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Abstract

Reinforcement learning (RL) so far has limited
real-world applications. One key challenge is
that typical RL algorithms heavily rely on a reset
mechanism to sample proper initial states; these
reset mechanisms, in practice, are expensive to im-
plement due to the need for human intervention or
heavily engineered environments. To make learn-
ing more practical, we propose a generic no-regret
reduction to systematically design reset-free RL
algorithms. Our reduction turns the reset-free
RL problem into a two-player game. We show
that achieving sublinear regret in this two-player
game would imply learning a policy that has both
sublinear performance regret and sublinear total
number of resets in the original RL problem. This
means that the agent eventually learns to perform
optimally and avoid resets. To demonstrate the
effectiveness of this reduction, we design an in-
stantiation for linear Markov decision processes,
which is the first provably correct reset-free RL
algorithm.

1. Introduction

Reinforcement learning (RL) enables an artificial agent to
learn problem-solving skills directly through interactions.
However, RL is notorious for its sample inefficiency. Suc-
cessful stories of RL so far are mostly limited to applications
where a fast and accurate simulator of the world is avail-
able for collecting large amounts of samples (like in games).
Real-world RL, such as robot learning, remains a challeng-
ing open question.

One key obstacle to scaling up data collection in real-world
RL problems is the need for resetting the agent. The ability
to reset the agent to proper initial states plays an important
role in typical RL algorithms, as it affects which region the
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agent can explore and whether the agent can recover from its
past mistakes (Kakade & Langford, 2002). In most settings,
completely avoiding resets without prior knowledge of the
reset states or environment is impossible. In the absence
of a reset mechanism, agents may get stuck in absorbing
states, such as those where it has damaged itself or irrepara-
bly altered the learning environment. For instance, a robot
learning to walk would inevitably fall before perfecting the
skill, and timely intervention is needed to prevent damaging
the hardware and to return the robot to a walkable config-
uration. Another example is a robot manipulator learning
to stack three blocks on top of each other. Unrecoverable
states would include the robot knocking a block off the table,
or the robot smashing itself forcefully into the table. Reset
would then reconfigure the scene to a meaningful initial
state that is good for the robot to learn from.

Although resetting is necessary to real-world RL, it is non-
trivial to implement. Unlike in simulation, a real-world
agent (e.g., a robot) cannot be reset to an arbitrary initial
state with a click of a button. Resetting in the real world is
expensive as it usually requires constant human monitoring
and intervention. Normally, a person would need to oversee
the entire learning process and manually reset the agent (e.g.,
a robot) to a meaningful starting state before it enters an un-
recoverable state where the problem can no longer be solved.
Sometimes automatic resetting can be implemented by clev-
erly engineering the physical learning environment (Gupta
et al., 2021), but it is not always feasible.

An approach we can take to make real-world RL more cost-
efficient is through reset-free RL. The goal of reset-free RL
is not to completely remove resets, but to have an agent
learn how to perform well while minimizing the amount of
external resets required. Some examples of problems that
have been approached in reset-free RL include agents learn-
ing dexterity skills, such as picking up an item or inserting a
pipe, and learning how to walk (Ha et al., 2020; Gupta et al.,
2021). While there has been numerous works proposing
reset-free RL algorithms using approaches such as multi-
task learning (Gupta et al., 2021; Ha et al., 2020), learning
a reset policy (Eysenbach et al., 2018; Sharma et al., 2022),
and skill-space planning (Lu et al., 2020), to our knowledge,
there has not been any work with provable guarantees.

In this work, we take the first step by providing a provably
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correct framework to design reset-free RL algorithms. Our
framework is based on the idea of a no-regret reduction.
First, we reduce the reset-free RL problem to a sequence of
constrained Markov decision processes (CMDPs) with an
adaptive initial state sequence. Using the special structure
of reset-free RL, we establish the existence of a common
saddle-point for these CMDPs. Interestingly, we show such
a saddle-point exists without using the typical Slater’s con-
dition for strong duality and despite the fact that CMDPs
with different initial states in general do not share a com-
mon Markovian optimal policy. Then, we derive our main
no-regret reduction, which further turns this sequence into
a two-player game between a primal player (updating the
Markovian policy) and a dual player (updating the Lagrange
multiplier function of the CMDPs) to solve for the com-
mon saddle-point. We show that if no regret is achieved
in this game, then the regret of the original RL problem
and the total number of required resets are both provably
sublinear. This means the agent eventually learns to per-
form optimally and avoid resets. Using this reduction, we
design a reset-free RL algorithm instantiation under the lin-
ear MDP assumption, using learning with upper confidence
bound as the baseline algorithm for the primal player and
projected gradient descent for the dual player. Our algorithm
achieves O(V/d3 H*K ) regret and O(v/d3 H* K ) resets with
high probability, where d is the feature dimension, H is the
length of an episode, and K is the total number of episodes.!

2. Related Work

Reset-free RL, despite being a promising avenue to tackle
real-world RL, is a relatively new concept in the literature.
The work thus far, to our knowledge, has been limited to
approaches without theoretical guarantees but with only
empirical verification. One such work takes the approach
of learning a reset policy (Eysenbach et al., 2018; Sharma
et al., 2022). The idea is to learn two policies concurrently:
one to maximize reward, and one to bring the agent back
to a reset-free initial state if they encounter a reset state (a
state which normally requires human intervention). This
approach prevents the need for manual resets; however,
it requires the knowledge of the reset states (Eysenbach
et al., 2018). Sharma et al. (2022) avoid this assumption
but assume given demonstrations on how to accomplish the
goal and a fixed initial state distribution.

Using multi-task learning is another way to perform resets
without human intervention. Here, the agent learns to solve
multiple tasks instead of just maximizing the reward of one
task. The hope is that a combination of the learned tasks can
achieve the main goal, and some tasks can perform natural

'In the tabular MDP setting, our bounds on the regret and
total resets become O(/|S|3|A| H*K), where |S|,|.A| denote

the size of the state and action spaces, respectively.
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resets for others. This approach breaks down the reset pro-
cess and (possibly) makes it easier to learn. However, the
order in which tasks should be learned needs to be provided
manually (Gupta et al., 2021; Ha et al., 2020).

A related problem is infinite-horizon non-episodic RL with
provable guarantees (see Wei et al. (2020; 2019); Dong et al.
(2019) and the references within) as this problem is also mo-
tivated by not using resets. In this setting, there is only one
episode that goes on indefinitely. The objective is to maxi-
mize cumulative reward, and progress is usually measured in
terms of regret with the comparator being an optimal policy.
However, compared with the reset-free RL setting we study
here, extra assumptions, such as the absence or knowledge
of absorbing states, are usually required to achieve sublinear
regret. In addition, the objective does not necessarily lead
to a minimization of resets as the agent can leverage reset
transitions to maximize reward. In reset-free RL, minimiz-
ing/avoiding resets is a priority. Learning in infinite-horizon
CMDPs (where one possible constraint could be minimizing
resets) has been studied (Zheng & Ratliff, 2020; Jain et al.,
2022), but to our knowledge, all such works make strong as-
sumptions such as a fixed initial state distribution or known
dynamics. None of these assumptions are feasible for most
real-world RL settings. Enforcing a fixed initial state dis-
tribution or removing absorbing states in theory oftentimes
requires physically resetting a real-world agent to satisfy
those desired mathematical conditions. In this paper, we
focus on an episodic setting of reset-free RL (see Section 3);
a non-episodic formulation of reset-free RL could be an
interesting one for further research.

