3 1) = PaVili (" 7aﬁp))>‘

7=1p=1
k—1 P
DD (Vi @Rt = PaVia (277, ai 7)) 6@, a)l| (ax -
T7=1p=1

(Ap)~

< Cdm\flog((cs + 1)dK HP/3) \/¢(x, a)T(AF)~16(z, )
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where C'is an absolute constant independent of cg > 0.

For the term (I11),

k—1 P
(é(a, a), (D) = <¢<x, a), (A5 S G P (Vi — Vi) (a7, a;’p>>

T=1p=1

k—1 P
= <¢($,a), (AT onP(en®) T /S(fo+1 - Vh“+1)(x’)duh(w’)>

7=1p=1
@ <¢<x,a>, e vh11><x'>duh<m’>>
(IL1)
A<¢><z,a>, R K vh"f+1><z’>duh,<x’>>

(1I1.2)

where (a) follows from the definition of A¥ in the POLSVI algorithm. We immediately see from our assumption on linear
MDP that (IIL.1) = P, (V¥ ; — V7, )(z, a) and

an2) < | [ (= V) @)

Vo(w.a)T(AF) (. a)
()~

< VX H /S (VEey = Vi) (@) dpn (e

o) (8 ot

VR [l ot )T (4F)Noo,0) € 2HVER 0G0 0) (A) ol

where (a) follows from the value functions being bounded, and (b) from the definiton of the linear MDP.

Finally, putting it all together with A = 1, we conclude that,

(¢, a), w))

r,a) — ]Ph(thﬂ - Vﬂl)(ﬂ?,a)‘

— QR (
< (!

lwir|| + C’dH\/log((% +1)dKHP/d) + 2H\/&> \/¢(x, a)T(AF)=¢(z,a)

< <4H\/g + C’dH\/log((% + 1)dKHP/6)) \/¢(x, a)T(AF)=o(z,a)

where the last inequality follows from Proposition
Now, from equation (D.6) in Lemma we have \/log((cs + 1)dK HP/§) > 1 independently from ¢z > 0, and thus

(. a), wh) — QF(x,0) = Pu(Viiy — Vilya)(w, )] < édH\/IOg((CB + 1)dKHP/5)\/¢>(x, a)T(A}) "' o(x, a),
for an absolute constant C' = C + 4 independent of cg.

Finally, to prove this lemma, we only need to show that there exists a choice of the absolute constant cg > 0 so that
C'\/log((cs + 1)dKHP/5) < cg+/t, which is equivalent to

Cy/u+log(cs +1) < cpv/e (D.8)

since \/log (M) = \/log (‘”{#) +log(1 +cg) = /¢t + log(1 + cp).

Two facts are known: 1) ¢ € [log(2), 0o) by its definition and d > 2; and 2) C is an absolute constant independent of cg.

Since we know we are looking for ¢z > 0 and using the bound log(x) < z — 1 for any positive € R, we conclude that
proving the following equation implies (D.§), B
Cy/t+cp < gy (D.9)
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Slnce both sides are nonnegative, we square them and obtain that it becomes equivalent to showing that cg satisfies 0 <
v — C?cg — C?1, and solving this quadratic expression let us conclude that this is satisfied if cg > g(¢) with g() =

C;—f + 14/ % +4C?2. We now observe that ¢ +— g(¢) is a non-increasing function for ¢ € [log(2), 00); therefore, if we
want (and so (D.g) to hold for any ¢ € [log(2), 00), it suffices to choose

L e e
7= 2l0g(2) | 2\ (log(2))?

This finishes the proof. O

+4C2. (D.10)

C

We now continue with our proof of Theorem 3.1} Let us first condition on the event £ defined in Lemma [D.2]

We introduce the following notation: 8)7 := V;F(zp?) — V,fk'p(xfl”p), and C,lffl = Ph5h+1(a:h’p, ak?) — 62& Then,
for any (p, h, k) € [P] x [H| x [K], we use Lemma(with x = xi’p and a = ah’p following the lemma’s notation) to
obtain,

) s PN k,p
Qh( hp7ahp)_ hoo(aptia?)
< Pu(Vites = Vil ) (@ ™) *’5V/ T(AR) ey
= ViF@p?) — v () D.11)

kP k, k, k, k7 ) )

< (Ph(vifﬂ - Vit )(xhp7ahp)) 5hf1) p1 "'5\/ ¢hp Ak) 1¢ P
k, k, 5k , ,

= 0,7 < G+ 0 +5\/ (6p7)T(AR)~1op?.

We define ¢}*P = 0 for every (k,p) € [K] x [P].

Now, let us focus on the regret performance metric. Now,

—

K P
Regret(K, P) ZZ (Vi*(s0) 7Tk,p(so)) %
k=1p=1

=

]~
WE

(Vi¥(s0) — Vi " (s0))

=
Il

1

St

1p

s
M=

k=1p=1
o XK pP H K P H
SZZZCf’p+5ZZZ\/¢h’p (A)=1¢E7  (D.12)
k=1p=1h=1 k=1p=1h=1

] an

where (a follows from the optimism upper bound found in Lemma B.5 from (Jin et al.l 2020b) but using the event £ from
Lemma|D.2} (b) follows since x}” = s,, for every (k,p) € [K] x [P]; and (c) follows from the recursive formula in
and the fact that 377, = (j;%, = O and (" = 0.

We first analyze the term (I) from (D.12). Let us define the filtration {Fk,n,p) }( k,h.p)ec+ Where £ is a sequence such that
L* C Z>1 x [H] x [P] and its elements are arranged as follows. Firstly, we let the third coordinate take values from 1
to P and repeat this periodically ad infinitum, so that each period has P elements of £*. Secondly, the second coordinate
takes the value 1 for all elements in the first period of the third coordinate, then it takes the value 2 for all elements of
the second period of the third coordinate, and so on until taking the value of H for all elements in the H-th period of the
third coordinate — this will constitute a period in the second coordinate — after which the second coordinate takes the
value 1 again and continue describing periods (of H P elements each) ad infinitum. Finally, we let the third coordinate take
the value corresponding to the number of periods so far in the second coordinate (thus the values of the first coordinate is
unbounded). Consider any element (k, h,p) € L*. We denote by (k, h, p) ! its previous element in £*. We let Flke,h,p)

contain the information of all states x%’ﬁ and actions ag’ﬁ whose indexes (k, h,p) belong to the set £* up to the element
(k,h,p) € L*.

We then can conclude that {¢ ;: P }(k,h.pyec+ is a martingale difference sequence due to the following two properties:
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1. C,’j’p € Flnp-1- For h = 1, E[C’,f’p|.7-'(k7h,p)_1] = 0 is trivial, so we focus on h = 2,...,H. Note
that since @} ~ Pp,_1(-|z}?,a;?,) (ine 14 of POLSVI), we have that E[0}”|F(j 4 p)-1] = E[ViF(z)?) —
<Pk ok k, S .

