Achieving O(1/<) Sample Complexity for Constrained
Markov Decision Process

Jiashuo Jiang
Department of Industrial Engineering & Decision Analytics
Hong Kong University of Science and Technology
Hong Kong, China
jsjiang@ust.hk

Yinyu Ye
Department of Management Science & Engineering
Institue of Computational Mathematics and Engineering
Stanford University
California, US
yyye@stanford.edu

Abstract

We consider the reinforcement learning problem for the constrained Markov deci-
sion process (CMDP), which plays a central role in satisfying safety or resource
constraints in sequential learning and decision-making. In this problem, we are
given finite resources and a MDP with unknown transition probabilities. At each
stage, we take an action, collecting a reward and consuming some resources, all
assumed to be unknown and need to be learned over time. In this work, we
take the first step towards deriving optimal problem-dependent guarantees for the
CMDP problems. We derive a logarithmic regret bound, which translates into a
O(z= - log?(1/¢)) sample complexity bound, with A being a problem-dependent
parameter, yet independent of €. Our sample complexity bound improves upon
the state-of-art O(1/£?) sample complexity for CMDP problems established in
the previous literature, in terms of the dependency on e. To achieve this advance,
we develop a new framework for analyzing CMDP problems. To be specific, our
algorithm operates in the primal space and we resolve the primal LP for the CMDP
problem at each period in an online manner, with adaptive remaining resource
capacities. The key elements of our algorithm are: i) a characterization of the
instance hardness via LP basis, ii) an eliminating procedure that identifies one
optimal basis of the primal LP, and; iii) a resolving procedure that is adaptive to
the remaining resources and sticks to the characterized optimal basis.

1 Introduction

Reinforcement learning (RL) is pivotal in the realm of dynamic decision-making under uncertainty,
where the objective is to maximize total reward through ongoing interaction with and learning from
an enigmatic environment. Markov Decision Processes (MDPs) are a prevalent framework for
encapsulating environmental dynamics. MDPs have been instrumental in various domains, such as
video gaming [52], robotics [41], recommender systems [57], inventory control [11], and beyond.
Yet, they fall short in accommodating additional constraints that may influence the formulation of
the optimal policy and the decision-maker’s engagement with the uncertain environment. Often, in
MDP applications, there are stringent constraints on utilities or costs, emanating from areas like safe
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autonomous driving [22], robotics [56], revenue management [33] and financial management [62].
These constraints might also symbolize limitations on resources within resource allocation applica-
tions. Constrained MDPs (CMDPs), as introduced in [4], enhance MDPs to factor in constraints
affecting long-term policy results. In CMDPs, the decision-maker aims to optimize cumulative
rewards while adhering to these constraints. Our paper focuses on CMDPs, and we aim to develop
efficient algorithmic solutions.

The significance of RL in CMDP contexts has garnered substantial attention in recent years. A
variety of methods for tackling CMDPs have been developed, including the primal-dual technique
[21, 49, 12, 69, 18, 45, 25, 26], which leverages the Lagrangian dual of CMDPs and implements
an online learning strategy for the iterative update of dual variables. Other methods encompass
constrained optimization [1, 61], the Lyapunov technique [14], among others. Previous research
has established minimax bounds for CMDPs, representing the optimal regret that can be achieved
for the most challenging problem within a specific class of problems. Nonetheless, these minimax
regret bounds and worst-case scenarios can be overly conservative, leading to a disconnect between
theoretical guarantees and practical performance for specific problem instances. A more tailored
approach is warranted—one that ensures great performance on every single problem instance and
furnishes problem-dependent guarantees. Our research takes the first step towards deriving optimal
problem-dependent guarantees for CMDP problems.

1.1 Preliminaries

We consider a CMDP problem with a finite set of states S = {1,2,...,|S|} and a finite set of
actions A = {1,2,...,|A|}. We denote by v € (0,1) a discount factor. We also denote by
P : S8 x A — D(S) the probability transition kernel of the CMDP, where D(S) denotes a probability
measure over the state space S. Then, P(s’|s, a) denotes the probability of transiting from state s to
state s’ when the action a is executed. The initial distribution over the states of the CMDP is denoted
by pi1.

There is a stochaastic reward function r : S x A — DJ0,1] and K stochastic cost functions
¢k : S x A — DJ0,1] for each k € [K]. We also denote by 7 (s, a) = E[r(s, a)] for each (s, a) and
é(s,a) = Eleg (s, a)] for each (s,a). For any Markovian policy 7, where the action of 7 depends
only on the current state and the action of 7 is allowed to be randomized, we denote by V.(m, i1 ) the
infinite horizon discounted reward of the policy 7, with the formulation of V,.(7, 141) given below:

Z’Y Sf,af |H1] , ey

where (s;,a;) is generated according to the policy 7 and the transition kernel P with the initial state
distribution p;. For each k& € [K], the infinite horizon discounted cost of the policy 7 is denoted by
Vi (7, 11), and the following constraint needs to be satisfied by the policy ,

Vi (m, o) =

Vﬂ'ul

ZV k(S ar) | /t1] < ag, ke [K]. 2)

To solve the CMDP problem, we aim to find an optimal Markovian policy, denoted by 7*, that
maximizes the reward in (1) while satisfying the cost constraint (2) for each k € [K], with oy, €

{07 = } being a pre-specified value for each k € [K]. Importantly, we assume that the reward

function 7, the cost functions {ck} 1> and the transition kernel P, are all unknown to the decision
maker. Our goal is to obtain a policy 7 that approximates the optimal policy 7* with as few samples
as possible. We now describe the sampling procedure and present the performance measure of our
policy. We assume the existence of a stylized generative model M, as studied in [39, 38, 44]. The
model M satisfies the following condition.

Assumption 1.1 For each state and action pair (s,a), we can query the model M to obtain an
observation of (s, a), ci(s, a) for each k € K], and the new state s' € S, where the transition from
s to s follows the probability kernel P(s'|s, a) independently.

Note that in reinforcement learning for CMDP problems, querying the generative model M can be
costly. Therefore, it is desirable to query the model M as less as possible, while guaranteeing the



near optimality of the approximate policy. To this end, we use sample complexity as the measure of
the performance of our policy. For any €, we aim to find an e-accurate policy 7 such that

Vi(m™ 1) = Vi(m, 1) < e and Vi(m, 1) — oy < e, Vk € [K], 3)

with as few samples as possible.

1.2 Our Main Results and Contributions

The main result of our research is the introduction of a novel algorithm that promises a O(A%E .

10g2(1 /€)) sample complexity bound, where A is a positive constant that characterizes the gap
between the optimal policy and the sub-optimal ones. Note that the state-of-the-art sample complexity
bound under the worst-case scenarios is O(1/¢2), which has been established in a series of work
[68, 37, 21]. Though the O(1/¢) or better iteration complexity has been achieved in [45, 50, 74, 26],
it comes with a sample complexity bound no better than O(1/£?). Our algorithm enjoys a sample
complexity bound that has a better dependency in terms of €. To achieve this improved result, we
develop several new elements listed below.

Contribution 1: we develop new characterizations of the problem instance hardness for CMDP
problems. Note that a key component for achieving instance-dependent bounds is to characterize the
“hardness” of the underlying problem instance. That is, we need to identify a positive gap to separate
the optimal policy from the sub-optimal policies for a particular problem instance. The importance
of identifying such a gap has been demonstrated in instance-optimal learning for multi-arm-bandit
problems (e.g. [42]) and reinforcement learning problems (e.g. [6]), among others. For CMDP,
identifying such a gap is non-trivial because the optimal policies for CMDP are randomized policies
[4]. Then, the policies can be represented by distributions over the action set and the sub-optimal
policies can be arbitrarily close to the optimal policy as long as the corresponding sub-optimal
distributions converge to the optimal one. To tackle this problem, we show that the feasible region
for the policies can be represented as a polytope and we only need to focus on the corner points of
this polytope to find an optimal policy. Therefore, the hardness can simply be characterized as the
distance between the optimal corner point and the sub-optimal corner point, as illustrated in detail in
Section 2.1. This is the first characterization of problem instance hardness for CMDP problems.

Contribution 2: we devise a new algorithmic framework to analyze CMDP problems, inspired by
the online packing/linear programming (LP) literature [3, 40, 47, 46]. Specifically, we utilize a linear
programming reformulation of the CMDP problem, where policies are delineated via occupancy
measures [4]. The optimal policy emerges from the LP’s solution; however, the indeterminate model
parameters mean the LP cannot be solved directly but must be approached online as we obtain more
samples from the generative model. Each generative model query leads to solving an empirical LP
with accrued samples, and our final policy is derived from averaging these solutions—an approach
akin to the methodology in online LP. A critical feature of our algorithm is the adaptiveness of the LP
constraints’ right-hand side to the input samples, a technique demonstrated to achieve logarithmic
regret in online LP literature, which we now apply to CMDP problems.