Another related problem is safe RL, which involves solv-
ing the standard RL problem while adhering to some safety
constraints. We can think of reset states in reset-free RL as
unsafe states in safe RL. There has been a lot of work in
safe RL, with approaches such as utilizing a baseline safe
(but not optimal) policy (Huang et al., 2022; Garcia Polo
& Fernandez Rebollo, 2011), pessimism (Amani & Yang,
2022), and shielding (Alshiekh et al., 2018; Wagener et al.,
2021). These works have promising empirical results but
usually require extra assumptions such as a given baseline
policy or knowledge of unsafe states. There are also prov-
able safe RL algorithms. To our knowledge, all involve
framing safe RL as a CMDP. Here, the safety constraints are
modeled as a cost, and the overall goal is to maximize per-
formance while keeping the cost below a threshold. Some
of the works explicitly study safe RL while others study
learning in CMDPs more generally. They commonly have
provable guarantees of either sublinear regret and constraint
violations, or sublinear regret with zero constraint violation
(Wei et al., 2021; HasanzadeZonuzy et al., 2021; Qiu et al.,
2020; Wachi & Sui, 2020; Efroni et al., 2020; Ghosh et al.,
2022; Ding et al., 2021). However, most works (including
all the aforementioned ones), consider the episodic case
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where the initial state distribution of each episode is fixed.
This prevents a natural extension to reset-free learning as hu-
man intervention would be required to reset the environment
at the end of each episode. In technical terms, this is the
difference between solving a sequence of the same CMDP
versus solving a sequence of different CMDPs. Works that
allow for arbitrary initial states require fairly strong assump-
tions, such as knowledge (and the existence) of safe actions
from each state (Amani et al., 2021). In our work, we utilize
some techniques from provable safe RL for reset-free RL.
However, it is important to note that safe RL and reset-free
RL are fundamentally different, albeit related, problems.
Safe RL aims to ensure the safety of an agent. On the other
hand, reset-free RL aims to avoid reset states, which en-
compass not only unsafe states but all undesirable ones, for
a varying sequence of initial states as the agent cannot be
reset freely.

We weaken typical assumptions of current approaches in
empirical reset-free RL, infinite-horizon RL, and safe RL
by dropping any requirements on knowledge of undesir-
able states or for demonstrations, and by allowing arbitrary
initial state sequences that admit reset-free policies. Con-
sidering arbitrary initial state sequences where initial states
potentially are correlated with past behaviors is not only
necessary to the reset-free RL setting, but also allows for ex-
tensions to both lifelong and multi-task learning. We achieve
this important relaxation on the initial state sequence with
a key observation that identifies a shared Markovian policy
saddle-point across CMDPs where the constraint imposes
zero resets. This observation is new to our knowledge, and
it is derived from the particular structure of reset-free RL;
we note that generally, CMDPs with different initial states
do not admit shared Markovian policy saddle-points. Fi-
nally, by the analogy between safe states and reset states,
on the technical side, our framework and algorithm can
also be viewed as the first provable safe RL algorithm that
allows for arbitrary initial state sequences without strong
assumptions.

While our main contribution is a generic reduction tech-
nique to design reset-free RL algorithms, we also instantiate
the framework and achieve regret and constraint violation
bounds that are still comparable to the above works when
specialized to their setting. Under the linear MDP assump-
tion, our algorithm achieves O(v/d3 HAK) regret and vio-
lation (equivalently, the number of resets in reset-free RL),
which is asymptotically equivalent to Ghosh et al. (2022)
and comparable to the bounds of O(v/d2HSK ) from Ding
et al. (2021) for a fixed initial state.

In summary, our contributions are as follows.
1. We create a framework to design provably correct reset-

free RL algorithms via a reduction first to a sequence
of CMDPs with an adaptive initial state sequence, and

then to a two-player game. We prove that achieving
sublinear regret in this two-player game implies learn-
ing a policy that achieves sublinear performance regret
and sublinear number of resets in the original problem.

2. On the technical side, we show that such a reduction
can be constructed without using the typical Slater’s
condition for strong duality and despite the fact that
CMDPs with different initial states in general do not
share a common Markovian optimal policy.

3. We instantiate the framework under the linear MDP
setting as a proof of concept, creating the first provably
correct reset-free RL algorithm to our knowledge that
achieves sublinear regret and resets.

3. Preliminary

We consider episodic reset-free RL: in each episode, the
agent aims to optimize for a fixed-horizon return starting
from the last state of the previous episode or some state that
the agent was reset to if reset occurred.

Problem Setup and Notation Formally, we can define
episodic reset-free RL as a Markov decision process (MDP),
(S, A, P,r,H), where S is the state space, A is the ac-
tion space, P = {Ph}hH:1 is the transition dynamics,
r = {rp}f_, is the reward function, and H is the task
horizon. We assume P and r are unknown. We allow S
to be large or continuous but assume A is relatively small
so that max,c 4 can be performed. We designate the set
of reset states, or any states that human intervention nor-
mally would have been required, as Syeser € S; we do not
assume that the agent has knowledge of S,cse:. We also
do not assume that there is a reset-free action at each state,
as opposed to Amani et al. (2021). Therefore, the agent
needs to plan for the long-term to avoid resets. We assume
rp : S x A — [0,1], and for simplicity, we assume rp, is
deterministic. However, we note that it would be easy to
extend this to the setting where rewards are stochastic.

The agent interacts with the environment for K total
episodes. Following the convention of episodic problems,
we suppose the state space S is layered, and a state s; € S at
time ¢ is factored into two components s; = (8,t) where §
denotes the time-invariant part. Reset happens at some time
t if the time-invariant part of s;, 5§ € Syeset. The initial state
of the next episode will be s; = (5, 1) where §' is sampled
from an unknown state distribution. In a given episode, if
reset happens, we designate the time step this occurs as
t = 7. If there is no reset in an episode, the initial state of
the next episode is the last state of the current episode, i.e.,
for episode k + 1, s = (5,1) if s% = (5, H) in episode
k.? Therefore, the initial state sequence is adaptive. This

2This setup covers reset-free multi-task or lifelong RL problems
that are modeled as contextual MDPs. We can treat each state as
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sequence is necessary to consider since in reset-free RL, we
want to avoid resetting, including after each episode.

We denote the set of Markovian policies as A, and a policy
7 € Aasm = {m,(an|sn)}1,. We define the state value
function and the state-action value function under 7 as

V() = B | DI mi(snan)lsn =5 ()

r

Tu(5,0) = (s, @) + B[V (snsn)lsn = 5,00 = al,
where h < 7, and we recall 7 is the time step when the
agent enters S, (if at all).

Objective The overall goal is for the agent to learn a
Markovian policy to maximize its cumulative reward while
avoiding resets. Therefore, our performance measures are
as follows (we seek to minimize both quantities):

k
Sr L VEEH - VE ) @

Regret(K) =
£ ( ) WGHAlif(K)
Resets(K):ZszlEﬂk I,fbinl(H’T) 1[s € Sreset] slzs’f}
3)

where Ag(K) C A denotes the set of Markovian policies
that avoid resets for all episodes, and 7* is the policy used
by the agent in episode k. Note that by the reset mechanism

min(H) 1[5, € Speset] € {0, 1}

Notice that the initial states in our regret and reset measures
are determined by the learner. Given the motivation behind
reset-free RL (see Section 1), we can expect that the initial
states here are meaningful for performance comparison by
construction. Otherwise, a reset would have occurred to set
the learner to a meaningful state. Note that this means by the
reset mechanism, all “bad” absorbing states are in Sycset,
and hence, the agent cannot hide in a “bad” absorbing state
to achieve small regret. In addition, since the learner does
not receive any reward within an episode after being reset,
the learner cannot leverage resets to gain an advantage over
the optimal policy (which never resets) to minimize or even
achieve negative regret.

To make the problem feasible, we assume achieving no
resets is possible. We state this assumption formally below.

Assumption 3.1. For any sequence {s¥}1<, the set Ag(K)
is not empty. That is, there is a Markovian policy m € A
such that . [Zthl 1[sn € Speset]|s1 = s¥] = 0.

This assumption is simply stating that every episode of learn-
ing admits a reset-free policy. As discussed in Section 2,
this assumption is weaker than existing assumptions in the

sr = (5,¢,T), where ¢ denotes the context that stays constant
within an episode. If no reset happens, the initial state of episode
kE+1is s¥* = (5,81 1) if sk = (5,¢", H) in episode k,
where the new context ¢**! may depend on the current context c*

literature. We note that an alternate assumption that only s}
(i.e., the initial state of the first episode) admits a reset-free
policy is insufficient to make reset-free RL feasible; since
the transition dynamics are unknown to the agent, under this
assumption alone, for any algorithm, there is a problem?
such that the number of resets must be linear.

We highlight that Assumption 3.1 is a reasonable assumption
in practice. It does not require a fixed initial state. In
addition, if reset happens, in practice, the agent is usually
set to a state where it can continue to operate in without
reset; if the agent is at a state where no such reset-free policy
exists, reset should happen. This assumption is similar to
the assumption on the existence of a perfectly safe policy in
safe RL literature, which is a common and relatively weak
assumption (Ghosh et al., 2022; Ding et al., 2021). If there
were to be initial states that inevitably lead to a reset, the
problem would be infeasible and does not follow from the
motivation of reset-free RL.