Vi (@ P Flenpy-1] = B (b abr, )[Vh( a) = Vi (@) = Pp_16pP (xh P, al?)), which immedi-

ately implies E[Cﬁﬂ]—"(k’hyp)q} =0.

2. |¢P

< |]P’h52_f_’1(:chp,ah )|+ |(5 Pl < 2H < oo since Vi (z) — Vh”k’p(:c) € [-H,H]forany z € S.
Therefore, we can use the Azuma-Hoeffding inequality to conclude that, for any € > 0,
K P H
(S o) <o emam )
(KHP)(4H?)
k=1p=1h=1

We choose € = /2K H3 P log (%) Then, with probability at least 1 — 9,

K

P H
@M= ZZZg P < \/2KH2HPlog <5) <2HVKHP:, (D.13)

1p=1h=1
recalling that . = log (42EL). We call € the event such that (D-13) holds.

Let Dy, 5, be the event that there is a doubling round at step h € [H] in episode k € [K], i.e., “AZH = 20K,

We now analyze the term (II) from (D-12)). We split (II) according to the event of doubling rounds,

»
(H)—/ﬁZZwkh ZW»;” (AF) 1¢,;P+/3ZZHDM ZW»;” AR) 1ot (D.14)

k=1h=1 k=1h=1

For the first term in (D.14),

K H P
52211[171@11 Z\/%’p AR)1p?

k=1h=1 p=1

}) K H
el I[Dyn]. (D.15)
lez ook

k=1 h=1 h=1

B K H P
V5N Z PRCDY H‘z’h’p
st

We now bound the second term in (D-14). Let us fix any h € [H]. We can define the bounded sequence {¢}"" Yepecr
with ||</>ﬁ’p|| < 1for any (k,p) € Z>o x [P]. We also define

k-1 P p—1
N Al 330 + S AT
T=1p=1 p=1

and notice that Az’l = A¥ and that Aﬁ’p = AZH’l for any p € [P].

Now, consider we are in the case that there is no doubling round, i.e., ]I[Dg h] = 1. Then,

AF < A;?p < AZ'*‘Ll = AP <20F = (AF)T! = (AZ’p)_ (A7)~

tO\H

which then implies that

3 , o @ det(Ay ")
ZZ p<222 Akp ¢ p§4logl§et(;]d)

k=1p=1 k=1p=1

where (a) follows from using (Abbasi-Yadkori et al., 2011, Lemma 11), whose conditions are satisfied from our bounded
sequence {gbz’p }k.pyecp (for fixed ) and the fact that the minimum eigenvalue of AZ is lower bounded by A = 1 for every
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k € [K]. Now, we have that AhK7P = A,If *1 whichisa positive definite matrix whose maximum eigenvalue can be bounded
as [|AFH < | i) i ok )| (A1) < det((KP +A\)1g) = (KP + M) We

also have that det(\l;) = A\?. Then, using these results in our previous equation, we obtain that

K P d
> Z “LohP < 4log {KPA“] = 4ddlog(KP + 1) < 4du, (D.16)
k=1p=1

where the last inequality holds since log(K P + 1) < log (dK P ) = ford > 2.
Now, for a fixed h € [H], let Ry, := {k € [K] [ I[Dy, ] = 1}. Then, taking the second term in (D.T4)),

K H
ﬂZZHthZ¢ D =63 Y 3 ek T (g ek

k=1h=1 p=1 h=1keRy p=1
H
<8y VIRP, | S Z )7lon”
h=1 keRy p=1
H
Z /|Rh ZZ (bhm 1¢ D
h=1 k=1p=1

b H
(g) 28Vde Y " /|Ru|P < 2BHVAKPL, (D.17)

h=1

where (a) follows from the Cauchy-Schwartz inequality, and (b) from (D.16). We now combine the results in (D:13)
and (D:17), i.e., the upper bounds for (II), and obtain, letting A = 1,

K H
(D) < BPY Y "1[Dyp] + 28HVAK Pu.

k=1h=1
Using this last result along with (D-13) in (D-12)), we conclude that,

K H
Regret(K, P) < 2HVEKHP.+ 28HVAKPr+ BPY > 1Dy 1]

k=1h=1
K H
= 2VKH3PL+ 2c5VABKH*Pi? + cgdPH\/LY > 1Dy 1]
k=1h=1
@ K H
< (24 2c3)VBKH P2 + cgdPH\LY Y 1[Diy] (D.18)

k=1h=1
where (a) follows from /¢ < ¢ which follows from equation (D-3).

We now bound the number of possible doubling rounds. Consider any h € [H|. When there is a doubling round at episode
k, we can find some y € R?, ||y|| = 1, such that y T AF*1y > 2y T Aky. Then, we can apply Lemma 12 from (Chan et al.|
2021) to obtain det(AF™) > 2det(Af). If ny, is the number of doubling rounds at step h € [H] across all episodes, then

K+1 1 det(AK+h . k,p
det(A; ) > (2)™ det(A}), and so log <7Z1)> > np, log(2). Now, since H¢h’ H < 1land A = 1, by Lemma 19.4
h
from (Lattimore and Szepesvaril, 2020), we have that

det(
det(AST) tr(Aly) + KP kP
— | < e T ) _ KLY
1og< det(AL) ) = dlog d log(det(Alq)) = dlog { 1+ —

Then, our recently derived results let us conclude that Zszl Zthl I[Dy 1] = Zthl np, < lodg% log (1 + £E); and using
this bound in (D-18) let us obtain
KP
P\flog (1 + d)

Regret(K, P) < (2 + 2c4)VdBKHAP.2 + < ( )
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Finally, since P[not £] < § and P[not £] < §, a union bound lets us conclude that all the results proven so far hold with
probability 1 — 2. This finishes the proof of Theorem

E PROVING THEOREM{4.1]

For simplicity, we will use the same notation as described at the begmmng of sectlon.for the exploratlon phase with the
following notation for the reward functions in the exploratlon phase: 7% := {r}'} ¢y and rh = rﬁ(mf ) ah ). For the
planning phase we denote the given reward r := {7}, },¢[5). For the planning phase, we define the value function Vh ()=
maXge A Qh( ,a). Additionally, if we take the underlymg MDP M and replace its reward function by 7 = {71, } e[
then we denote the value functions of the newly created MDP by V},(+,7), h € [H]; and denote the optimal value functions
by Vyr (-, 7), h € [H].

We introduce our first auxiliary lemma.