Contribution 3: we extend our contributions to the online LP literature. Note that after adopting
the LP reformulation, the corner points of the feasible region for policies can be represented by the
basis of the LP. Separating the optimal policy from the others is equivalent to identifying one optimal
basis of the LP. We utilize an approach that lexicographically restricts one variable to zero and tests
whether the LP value has changed. We show that this approach systematically pinpoints a particular
optimal LP basis with a high probability. Then, we develop a resolving procedure that capitalizes on
the structure of the identified optimal basis, which involves only the non-zero basic variables and the
active constraints. This is a new approach of deriving problem-dependent bound for online LP.

Other related literature. Problem-dependent guarantees have been considered extensively in the
RL literature, where a series of work [72, 59, 54, 23, 17, 66, 65, 71, 20] establishes the log(N)
regret bound or the O(x - e~1) sample complexity, with k being a problem-dependent constant.
Our approach can also be directly applied to the RL problems. Moreover, our approach can handle
long-term constraints and can deal with multi-objective (safe) RL problems.

our work presents a new algorithm for safe RL problems. We adopt an occupancy measure represen-
tation of the optimal and obtain an LP to work with, which is similar to the previous work. However,
our algorithm resolves an LP and operates in the primal space, which is fundamentally different from
the previous work that adopts a primal-dual update (e.g. [60], [19], [73], [8], [53]). There is also



work developing primal-based algorithms, for example ([51], [13], [15], [16], [70]). Our algorithm
is completely different from the previous work and we obtain new results. The result is that we
are able to obtain an instance-dependent O(1/¢) sample complexity the first time in the literature,
which improves upon the O(1/€%) worst-case sample complexity established in the previous work.
Though the constrained optimization approach and the Lyapunov approach have also been developed
for CMDP problems, they do not enjoy a theoretical guarantee. In comparison to the literature, we
develop a new primal-based algorithm and achieve the first instance-dependent sample complexity
for CMDP problems.

Our new primal-based algorithm is motivated from the literature of online linear programming
[3, 40, 47] and bandits with knapsack problems (e.g. [46], [48]). In these problems, the optimal
policy can be written as an LP and we need to develop an online policy to solve this LP sequentially.
Note that a prevalent strategy is to resolve the LP adaptive to the remaining resources, which has
been developed in a long line of research on various applications, for example [31], [32], [5], [36],
[64], [35] and [10]. We make the innovation of resolving the LP while sticking to the identified
optimal basis, which distinguishes our algorithm from the previous ones in online LP. Note that the
online LP techniques has also been extended to handle non-stationarity, for example in [9], [34]. It
is an interesting future topic to explore whether our algorithm can be extended to non-stationary
environment.

2 LP Reformulation

The infinite horizon discounted setting described in Section 1.1 admits a linear programming refor-
mulation. To be specific, due to the existence of the constraints, the optimal policy of a CMDP can be
randomized policies (e.g. [4]), where it is optimal to take a stochastic action given the current state.
Therefore, it is convenient to represent a policy through the occupation measure, which gives us the
desired linear programming reformulations of the CMDP problems.

For the infinite horizon discounted problem, the occupancy measure is defined as ¢, (s, a) for any
state s, action a, and policy 7. Note that ¢ (s, a) represents the total expected discounted time spent
on the state-action pair (s, a), under policy 7, multiplied by 1 — ~. Then, following [4], the optimal
policy (and the optimal occupancy measure) can be obtained from the following linear programming.

Vi — max Z Z 7(s,a) - q(s,a) (4a)
seESacA

s.t. Z Z Cr(s,a) - q(s,a) < ag VEk € [K] (4b)
sES acA

Z Z q(s',a) - (65,50 —v - P(s|s’,a)) = (1 —7) - p1(s) Vs €S (4¢)
s’eSacA

q(s,a) >0 Vs € S,a€ A, (4d)

where J; s = Ls—s, and p;(s) denotes the probability for the first state to be realized as s € S
following the initial distribution 1. Note that for an optimal solution {g*(s, @) }vses vaca to (4),
the corresponding optimal policy 7* will be

(J*(S,a) /)7 if Z q*(&a/) >0

a’ q* s, a ’
Pl(s) = a) = ATl weA )
1/|A|, if Z q*(s,a’) =0,
a’e A

where 7*(s) denotes the probability for the policy 7* to take the action a € A given the state s € S.
In fact, when Za, cA q*(s,a’) = 0, we can take an arbitrary action. In what follows, we rely on the
linear programming formulation (4) to derive our results.
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Figure 1: A graph illustration of the hardness characterization via LP basis, where the shaded area
denotes the feasible region for the policies.

2.1 Characterization of Instance Hardness

We now rewrite the LP (4) into the following standard formulation to proceed with our illustration.
V =max 7 ¢
st. (gL«
Bg=p
q > 0.

(6)

Note that one crucial step for achieving problem-dependent bounds is to characterize the hardness
of the underlying problem instance and define a gap that separates the optimal policies from the
others. For multi-arm-bandit problem, the characterization of the hardness can be the gap between
the optimal arm and the best sub-optimal arm (e.g. [42]). For reinforcement learning problem,
the characterization of the hardness can also be the gap between the optimal policy and the best
sub-optimal policy (e.g. [6]). As long as this separation gap is a positive constant, denoted by A,
separating the optimal policy from the others with a probability at least 1 — € would require samples
at most % -log(1/€), which finally implies the instance-optimal sample complexity bound.

For CMDP problem, characterizing the hardness of the problem instance can be hard. Based on LP
(6), we know that a feasible policy corresponds to a feasible solution and the sub-optimal solution
can be arbitrarily close to the optimal solution since the feasible set is “continuous”. Therefore, there
is no direct way to identify a positive gap between the optimal policies and the sub-optimal ones.
However, from standard LP theory, we know that one corner point of the feasible region must be
one optimal solution. Therefore, we can simply focus on the corner points when solving LP (6) and
we define the gap as the distance between the optimal corner point and the sub-optimal corner point,
as illustrated in Figure 1. As we will show later, the LP reformulation (6) and such a characterization
of hardness via corner points will inspire our entire approach.

Since the problem hardness is characterized via corner points, it is essential to provide further
characterization of the corner points. Note that in LP theory, the corner point is called basic solution
and can be represented by LP basis, which involves the set of basic variables that are allowed to be
non-zero, and the set of active constraints that are binding under the corresponding basic solution.
Our next lemma follows from standard LP theory, where the proof is provided in the appendix for
completeness.

Lemma 2.1 Denote by b the number of rows in the matrix B. Then, there exists a subset J* C [K]
with K = | J*| and an optimal solution g* to LP (6) such that there are b + K’ variables in q* are
non-zero. Moreover, we denote by T* the index set of the non-zero element in q*. Then, the optimal
solution q* can be uniquely determined as the solution to the linear system

C(J",I")qr = ag-, (7a)
B(:,I%)qz- = p, (7b)
gz = 0. (7c)

with Z*¢ being the complementary set of the index set Z*.

Remark. Note that the minimax lower bound (1/¢2) has been established in previous work [7, 63].
However, this does not contradict with our O(1/¢) sample complexity after we introduce the instance



hardness measure A. To be specific, for a problem instance I, we can denote by S(I, €) the number
of samples needed to construct an e-optimal policy. Then the worst-case lower bound implies that
max; S(I,e) = ©(1/€%). However, if we do not consider the worst-case guarantee, i.e., if we do
not maximize over the problem instance I, then we can characterize an instance-dependent constant
A(I) (independent of €) such that S(I,e) = A(I)/e - polylog(1/e). When the problem instance
is favorable such that the constant A(7) is smaller than 1/¢, our bound strictly improves upon the
worst-case bound.

Overview of our approach: in the first part, we aim to identify the optimal basis Z and 7. In
this way, we identify the optimal corner point to look at. The detailed procedure is described in
Section 3. In the second part, we learn the optimal solution given the optimal basis we have identified,
which finally gives us a near-optimal policy with the desired sample complexity bound. The detailed
procedure is described in Section 4.