4. A No-Regret Reduction for Reset-Free RL

In this section, we present our main reduction of reset-free
RL to regret minimization in a two-player game. In the fol-
lowing, we first show that reset-free RL can be framed as a
sequence of CMDPs with an adaptive initial state sequence.
Then we design a two-player game based on a primal-dual
analysis of this sequence of CMDPs. Finally, we show
achieving sublinear regret in this two-player game implies
sublinear regret and resets in the original reset-free RL prob-
lem in (2), and we discuss how to leverage this framework
to systematically design reset-free RL algorithms.

Our reduction differs from standard reductions involving
bounding the Nash gap with the sum of two players’ regret
in the literature of constrained optimization and online learn-
ing. First, we show a reduction for a sequence of saddle-
point problems instead of for a single fixed saddle-point
problem. There are CMDP methods (e.g. (Ghosh et al.,
2022) that implicitly use the two players’ regret to bound
the Nash gap of a CMDP in their analysis. However, those
proofs are applicable to only a single CMDP with a fixed
initial state distribution. And importantly, they fundamen-

3Consider a state space S which can be separated into a reset-
free state s', a reset state 5, and a subset S = S\ s', 5. The subset
S contains reset states and reset-free states. For all actions taken
at st, the agent will land at the reset state 5. Given a learning
algorithm, let A be a subset of actions that the learning algorithm
has constant probability of taking at s1 (the very first initial state).
Since the learning agent has no knowledge of the MDP, without
violating the assumption that s} admits a reset-free policy, we can
construct an MDP such that taking actions in A would lead to a
reset state and a reset mechanism which resets the agent to the
reset-free state s” whenever the agent enters a reset state. As a
result, the learning agent has a constant probability of incurring a
linear number of resets over the total number of episodes.
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tally rely on Slater’s condition assumption (i.e., requiring a
strictly feasible policy), which does not hold for the CMDPs
considered here. Additionally, unlike the typical bound for
a convex-concave saddle-point problem in the optimization
literature, (Wang & Li, 2020; Kovalev & Gasnikov, 2022;
Boyd & Vandenberghe, 2014) the saddle-point problem of a
CMDP is non-concave in terms of the policy (and convex
in terms of the dual function \). In this paper, we take a
different analysis to bypass the interplaying complexities
due to CMDP sequences, non-concavity, and the lack of
Slater’s condition. The complete proofs for this section are
in Appendix A.l.

4.1. Reset-free RL as a Sequence of CMDPs

The first step of our reduction is to cast the reset-free RL
problem in Section 3 to a sequence of CMDP problems
which share the same rewards, constraints, and dynamics,
but have different initial states. Each problem instance in
this sequence corresponds to an episode of the reset-free RL
problem, and its constraint describes the probability of the
agent entering a state that requires reset.

Specifically, we denote these constrained MDPsas
{(S, A, P,r,H,c,s¥)}E | in episode k, the CMDP prob-
lem is defined as

meaXV ™ (sh), st 78} sy <o 4)

where we define the cost as
Ch(S, CL) = ]1[5 € Sreset}

and Vch’ defined similarly to (1), is the state value function
with respect to the cost ¢ . We note that the initial state,
sk, depends on the past behaviors of the agent, and that
Assumption 3.1 ensures each CMDP in (4) is a feasible
problem (i.e., there is a Markovian policy satisfying the
constraint). The objective of the agent in each CMDP is
to be reward-maximizing while adhering to the constraint,
namely that the number of resets should be 0. Requiring zero
constraint violation instead of a small constraint violation
will be crucial for our reduction.

Since CMDPs are typically defined without early episode
termination unlike (1), with abuse of notation, we extend
the definitions of P, S, r, ¢ as follows so that the CMDP
definition above is consistent with the common literature.
We introduce a fictitious absorbing state denoted as s' in
S, where 7, (s, a) = 0 and ¢;, (s, a) = 0; once the agent
enters s', it stays there until the end of the episode. We
extend the definition P such that, after the agent is in a state
s € Speset, any action it takes brings it to st in the next
time step. In this way, we can write the value function, e.g.

H .
= Eﬂ[zt:h ri(se,at)|sp = s] in
terms of this extended dynamics. We note that these two

for reward, as VT, (s)

formulations are mathematically the same for the purpose of
learning; when the agent enters s, it means that the agent
is reset in the episode.

By the construction above, we can write

K ok
= Zk:l Vc,l (Slf)

which is the same as the number of total constraint vio-
lations across the CMDPs. Because we do not make any
assumptions about the agent’s knowledge of the constraint
function (e.g., the agent does not know states € Sy¢set), We
allow the agent to reset during learning while minimizing
the total number of resets over all K episodes.

Resets(K)

4.2. Reduction to Two-Player Game

From the problem formulation above, we see that the ma-
jor difficulty of reset-free RL is the coupling between an
adaptive initial state sequence and the constraint on reset
probability. If we were to remove either of them, we could
use standard algorithms, since the problem would become
a single CMDP problem (Altman, 1999) or an episodic RL
problem with varying initial states (Jin et al., 2019).

We propose a reduction to systematically design algorithms
for this sequence of CMDPs and therefore for reset-free RL.
The main idea is to approximately solve the saddle-point
problem of each CMDP in (4), i.e.,

AV (sT) &)

gleaicmmV ™ (sh) —
where A denotes the dual variable (i.e., the La-
grange multiplier). Each CMDP can be framed as
a linear program (Hernandez-Lerma & Lasserre, 2002)
whose primal and dual optimal values match (see sec-
tion 8.1 in Hazan et al. (2016)). Therefore, for
each CMDP, maxrca miny>o V;7y (sF) — AV (sf) =

A c1(51)

While using a primal-dual algorithm to solve for the saddle-
point of a single CMDP is known, using this approach for a
sequence of CMDPs is not obvious. This is because in gen-
eral, each CMDP’s optimal policy (and Lagrange multiplier)
can be a function of its initial state distribution (Altman,
1999). An easy way to see this is that an optimal policy sat-
isfying a constraint on an initial state s; may be infeasible
for a constraint on another initial state s}, if, e.g, running
this policy starting from s; does not reach s} and therefore
can have arbitrary behavior at s}. This behavior is different
from that of unconstrained MDPs, where there is an optimal
Markovian policy across all the initial states.

miny>o maxea V; 1(31)

Therefore, in general, a common saddle-point of Markovian
polices and Lagrange multipliers does not necessarily exist
for a sequence of CMDPs with varying initial states.* As a

4A shared saddle-point with a non-Markovian policy always
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result, it is unclear if there exists a primal-dual algorithm to
solve this sequence, especially given that the initial states
here are adaptively chosen.

Existence of a Shared Saddle-Point Fortunately, we
show that there is a shared saddle-point with a Markovian
policy across all the CMDPs considered in (4) due to the spe-
cial structure of reset-free RL. It is a proof that does not use
Slater’s condition for strong duality, unlike similar literature,
but attains the desired property. Instead, it follows from the
fact that we impose a constraint that requires zero constraint
violations. In addition, we also use Assumption 3.1 and the
fact that the cost c is non-negative. We formalize this below.

Theorem 4.1. There exists a function \(-) where for each s,

A(s) € arg min (I;leag Vi(s) —y 0,1(8)> :

and a Markovian policy 7 € A, such that (7*,\) is a
saddle-point to the CMDPs

max V7 (1), st Vi (51) <0

for all initial states s1 € S such that the CMDP is feasible.
Thatis, forallm e A, A: S - R, and s; € S,

T (s1) — As1) V7 (s1) = V7 (s1) — A(s1) V7 (1)

> V7 (s1) — M(s1)V/7y (s1). (6)
Corollary 4.2. For ©* in Theorem 4.1, it holds that
Regret(K) = Y21, VT (s1) = VT (s1).

We prove for ease of construction that the pair (7*, \*)
where \*(-) = A(-) 4 1 is also a saddle-point.
Corollary 4.3. For any saddle-point to the CMDPs

max V™ (s1), s.t. VI1(s1) <0
TeEA ’

of (7%, \) from Theorem 4.1, (7*, \*) =: (7*, A+ 1) is also
a saddle-point as defined in (6).

Therefore, the pair (7*, A*) in Corollary 4.3 is a saddle-
point to all the CMDPs the agent faces. This makes poten-
tially designing a two-player game reduction possible. Now
we give the details of our construction.