Lemma E.1 (Concentration bound on value functions in the exploration phase for RF-POLSVI). Consider the setting of
Theorem There exists an absolute constant C' independent of cz such that for any fixed § € (0, 1), the following event
& holds with probability at least 1 — 6,

V(k, h) € [K] x [H] :

k-1 P
ZZ PWVia (2 fy) = PaVisa (", ag”)]

(ah)-

. CdH%Og (wgdKHP)

Proof. First, notice that Hw,’ﬁ || < H+/dK P by following the same proof as in Lemma and choosing A = 1. Then, we
notice that (th)(k, h)ye[K] x[H) belongs to the following function class

acA

V= {V :S—=R ’ V()= min{max@T¢(~7a)

(1+ >mm{6\/¢> o) TA-10, ),H},H}}, ED

where ||@| < H+/dK P, the minimum eigenvalue of A is greater or equal than \, and ||¢(z, a)|| < 1forall (z,a) € S x A.
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Forany V, V' € V, let dist(V, V') = sup,cs |V (z) — V'(z)|. Set u(z, a) := min{ﬁ\/¢(~, a)TA=1¢(-,a), H}. Then,

dist(V, V') = sup
€S

- r{fleaj(min{(@’)—r(ﬁ(%a) + (1 +1/H)d (z,a), H}’

max min{® " é(z,a) + (1 + 1/H)d(z,a), H}

2 sup (@7 or,0) + (1 +1/H)i(z,a))
zeS,ac A
~ (@) $lw,a) + (1 +1/H) (z,a)|

< sup ’(@—@’)Tqb’—l— sup 2

iz, a) — @z, a)‘

 pillel<t v€S,acA
(b) - E2)
< sup ‘(w—w) qﬁ‘ .
¢l <1
+ sup 28[\/0TA 16— \/oT (M) 1o
#:ll gl <1 ‘\/ \/ ‘

= o - @'l + 28/ |[A-1 - (3|

<o - @'l + 23[Rt - @)

F

where (a) follows from the fact that the min{-, H} operator is non-expansive and that the property |sup,c 4 g(a) —

SUPge 4 h(a)| < sup,e 4 lg(a) — h(a)| for any g, h : A — R, and (b) follows from the inequality |/p — /q] < /|p — q|
for any p,q > 0. Now, we notice that (E-2) is a bound of the same form as equation (28) from Lemma D.6 of (Jin et al],
2020b)), and so we can use this lemma to obtain that the e-covering number of V, N, with respect to the distance dist(-, -)
can be upper bounded as

log N, < dlog(1 +4HVAKP/e) + d*log[1 + 32d"/28%/(\é?)].

Then, the proof of the lemma follows immediately from closely following the proof of Lemma[D.2] O

We use the previous lemma to obtain a useful upper bound to the optimal value function resulting from an MDP whose
rewards are the ones computed at the current episode of the exploration phase.

Lemma E.2 (Upper bound on the value function at the exploration phase). Consider the setting of Theorem d.1| With
probability at least 1 — 26, for all k € [K],

1. V¥ (s0,7%) < Vi¥(s0),

2. 30 Vi(so) < 2H /K1 1 68H /4Kt +108dH log (1 + £P).

Proof. We first condition on the event € defined in Lemma[E-T] which holds with probability at least 1 — §. Since we have
a linear MDP, for any (z,a) € S x A, we have Py, (z'|z,a) = (¢(x,a), un(2)) and so P,V (z,a) = (¢(z,a), w))

with wy = [ s ViF (@ )dpn (') = [, cs Vi (@) pn(2')da’. Then,

|lwr] < H/ e (2") || da’ < HVd.
z’'eS
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Now, using this result, we have for every (z,a, h, k) € [S] x [A] x [H] x [K],

é(, a)Tw,]i - thhkﬂ(xa a)
1

k—1 P
= d) x, a ZZQ% Vh+1 Ih+1) ]P’hv,f_i_l(x,a)
k—1
o0 (45 ( S Ve - Azaz)
7=1p=1
k-1 P k-1 P
= ¢(maa)T(A2)_l ( Z(b;’pvfﬁ-l ($h+1) Zz¢h,p ¢h7p ~k>
T=1p=1 T=1p=1
k-1 P
= p(z,a) T (AF)~? ( > o (ViF () - thﬁl(m;*,a;m))) Aoz, a) " (AF) 1@k,
7=1p=1 (W

@
Analyzing the term (I),

k-1 P

Z Z & (Vieea (23 1) — PVl (23, ap™)

T=1p=1

() cg+ 1) dKHP
< CdH\/log ((f’;) 6z, pg -1

TE || sy 1605, @)l agy -1 < Z5E6(5. @)l a1 Then,

O] < 16, ) )

(-t

using these results with A = 1,

|6(x,a) "wi = PuVi (2, a)] < (CdH\/log((Cﬁ + 1)dKHP/§) + HVd) | ¢z, a)| ()

(a) _
< CdH \flog((cs + DAKHP/5) | (x,a)| 5+

(®)
< cgdH/log(dKHP/6) [|p(z, a)l[ nr)
= ﬁqu(xva')H(Aﬁ)*l?

(E.3)

where (a) follows from the fact that \/log((cs + 1)dK HP/5) > 1 independently from cg from equation (D-6)) from the
proof of Lemma [D.2|and using the absolute constant C' = C + 1; and where (b) follows from ¢ being chosen as in the
expression of equatlon (D:T0) from the proof of Lemma|[D.3]

Now we prove statement [I] of the lemma, which we do by induction. Consider any z € S. For step H + 1, it trivially
holds that Vi (z,7%) < V| (x) since Vi (z,r*) = Vi, () = 0. Now, assume that at step h € [H] it holds that
Vi1 (@,7%) < ViF_| (2). Then, using the Bellman equation,

(a)
Vil (2,7") = max{ry (2, 0) + PVl (%) (@, )} < max{ri(z, a) + PpViy, (2, 0)}

©]
< max{rf(z,a) + ¢(z, 0) "wf + Bllo(x, a) ax) -}

< min {max{r,, (2,0) + Bz, ) Tw + Bl(x, a)llar)-1 ), H} — Vi),

where (a) follows from the induction assumption, (b) follows from (E-3)), and (c) from V;*(s, rk) < H. This finishes the
proof by induction.

Now we start our proof for statement of the lemma. For every (k,h,p) € [K] x [H — 1] x [P], let Q’;’p =
PthH(zh , 2 ) — Vh+1(zh+1) and (7" = 0 for any (k,p) € [K] x [P]. Now, fix any p € [P] and condition on
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event £ to obtain

(@) Twk + 7t + B}, al )l ag) 1)
k=1 k=1
K
<3 (64 Tk + B0+ Yo, ) g
k=1

K
< 3 (Vo) + B2 + 10t k) as )
k=1

(M)t

= i A (E.4)
= 3 (CB7 o V@) + B + 1/H) 6, aE ) | a1 )
k=1
<
K H-1 K H
<SS areseymd Y [e@inan|
k=1 h=1 k=1h=1 (A%)
K H K H
PP M HEAE ]

£
Il
-
>
Il
-
~
Il
-

where (a) follows from the fact that all agents are equally initialized (line 3 of algorithm [2) which then implies
QF (P, a Py = Qb (257*, a}P?) for every py, pa € [P] since 2} = }?; and (b) follows from (E3).

Now using the sequence £* defined in the proof of Theorem [3.1] and following that proof itself, we can deduce that
{C w7}k ,npyec~ is a martingale difference sequence and use the Azuma-Hoeffding inequality to conclude that, for any

€>0,
K P H . 92
e e) <o (qramymm)

We choose € = /2K H3Plog (3). Then, with probability at least 1 — 4,

K P H
Z Z Z hr < \/ 2K H3P log ( 5) < 2HVKHP:, (E.5)

recalling that . = log (2L We call £ the event such that (E-3) holds.