3 Construct Estimates and Identify Optimal Basis

We describe how to construct estimates for LP (6). To this end, for a round Ny, we denote by Fi;,
the filtration of all the information collected up to round Ny. Then, we denote by Cy, (resp. By, ) an
estimate of the matrix C' (resp. B), constructed using the information in the set F,. We also denote
by 7, and estimate of # constructed from the information in the set Fy,. To be specific, we define

Zgil T”<s7 (L) _ ( ) _ nyil Cg(Sa Cl) Z’rlyil 15”’(570’):3,
NO s Ck,No(S,0a) = N() NU )
®)
where " (s, a) denotes the n-th observation of the reward, and ¢} (s, a) denotes the n-th observation
of the k-th cost, and s™(s, a) denotes the n-th observation of the state transition for the state-action
pair (s, a), for n € [Ng]. Then, similar to [21], we can use the following LP to obtain an estimate of
V (6).

TN, (s,a) = , and Py, (s|s,a) =

Vy, =max (FNO)Tq
st. Cn,g < a+ Ay,

Bn,q < p+ A, )
Brnog > p— A,
q >0,

with Ay, being a parameter that we specify later. To bound the estimation gap between Vi, and V/, it
is useful to bound the optimal dual solution to (6). To this end, we adopt the approach in [29, 55] that
utilizes Slater’s condition, which is imposed as an assumption below.

Assumption 3.1 There exists a policy 7 such that all the resource constraints are satisfied strictly.
In other words, there exists an occupancy measure q such that Bq = p and Cq < a. In fact, for
each state s € S, there exists a null action that consumes no resource.

The Slater point g can be set as the policy that takes the null action given each state. The estimation
error will be related to the gap between the Slater point g and the optimal point g*. We then define
the lower gap as -

Gap,(Ng,e) >V — Vi, (10)

and the upper gap as ~
Gapy(Ng,e) > Vn, =V (11)

with both inequalities (10) and (11) hold with probability at least 1 — €.
3.1 Bound the Estimation Gap

We denote by Rad(Ny, &) = 4/ %. Following the standard Hoeffding’s inequality, we know that

17N, (8,a) — 7(s,a)|, |Cr.n, (8, a) — é(s,a)|, and | Py, (s'|s,a) — P(s'|s,a)| are all upper bounded
by Rad(Ny, €) with probability at least 1 — . We can simply set

Gap; (N, e) = Rad(Ny, €) (12)



and

2 2
Gapy(No, ) = —2adWNo. <) <1+ 151 >+ Rad (No,e) <|S|+ |S_7). (13)

minke[K]{ak} . 1—x minke[K]{ak} - 1
We have the following result, where the proof is relegated to appendix.
Lemma 3.2 As long as Ay, = Rad(No, €), the following inequality
V <V, + Gap;(No, ) <V + Gap; (No, €) + Gapy(No, €). (14)
holds with probability at least 1 — (K|S||A| — |S|?|A|) - &, where Gap, (No, ) is defined in (12)
and Gapy(No, €) is defined in (13).

3.2 Characterize One Optimal Basis

We now describe how to identify one optimal basis of the LP (6) as required in Lemma 2.1, by
sequentially discarding the sub-optimal actions and the redundant constraints. The formal algorithm
to identify such non-zero elements and the constraints is given in Algorithm 1.

Algorithm 1 Algorithm for identifying one optimal basis

1: Input: the historical sample set Fy, that contains Ny samples for each (s,a) € S x A.

2: Compute the value of Vy, as in (9).

3: Initialize 7 to be the whole index set that contains every column index of matrix B in (6) and
J = [K].

4: fori € Z do

5: LetZ' = Z\{i}. ~

6: Compute the value of V7 , as in (15).

7

8

: If |V vy — Vivg| < 2Gap; (No, €) + 2Gap,(No, €), then we set Z = 7.
: end for
9. fork=1,...,Kdo
10 Let 7' = J\{q}.
11: Compute the value of Dual 7/ 7 n, as in (18).
12: If |V, — Dualy/ 7.n,| < 2Gap; (No, €) + 2Gap, (N, €), then we set J = J.
13: end for
14: Output: the set of indexes Z and J .

We now explain the intuition why Algorithm 1 works. Denote by g* an optimal solution to LP (6).
We describe how to identify the non-zero elements in g* and how to identify the constraints such that
the values of the non-zero elements of g* can be uniquely determined by the corresponding linear
equation. For each ¢-th element of g*, we compare the value of V' (6) against V' with an additional
constraint that ¢; = 0. If the two values are different, we identify a non-zero element. To this end, for
an index set Z, we define an LP, as well as its estimate, as follows.

Vr=max 7' g VZ7NU = max (fNO)Tq
st. Cg<a st. Onyg < a+ Ay,
Bq=p |Bnog — 1l < Ay (15)
qze =0 gze =0
q =0, q > 0.

where Z¢ denotes the complementary set of Z. Note that if V' — V7 > 0, we know that Z¢ contains a
non-zero basic variable. The steps 4-8 in Algorithm 1 reflect this point. Starting from Z denoting
the whole index set, we sequentially delete one element ¢ (denoting (s, a) in the infinite horizon
discounted problem) from the set Z. Once we detected that V' — V7143 > 0, we know that 7 is a
non-zero basic variable and we add ¢ back into the set Z. In this way, we can classify all the basic
variables into the set Z. However, since we do not know the exact value of V' and Vz, we use the
estimates and compare the value of Vi, and Vz n,. For this comparison to be valid, the estimation
error has to be smaller than the intrinsic gap between V' and V7. We define a constant

Al = IIlIlI'l{V — VI V- VI > 0} (16)



and we need N to be large enough such that the estimation gap is smaller than A, /2.

To find the corresponding active constraints, we consider the dual program of Vz, where T is
determined in steps 4-8 in Algorithm 1, and similarly, we test which dual variable can be set to 0
without influencing the dual objective value. For a dual variable index subset J C [K], we consider
the dual program as follows.

Dual 7 7 = min aTy + p,Tz (17a)
st. (CG,T)Ty+ (B(;,I) 2> 77 (17b)

ygse =0 (17¢)

y>0,2> —o0, (17d)

where J¢ = [K]\J. The estimate of Dual 7,Z, can be obtained from the estimate of its dual, which
is given below.

Dualy 7 n, = V71N, = max (7n,)' q (18a)
st. Ono(TJ,)g < a+ Ay, (18b)

|Bnog — 1| < An, (18¢)

gz =0 (18d)

q>0, (18¢)

Similarly, we compare the value of Dualz, where Dualy = Dual 7 7 with 7' = [K], and Dual 5 7.
However, we can only compare the value of their estimates Dualz y, and Dual 7 7 n,. To this end,
we define a constant
Ay = min {Dualjl — Dualy : Dualjl — Dual; > 0} (19)
JCIK] ’
For the comparison to be valid, we need Ny to be large enough such that the estimation error is smaller
than A5 /2. In this way, we identify the linearly independent binding constraints corresponding to g*,
as described in steps 9-13 of Algorithm 1.

4 Our Final Algorithm

We now describe our formal algorithm. From the output of Algorithm 1, we characterize one
optimal solution. If the sample size n is used in Algorithm 1, we denote by Z,, and 7,, the output of
Algorithm 1. To be specific, we have g7. = 0 and the non-zero elements g7 can be given as the

solution to

{O(jn,zn)} . {ajn ]

B(:,Z,) n (1=7) nm
However, in practice, both the matrices C(J,,,Z,) and B(:,Z,,) are unknown. We aim to use the
samples to learn the matrices C(J,,Z,) and B(:,Z,) such that the g7 can also be determined.
Our formal algorithm is given in Algorithm 2. The steps 3-8 in Algorithm 2 is to use Algorithm 1
as a subroutine to identify the set Z and J that satisfy the conditions in Theorem 2.1. We can
show that as long as n > N, where N/ is a threshold that depends on the problem parameters,
Algorithm 1 correctly obtains the set Z and J satisfying the conditions in Theorem 2.1. Therefore,
we exponentially increase the value of n as input to Algorithm 1 to reach V).

(20)

A crucial element in Algorithm 2 (step 10) is that we adaptively update the value of &”;  and p" (s")
as in (22) and (23). We then use the updated @’ and p™(s) to obtain the value of g7 asin (21).
Such an algorithmic design follows the resolving idea from online LP to achieve a problem-dependent
bound. In step 11, we further project ¢"*! to the set {g > 0 : ||g||1 < 2} to obtain g"*'. This
prevents ¢ from behaving ill when n is not large and the estimates of C(7,,,Z,) and B(:,Z,,) are
not accurate enough. We can show that when n is large enough, g**! automatically belongs to the

set{g > 0:qll, <2}.