Two-Player Game Our two-player game proceeds itera-
tively in the following manner: in episode k, a dual player
determines a state value function \* : S — R, and then,
a primal player determines a policy ¥ which can depend
on A\*. The primal and dual players then receive losses
LF(rk, \) and —LF (7, \¥), respectively, where £* (7, \) is
a Lagrangian function defined as

LH(m, ) == Vi (s7) = A(sT) VI (1) Q)
The regret of these two players are defined as follows.

exists on the other hand.

Definition 4.4. Let 7. and )\, be comparators. The regret
of the primal and the dual players are

Ry({m* H 1 me) = Yopy £ (e, AF) — LR (AR,
Ra({AHL1 ) = oy £ (8, AR) — L (xh \,).

We present our main reduction theorem below.

Theorem 4.5. Under Assumption 3.1, for any sequences
{m* Y and {\*}E_, | it holds that

Regret(K) < Ry({m"}i_1,7") + Ra({\"};11,0)
Resets(K) < R,({m" 1, 7) + Ra({\F 1, \%)

where (1*, \*) is the saddle-point defined in Corollary 4.3.

Designing Reset-free RL Algorithms by Reduction By
Theorem 4.5, if both players have sublinear regret in the
two-player game, then the resulting policy sequence will
have sublinear performance regret and a sublinear num-
ber of resets in the original RL problem. Minimization of
regret in a two-player game and solving saddle-point prob-
lems have been very well studied (see, e.g., (Ho-Nguyen &
Kiling-Karzan, 2018; Benzi et al., 2005; Hazan et al., 2016)).
Therefore, our reduction gives a constructive and provably
correct template for designing reset-free RL algorithms. It
should be noted however, that the resultant two-player game
here is slightly different from the classical full-information
online learning problems. Unlike in these problems, the
learning agent needs to actively explore the environment
in each episode to collect information about the unknown
dynamics, reward, and cost (i.e., which states are reset-free).
Specifically Theorem 4.5 needs the primal (policy) player
to solve an online MDP sequence (with the same transition
dynamics but varying reward functions due to changing \),
and the dual player to solve an online linear problem. In the
next section, we will give an example algorithm under this
reduction for linear MDPs.

4.3. Proof Sketches

Proof Sketch of Theorem 4.1 Let QI(s,a) =
mingea Q7 (s,a) and V*(s) = mingea V7 (s). We define
7* in Theorem 4.1 as the optimal policy to the following
MDP: (S, A, P,r, H), where we define a state-dependent
action space A as

As={ae A:Q:(s,a) <V}(s)}.

By definition, A, is non-empty for all s.

We also define a shorthand notation: we write 7 € A(s)
if B[, 1{a; ¢ A, }|s1 = s] = 0. We have the fol-
lowing lemma, which is an application of the performance
difference lemma (see Lemma 6.1 in (Kakade & Langford,
2002) and Lemma A.1 in (Cheng et al., 2021)).



Provable Reset-free Reinforcement Learning by No-Regret Reduction

Lemma 4.6. Forany s, € S such that V (s1) = 0 and any
m € A, itis true that m € A(s1) if and only if VI (s1) = 0.

We prove our main claim, (6), below. Because V" ( 1) =
the first inequality is trivial: (51) A(s ) ( 1) =

Vi (s1) = VT (s1) — )\(Sl)V " (s1).

To prove the second inequality, we use Lemma 4.6:

0,

A(s1) VT (s1)
A(s1) V7 (s1)
chTl (51)

V;,rl(sl) -
<max V7 (s1) -
= v

SRR

= max V[(s1)
TEA(51)

=V (s1) = VT (s1) — A(s

(By Lemma 4.6 )

DV (s1)-

Proof Sketch of Theorem 4.5 We first establish the fol-
lowing intermediate result that will help us with our decom-
position.

Lemma 4.7. For any primal-dual sequence {m* \F} 1|
Yo (L5 X) = LR A) < Ry({mHSy, ),
where (7*, ') is the saddle-point defined in either The-
orem 4.1 or Corollary 4.3.

Then we upper bound Regret()) and Resets(K) by
R,({m*}K_ ' 7.) and Ry({\*} |, \.) for suitable com-
parators. This decomposition is inspired by the techniques
used in Ho-Nguyen & Kiling-Karzan (2018). We first bound
Resets(K).

Lemma 4.8. For any primal-dual sequence {m* N} 5|

K ok * *
> e VI (st) < Rpy({m}i,,m) + Ra({AHe i, A,
where (1*, \*) is the saddle-point defined in Corollary 4.3.

Proof. Notice Zk 1V (s}f) = Zszl LF(rk, N —
LE(m* A\*) where (7, )\) is the saddle-point defined

in Theorem 4.1. By (6), and adding and subtracting
SR LF(x*, AF), we can bound this difference by

SRy LRt ) = LR (R AR LR (kX)L (A7),
Using Lemma 4.7 and Definition 4.4 to upper bound the
above, we get the desired result. O

Lastly, we bound Regret(K) with the lemma below and
Corollary 4.2.

Lemma 4.9. For any primal-dual sequence {r", )\k}ff:l,
i 7 (st) — rl(slf)) < Ry({nHl ) +
Ra({\}E_,,0), where (7*, \*) is the saddle-point defined
in Corollary 4.3.

Proof. Note that L(7*, \*) = L(7*, 0) since Vfl = 0 for
all k € [K] = {1,..., K}. Since by definition, for any m,

LF(,0) = V7 (s}), we have the following:
SR Vi () = Vi () = S04, £, A7) — LR (7k, 0)
:Zszl Ek(ﬂ*, )_Ek(ﬂk7)\k)+£k(7rk7>\k)_£k(7rk’0)

SRp({ﬂ-}kzlv m ) + Rd({/\}szla O)

where the last inequality follows from Lemma 4.7 and Defi-
nition 4.4. O

5. Reset-Free Learning for Linear MDP

To demonstrate the utility of our reduction, we design a
provably correct reset-free algorithm instantiation for linear
MDP. This example serves to ground our abstract framework
and to illustrate concretely how an algorithm instantiating
our framework might operate. We also aim to show that
despite generality, our framework does not lose any opti-
mality in the rates of regret and total number of resets when
compared to similar but specialized works.

We consider a linear MDP setting, which is common in the
RL theory literature (Jin et al., 2019; Amani et al., 2021;
Ghosh et al., 2022).

Assumption 5.1. We assume (S, A, P,r,c, H) is linear
with a known feature map ¢ : Sx A — R%: forany h € [H],
there exists d unknown signed measures fi5, = {1}, ..., u}
over S such that for any (s,a,s’) € S x A x S, we have

Ph(8l|a‘) = <¢(S’a)>ﬂh(8/)>a

and there exists unknown vectors wy. p,, We n, € R4 such that
for any (s,a) € S x A,

T‘h(S,a) = <¢($7a)awr,h>a ch(s,a) = <¢(S7a)awc,h>'
We assume, for all (s, a,h) € Sx Ax [H], ||¢(s,a)l|z < 1,
and max{|[n(s)l]2, [lwrnll2,

Note that the above assumption on the cost function does
not imply knowledge of the reset states nor some hidden
structure of the reset states. At the high level, it merely asks
that the feature is expressive enough to separate the reset
states and reset-free states in a classification problem.

In addition, we make a linearity assumption on the function
A* defined in Theorem 4.1.

Assumption 5.2. We assume the knowledge of a feature
€:S8 — RlsuchthatVs € S, ||€(s)]|2 < 1 and M (s) =
(&(s),6*) for some unknown vector §* € R<. In addition,
we assume the knowledge of a convex set® &/ C R? such
that 0*,0 € U and V0 € U, ||0]|2 < B and (£(s),0) > 0.6

SSuch a set can be constructed by upper bounding the values
using scaling and ensuring non-negativity by, e.g., sum of squares.

SFrom the previous section, we can see that the optimal function
for the dual player is not necessarily unique. So, we assume bounds
on at least one optimal function that we designate as \*(s).



Provable Reset-free Reinforcement Learning by No-Regret Reduction

For a linear CMDP with a fixed initial state distribution, it
is standard to assume that the optimal Lagrange multiplier
(i.e., A*(s1)) is bounded and non-negative. In this regard,
our assumption is a mild and natural linear extension of this
boundedness assumption for varying initial states, and is
true when the feature map is expressive enough.