Now, let Dy j, be the event that there is a doubling round at step » € [H] of episode k € [K], i.e., “AFT = 2AF”,
Following a similar analysis to Theorem [3.1] we can conclude that

K P H
dH KP
DN ey ap)llary-1 < 2HVAK PL+P1g(1+d) (E.6)
k=1p=1h=1 log(2)

Now, we go back to (E4), sum over the agents p € [P] both sides of the inequality and divide then by P both sides
respectively, and on this result then use both (E.6) and (E-3) to obtain an upper bound, which results in

dKL ﬂdH KP
Z (so) < 2H +68H () (1+d).

This finishes the proof of statement[2]as we note 3/ log(2) < 10 and thereby completes our proof.
U

Assume we take the underlying MDP M and decide to use {uy/H },e[q) as the underlying reward, then, the next lemma
provides an upper bound of its associated optimal value function.
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Lemma E.3 (Bounding the optimal value function with rewards taken from the planning phase). With probability 1 — 20,

y Up d3H4.2 VdtHY, KP
V — < + - R
1 (S(), { }he[ ]) (2 + 665) ].OCQ IOg 1+

H KP d

where {up, } he(m) is as described in the planning phase of RF-POLSVI.

Proof. Observe we have that for every k € [K], Ay, = AF = A; ' < (AF)~! (remember that Ay, is defined in the
planning phase of RF-POLSVI). Then, for every (k, h) € [K]| x [H], 75 (-,+) > up(-,+)/H, and so forany z € S,

* Up *
Vi (CE,{H}}LG[H) < Vi (2, {7 neim). (E7)
Then,
@ 1 &
‘/1*(307 {Uh/H}he[H]) < e ; V1*<505 Tk)
®) H, [ de 1 KP
< 2H\| — H\/— +108dH —1 1+ —
< KP+6B KP+ 08d Kog(—i— d)
d3 H42 VdtH%, KP
< (2 1 1 1+ —
< (2+6¢p) KP + 10cg I74 0g< + P >
where (a) follows from (E.7) and (b) follows from Lemmal[E.2} This finishes the proof. O

The following lemma shows that optimism can be used to bound the optimal Q-function.

Lemma E.4 (Action-value bounds using optimism). With probability 1 — 0, for the reward r given in the planning phase
of RF-POLSVI and for any h € [H],

Qi) < Qu(,-) < () + PuViga () + 2un(-, ). (E.8)

Proof. We first prove the right inequality in (E.8). Carefully following the same derivation of equation (E.3)) of Lemma
(using V}, instead of V;* for every h € [H|), we obtain that, with probability at least 1—4, for every (z,a, h) € Sx Ax [H],

[0z, @) Tn — BV (2,0)| < Bll(a, )5 (E9)
and so

@h(a:, a) < ¢(x,a) Wy, + iz, ) + up(z, a)
< Th(x7 CL) + Ph‘/}h-i-l(xa Cl) + uh(x7 CL) + BHd)('x’ a)HA;I
% @h(:v,a) < min{ry(z,a) + Pth+1(x, a) + 2up(z,a), H}

<rp(z,a) + Ph‘Ath(x, a) + 2up(x,a)

where (a) follows from the fact Q, (s, a) < H and that uy,(-,-) = min {ﬁ lo(x, a)||A;1 , H}

We now prove the left inequality in (E.8), which we do by induction on h. Consider any (x,a) € S x A. For the time step
h = H + 1 the inequality trivially holds since the value functions are equal to zero. Suppose now that for some h € [H],

Qh1(w,a5r) < @h+1(a:,a). Then,

=N (a) ~
¢($, a)Twh ZP}LVh-‘rl('ra Cl) - /8”925(3:7 a)”A;1

(®) .
ZPth+1($, a; 7") - ﬂH(b(Iv a)HA;l .
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where (a) follows from (EJ), and (b) from the induction hypothesis. Finally, using the Bellman equation along with the
previous expression,
QZ(Z‘, a; T) = Th(xv G,) + thi+l(x? a; T)
< ra(x,a) + d(x, a) "By + Bllé(z, @),

L Qi a;r) < min{ry(z,a) + §(z,a) @y + Bllé(z. a)l|y-1, H)

= Q\h(xva)a

where (a) follows since Q| (z,a;7) < H. This finishes the proof by induction. O

We now continue with the proof of Theorem 4.1} conditioning on the events defined in Lemma[E.2]and Lemma [E.4 which
hold altogether with probability at least 1 — 34.

Then,

Vi'(s0;m) = Vi (s0;7)

(a) ~
< Vi(sog) — V(" (s057)

= Q1(s0, m1(50)) — QT (s0, T1(50);7)
< Epy oy (cfsoim (s0)) 71 (50, T1(80)) + Va(a) + ui (s0, 7(50)) — 71(80, 1(50)) — Vi< (wa;7)]
= Ew2~P1(~\so,7r1(so)) [%(IQ) + u1(507 7T(50)) - ‘/2w($2; T)]

< EE2N771(~\SO,TF1(So)),w3~772(‘,|7;2,7r2(acz))[u1(507W(SO)) + UQ(IQ,W(IQ)) + V3(‘T3) - V37T(‘T3; T)]
H

<E | un(an w(an)) | 21 = so
h=1

Vi (50, {untnen)
b

< Vi (s0, {unthen)
HVl* (507 {uh/H}hEH)7

—~
=

where (a) follows from Vi (z) = maxae4 Q1(x, a) > maxee Q% (z,a;r) = Vi (x;r) for any z € S by Lemma|E.4] and
(b) follows from the definition of V}*(so, {un }nem)-

Finally, from Lemma[E-3] we obtain

d3H6,2 dAH6 KP
Vi (s r) — Vi (anir) < (24 6eg)y | Tl Hlog( )

1 1+ 28
xp TVeTg T

which finishes the proof.

F PROVING THEOREM (4.2

For simplicity, we will use the same notation as described at the beginning of section D] for the exploration phase, with the

modification of including an extra argument due to the action of the second player, e.g., rj’p = r}’j(a:],?p ) aﬁ’p , b’fb’p ).
For the planning phase, we define the value functions Vi(z) = E,_ . | () oD@ @n(@,a,b)] and V, (2) =

EonD () bowns1(2)|Q,, (T; @, b)], where 7, D, v and D are described in lines 11-12 of algorithmEl

Leta = (a,b),a € A, b € B,sothata € A :== A x B. Then, we can reduce the planning phase of the RFMG-POLSVI
algorithm as if it were the one from RF-POLSVI over an underlying MDP M’ = (S, A, H, P;r) with the kernel being
considered as Py (- | x,a) and the reward function as r,(x,a) with @ € A and « € S for any step h € [H| — in other
words, the action that a single agent takes in the MDP M’ is equivalent to the joint action of the two players of the Markov
Game.
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Therefore, using this reduction, we use Lemma|E. 1|to conclude that with probability 1 — 4, 6 € (0, 1), the following event
£ holds

V(k, h) € [K] x [H] : >

P
Z¢ Vh+1 thl) _thhk+1(xh sap” ")
p=1

7=t (Af)~?