5 Theoretical Analysis

In this section, we conduct our theoretical analysis. The analysis can be divided into two parts. In
the first part, we show that Algorithm 1 can successfully help us identify one optimal basis to work



Algorithm 2 The Adaptive-resolving Algorithm

1: Input: the number of samples NV for each (s,a) € S x A.
2: Initialize /1 =0, a' = N-aand p! = N - p.
3: forn=1,...,Ndo

4: if n = 2™ for an integer m then

5: Obtain the output Z,, and J,, from Algorithm 1 with the input F,,.

6: else

7: setZ,, =7Z,,—1 and J,, = Jp—1.

8: end if ~ ~

9: Construct estimates C"(J,,, Z,,) and B"(:,Z,,) using the sample set F,,.

10: Construct a solution g” such that (j%ﬁ = O and g7, is the solution to
_ az,
G T) e | Non o
BT, | T |

N-n+1

11: Project g™ to the set {q : ||g||1 < 2} to obtain q™.

12: For each (s,a) € Z,, C S x A, we query the model M to obtain a sample of the reward
7" (s,a) and the costs ¢} (s, a) for each k € J,, C [K], as well as the state transition s” (s, a).

13: Update F, 11 = F, U{r"(s,a),c}(s,a),s"(s,a),¥(s,a) € S x A, Vk € [K]}.

14: Denote by ¢" (s, a) = (¢ (s, a))vkey, and do the update:

afft=af — Y c"(s,0) ¢"(s.0). (22)
(s,a)€L,
15: Do the update:
n+l/./\ _ , ,n/./ n /
prs) =) = Y 4" (s,0) - (Bus = Vljgmsn(say), VS €S (23)
(s,a)eT

where 1{y/—sn (s )} is an indicator function of whether the state transition s” (s, a) equals s'.
16: end for

17: We define ¢V such that tj%;v =0and QJIVN = % . 25:1 a7, - We then define a policy 7N
=N
S (s ) 1 (fj\,cz) ok if Z gV (s,a') >0
a’ q s, a ’
P(N(s) =a) = § T ved 24)
1/]Al, it » qV(s,d')=0.
a’€A

18: Output: policy 7.

with. In the second part, we show how to learn the optimal distribution over the optimal basis we
have identified.

We now present the theorem showing that Algorithm 1 indeed helps us identify one optimal basis
with a high probability. In practice, the value of € will be set to 1/N in the following theorem.
Theorem 5.1 For any € > 0, as long as Ny satisfies the condition

2Gap; (No, €) + 2Gapy (N, ) < min{A;, Ay} (25)

the outputs L, and Jn, of Algorithm 1 satisfy the conditions described in Lemma 2.1 with probability
at least 1 — (K|S||A| — |S|?|A|) - &. Moreover; the sets L,, and [J,, will be common for any n > Ny
satisfying (25), which we denote by Z* and J*.

An important problem parameter related to Z* and [7* can be described as follows. Define

w = O

B(,T") (26)



We then denote by {o1(A%),..., 05+’ (A*)} the eigenvalues of the matrix A*. We define o as
o =min {|o1(A"),..., |05+ (A%)|} . (27)
From the non-singularity of the matrix A*, we know that o > 0. We then have the following bound.

Theorem 5.2 With a sample complexity bound of

(1] + K)? - 1] | A log?(1/2)
O(a2f«r(l—v)-mm{o?,u—wM} : ) ’

where A = min{A?}, A%}, £ = min, o)ez- {¢*(s,a)} and q* denotes the optimal soluton to LP (6)

corresponding to the optimal basis T* and J*, we obtain a policy @~ from Algorithm 2 (defined in
(24)) such that

Vi(m*, 1) = V(@Y 1) < e and Vi (7N, ) — o, < e, Vk € [K].

Our Algorithm 2 can be directly applied to solving MDP problems without resource constraints and
our bounds in Theorem E.2 and Theorem 5.2 still hold. Note that in the MDP problems, the parameter
o can be lower bounded by 1 — -, which follows from the fact that the matrix A* can simply be
represented by the probability transition matrix. Then, we have the following sample complexity
bound for our Algorithm 2.

Proposition 5.3 For the MDP problems without resource constraints, i.e., K = 0, with a sample

complexity bound of
[SI*- Al log*(1/e)
O((l—v)“-f-A € ’ 29

we obtain a policy T from Algorithm 2 (defined in (24)) such that

Vo(m*, pn) = Ve (7Y, 1) < e and V(7N 1) — i, < e, Vk € [K].

In terms of the dependency of our sample complexity bound on other problem parameters such as
|S], |A|, and 1 — ~, we compare to the series of work [58, 67, 68, 2, 27], that subsequently achieves

a sample complexity bound of O (%), where the dependency over |S|, |A|, and 1 — ~ is

s

optimal [24, 43]. Our sample complexity bound in (28) has a worse dependency in terms of |S| and
1 — ~. This is because we construct an empirical LP to estimate the value of LP (6) and resolve the
linear equation as in (21), where the size of the LP (which is |S|) and the eigenvalues of the matrix
A* (which is bounded by 1 —~y) will play a part. However, our bound (28) enjoys a better dependency
in terms of €.

6 Conclusions

In this paper, we develop the first instance-dependent O(1/€) sample complexity for constrained
MDP problems. We characterize the instance hardness via corner points of the LP formulation and
we develop a resolving algorithm to learn the optimal solution while sticking to the identified optimal
basis. The work presented by this paper advances the field of Machine Learning and the algorithmic
ideas developed in this paper have a broader impact to inspire new algorithms. Our results are
developed for the tabular settings, which pose some limitations to the real-world applications of our
methods. We leave the extensions to more involved settings for future work.
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A Numerical Experiments

We implement our Algorithm 2 to study the numerical performance. We consider a CMDP problem
with the state space |S| = 10 and the action space |A| = 10. We set the discount factor v = 0.7.
We then randomly generate the probability transition kernel P. To be specific, for each state s € S,
action @ € A, and the future state s’ € S, we uniformly generate a randomly variable p; 4 .

Then, the transition probability is defined as P(s’|s,a) = Zp%' For each state-action pair
s'""es Ps,a,s’

(s,a) € S x A, the expected reward 7(s, a) is uniformly generated from the interval [1, 2] (with the
reward for the first action set to be 0). The actual reward 7(s, a) = 7(s, a) + 7, where 7 is uniformly
distributed among [—0.5, 0.5]. There are i = 5 constraints and for each constraint k¥ € [K] and each
state-action pair (s, a) € S x A, we define the expected cost éx (s, a) to be uniformly generated from
[1,2]. The actual cost ¢ (s, a) = éx(s,a) + 7', where 7’ is uniformly distributed among [—0.5, 0.5].

For each total iterations /N, We apply Algorithm 2 and obtain the output q', . .., g’¥. We compare
G with the optimal occupancy measure. Since our algorithm is a randomized algorithm, we
study the performance of our algorithm in expectation. To be specific, given the problem instance
and a fixed N, we implement our algorithm repeatedly for M = 500 rounds. Denote by g2 the
output of our Algorithm 2 at round m, for m € [M]. We define the error term as Err(N) =
& Zn]\le @y — q*|l1/||g*||1- We study how the error term Err(V) scales with N. The results are
displayed in Figure 2. As we can see, the error term Err(N) decreases quickly with respect to N.
Moreover, since our Algorithm 2 requires only solving a set of linear equations in each iteration, the
computation cost of our Algorithm 2 is also moderate.

0.2
0.18
016 |
014 |

012 |

Err(N)

o1 |
0o8| |
006 |

0.04

002 f AN
T

0 1 2 3 4 5
Size of N x10%

Figure 2: The computational performance of Algorithm 2. The x-label denotes the size of IV, while
the y-label denotes the error term Err(NV).

B Proof of Lemma 2.1

Let g* be a basic optimal solution to LP (6). We also denote by Z the index set of g* such that
g5 > 0. We then denote by J' € [K] the set of active constraints at g*. Then, the following linear
equations must be satisfied by g*.

C(J",I)¢g; = az and B(:,I)q; = p. (29)

From the property of the basic optimal solution, we must have | 7’| + b > |Z|.
If| 7' +b=1|T

Otherwise, if | 7’| + b > |Z|, then we know that the LP (6) is degenerate. However, now the linear
system (29) is over-determined, i.e., there must be | 7’| + b — |Z| number of equations can be implied
by the others. It only remains to show that those redundant equations are all in the set 7’. This
step can be done can showing that the matrix B(:,Z) has a full row rank. We prove this by showing
contradiction.