5.1. Algorithm

The basis of our algorithm lies between the interaction be-
tween the primal and dual players. We adopt the common
no-regret plus best-response approach (Wang et al., 2021) to
the no-regret two-player game in designing algorithms for
these two players. We let the dual player perform (no-regret)
projected gradient descent and the primal player update poli-
cies based on upper confidence bound (UCB) with knowl-
edge of the dual player’s decision (i.e., the best-response
scheme to the dual player).

As discussed above, the environment is unknown to the
agent. Therefore, as discussed in Section 4, we need to
modify the actions of the primal player as compared to in the
generic saddle-point problem to instantiate our framework.
We do this using UCB, where the agent views unknown
actions/states in a more positive (“optimistic”’)’ way than
the ones that have been observed to drive exploration in
unknown environments.

Specifically, in each episode, upon receiving the initial state,
we execute actions according to the policy based on a soft-
max (lines 5-8). Then, we perform the dual update through
projected gradient descent. The dual player plays for the
next round, k£ + 1, after observing its loss after the primal
player plays for the current round, k. The projection is to a
I3 ball containing A*(+) (lines 9-11). Finally, we perform the
update of the primal player by computing the Q)-functions
for both the reward and cost with a bonus to encourage
exploration (lines 12-20).

This algorithm uses Ghosh et al. (2022) as the baseline
for the primal player. However, we emphasize that our
algorithm can handle the adaptive initial state sequence that
is seen in reset-free RL Theorems 4.1 and 4.5.

5.2. Analysis

We show below that our algorithm achieves regret and num-
ber of resets that are sublinear in the total number of time
steps, K H, using Theorem 4.5. This result is asymptoti-
cally equivalent to Ghosh et al. (2022) and comparable to the
bounds of O(v/d2HS K ) from Ding et al. (2021). Therefore,
we do not make sacrifices in terms of the regret and total
number of resets when specializing our abstract framework.

Theorem 5.3. Under Assumptions 3.1, 5.1, and 5.2, with
"Note that the term “optimism™ here refers to the use of overes-

timation in exploration, which is different from the usage in, e.g.,
optimistic mirror descent (Mertikopoulos et al., 2018).

high probability, Regret(K) < O((B + 1)Vd3HAK) and
Resets(K) < O((B + 1)Vd®H*K).

Proof Sketch of Theorem 5.3 We provide a proof sketch
here and defer the complete proof to Appendix A.2. We first
bound the regret of {7*}X | and {\*}X_, and then use this

to prove the bounds on our algorithm’s regret and number
of resets with Theorem 4.5.

We first bound the regret of {\*}X .

Lemma 5.4. Consider \.(s) = (5(5),90>f0r some 0. €
U. Then it holds that Ry({\*}<_,, ,) < 1.5BVK +

S O (sh) = Ae(s) (VL (s5) — Vi (s5)).

Proof. We notice first an equality.
Ra({N 11 Ae) = Sohsy LR (rh AF) — LRk, )
= S A(SE)V () — ME(sH) V7 (s5)
= Yo (AR (sh) = Ae(sh)) (= VE (s5))
+ TR V() = () (VE (5) — Vi (sh)).

We observe that the first term is an online linear problem
for O (the parameter of \*(-)). In episode k € [K], A*
is played, and then the loss is revealed. Since the space
of 6% is convex, we use standard results (see Lemma 3.1
in Hazan et al. (2016)) to show that updating 6 through
prolj(ected gradient descent results in an upper bound for

k= 1()‘k(31) Ac (51))( Vckl(sl)) O

We now bound the regret of {7} ;.

Lemma 5.5. Consider any m.. With high probability,
Ry({m}iyme) < 2H(L+ B+ H) + 3, Vi (s)

V:r1 (st) + )‘k(sl)(‘/cﬂ—l (s1) — V&1 (s1))-

Proof. First we expand the regret into two terms.

Ry({mhhz, me) = 3oy L5 (e, A¥) — L5(x*, AF)

= S VT (sF) =N sV () = [V (1) =N (s Vi (s)]

= S VT (1) = AR (sT) VI (1) = [VEL (1) = NF (sT) V¥ (s1)]
R VL) VI () AR (s (VT (sh) = VL (1)),

To bound the first term, we use Lemma 3 from Ghosh

et al. (2022), which characterizes the property of upper
confidence bound. O

Lastly, we derive a bound on Ry({\}E_ . X\.) +
R,({m*}E_,, m.), which directly implies our final upper
bound on Regret(K') and Resets(K) in Theorem 5.3 by The-
orem 4.5. Combining the upper bounds in Lemma 5.4 and
Lemma 5.5, we have a high-probability upper bound of

Ra({\"}r: Ae) + Ry ({1, me)
<15BVK +2H(1+ B+ H)+

+Zk 1 1(31> Vrﬂ1(31)+)‘ (51)(‘/?1( )_Vc]fl(slf))
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Algorithm 1 Primal-Dual Reset-Free RL Algorithm for Linear MDP with Adaptive Initial States

1: Input: Feature maps ¢ and &. Failure probability p. Some universal constant C.

1 K
2: Initialization: 6' = 0, w,.j, = 0, w., =0, = %{)iﬂg—?—H)’ B = CdH \/log(41og | A|dK H/p)
3: for episodes k = 1,...K do
4:  Observe the initial state s¥.
5. forsteph=1,..,Hdo
exp(a(QF (-, a) — N (s"YQF (-, a
6: Compute Fh’k(a") <_ p( ( nh( ) ( 1) c,h( )))

> exp(e(@r (- a) —
7: Take action ay ~ m, ;(+|s)) and observe sy ;.
8: end for

9: Ne < B/\/E

10:  Update 651 < Proj, (0% + i, - £(sF)V2E (s1))
() e (044 €()

M (s1)Qe (5 0)))

1¢(" '))1/2a H—-h+ 1}70}
1¢('7 '))1/2a ]-}a 0}

12: forsteph=H,...,1do

Kk
13: Affl — ; (b(sz, a%)qﬁ(s}l, a}l)T + AL
14: f# <~ (AEH) [Z: ¢(5h’ ah)[rh(shv ah) + erkhil(sﬁz+1)”
15wl e () ok alen(shal) + Vi (i)
16: QkJrl( a') max{min{< ’:J}gl’ ( ’ )> (¢(7 ) (AIZJFI)_
17: Q(]fj};l('v ) — max{mm{( ]:J}rle ( ) )> (¢(7 ')T(AfLJrl)i
18: VER) =2, mhk(al)QEE (- a)
19: VER () =, mhklal )QkH( ,a)
20:  end for
21: end for

where the last term is the overestimation error due to opti-
mism. Note that for all k € [K], V¥, (s}) and VF, (s}) are
as defined in Algorithm 1 and are optimistic estimates of
V,,’r1 (s¥) and V’T (s%). To bound this term, we use Lemma
4 from (Ghosh et al., 2022).

5.3. Other Possible Instantiations

We demonstrated above that our general framework can be
instantiated to achieve sublinear regret and total number of
resets. Importantly, our algorithm serves as an example of
how our general framework can be used to systematically
design new algorithms for reset-free RL. We can leverage
the multitude of existing algorithms that aim to minimize
regret in a two-player game. An example of a different
strategy is using a no-regret algorithm like optimistic mir-
ror descent (Mertikopoulos et al., 2018) for the dual player.
We can also replace UCB for the primal player with an
online MDP no-regret algorithm such as a variation of PO-
LITEX (Abbasi-Yadkori et al., 2019). Further studying
different combinations of baseline algorithms is an inter-
esting future research direction, which perhaps could even
improve existing algorithms for more specialized settings.

6. Conclusion

We propose a generic no-regret reduction for designing prov-
able reset-free RL algorithms. Our reduction casts reset-free
RL into the regret minimization problem of a two-player
game, for which many existing no-regret algorithms are
available. As a result, we can reuse these techniques, and fu-
ture better techniques, to systematically build new reset-free
RL algorithms. In particular, we design a reset-free RL algo-
rithm for linear MDPs using our new reduction techniques,
taking the first step towards designing provable reset-free
RL algorithms. Extending these techniques to nonlinear
function approximators and verifying their effectiveness
empirically are important future research directions.

Acknowledgements

Part of this work was done during Hoai-An Nguyen’s intern-
ship at Microsoft Research.