< CdH\/log (Wg‘iKHP) (E.1)

where C is an absolute constant independent of cg. Likewise, we can use (EI) and Lemma to conclude that, with
probability at least 1 — 26 for all k € [K],

Vi (s0,7") < Vi¥(s0), (F.2)

and that

K —
KH dKK KP
> ViE(so) < 20y 2 L r6pH = L 1 108dH log <1 + d) . (E3)
k=1

Lemma F.1 (Concentration bounds using optimism). Consider the setting of Theorem Then, the following event 3
holds with probability at least 1 — 6: ¥(x,a,b,h) € S x A x B x [H],

IPWV i1 (x,a.b) = Wy, é(x,a,b)| < Bllé(x, a,b)ll5-1 (F4)
PRV 11 (2, a,b) = wy é(x,a,b)] < Bllg(w, a,b)ll5-1 - (E.5)

Proof. We first focus on proving equation (F4). Closely ' following the exact proof as in Lemma we conclude that
@y || < HVdKP forany h € [H]. Then, we notice that V', h € [H], belongs to the following function class

V= VS—)R’V: i E{lNﬂ" ~v! o ) ab "y vb
{ () mln{max{ﬂrenAag{A)ylenAlI(lB) b [0 P(+,a,0) +7(-,a,b)

+min{6\/¢(-,a, b)TA=1¢(-, a,b), H}],O} H}} , (E6)

where || @]

< HVdKP, the minimum eigenvalue of A is greater or equal than ), and ||¢(x,a,b)| < 1 for all
(z,a,b) € § x Ax B. For any V,V' € V, let dist(V,V’') = sup,cs|V(z) — V'(z)|. Set u(z,a

,b) =
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min{B/é(-,a,b) TA-16(-,a,b), H}. Then,

dist(V, V') = sup
€S

- i anﬂ” ~v! II W)’ ) 7b ) 7b u’ ) 7b ‘
Ty gy B o nl(@) 04,0, 0) 47,0, 0) 4 8, D))

w’IélEE(A) V’IenAiI(lB) anﬂ’,bwu/ [H[O,H] [@T¢(I7 a, b) + T(Iv a, b) + a('ra a, b)]]

(a)
< sup ‘H[O,H] (@' ¢(x,a,b) +r(x,a,b) + Uz, a,b)]
z€S,acAbeB

— o [(@) 6(a,0,8) +7(w,0,0) + (2, a,b)]|

()
< sup ‘(@T¢(m, a,b) + r(z,a,b) +u(z,a,b))

z€S,ac A, beB

— (@) B, a,b) +7(w,a,b) + T (z,0,0))|

< sup ‘(@—w’)%h sup ’ﬂ(m,a,b)—ﬂ’(x,a,b)' (E7)
¢ 4ll<1 ¢l 4ll<1
()
< sup ‘(@—@')Td)‘
¢ ¢ll<1
+ sup Bl\/oTA1p— /6T (A)"10
¢:ll¢lI<1 ’\/ \/ ‘

@ — =
Lha-al+ s s/lo7 @1 - (@)1
#:lloll<1

= & — @'+ 8/ | R - B

<fo - @)+ 8y~ - G,
where (a) follows from the fact that the max-min operator is non-expansive and the fact that given a set G and function
g:G — R, max,cag) Ey~ulg(y)] < maxycg g(y): (b) follows from the fact that the clipping operator is non-expansive;
(c) follows from the min operator being non-expansive; and (d) follows from the inequality |\/p — /q| < \/|p — ¢ for
any p,q > 0. Now, we notice that @) is a bound of the same form as equation (28) from (Jin et al., 2020b, Lemma D.6),
and so we can use this lemma to conclude that the e-covering number of V, N, with respect to the distance dist(-, -) can

be upper bounded as
log N, < dlog(1 +4HVAKP/e) + d*log[1 + 8d'/25%/(\e?)]. (E8)

Then, we can closely follow the derivation of the equation in Lemma [D.2] to obtain that the following event holds with
probability at least 1 — 4,

K P
> G WVan (@) = PaVara (e, a7 7 b7 "))

T7=1p=1

Vh € [H]:

—1
Ah,

< CdH\log|(cs +1)dK HP/d).

for some absolute constant C' independent of cg > 0. We now condition on this event. Then, we can closely follow the
same proof procedure as the one given in LemmalE.2]to derive equation (E-3) and thus obtain, for any (z,a,b) € S x Ax B
with A = 1,

|¢(‘T’ a, b)Twh - thh+1(x7 a, b)| <g ||¢(£E, a, b)HA;l )
where 3 can be chosen in exactly the same way as in Theorem [3.1]i.e., exactly as in (F3). This finishes the proof for
inequality (F4).

To prove inequality (F3), it is easy to prove that V,,, h € [H], belongs to a very similar function class as V in (E.6)), and so
we can use the same proof for inequality (F4). O
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Lemma F.2 (Bounds on value functions for the planning phase). Consider the setting of Theorem Conditioned on the
event £ defined in Lemma we have that for every (z,h) € S x [H]

VJ(I; ) < V() < Eqmomy bobra(m)n [P Vg1 + 7 + 2un) (2, a, b)), (F.9)
V;:r(ﬂc; ) > V3 (2) > Eqbry (w)n brovn (PrY 1 — 70 — 2un) (2, a, b)]. (F.10)

Proof. We first prove the leftmost inequality (F.9), which we do by induction. The case for step H + 1 is trivial since
V;Hl(x; r) = Vi41(x) = 0 for any 2 € S. We now consider the induction step VhTH(:U; 7) < Viyi(x). Then,

Q;(m, a,b;r) @ rp(z,a,b) + PhVJH(:L‘, a,b;r)

() —
< rp(x,a,b) + PpVyyi(x,a,b;r)

(©)
< ru(z,a,0) + @, 6(,0,0) + B | d(x,a,by7) | 1

MON QL(%(L b;r) < min{ry,(z,a,b) +PpVii1(x,a,b;7) + B d(z, a, b; T)HA;1 ,H}

© min{r, (z, a,b) + o, ¢(z,a,b) + up(z,a,b), H}
= @h(xa a, b)
where (a) follows from the Bellman equation, (b) follows from the induction step, (c) follows from Lemmam (d) follows

from QIL(IL',CL, b;r) € [0, H], and (e) from the fact that uy,(+,-,) = min{8 ||¢(:, -, ~)HA;1 ,H}. Then, using this result
leads to

VT;: a i ENIN/T,,b;
nl@im) Tr;LrélA)((A) uilglir(lzs) b (@, 0, bi)]

< i E, s bon (@) b
= CAM) v eAs) T v;,[Qn(z, a,b)]

= Vh (I)
This finishes the proof by induction of the leftmost inequality in (F9).