, then we know that we already find the desired index set Z and J = J'.
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For the infinite horizon discounted problem, suppose that B(:,Z) does not have full row rank, there
must exists 3 € RIS! such that

B'B(:,T) = 0. (30)
On the other hand, denote by 7* the optimal policy corresponding to g*. We then define a matrix

' € RIZ1XS such that the s-th column of T is a vector that takes 0 for all the (s’, a) € Z-th element if
s' # s, and take a value of 7*(a|s) for all @ such that (s,a) € Z. We know that

B(:,I)I'=1—~-P"

with I € RISI¥IS| being the identify matrix and P™" being the transition probability matrix under the
policy 7*, with the element at the s-th row and s’-th column denoting the probability of transiting
from state s to state s’ under the policy 7*. It is well known that the matrix  —~- P™ is non-singular
(see for example the Gersgorin’s Theorem in [30]). Therefore, for any vector 3 € RIS!, we know that

BB )N =BT (I—~-P")#0
which contradicts with (60). Our proof is thus completed.
C Proof of Lemma 3.2
We now condition on the event that |7, (s, a) — (s, a)|, |Ck.n, (5, a) — ¢ (s, a)|, and | Py, (s'|s, a) —

P(s'|s,a)| foreach k € [K], (s,a) € S x Aand s’ € S are all bounded by Rad(Ny, ). From the
union bound, we know that this event happens with probability at least 1 — (K'|S||A| — |S|?|A|) - e.

Note that for LP (4), by summing up the constraint (4c) for all s € S, we obtain that any feasible
solution q for LP (4) would satisfy

gl =1. &1V

We first upper bound the gap V' — Vl,. Denote by g* one optimal solution to V. Then, from the
feasibility of g*, we know that

Cnyq* = Cq* + (Cn, — C)g* < a+Rad(Np,e) < a+ Ay, (32)

where the first inequality follows from ||g*||; = 1 (31) and all elements of C'y, — C' are upper
bounded by Rad(Ny, ). Also, we know that

Bn,g* = Bq*+ (By, — B)g* < (1—7)-p+~v-Rad(No,e) < (1—7) -+ Ay, (33)

where the first inequality follows from ||g*||; = 1 (31) and all elements of By, — B are upper
bounded by v - Rad(Ny, ). Similarly, we have that

Bn,g* = Bq*+ (By, —B)g* > (1—7) - p—~-Rad(No,e) > (1 —7) - pp— An,. (34

Therefore, as long as
An, > Rad(Ny, €), (35)

we know that g* is a feasible solution to Vy,,. We have that
75, q4" > 7' q* —Rad(No,e) (36)

by noting ||g*||1 = 1 (31) and all elements of 7y, — 7 are upper bounded by Rad(Ny, €). Therefore,
we can obtain the bound -
V —Rad(No,e) < 74, 4" < Vi, (37)

We then lower bound the gap V' — V. We first define

VNO ()‘EVO) = max (,FNO - A?VO)Tq
st. Onyg < a+ Ay,

Brgg < ft+ Ay (38)
BNoq > p— )‘No
q =0,
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for any constant \Yy, . Clearly, any optimal solution g* to Vi, will be a feasible solution to Vi, (A )
Moreover, by summing up the constraints By,q < p + Ay, for all s € S, we know that

S
@l <1+ 170, (9)

Then, it holds that

[/ — s —k [/ S
Ve < (Fng — Ayy) @ + Ny, - 1@ 11 < Vivg(Ny,) + Ay, + | |7 AN A, - (40)

1—
We then compare the value between Vy, (X, ) and V. The dual of Vi, (XY, ) is given below.
Dually, (Xy,) =min  a 'y +p' (21— 22) + A - (lyll + 21l + [[2]l)
st. CRy+ By, (21 — 22) > 7n, — Ay, (41)
y>0,21 20,20 > 0.
Denote by y* and z* one optimal solution to the dual of LP (6), given below.
Dual =min oa'y+p'z
st. Cly+BTz># (42)
y>0,z2> —o0.

1

We now show that y* and z* is also a feasible solution to Dual’NO, with /\§VO = mmrc o}

(1 + %) - Rad(Np, €). We have the following claim regarding the upper bound on ||y* || and
12" lloo-
Claim C.1 There exists an optimal solution y* and z* to the Dual (42) such that

1 1 1

— — and ||z < p— )
mlnke[K]{ak} 171 1—x mlnke[K]{ak}

ly*lh <

Then, we define y* = y*, z{ = max{0, 2*} and 25 = max{0, —z*}. We have

ONG* + By, (21 — 23) > CTy" + BT 2" — Rad(No, ) - (ly" [l + [|2"]l1)

1 S
>CTy*+BTz" — Rad(Ng,e)  ———— - (1 + ||)
mlnke[K]{ak} 1—7
) 1 S| )
>p— —+—— . |1+ —— ] -Rad(Ng, e).
mlnke[K]{ak} ( 1—v ( 0 )

Thus, we know that g* and 27, 23 is also a feasible solution to Dualy, (\y, ), and we have
Rad(Noy, ¢) |S]
Dualy, (Xy,) < Dual + Ay, - ([|ly* “I1) <Dual + ————— - [14+ —— ). (43
wall, (V) < Dl + 0w, - (s + 17 1h) < Dual S8R5 (44 9 ) o
Combing (43) with (40) and also noting that Va, (A}, ) = Dual)y (X, ), we have
. 2Rad(No, e S Rad®(Ny, ¢ S|?
mlnke[K]{ak} 1-— Y mmke[K]{ak} 1— Y

which completes our proof.

Proof of Claim C.1.  We first bound ||y*||.. We utilize the approach in [29, 55]. We define a
Lagrangian function, with only y as the Lagrangian dual variable.

Ly,q)=a'y+7 q-y'Cq (44)

where the feasible set for g is {g > 0 : Bq = u} and the feasible set for y is {y > 0}. Following
Lemma 3 in [55], it is without loss of generality to restrict the feasible set of y to the set {y > 0 :
llyll1 < p}, where the constant p is defined as
AT % AT A
rq —7r4q
p=— ~— (45)
MiNge[K) {ar — O(k,:)q}
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where g is the occupancy measure that satisfies Slater’s condition as stated in Theorem 3.1. Note that
we have
1
- minke[K]{ak} '

Therefore, we obtain the following bound on y*:
ly* Il < p. (46)

We now proceed to bound z*. Denote by g* the optimal solution corresponding to the optimal dual
solution (y*, z*), with y* bounded as in (46). We also denote by 7* the optimal policy corresponding
to ¢*. Then, from the complementary slackness condition, as long as ¢*(s,a) > 0 for a (s,a), we
must have

C(: (s,a) "y* + B(:, (s,0)) " 2% = #(s, a). (47)

z*
We now multiply both sides of (47) by ¢*(s,a)/ >_,/c 4 ¢*(s,a’), and sum up over a, for each state
s. Then we get

(C‘n'*)'l'y* + Bfr*z* _ ,f,‘n'*' (48)

* Kx|S : “(s,a)
Her*e, ™ ¢ REX *‘ and the element at k‘—tf: row and s-th column is ) 0 _ , cx(s,a) - m
B™ =1—~-P" € RISXS where P™ (s,s') = Y. ,c 47 (a|s) - P(s|s,a) denotes the tran-
sition probability matrix under the policy 7*. Also, 77 € RIS| with #™ (s) = 3, 1 #(s,a) -

q*(s,a)

m . Then, we have
a >

2* — (Bw*)—l . (,f.ﬂ'* _ (C'fr*)—ry*> (49)
From [37], we know that
. 1
B™ ) e < —. 50
1B e < = (50)
Also, from the bound on y* in (46), we know that
P —(C) Ty <o (51)
Therefore, we have that
* P
o < T/, 52
I=*lle < 72 (52)
which completes our proof. (|

D Proof of Theorem 5.1

We now condition on the event that |7y, (s, a) —7(s, a)|, |k.n, (s, a) — ek (s, a)|, and | Py, (s'|s,a) —
P(s'|s,a)| foreach k € [K], (s,a) € S x Aand s’ € S are all bounded by Rad(Ny, ). We know
that this event happens with probability at least 1 — (K|S||A| — |S|?|A]) - e.

Following the procedure in Algorithm 1, we identify an index set Z, where we set g; = 0 for each
1 € Z°. Note that we cannot further delete one more ¢ from the set Z. Otherwise, when deleting this
particular ¢ in Z by setting Z' = Z\ {3}, we will have V7. = V" and as a result of Lemma 3.2, we have

Vg =Vzr o | < [V =V |+2Gap; (No, €)+2Gapy(No, €) = 2Gap; (No, €)+2Gapy(No, €) (53)
Therefore, if it is feasible (objective value does not change) to delete one more ¢ from the index set Z,
our algorithm will already do so.