Provable Reset-free Reinforcement Learning by No-Regret Reduction

References

Abbasi-Yadkori, Y., Bartlett, P. L., Bhatia, K., Lazic;
N., Szepesvafi, C., and Weisz, G. POLITEX: re-
gret bounds for policy iteration using expert predic-
tion. In Chaudhuri, K. and Salakhutdinov, R. (eds.),
Proceedings of the 36th International Conference on
Machine Learning, ICML 2019, 9-15 June 2019, Long
Beach, California, USA, volume 97 of Proceedings of
Machine Learning Research, pp. 3692-3702. PMLR,
2019. URL http://proceedings.mlr.press/
v97/lazicl9a.html.

Alshiekh, M., Bloem, R., Ehlers, R., Konighofer, B.,
Niekum, S., and Topcu, U. Safe reinforcement learn-
ing via shielding. In Proceedings of the AAAI Conference
on Artificial Intelligence, volume 32, 2018.

Altman, E. Constrained Markov decision processes:
stochastic modeling. Routledge, 1999.

Amani, S. and Yang, L. F. Doubly pessimistic algorithms for
strictly safe off-policy optimization. In Annual Confer-
ence on Information Sciences and Systems, pp. 113-118,

2022. doi: 10.1109/CISS53076.2022.9751158.

Amani, S., Thrampoulidis, C., and Yang, L. Safe rein-
forcement learning with linear function approximation.
In International Conference on Machine Learning, pp.
243-253. PMLR, 2021.

Benzi, M., Golub, G. H., and Liesen, J. Numerical solution
of saddle point problems. Acta Numerica, 14:1-137,
2005. doi: 10.1017/50962492904000212.

Boyd, S. P. and Vandenberghe, L. Convex Optimiza-
tion. Cambridge University Press, 2014. ISBN 978-
0-521-83378-3. doi: 10.1017/CB0O9780511804441.
URL https://web.stanford.edu/%$7Eboyd/
cvxbook/.

Cheng, C.-A., Kolobov, A., and Swaminathan, A. Heuristic-
guided reinforcement learning. Advances in Neural Infor-
mation Processing Systems, 34:13550-13563, 2021.

Ding, D., Wei, X., Yang, Z., Wang, Z., and Jovanovic, M.
Provably efficient safe exploration via primal-dual policy
optimization. In International Conference on Artificial
Intelligence and Statistics, pp. 3304-3312. PMLR, 2021.

Dong, K., Wang, Y., Chen, X., and Wang, L. Q-learning with
UCB exploration is sample efficient for infinite-horizon
MDP. CoRR, abs/1901.09311, 2019. URL http://
arxiv.org/abs/1901.09311.

Efroni, Y., Mannor, S., and Pirotta, M. Exploration-
exploitation in constrained mdps. arXiv preprint
arXiv:2003.02189, 2020.

10

Eysenbach, B., Gu, S., Ibarz, J., and Levine, S. Leave
no trace: Learning to reset for safe and autonomous
reinforcement learning. In International Conference
on Learning Representations, 2018. URL https://
openreview.net/forum?id=S1vuO-bCW.

Garcia Polo, F. J. and Fernandez Rebollo, F. Safe rein-
forcement learning in high-risk tasks through policy im-
provement. In IEEE Symposium on Adaptive Dynamic
Programming and Reinforcement Learning, pp. 76-83,
2011. doi: 10.1109/ADPRL.2011.5967356.

Ghosh, A., Zhou, X., and Shroff, N. Provably efficient
model-free constrained rl with linear function approxima-
tion. arXiv preprint arXiv:2206.11889, 2022.

Gupta, A., Yu, J., Zhao, T. Z., Kumar, V., Rovinsky, A.,
Xu, K., Devlin, T., and Levine, S. Reset-free reinforce-
ment learning via multi-task learning: Learning dexterous
manipulation behaviors without human intervention. In
IEEE International Conference on Robotics and Automa-

tion, pp. 6664—-6671. IEEE, 2021.

Ha, S., Xu, P, Tan, Z., Levine, S., and Tan, J. Learning
to walk in the real world with minimal human effort.
Conference on Robot Learning, 2020.

HasanzadeZonuzy, A., Bura, A., Kalathil, D., and Shakkot-
tai, S. Learning with safety constraints: Sample complex-
ity of reinforcement learning for constrained mdps. In
Proceedings of the AAAI Conference on Artificial Intelli-
gence, volume 35, pp. 7667-7674, 2021.

Hazan, E. et al. Introduction to online convex optimization.
Foundations and Trends® in Optimization, 2(3-4):157—-
325, 2016.

Hernandez-Lerma, O. and Lasserre, J. B. The Linear
Programming Approach, pp. 377-407. Springer US,
Boston, MA, 2002. ISBN 978-1-4615-0805-2. doi:
10.1007/978-1-4615-0805-2_12. URL https://doi.
org/10.1007/978-1-4615-0805-2_12.

Ho-Nguyen, N. and Kilin¢g-Karzan, F. Primal-dual algo-
rithms for convex optimization via regret minimization.
IEEE Control Systems Letters, 2(2):284-289, 2018. doi:
10.1109/LCSYS.2018.2831721.

Huang, R., Yang, J., and Liang, Y. Safe exploration incurs
nearly no additional sample complexity for reward-free
rl, 2022. URL https://arxiv.org/abs/2206.
14057.

Jain, A., Vaswani, S., Babanezhad, R., Szepesviri, C., and
Precup, D. Towards painless policy optimization for con-
strained MDPs. In Cussens, J. and Zhang, K. (eds.), Pro-
ceedings of the Thirty-Eighth Conference on Uncertainty
in Artificial Intelligence, volume 180 of Proceedings of


http://proceedings.mlr.press/v97/lazic19a.html
http://proceedings.mlr.press/v97/lazic19a.html
https://web.stanford.edu/%7Eboyd/cvxbook/
https://web.stanford.edu/%7Eboyd/cvxbook/
http://arxiv.org/abs/1901.09311
http://arxiv.org/abs/1901.09311
https://openreview.net/forum?id=S1vuO-bCW
https://openreview.net/forum?id=S1vuO-bCW
https://doi.org/10.1007/978-1-4615-0805-2_12
https://doi.org/10.1007/978-1-4615-0805-2_12
https://arxiv.org/abs/2206.14057
https://arxiv.org/abs/2206.14057

Provable Reset-free Reinforcement Learning by No-Regret Reduction

Machine Learning Research, pp. 895-905. PMLR, 01—
05 Aug 2022. URL https://proceedings.mlr.
press/v180/jain22a.html.

Jin, C., Yang, Z., Wang, Z., and Jordan, M. I. Prov-
ably efficient reinforcement learning with linear func-
tion approximation. CoRR, abs/1907.05388, 2019. URL
http://arxiv.org/abs/1907.05388.

Kakade, S. and Langford, J. Approximately optimal approxi-
mate reinforcement learning. In International Conference
on Machine Learning. Citeseer, 2002.

Kovalev, D. and Gasnikov, A. The first optimal algorithm
for smooth and strongly-convex-strongly-concave min-
imax optimization. In Oh, A. H., Agarwal, A., Bel-
grave, D., and Cho, K. (eds.), Advances in Neural In-
formation Processing Systems, 2022. URL https:
//openreview.net/forum?id=pD5P15hen_g.

Lu, K., Grover, A., Abbeel, P., and Mordatch, I. Reset-free
lifelong learning with skill-space planning. arXiv preprint
arXiv:2012.03548, 2020.

Mertikopoulos, P., Lecouat, B., Zenati, H., Foo, C.-S., Chan-
drasekhar, V., and Piliouras, G. Optimistic mirror descent
in saddle-point problems: Going the extra (gradient) mile.
arXiv preprint arXiv:1807.02629, 2018.

Qiu, S., Wei, X., Yang, Z., Ye, J., and Wang, Z. Up-
per confidence primal-dual optimization: Stochastically
constrained markov decision processes with adversar-
ial losses and unknown transitions. arXiv preprint

arXiv:2003.00660, 2020.

Sharma, A., Ahmad, R., and Finn, C. A state-distribution
matching approach to non-episodic reinforcement learn-
ing. arXiv preprint arXiv:2205.05212, 2022.

Wachi, A. and Sui, Y. Safe reinforcement learning in con-
strained markov decision processes. In International Con-
ference on Machine Learning, pp. 9797-9806. PMLR,
2020.

Wagener, N. C., Boots, B., and Cheng, C.-A. Safe rein-
forcement learning using advantage-based intervention.
In International Conference on Machine Learning, pp.

10630-10640. PMLR, 2021.