Now we analyze the rightmost inequality in (F.9) follows from
V - i anfr ~V’7 s by b
n(@) ,min nobov @ (@, a, D)
= ECLNTFh,bNbrz(ﬂ')h@h (ZC, a, b)
= Eqmrp bbrs (m)n min{max{ (@, ¢ + 7, + upn)(z,a,b),0}, H}

(@) —
< anﬂh,bwbrg(ﬂ')h min{max{(PthJrl +ry+ B ||¢(a *y )HA;l + uh)(xv a, b)v 0}7 H}

b)) — . =
¥> Vi(x) < Eqony, brobrs (r), min{max{(Pp V511 +rp + 2un)(x,a,0),0}, H}

(c) _
< EaNﬂ'h,bNbrz(ﬂ')h [(thh+1 +rn+ 2Uh)(1‘, a, b)]’

where (a) follows from Lemma (b) follows from V, (z) < H and the definition of uy,; and (c) follows from (]P’thH +
rn + 2up) (s, a,b) > 0. This finishes the proof for the rightmost inequality in (E9).

Finally, the proof for the inequalities in (F.I0) can be obtained by carefully following and modifying all the proof just done
for the inequalities in (E9). O

Lemma F.3 (Bounding best-responses with rewards taken from the planning phase). We have that for any initial state

sp €S,

V17r7br2 () (50, U/H) < {/1*(307 rk)7

==

VPO (o0 /) < Vi (s0,7").

M= 11

= =
=
Il
Ii
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Proof.

(a) (b)
V) (o u/H) < Vi (o, u/H) < V7 (s0,7)
e | K (F.11)
= ‘/1ﬂ—7 a7 (So,’u,/H) S ?;‘/1*(5077"]6)

where (a) follows from the definition of the optimal value function, (b) from the same arguments shown in deriving
equation (E.7) for any k € [K].

The second inequality can be obtained similarly. O

We now continue with the proof of Theorem[4.2] conditioning on the event such that equations (E:2)—(F.3) hold and on the
event defined in Lemma|[F.I] which altogether hold with probability at least 1 — 34.

Then,

VlJr (so;7r) — Vlﬁ’b]r2 (m) (so;7)

(a) __
< Vi(s0) — V"2 (1)

(b) X7 T,br s
< Eal""ﬂ'lgbl’\‘br2(7")1[(rl +PVa+ Qul)(sovalvbl)] - Vl bra )(SO;T)

Q By oy s s (0 [(71 + PL V2 + 2u3) (50, 0, b1) = 71 (50, a1, 1)

— PV, (50, a1, by )]
= Eay omr by bra(m) [P1V 2(50, a1, b1) — PrVa "2 (50, a1, by; ) + 2w (50, a1, b1)]
= By oy by bra () aamn [V (22) — VP2 (40 0) + 20y (s0, a1, b1))

<...
$1:50]

H

> 2up(xn, an, by)

h=1

< ]EVhG[H]: ap~Th,bp~bro(m)n,xn41~Ph

= 2HV" (M (50 0/ H)

@ 1N L,

< QH?Z‘G (s0,77%)
k=1

© 1

K
K
SQHE;‘G (s0)

where (a) and (b) follows from Lemmam (c) comes from the Bellman equation, (d) comes from Lemma @, and (e)
follows from (F:2). Then, from (F3)

U o TRNSUONY oy S
Vi'(z1;7) — V) (z1;7) <4H KP+12BH KP+2OﬂdHKlog 1+ 7 ) (F.12)
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Next, we prove the upper bound of the term V,;""*) (s; 1) — V{f (s0; 7).

VP (s03m) = Vi (s037)

%) VO (sgs 1) — VTP (s057)

2 Vlb“(”)’"(SO;?”) — Eaymbry (0)1 01~ [(P1V g — 71 — 2u1) (0, a1, b1 )]

= Eaynbri(v)1,b1omn [PV, 0 (50, a1, b137) — P1Vo(s0, ar, by) + 2us (21, a1, by 7))

= Ea1~br1(1/)1,b1~1/1,12~731 [VQbrl(V),y(:C% T) - KQ (1‘2) + 2U1(I1, ar, bl)]
H
Tr1 = 80‘|

< Evhe[H]: an~bri()n,bn~vh,zhs1~Pn [E 2up(xn, an,by)
h=1

= 2HV," ) (50, u/H)

@ 1o~ . 4
SQHEZ‘/I(S(),T )

k=1
K

(e) 1

<2H- ]; Vi*(s0)

where (a) and (b) follows from Lemma [F2] (c) comes from the Bellman equation, (d) comes from Lemma [F3] and (e)
follows from (E.2). Then, from (E3)

VI () = Vi () < 4H2\/g+ 125H2\/E+ 20ﬁdﬂ2% log (1 + Kf) : (F.13)
Now, adding (F12) with (F13)), we obtain,
VI (ggrr) — VP2 (5000) < 8H2\/g + 12ﬁH2\/E + ZO/J’dHQ% log (1 + de>
= 8\/@4— 12¢54/ % + ZOCﬂ\/?log (1 + de)
< (84 12c5)4/ df;ﬂ +20cs \/dj(ﬁ log (1 + de>

This finishes the proof.

G PROVING THEOREM

As mentioned in the main document, our proof technique mimics that of (Wagenmaker et al., 2022).

We introduce some notation: for a vector a € R?, let a; denote its i-th component; for any positive integer A, let [A] =
{1,..., A}

We first define the following parallel linear bandit setting.

Definition G.1 (Parallel linear bandit setting). Let K, P > 0 be arbitrary and fixed strictly positive integers, ® = {¢ €
R? : ||plla = 1} be the d-dimensional Euclidean norm sphere and © = {—pu, u}? for some ju € (0, ﬁ]. For some
some fixed 6 € O, consider the query model where at every step k = 1,..., K we choose a batch of query values

{¢*t ..., o8 T} C @ and observe, for each p € [P] independently, the reward
y®P ~ Bernoulli(1/2 + (0, $7)). (G.1)

After choosing the last batch of query values at step K, the query model outputs a final query value ¢* 1. We call K the
number of episodes for which we run the query model.
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Note that the parallel linear bandit setting in Definition [G.T|becomes the single linear bandit setting when P = 1.

Also, note that any query strategy m which produces a final output according to our query model induces a distribution over
the set ® in its output, thus, for a parallel linear bandit setting with K episodes we have that ¢ +1 ~ 7.

We begin by producing a lower bound on parallel adaptive linear regression.

Lemma G.1. Consider the parallel linear bandit setting in Definition|[G.1|with K episodes. Then,

. ~ du 20K Pu?
f E — 0|2 1—4/ —
g}ﬂ max olll0 —0l|3] > 5 ( V4

where the infimum is taken over all measurable estimators 0 and measurable (but potentially adaptive) query policies m,
and Eg denotes the expectation with respect to the randonmness in the observations and queries when 6 € © is the true
parameter.