We denote by g* the optimal solution to LP (6), corresponding to the optimal basis Z identified by
Algorithm 1. We know that g7 > 0 and g7. = 0, which implies that
V = Vz =max (fI)Tq
st. Ct,7)g<
B(:,I)g=p
q=0,

(54)
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Note that in the formulation of (54), we simply discard the columns of the constraint matrix in the
index set Z. Thus, one optimal solution to (54) will just be g;. The dual of (54) is

Dualz = min aTy + uTz
st. (CG,T) Ty + (B(;,1) "z > #(Z) (55)
Y Z 07 z Z —00,
From the complementary slackness condition, we know that for the optimal dual variable corre-

sponding to g7, all the constraints in (55) must hold with equality. Therefore, we have the following
result.

Claim D.1 It holds that
V =Vz=Dual; =min o' y+p'z
st. (CG,I) "y + (B(,T) 2z =7(7) (56)
y >0,z > —o0.

The proof of the claim is relegated to the end of this proof. We now show that Algorithm 1 identify the
linearly independent binding constraints for g* such that the conditions in Lemma 2.1 are satisfied.

Denote by C(7,Z) a sub-matrix of C such that the rows in the index set J C [K] and the columns
in the index set Z of the matrix C remain. Now if the matrix

A=1C(J,1); B(:,T)] (57)
is singular, there must be

(i). one row in C'(J,Z) can be expressed as the linear combination of the other rows in A (we
know that the matrix B(:,Z) has full row rank from Lemma 2.1);

(ii). or one column in A can be expressed as the linear combination of other columns.

We consider the situation (i). Denote this row as k' and we know that restricting y,» = 0 will not
change the objective value of Dualz, which implies that &’ will be added to the index set 7. This is
because yys cannot be a basic variable, otherwise, the optimal basis of the Dual (56) will be linearly
dependent. Therefore, we obtain a contradiction and we know that the matrix A must have full row
rank. Thus, situation (i) will not happen.

We then consider the situation (ii). Note that we have
V = Dual 77 = min a}y +p'z
st. (C(T,2) "y + (B(:,T) 2z > v7 (58)

yZO,ZZ*OOa

Comparing the formulation (58) to the formulation (55), we only remain the rows of the matrix
C(:,7) in the index set 7, where it is feasible (objective value does not change) to set y 7. = 0. The
dual of (58) is

S.t. (59)

If situation (ii) happens and one column of A can be expressed as the linear combination of the
other columns in A, then we denote the index of this column by ¢ and we know that we can simply
restrict ¢;; = 0 without changing the objective value of (59). This is because ¢;; cannot be a basic
variable otherwise the corresponding optimal basis will be linearly dependent. However, the index
+/ € Z. This means that we cannot further delete +' from the index set Z by restricting ¢;; = 0 without
changing the objective value of LP (4). The above argument leads to a contradiction. Therefore, we
know that situation (ii) cannot happen.

Given the arguments above, we know that the matrix A is a non-singular matrix and thus the
conditions in Lemma 2.1 are satisfied with the variable index set Z and the constraint index set 7.
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It only remains to show that we can tell whether the objective value of V™ or Dualz has changed
by restricting one variable to be 0. Following the same steps as in Lemma 3.2, we can show that for
index sets Z' and J, it holds that

Gap, (No,e) > Vg o = Vi 10 N, (60)

and the upper gap as ~
Gapy(No,€) > Vg o8y = Vi o (61)
with the formulation of Gap, (No, €) and Gap,(Ny, ) given in (12) and (13). Therefore, as long as
2Gap, (No, &) +2Gapy(No, €) = min{Ay, As}, (62)

where d is defined in (16) and d5 is defined in (19), we can tell whether V1 is different from Virfi
and whether Dualz: is different from Dual 7/ 7. Our proof is thus completed.

Proof of Claim D.1.  We first show that
V = Vz =max (fI)Tq
st. Ct,7)g <«
B(,I)g=p
qg=>0.

(63)

Denote by g* the optimal solution to V' corresponding to the optimal basis Z. It is clear to see that g7
is a feasible solution to V7 with the same objective value. Then, we have

V < Vr. (64)

On the other hand, we denote by ¢ one optimal solution to V7, and we construct
gr =q and gz =0.

It is clear to see that g is a feasible solution to V' with the same objective value, which implies that

Ve < V. (65)
Therefore, (63) is proved from combining (64) and (65). The dual of V7 is given by

Dualz = min aTy + uTz
st. (CG,T) Ty + (B(;,1)" 2> #(Z) (66)
y >0,z > —o0.

We denote by y*, z* the optimal dual variable to V' corresponding to g*. It is easy to see that y*, z*
is also feasible to Dualz and

Dual; = Ve =V =a'y" +pu'z*

where the first equality follows from the strong duality between V7 and Dualz, the second equality
follows from (63), and the third equality follows from the strong duality between V' and its dual.
Therefore, we know that y* and z* is also an optimal solution to Dualz. Moreover, note that from
the complementary slackness condition, since g7 > 0, we must have

(C:,T) y* + (B(;, 1)) 2" = #(T). (67)
We know that y*, z* is a feasible solution to
Dualy = min o'y +(1—7)-u'z
st. (C(,I) Ty + (B(:,T) "z =#(T) (68)
y >0,z > —o0,

which implies that
Dual; < Dualz.

On the other hand, any feasible solution to Dual'z must be a feasible solution to Dualz, and we have
Dual} > Dualz.

Therefore, we must have Dual’; = Dualz and our proof is completed. O
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E Proof of Theorem 5.2

We first prove the following lemma.

Lemma E.1 For the optimal basis identified in Algorithm 1 and the corresponding optimal solution
q*, we denote by T* and J* the output sets as long as Ny satisfies the condition (25). We also denote
by (y*, c*) the corresponding optimal dual solution. Then, it holds that

N - Vi(r*, ) Z g1 < Yy -Ela 1+ > 2 - Elul). (69)

n=1 jeg* sES
Therefore, it suffices to analyze how the “remaining resources” (.., u") behave. We now define

ay * and i 1y
N_n,VkEJ andus(n)—N_n,VSES,VnE[N]. (70)
The key is to show that the stochastic process & (n) and fis possess some concentratlon properties
such that they will stay within a small neighborhood of their initial value ak and p! for a sufficiently
long time. We denote by 7 the time that one of & (n) for each k € J* and [i, for each s € S escape
this neighborhood. Then, both Regret,. (7, N) and Regret, (7, N) for each k € [K] can be upper
bounded by E[N — 7]. From the update rule (22) and (23), we know that

ag(n) =

Y (eayez- € (5,0) - q"(s, a) — G (n)

ag(n+1) = ax(n) — A —

Ve J* (71)

and
E(s a)eT* qn(sv a) : (68',8 - W]l{s’:sn(s a)}) - ﬂs(n)
~s 1) = ~s - : : .
Baln 4 1) = fiu(n) e

Ideally, both & (n + 1) and jis(n + 1) will have the same expectation as & (n) and fis(n) such that
they become a martingale. However, this is not true since we have estimation error over C(J*,Z*)
and B(:,Z*), and we only use their estimates to compute g". Nevertheless, we can show that & (n)
for each k € J* and [is for each s € S behave as a sub-martingale. Then, from the concentration
property of the sub-martingale, we upper bound E[a| for each k € 7* and E[u'] for each s € S.
The term |E[]| for each k € [K]\J* can be upper bounded as well. The results are presented in
the following lemma.