Wang, J.-K., Abernethy, J., and Levy, K. Y. No-regret
dynamics in the fenchel game: A unified framework
for algorithmic convex optimization. arXiv preprint
arXiv:2111.11309, 2021.

Wang, Y. and Li, J. Improved algorithms for convex-concave
minimax optimization, 2020.

11

Wei, C., Jafarnia-Jahromi, M., Luo, H., Sharma, H.,
and Jain, R. Model-free reinforcement learning in
infinite-horizon average-reward markov decision pro-
cesses. CoRR, abs/1910.07072, 2019. URL http:
//arxiv.org/abs/1910.07072.

Wei, C., Jafarnia-Jahromi, M., Luo, H., and Jain, R. Learn-
ing infinite-horizon average-reward mdps with linear
function approximation. CoRR, abs/2007.11849, 2020.
URL https://arxiv.org/abs/2007.118409.

Wei, H., Liu, X., and Ying, L. A provably-efficient model-
free algorithm for constrained markov decision processes.
arXiv preprint arXiv:2106.01577, 2021.

Zheng, L. and Ratliff, L. Constrained upper confidence rein-
forcement learning. In Bayen, A. M., Jadbabaie, A., Pap-
pas, G., Parrilo, P. A., Recht, B., Tomlin, C., and Zeilinger,
M. (eds.), Proceedings of the 2nd Conference on Learning
for Dynamics and Control, volume 120 of Proceedings
of Machine Learning Research, pp. 620-629. PMLR, 10—
11 Jun 2020. URL https://proceedings.mlr.
press/v120/zheng20a.html.


https://proceedings.mlr.press/v180/jain22a.html
https://proceedings.mlr.press/v180/jain22a.html
http://arxiv.org/abs/1907.05388
https://openreview.net/forum?id=pD5Pl5hen_g
https://openreview.net/forum?id=pD5Pl5hen_g
http://arxiv.org/abs/1910.07072
http://arxiv.org/abs/1910.07072
https://arxiv.org/abs/2007.11849
https://proceedings.mlr.press/v120/zheng20a.html
https://proceedings.mlr.press/v120/zheng20a.html

Provable Reset-free Reinforcement Learning by No-Regret Reduction

A. Appendix
A.1. Missing Proofs for Section 4
A.1.1. PROOF OF THEOREM 4.1

Theorem 4.1. There exists a function \(-) where for each s,

A(s) € arg min (gleag Vii(s) — yVe,l(S)) ,

and a Markovian policy T € A, such that (7*, 5\) is a saddle-point to the CMDPs

max V7 (s1), 5.t Ve (s1) <0

for all initial states s, € S such that the CMDP is feasible. That is, forallm € A, A\ : S = R, and s1 € S,

*

VI (s1) = As) VT (s1) 2 VT (s1) = Ms1) VT (51)
> VT (s1) = A(s1) VI (51) (©)
For policy 7*, we define it by the following construction (we ignore writing out the time dependency for simplicity): first,
we define a cost-based MDP M. = (S, A, P,c, H). Let Q*(s,a) = mingea Q7 (s,a) and V*(s) = mingea V7 (s) be

the optimal values, where we recall V™ and @7, are the state and state-action values under policy 7 with respect to the cost.
Now we construct another reward-based MDP M = (S, A, P, r, H), where we define the state-dependent action space A as

A, ={ae A:Q (s,a) < Vi (s)).

By definition, A, is non-empty for all s. We define a shorthand notation: we write 7 € A(s) if E [Zil 1{a; ¢ A, }s1 =
s] = 0. Then we have the following lemma, which is a straightforward application of the performance difference lemma.
Lemma 4.6. For any s; € S such that V}(s1) = 0 and any ™ € A, it is true that 7 € A(s1) if and only if V™ (s1) = 0.

Proof. By performance difference lemma (Kakade & Langford, 2002), we can write

H
Vi (s1) = Vi (s1) = Ex lz Qi (st,a) = V' (st)[s1 = 51
t=1

If for some 51 € S, m € A(s1), then E, [ZtHzl Qi (se,ar) — VC*(st)] < 0, which implies V7 (s1) < V*(s1). But since V}
is optimal, V7 (s1) = V*(s1). On the other hand, suppose V" (s1) = 0. It implies E [ZtHz1 Qi (se,ar) —Vi(sy)| =0
since V*(s1) = 0. Because by definition of optimality Q* (s¢, a;) — V.*(s¢) > 0, this implies € A(s1). O

We set our candidate policy 7* as the optimal policy of this M. By Lemma 4.6, we have V™ (s) = V.*(s), so it is also an
optimal policy to M .. We prove our main claim of Theorem 4.1 below:

VL (s1) = Ms1) VT (s1) > VT (s1) — A(s1) Vi (1) = Vi (s1) — A(s1) VT (s1).

Proof. Because C’Tl* (s1) = 0 (for an initial state s; such that the CMDP is feasible), the first inequality is trivial:

VT (s1) = As)ViT (s1) = VT (s1) = V7T (s1) = A(s1) VT (s1)-

For the second inequality, we use Lemma 4.6:

(1) = A(s1) VI (s1) < gleag‘/lﬂ(sl) = A(s1)V (s1)

= mipma V73 (51) = yV (o1

= max V(s1) (By Lemma 4.6 )
TEA(s1) ’

=Vi(s1)

= T‘TI (81) - 5‘(81)‘/07?'1* (81)

12
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A.1.2. PROOF OF COROLLARY 4.2

Corollary 4.2. For ©* in Theorem 4.1, it holds that Regret(K) = Zszl Vr’fl* (st) =V (s’f)

Proof. To prove Regret(K) = ZkK LV (sh) — rf(s’f) it suffices to prove ZkK b T“f (sh)
MaXreA,(K) Zk A V7, (s¥). By Lemma 4.6 and under Assumptlon 3.1, we notice that max, ¢, (k) Zk WV VT (sh) =
MAX, (k) vhe[K] Zk:l V7, (st). This is equal to Zk:l ™1 (s}) by the definition of 7 in the proof of Theorem 4.1. [
A.1.3. PROOF OF COROLLARY 4.3

Corollary 4.3. For any saddle-point to the CMDPs

mEaXV T (s1), 8.2 VIi(s1) <0
of (*, \) from Theorem 4.1, (7*, \*) =: (n*, A + 1) is also a saddle-point as defined in (6).

Proof. We prove that eq (6) holds for (7*, \*), that is
VI (51) = A(s1)V f( 1) 2 VI (s1) = A (s)VI (s1) = VIi(s1) = A (s1) VL (s1).
Because (31) = 0 (for an initial state s; such that the CMDP is feasible), the first inequality is trivial:

VL (s1) = Ms1) VT (s1) = VT (s1) = Vi (s1) — A (51) V]S (51)-
For the second inequality, we use Theorem 4.1:

V5 (s1) = A"(s1)V(s1) <ViTi(s1) — ;\(81)‘/51(81)
<V (s1) — M(s1)Vy (s1)
\*

=V (1) = X*(s1) Ve (51)

where the first step is because V,"; (s1) by definition is in [0, 1] and \* = A -+ 1, and the second step is by Theorem 4.1. [

A.1.4. PROOF OF THEOREM 4.5

Theorem 4.5. Under Assumption 3.1, for any sequences {r*}_ and {\*}X_| it holds that
Regret(K) < Ry({w"}Zy, %) + Ra({N"H21,0)
Resets(K) < Ry({m" 12y, ") + Ra({N" )2, A7)

where (7%, \*) is the saddle-point defined in Corollary 4.3.

We first establish the following intermediate result that will help us with our decomposition.

Lemma 4.7. For any primal-dual sequence {m*, \F}5_ || Z,[f:l(ﬁk(w*, M) — LF(* AR)) < R,({m}E,, 7*), where
(7*, X) is the saddle-point defined in either Theorem 4.1 or Corollary 4.3.

Proof. We derive this lemma by Theorem 4.1 and Corollary 4.3. First notice by Theorem 4.1 and Corollary 4.3 that for
A =M,

> 11>

K
> LA N VT (s1) = N (sH) VT (s5)

k=1

IN

K
VI () = NV (s1) = D L8 AF).
k=1

ol
Il

1

13
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Then we can derive

K K
D (LR XY = L8R N =Y LE (e N = LF (N 4 L8 (et M) — g (AR
k=1 k=1
K
<DL ) = £H (@A) = Ry ({nhly 1)
k=1
which finishes the proof. O

Then we upper bound Regret(K) and Resets(K) by R, ({m*}X_,, 7.) and Ry({\*}1_ |, \.) for suitable comparators. This
decomposition is inspired by the techniques used in Ho-Nguyen & Kiling-Karzan (2018).
We first bound Resets(K).