Proof. Our proof is similar in spirit to that of Theorem 5 in (Wagenmaker et al.| 2022). Consider a given estimator )
produced by a query strategy. We immediately have

%1ea®><E9[H9 — 0]1%] = Eg~unitorm(e)Eo[[|0 — 0]%]
d (@)

= IE6’~Uniform((~))IEQ [Z(é\z - 91)2] > IEGNUmform(O E@ [ Z I 9 0 < 0
=1

, (G2)

where (a) follows from the fact that (6; — @)2 € {0,442} with (0; — @)2 = 442 if and only if 6,0; < 0.

We now closely follow and adapt the proof of (Shamir, [2013)[Lemma 4] to our setting until the derivation of equation (G.3).
We then have

d
EGNUniform(G)EG lz H[ezel < 0]]

i=1

~

Pr [(91 0; < O]

>

5

=1

[
M=~

1

-
Il

~ 1 ~

N | =

1=
H'Mg

Pr[f; < 0/6; > 0] + Pr[; > 0]6; <O])

N —

(P
(1 — (Pr[f; > 0]6; > 0] — Pr[6; > 0]6; < 0]))

M-I

1
2

Il
-

3

1—-

v
(CIRSE

/N

d
1
&Z | Pr[d; > 0[6; > 0] — Pr[6; > 0|6, <0]|>

VS

) d
Z 1=
2

d
Z (Pr[d; > 0|6; > 0] — Pr[6; > 0[6; < 0))2 | ,

Q.M—‘

where (a) follows from 6 ~ Uniform(©), (b) follows from Zle la;| < V/d | a|| forany a € RY, and where Pr is a measure
with respect to the distribution of 6 and with respect to both the observations and query strategy, whereas Pr is only with
respect to both the observations and query strategy. From now on, we will abuse the notation Pr to denote different types
of measures across our derivations.
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Now, for an arbitrary and fixed ¢’ € [d],
(Pr[6ir > 0[6: > 0] — Px[f; > 0]6:r < 0])2
2( X P =u
u€{—p,p}pd-1
x (Pr(fy > 016 > 0, (0 : j #i') = u] — Pr(fy > 00 < 0,(0;: j #') = u})Q
> Pr0;:i#d) =1

uE{—pp}a-t
x (Prlfi > 0|0y > 0,(0; : j #i') = u] — Pr[fy > 0[6 < 0,(0; : j # i) = u))?

< max (Pr[f; > 0|0, > 0,(0; : j #4') = u] — Prlfy > 06; < 0,(60;: j #i') = u])>.
u€{—p,p}pd=1 ’

IN

where (a) follows from the law of total probability. Now, observe that the last term is the square of the total variation
distance, and so, by Pinsker’s inequality we obtain

max  (Pr[fy > 0[0; > 0,(0; : j #i') = u] — Pr[fy > 06 < 0,(6; : j # i) = u])?

u€{—p,pupd=t

1 ~ ~
< SKL (Pr[Qi/ > 00 > 0,{0; : j # Y]] Pr[0y > 0[0; < 0,{0; : j # z"}])

where KL(p||q) denotes the Kullback-Leibler (KL) divergence between distributions p and g.

As any randomized query strategy 7 which outputs ¢! can be characterized by a distribution over deterministic query
strategies, we assume without loss of generality that the query strategy is deterministic and show that our lower bound holds
uniformly over all possible deterministic query strategies. Then, as = ¢5+1, we are assuming that fisa deterministic
function of y**, (k, P) € [K] x [P] (and that, consequently, ¢*? is a deterministic function function of y*?, (k,p) €
[P] x [k — 1)).

Under this assumption,

KL (Pr{d > 0/6: > 0,{0;}j¢]/| Prlfy > 0165 < 0,{6;} ;11

WKL (Prly*”, (k,p) € [K] % [P0 > 0,{6;};20]l| Prly*?, (k. p) € [K] x [P)l6; < 0, {0;}j20)

K P
(b) ’ ! ! /
< DKL (Prly™ 10 > 0.6, im0 (0 Vol P10 < 0405 i 0 Vo e

k=1p=1

K P

c) 1o o

= > D KL (Pr[y’wwz—/ >0, {05 50, ("7 ) vy et x PRl Py P10 < 0, {6, )00, (4" )(k@p/)e[k—ux[Pﬂ)
k=1p=1

where (a) follows from the fact that @/ is a deterministic function of all the (random) observations {yk*p . (k,p) €
[K]x[P]} and so describes a new distribution over the observations (since we do not know the form of the exact dependency
we decided to simply list “y*?, (k,p) € [K] x [P]” on the argument); (b) follows from the chain rule for KL divergence;
and (c) follows from the fact that for a given episode, the actions taken by each agent are independent (we use the notation
that when k& = 1, there is no conditioning on any variable depending on any output reward).

Joining all the results herein derived (and under some renaming of variable indices), we obtain

NN d 1 L&
Eg~uniform(e)Eo lz 1[6:0; < 0]1 Z5 11 7\lg ZZZUk,p,i (G.3)

i=1
where

Vi = o (Pr[yk’pwz‘ > 0, {0 Yiri, (0 PV pryecp e I Prly™P10: < 0, {03 irss, (4F ”’)(k’m’)ez:p(k,p)])
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The rest of the proof directly follows from the proof of Theorem 5 of (Wagenmaker et al., [2022), where we directly
calculate the KL divergence between two Bernoulli distributions and use the fact that ¢*? € ® for all (k, p) € [K] x [P]

to obtain the inequality
d
~ du? 20K Pp?
S 2167, < 0]] , <1 - ~/d“>

i=1

]EONUniform(@)]EG

which we replace back in (G.2)) to obtain

~ 2 2
max Eo[||0 — 0]2] > ap” [ _ [20KPp2 Y
) 2 d

Finally, since this uniform lower bound holds for any deterministic query strategy which outputs the estimator 9\, it will
also hold for any randomized one (which, as we explained before, can be seen as a distribution over deterministic query
strategies), and thus we can take the infimum as in the lemma’s statement. This completes the proof. O

We introduce some terminology. Let ¢*(6) = sup,c4 (0, ¢) denote the best arm for any arbitrary 6 € ©. Now, given some
arbitrary fixed parameter § € © and given a query strategy 7 (which we know outputs a single query value or arm according
to some induced distribution over the set @), we define ¢™ = E,,[¢] and say that 7 is e-optimal if (6, ¢*(6))— (0, ¢™) < e.

We now establish the following result on our parallel linear bandits setting, which is basically (Wagenmaker et al.,
2022)[Theorem 2] and which we include for completeness since we do adapt some notation and terminology accord-
ing to our particular setting and presentation of the problem. We also provide additional detail where it is needed in the
proof.

Theorem G.1. Lete > 0, P > 0, d > 1, and KP > d?. Consider the parallel linear bandit setting in Deﬁnition

with = 1/700% and also consider running a (potentially adaptive) parallel algorithm with batches of size P for

K episodes which stops at a possibly random stopping time T and outputs a policy T which is a guess at an e-optimal
policy. Then, there is a universal constant ¢ > 0 such that unless KP > c(dH/¢)?, there exists 0 € © for which
Pro[{7 > K or7 is not e-optimal}] > 0.1; i.e., with constant probability either T is not e-optimal or more than K batches
are collected.