(72)

Lemma E.2 Denote by @ the output policy of Algorithm 2 and denote by N the number of rounds.
Then, it holds that

| T (IS|+ K)* . log(IV)
N T, ) Z Elq <a.g-min{02,(1—7)2'A} N >

n=1

where the parameters o = minge ) {a}, A = min{A}, A3} with Ay given in (16) and A, given
in (19), o given in (27). Also, for any k € [K], we have

N
N-ar—Y &Elg"| <0 < (151 + K)° : 10g(N)> : (73)

a-o-min{o?, (1 —~v)2- A} N
E.1 Proof of Lemma E.1

Note that the distribution of g™ is independent of the distribution of r". We know that

E|> (r")Tq"| =) ()TElg"| =Y (fz-) 'Elq.]

n=1 n=1 n=1

N ‘| N N

Denote by ¢* and y*, z* the optimal primal-dual variable corresponding to the optimal basis Z* and
J*. From the complementary slackness condition and noting that g7. > 0, we know that

(C(T*T)) Y7 + (B, T) 2" = iz (74)
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Also, we can define a matrix C™(J™*,Z*) such that the element of C"(J*,T*) atthe k € J* row
and (s,a) € T* column is ¢ (s, a). We can also define a matrix B™(:,Z*) such that the element of
B"(:,7*) at the s’ € S row and (s,a) € Z* column is 0y s — v - L {g—gn(s,qa)}- It is €asy to see that

E[C™(J",T7)] =C(J",T%) and E[B"(:,I")] = B(:, I").
Then, it holds that

N N
* * * * T n
Z(TI* )TE [q}-] ( (J*,77) yj* +(B(:,I*) = ) E[qz-]
n=1 n=1
N T
=E lz (Cc™(T*, 7)) "yk- + (B"(:,I%)) " 2%) qg*l (75)
n=1
N
=E [Z HOMTTY))at + (Z*)T(B”(:,I*))q%)]
n=1
Note that we have v
> CMTTY))gg = ol —aV (76)
n=1
and
N
> B'(:,T%))qz = p' — pt. (77)
n=1
Plugging (76) and (77) back into (75), we get that
N
> () "Elqp] = (y5) Tal. + (z) ' = (y5.) "E [a.] - (z)TE [u"] .
n=1
Note that

Vel ) = (g5) Ty + (%) g
that holds from the strong duality of Vi (4). Then, we have that

N - V(™ 1) Z < (y5)E[al.] + (") "E [pV]. (78)
n=1

Our proof is thus completed.

E.2 Proof of Lemma E.2

We now condition on the event that |7, (s,a) — #(s, a)|, |ek.n (s, a) — éx(s,a)|, and | P,(s'|s,a) —
P(s'|s,a)| for each k € [K], (s,a) € S x Aand s’ € § are all bounded by Rad(n, ), for any
n € [N]. We know that this event happens with probability at least 1 — N - (K |S||A| — |S|?|A]) - €
From now on, we set ¢ = # to guarantee that the event happens with probability at least 1 —
KISIIA\Jlslz\AI.

We consider the stochastic process & (n) and fis(n) defined in (70). For a fixed v > 0 which we
specify later, we define a set

X ={c eRV: 0} €lar —v,ar +1],Vk € T*}, (79)
and
yz{u'ERlsl sl € [us — vy ps +v], Vs € S (80)
It is easy to see that initially, &(1) € X and f1(1) € ). We show that &(n) and fi(n) behave well as
long as they stay in the region X" and Y for a sufficiently long time. To this end, we define a stopping
time

T = nIlel[le\}]{d(n) ¢ Xorp(n) ¢V} (81

Note that in Algorithm 2, to stop g™ from behaving ill when n is small, we project it to a set that
guarantees ||g"||; < 2. We now show in the following claim that when n is large enough but smaller
than the stopping time 7, there is no need to do projection.
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Claim E.3 There exist two constants N|, and vy. When max{No, Nj} < n < 7, and v < vy, it
holds that ||@}. ||1 < 2, where @} denotes the solution to the linear equations (21). Specifically, Ny
is given in (25) and N, is given as follows

K 2
N =16 BT o6 (82)
Also, vy is given as follows
o-(1-7)
=16 —————=. 83
RN (S ERTE ®

We set v satisfy the condition v < v with v satisfies the condition in Claim E.3. We bound E[N — 7]
in the following claim.

Claim E4 Let the stopping time T be defined in (81). It holds that
E[N — 7] < max{No, Ng} +2(K +[S]) - exp(~*/8)
where Ny is given in (25) and N{ is given in (82), as long as
N > max{Ny, N} and N > Vé > 1/83 = m. (84)
Also, for any N’ such that max{Ny, N)} < N’ < N, it holds that

K +|S])-v? 2. (N-N'+1
P(TSN/)SW.QXP v +1) . (85)
4 8
From the definition of the stopping time 7 in (81), we know that for each £ € J*, it holds
a; Pe[(N=74+1) (ap —v),(N=1+1) (ag + )]
Thus, we have that
N
o [ <ok 1+>_ Y cils,a)q"(5.0) (86)
t=7 (s,a)€L*
and thus
|E[a)]| < 4E[N — 7] < 4max{No, N}} + 8(K +|S|) - exp(—v?/8). (87)
Following the same procedure, we can show that for each s € S, it holds that
|E[uN (s)]] < 4E[N — 7] < 4max{No, Ng} + 8(K +|S|) - exp(—v*/8). (88)

We finally consider the other constraints & € 7*¢. Note that following the definition of ™ and ",
we have that

N
A (Z ]E[q}}) =[al. —E[ad.];pu' —E [p"]). (89)
n=1
Also, from the bindingness of g* regarding the optimal basis Z* and 7 *, we have
N-A*-q7. = [a.;p']. (90)
Therefore, it holds that
N
D Elap] =N ap — (4771 [E[ad.]:E [u"]], on
n=1
and
N
> Elgy-.]|| <2N. (92)
n=1 1

Finally, for any k£ € J*¢, we have

N
(é)" (ZE [q"]) = N (&) a5 — (&) - (A7) [B [ad. ] E [1N]] + 28

=N (@) — (&) - (A7 [E[ed.]5E [wN]] + 2N

93)
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From the feasibility of g*, we know that
N - A > N - (ék)Tq*.
Therefore, for any k € J*¢, it holds that

N
N-ap—Y &[Elg"] < (&) - (47" [Elal).];E[uN]] + 2N

K +|S]

g

< - (4max{No, Ni} + 8(K +S]) - exp(—1?/8)) + 2No.

94)
Moreover, the definition of ¢ in (27) implies that following upper bound on the norm of the dual
variable y* and z*.
S|+ K

g

ly™ I + 12"l = (A7)t gy < (95)
Therefore, we know that the regret over the reward and the regret over the constraint violation can all

be bounded by using (87), (88), and (94). We present the bounds as follows.

K
N V() ZFE +'S'

n=1

- (4max{No, Ng} + 8(K + [S|) - exp(—1?/8)) . (96)

Meanwhile, the constraint violations are bounded by (87), (88), and (94). Our proof is thus completed.

Proof of Claim E.3. Denote by g* the optimal solution corresponding to the optimal basis Z* and
J*. Then, it holds that
. Q1. = . 97)
[B(hl') T e

We compare g7. with g7. when n large enough. Note that when n > Ny, g" is the solution to the
following linear equations

_ aj.
cHIsT| N-n+1
B"(:,T%) 12
N-—-n+1
When n < 7, we know that
a ar | (99)
* o T V
7 N-n+1|~
and
“'VL
- < 100
’“ N-n+l ’ =Y (100

Moreover, we know that the absolute value of each element of C"(J7*,Z*) — C(J*,T*), and
B"(:,I*) — B(:,Z*) is upper bounded by Rad(n,e). We now bound the distance between the
solutions to the linear equations (97) and (98). The perturbation of the matrix is denoted as

C * I* _CYTL *,I*
e e —ena T
B(:7I*) —B(aI*)
Clearly, it holds that
IAA*|[; < Rad(n, ) - (K +[S)). (101)
Therefore, as long as
1 1
AA*|l; < Rad K _ < — 102
|| ||1 < Ra (TL,€) ( +|S|) = 2H A*) 1”1 = 94’ (102)
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following standard perturbation analysis of linear equations [28], we have that

l9z- —az-l K(A") , (||AA*||1 (Is+ K- V))
laz-l = 1—k(A*)- ”‘fﬁ*”‘l'l A% e plla
[AA], |, (S+K]|-v)
<2 5(A%). ( n (103)
1A Nleeg=s pllh

o (IAATL L (S| E)) v
SI“A*(wwf+ = )

where k(A*) = ||A*||; - ||(A*)7!||; denotes the conditional number of A*. The last inequality
follows from ||[cc7+; pt]||1 > 1 — ~y. Further, note that ||@%. ||; = 1. Therefore, in order to satisfy the
condition ||¢4. ||1 < 2, we only need the right hand side of (103) to be upper bounded by 1. Clearly,
as long as n satisfies the condition (102) and the following condition

|AA*||1 Rad(n,e) - (K +|S]) 1
2-Kk(A") - <2. <=, 104
YO T, = z =5 (10
we only need to select a v such that
(S|I+K)-v 1
2-k(A") ——— < - 105
w(an) T < g (105)
Combining (102) and (104), we know that n needs to satisfy the following conditions: n > Ny and
(IS + K)?
n> Nj:=16- — -log(1/e). (106)
Also, v is selected to satisfy the following condition
o-(1-7)
v<yy:=16 - ———5. 107
< S+ K)? (107)
Our proof is thus completed. O