Lemma 4.8. For any primal-dual sequence {m* \F}1_ | Ei;l Vcﬂlk (s8) < R,({m} | 7*) + Ra({\} |, \¥), where
(7*, \*) is the saddle-point defined in Corollary 4.3.

Proof. Notice S p_ Vi (sk) = S0, £F(m%, X) — L¥(n*, \*) where (%, \) is the saddle-point defined in Theorem 4.1,
This is because, as defined, \* = b\ + 1. Therefore, we bound the RHS. We have
K R K K
LRk ) = Lk ) =D LRk A) = LR ) 4 LR (R, ) = £F (R, )
k=1 k=1

LF(r*,X) — LR (R AR + LR (7% AF) — £F(xF) A%)

=

k=1
<RBy({mhizr, ™) + Ra({A iy, A)

where second inequality is because S 1, £¥(7*, \) > S | £F(7%, A) by Theorem 4.1, and the first inequality follows
from Lemma 4.7 and Definition 4.4. O

Lastly, we bound Regret( K') with the lemma below and Corollary 4.2.

Lemma 4.9. For any primal-dual sequence {m"* N} | Zszl( T’ff (sh)— T’,le (") < Ry({m}E_ |, m)+Ra({\},,0),
where (7%, \*) is the saddle-point defined in Corollary 4.3.

Proof. Note that £(*, \*) = L(m*,0) since V7| (s¥) = 0 for all k € [K]. Since by definition, for any =, £*(,0) =
™1 (%), we have the following:

=

* k * )k
‘/7“71-1( k) - 7"7,1-1 (Slf) = Zﬁk(ﬂ' 7)‘ ) - ‘Ck(ﬂ'kao)

k=1 k=1

M=

K
Lk ) = Lk NF) 4+ LR (R ) - LR (e, 0)
k=1
SRP({W}kK:I’ ﬂ-*) + Rd({)‘}szlv O)

where the last inequality follows from Lemma 4.7 and Definition 4.4. O

A.2. Missing Proofs for Section 5

A.2.1. PROOF OF THEOREM 5.3

Theorem 5.3. Under Assumptions 3.1, 5.1, and 5.2, with high probability, Regret(K) < O((B + 1)Vd3H*K) and
Resets(K) < O((B + 1)Vd3H*K).

14
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We first bound the regret of {w*}%_ | and {\*}/X_,, and then use this to prove the bounds on our algorithm’s regret and
number of resets with Theorem 4.5.

We first bound the regret of {\*}X_,.

Lemma 5.4. Consider \.(s) = (£(s),0.) for some 0. € U. Then it holds that Rq({\*}X_ /\.) < 1.5BVK +
Shea V() = AelshD (VA () = Vi (1)

Proof. We notice first an equality.

Rd({)‘k}gzlv )‘C) = ‘Ck (Wka Ak) - ‘Ck (Wk, AC)

M= 11

Ac(SEYVIL (s5) = N (sE)V (sF)

e
Il
—

M=

Ae(ST)VL (s5) — N (sE)V ()

K

+ Z )\c(slf)vcﬁ(slf) = Ae(s )Vk1(31) + Ak(sl)vk1(31) )\k(s1)Vck1(51)
k=1

(A*(s1) = AT (= VL (s1)) +

>
Il

NE(s5) = A5 (VE () — VI ().

-
M=

£
Il
-
~
Il

1

We observe that the first term is an online linear problem for 6% (the parameter of \*(-)). In episode k € [K], A\ is played,
and then the loss is revealed. Since the space of 6% is convex, we use standard results (Lemma 3.1 (Hazan et al., 2016)) to
show that updating % through projected gradient descent results in an upper bound for Zszl (AE(sF) = Ae(s8))(— VEL(sh)).
We restate the lemma here.

Lemma A.1 (Lemma 3.1 (Hazan et al., 2016)). Let S C R? be a bounded convex and closed set in Euclidean space. Denote
D as an upper bound on the diameter of S, and G as an upper bound on the norm of the subgradients of convex cost functions
fr over S. Using online projected gradient descent to generate sequence {xk}szl with step sizes {ny = GL\/E’ ke K]}
guarantees, for all K > 1:

K

Regret,. = g}g)}ékz_:lfk(xk) — fu(z*) < 1.5GDVK.

Let us bound D. By Assumption 5.2, \* = (£(s),0*) and ||0*||2 < B. Since the comparator we use is A*, we can set D to
be B. To bound G, we observe that the subgradient of our loss function is &(s) V¥, (s§) for each k € [K]. Therefore, since

VZF(sh) €[0,1] and [[£(s)]|2 < 1 by Assumption 5.2, we can set G to be 1. O

We now bound the regret of {r}X_,.

Lemma 5.5. Consider any .. With high probability, R,({m}£_,,n.) <2H(1+ B + H) + 25:1 Vi(sh) — T’le(
)‘k<51)(Vcﬂ1 (s1) - ‘/ckl(sl))

o
~—
+
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Proof. First we expand the regret into two terms.

R;D({ﬂ-}szlv 7Tc) = i £k<7TC7 )\k) - Ck(ﬂ'k, )\k>

- i VI (1) = XDV (1) = VT (1) = (VL ()]

=§:1fo(8’f) = NV () = [V (1) = M (sE) VL (1)
+k§1[v,g(sl> NIV (s5)] — [V (55) — A¥(s5)VE (65

_ g V() — N (s]V (s5) — VA, (55) — NE(sE)VEE, (s1)
+§:1VT’,“1(8'1“)— 1 () + MV (1) = VA (1)

To bound the first term, we use Lemma 3 from Ghosh et al. (2022), which characterize the property of upper confidence
bound. For completeness, we re-write the lemma here. 8

Lemma A.2 (Lemma 3 (Ghosh et al., 2022)). With probability 1 — p/2, it holds that T; = S°5_| (Vf{(sl) ARV (s )) -
log(|A|) K

k ky/k ( ok =
(V () — A Vc1(51)) < KHlog(|A|)/c. Hence, for o = 21+ C+H)

that \* < C.

Ti <2H(1+ C+ H), where C is such

In our problem setting, we can set C' = B in the lemma above. Therefore, the first term is bounded by 2H(1+ B+ H). O

Lastly, we derive a bound on Ry({\*}E_ | A\.) + R,({m*}E_,, 7.), which directly implies our final upper bound on
Regret(K) and Resets(K) in Theorem 5.3 by Theorem 4.5.

Lemma A.3. For any m. and \.(s) = (£(s), 0.) such that ||0.| < B, we have with probability 1 — p, Rq({\*}_/\.) +
Ry({m*} |, 7.) < 1.5BVK +2H(1 + B+ H) + O((B + 1)Vd3H*K2) where . = log[log(|.A|)4d K H /p].

Proof. Combining the upper bounds in Lemma 5.4 and Lemma 5.5, we have an upper bound of

K
Ra(INHE ) + Rp({n" M) o) =LBBVE + 3 (W (sh) — Ac(s5)) (VA (s5) — VI (s5))
k=1
K
+2H(L+ B+ H) + Y VE(s5) = VT (%) + N (sE) (VT (s5) — VEL(sh)
k=1

=1.5BVK +2H(1+ B+ H)+

K
+ Z ‘/7]?1(31 V;"ﬂ-l (51) + A (31)(V7T (s ) - Vc’,c1(511€))

where the last term is the overestimation error due to optimism. To bound this term, we use Lemma 4 from Ghosh et al.
(2022). We re-write the lemma here.

8Note that Ghosh et al. (2022) use a utility function rather than a cost function to denote the constraint on the MDP (cost is just —1x
utility). Also note that their Lemma 3 is proved for an arbitrary initial state sequence and for any comparator (which includes 7).
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Lemma A.4 (Lemma 4 (Ghosh et al., 2022)). WIth probability at least 1 — p/2, for any X € [0, C], Zle (Vrlfl(s’f) -

k

VI (5)) + ALAS, (Vi (sh) = VE(s5)) < O+ ) VB HTEK ) where 1 = logllog(|A| 4K H/p].

Since we have a bound on all \.(s%) of B for all k € [K], we have a bound of O((B + 1)V d3H*K2). O
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