Proof. Since ¢*(0) = sup,cq (0, ¢) for any 6 € ©, then we easily see that

sgy= 0 — 0 )T =

Now, consider a fixed § € ©. Let 7 be an e-optimal query policy for 0. Then,

@
1=Egz(lol? > (67|

* 2 T * T * T * 2
= ll&* @1 +2 (67 = 6°0))  (&"(®) + |07~ 0*(0)]
@ 2 7T * T Tk 2
Pl (67 -000) 0+ [T -600)
where (a) comes from Jensen’s inequality and (b) from the fact that ¢*(0) = fidu' Now, from the definition of e-optimality,
we have (¢*(0) — ¢™) Ty < ¢, and thus we obtain
- 2 2e
T * < . X
[o-s @ < = (G4)

Now, letting 7 be any query policy, we show how ¢™ may be used to construct an estimator of §. With a slight abuse of
notation, we define the set ©™ C ©, where

o7 = {0/ c0: 0" — V™ |* < 2Vdpe} .
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~ 2
As ¢*(0) = fid# and ||¢™ — ¢*(9)H2 < \/231 if 7 is e-suboptimal, we know that H9 —Vdup™

ensuring the set OF is non-empty as long as 7 is e-suboptimal.

< 2v/dye, thereby

Then, we define é\ﬁ to be an estimator of 6 as follows

0 =

~ any § € ©  if query policy 7 is e-optimal
any ' € ©  otherwise.

Therefore, if 7 is e-optimal for 6, it follows that

167 — 6] < 2(16z — Vdud™ | +2(|0 — Vdus™||?
(G.5)

(@ _ 2 ()
< avdpe + 2du2 ‘ o — qb*(Q)H < 8Vdpe.

where (a) follows from é\% € O and (b) from (G.4). In other words, if we have an e-optimal query policy, we can construct
an estimator 6 such that ||§ — ]|? < 8v/dpe.

Now, taking again the arbitrary query policy 7, we have

Eo[||fz — 0|?] = Eo[||0» — 6||*1[7 is e-optimal for 6] + |6 — 6||*I[7 is not e-optimal for 6]]

(a)
< 8Vdpe + 4dp® Ey[I[7 is not e-optimal for 6)]] (G.6)
®)  8de 4d?

+ Pry[{7 is not e-optimal for 0},
700KP T00KP

where (a) follows from (G.3)) in the first term and ||6; — 62|| < 2v/dy for any 6, 6, € ® in the second term; and where (b)
follows from plugging in ;1 = \/d/700K P.

Now, from Lemma

. . . . . . . N 2
, we have that our algorithm, since it runs until the stopping time 7, infz maxpce Eq[[|6 — 0[] >

2
d% (1 — 4/ w . Now, if we assume that 7 < K, i.e., that we collect no more than K batches of P arms, we obtain

> . ~ dp? 20K Pp? | @
I;leaéXEg[Heﬁ — 03] > 1§an rgﬂeaé(Eg[Haﬁ — 03] > -5 (1 - 1/d> > 0.00059d* /K P. (G.7)

where (a) follows from using K P > d? and 1 = /d /700K P.

Then, assuming that § = 0* € arg maxgeo Eg|||8z — 0]2], and (G.7) would not be contradicted if the following
holds,

d? 8de 4d?
0.000059— <
KP = V700KP | TO0KP

Manlpulatlng thlS lnequallty Sh()WS that lf
O 00325 2 l!

Pry[{7 is not e-optimal for 6*}].

2V700 ) €
then
Pry[{7 is not e-optimal for 6*}] > 0.1.
In other words, unless K P = (d?/€?), we have Pr[{7 is not e-optimal for 6*}] > 0.1. O

We now must relate the best arm identification problem in the linear bandit setting to linear MDPs. For this, we can relate
any instance of the linear bandit problem (defined by an instance of the parameter § € ©) to an instance of a linear MDP.
The idea is that the task of identifying the optimal policy in the constructed linear MDP reduces to identifying the best
query strategy in the linear bandit setting. We refer readers interested in the exact construction of the linear MDP to the
work (Wagenmaker et al.,2022)[Lemma D.3] and summarize its results in the following lemma.
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Lemma G.2 (Lemma D.3, D.4 from (Wagenmaker et al,, 2022), restated). Lete > 0, P > 0, d > 1, and KP > d2.

Also, let 0 € © = {—p, u} with p = 700% . There exists a (d + 1)-dimensional linear MDP with horizon H such

that, starting at some particular initial state, any e-suboptimal policy for the MDP can be converted to an €/ H-suboptimal
query policy in the single linear bandit setting.

Proof. We refer readers interested in a detailed proof to Appendix D.1 of (Wagenmaker et al., 2022]). 0

Note that Lemma@] constructs the MDP for the single linear bandit setting; however, in the same lemma’s statement we
have that the parameter ¢ has P in the denominator (instead of 1 as in the original work by Wagenmaker et al.[(2022)). This
is not a problem since having P > 1 does not change the validity of the construction of the MDP stated in (Wagenmaker
et al.,|2022) — indeed, in the construction by Wagenmaker et al.[(2022), the denominator of 1 serves only as a scaling to the
unknown signed measure y1 (which defines a linear MDP; see Section so that it satisfies the condition ||z (S)|| < V/d.

We now describe a parallel algorithm with P agents for a given policy at iteration k& € [K]. At the beginning of the
iteration, we let each agent p € [P] access the MDP in parallel from the specific initial condition stated by Wagenmaker
et al.[(2022) and take an action according to the given policy (the policy is free to define how each agent takes its own action
but must make sure each agent takes actions independently) — since all start in the same initial state, they will be playing
the underlying parallel linear bandit and thus obtain the rewards {yk”’}pe[ p] (because the construction by (Wagenmaker
et al.| 2022) only allows access to the underlying (single) linear bandit only for the transition out of the initial state). Each
agent continues playing their MDP independently according to the construction by [Wagenmaker et al.| (2022) for all the
rest of the episodes (which requires no further access to the underlying linear bandit). At the end of the episode, the parallel
algorithm can decide whether to make a change to the policy based on the results obtained by all the parallel agents and
use it for the next iteration. After iterating all the K episodes, the algorithm outputs some policy, whose decision for the
transition out of the initial state for all agents would be equivalent to 1, i.e., the output of a query model for the parallel
linear bandit after k steps.

With Lemma in mind, we know that identifying e-suboptimal policies in the MDP is at least as hard as identifying
¢/ H-suboptimal query strategies in the single linear bandit. Previously, we showed that identifying a e-suboptimal query
strategy in the parallel linear bandit setting with P processors and K steps requires K P = §2(d?/€?). Replacing the € with
¢/ H gives us the lower bound for linear MDP.
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