Proof of Claim E4. Now we fix a k € J*. We specify a Ny = max{Ny, Nj}. For any
Ny < N’ < N, it holds that

N'—1
ap(N') = a(No) = Y (a(n+1) — ax(n)).
n=Ng
We define i, (n) = &y (n + 1) — @i (n). Then, we have
N'—1 N'—1
a(N') = ar(No) = > (&(n) — Elg(n)|Fa)) + Y Elér(n)| 7).
n=No n=Ng

where F,, denotes the filtration of information up to step n. Note that due to the update in (71), we
have

&k(n) - Z(s,a)ef* CZ(S7 Cl) : qn(S’ Cl)
Ek(n) = Y — :

Then, it holds that
2
—-E Foll < =——— 108
6(n) ~ Eleu(m|Full < 57— (108)
where the inequality follows from the fact that the value of &y (n) is deterministic given the filtration
Fn and ||g"||1 < 2 for any n. Note that

{&k(n) — El&(n)| Falbvn=no,...,n"

forms a martingale difference sequence. Following Hoeffding’s inequality, for any N” < N’ and any
b > 0, it holds that

N b2
P HZZNO(&C(TL) —E[§e(n)|Fn])| = b | <2exp <_2 _ ZQZ/NO 1/(N —n+ 1)2)

(_b2~(N—N”—|—1)>.
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Therefore, we have that

NII
P[> (&(n) - Elg(n)|Fa])| > b for some No < N < N’
an:NO (109)
b2 (N—-N"+1) 5 b (N—N'+1)
SN;N Qexp< 5 > <b ~exp( 5 >

holds for any b > 0.

We now bound the probability that 7 > N’ for one particular N’ such that Ny < N’ < N. Suppose
that N/ < 7, then, from Claim E.3, for each n < N’, we know that ||¢g"||; < 2 and therefore
q" = " as the solution to (21). We have

ag(n) = Z Crn(s,a)-q"(s,a).
(s,a)eT*
It holds that
1
[E[Ek(n)]Fn]] <

< 2Rad(n, )
N-n+1

> (50 [Blfa(s.a)] - d(s,0)] < T 2L (10)

(s,a)eT*
Then, we know that

N’ —1

log(2/5).m' i <1+ 1 >

2 N n' N-n

0

< V2log@/5) - Y gy < VB oy ) <

(111)
for a NV large enough such that

o8 (SI+ K
v2 T g 3202 (1—7)2
Combining (111) and (109) with b = v/2, and apply a union bound over all k € J* and s € S, we

(112)

know that ) ) ,
K . -(N=N"+1
P(TSN/)S(Hf)V-eXp(—V ( - + )>. (113)
Therefore, we know that
N N
EIN—7]= > P(r<N)<No+ » P(r<N')<No+2(K+]S])-exp(-1?/8)
N’'=1 N’'=N,
which completes our proof. U

E.3 Final Proof of Theorem 5.2

Note that in the proof of Lemma E.2, we have shown the following bounds.

|E[a]| < 4E[N — 7] < 4max{No, Nj} + 8(K + |S]) - exp(—?/8). (114)
holds for the each k € J*. For each s € S, it holds that
|E[uN (s)]] < 4E[N — 7] < 4max{No, Ng} + 8(K +|S|) - exp(—v*/8). (115)

The caveat of directly transferring the bound of (114) and (115) into the sample complexity bounds of
the policy 77 is that, the vector ¢ does not directly characterize an occupancy measure. This point
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can be seen by noting that there is a gap between Bg" and u, though bounded by O(log(N)/N)
by setting e = 1/N?2. However, we can show that the gap between ¢'¥ and g* is upper bounded by
O(log(N)/N), which implies a bound over the gap between the policy 7V and the optimal policy
7* that corresponds to the occupancy measure g*. This bound over the gap between the policy
distributions can be then transferred into the bound over the gap between the state-value functions
under the policy 7V and 7*. The regret bounds can be obtained then.

We first bound the gap between gV and q*. Note that as long as n. > N, we have Z,, = Z* following
Theorem 5.1. Then, by noting Zy = Z*, we know that

.. = q... (116)

Also, note that following the definition of ™ and u', we have that

(Z]qu*> la. —E[af.];u' —E [pV]]. (117)
Also, from the bindingness of g* regarding the optimal basis Z* and J*, we have
N-A* g =[al.p'] (118)

Then, from (117) and (118), we know that

_ a7t [Blag ] E [wM]]]]

e [az"] - az- ||, =

ar- — Z laz-] N
e [aﬁ] 2l 19
< lN : (4maX{N0,N6} +8(K +[S]) - exp(—1?/8)) .

Q

From Markov’s inequality, for each ¢ € Z* and any a > 0, we know that

1
P(lgY¥ —q;|>g) < TN (4max{No, Nj} + 8() + |S]) - exp(—12/8)) . (120)

We denote by
- 121
¢= min {¢"(s,a)}. (121)

The policy 7 is essentially random by noting that g"V is a random variable, where the randomness
comes from the randomness of the filtration F. For each s € S and a € A, we denote by 7(als)
the (ex-ante) probability that the random policy 7 takes the action a given the state s. Then, for any
0 < g < £/2, we note that

N *
" , R q”(s,a) q*(s,a) 29
lq¥ —q;| < g foreachi = (s,a) € T* implies that - " < =,
YaweadV(s:0)  Yueaq'(s,a)| T €

(122)
for each i = (s,a) € Z*. For any 0 < g < £/2, note that

P(|g) —q;| < gforeachi = (s,a) € T*) > 1—7N-(4max{N0,N0} + 8(K + |S]) - exp(—
g . o' .

(123)
where the inequality follows from the bound (120) and the union bound over ¢ € Z*. Therefore, for
any 0 < g < ¢/2 and any (s, a), we know that

P (7ol = alo)] < 3 ) = 1= ZET (dmax{No, N + 80K +181) - exp(—r2/5).
(124)
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From the above inequality, for any (s, a), we have that

|E [7" (als)] —7*(als)|
£/2
<E (|7 (as) — 7*(a]s)|] < Nl§+§ /1P<{ﬁN(al ) — 7" (als)| > ?g
(I8|+K) 2 dg
_Ng U 2D G 1 500 +13) - esp(o5) - [ 4
:Vﬁ m - (4max{No, No} + 8(K + |S]) - exp(—1?/8)) - (log(N) + log(£/2)) .

(125)
We finally transfer the bound (125) into the sample complexity bounds of policy 7. We use the
state-value functions V,.(w, s), defined for any initial state s and any policy 7 as follows

Zv r(st, ar) ] , (126)

where (s, a;) is generated according to the policy 7 and the transition kernel P with the initial state
s. Note that the value of V,.(7, s) for any s € S can be obtained from solving Bellman’s equation
under policy 7

Vo (7, 8) = Ban(s) [F(5,0) + 7 Egp(js,a) [Ve(m, s')]] - (127)
We define a matrix B™ € RISI¥ISI such that the s-th row s'-th column element is
B™(s,8') =055 — - Z (s'|s,a). (128)
acA

Then, the matrix B™ represents the state transition probability matrix under the policy . Denote by

Vi (m) = (Vi(7,8))vses

and
#(m) = (D mlals) - 7(s,@))vses.
acA
We have that the state values V;.(7) is the solution to the linear equation
B™V,(7) = 7(m) (129)

To bound the regret, we bound the solution to the linear equation (129) with 7 being 7V and 7*
separately. The perturbation of the right hand of the equation (129) is

Ar = #(7N) = #(1%).

Clearly, we have that

. S|+ K

187 < 2 20T (ma(No, N} + S(K +1S1) - expl(—+2/9))-(log(N) + log(e/2) .
(130)

The perturbation of the matrix is denoted as

AB=B" —B".
Clearly, it holds that
2 2v(|S| + K

1880 < 2+ 2R (o, NG} + 8K +131) - exp(—27/8))-(1o8(V) + Log(€/2).

(131)

We plug the formulation of Ny in (25) and N{) in (82) into the bound (130) and (131). We obtain

(15| + K)? log?(N)
a?-¢&-o-min{o?, (1 —7)%-A} N

AP0 < Cy - (132)
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where C1 is a constant, v = minge g {a }, and A = min{A%, A3} with Ay given in (16) and A,
given in (19). We also obtain

v (8] + K)? log®(N)
a?-¢-o-min{o?, (1 —v)? A} N

|AB|lo < Cy - (133)

Therefore, as long as
, (IS] + K)? log(N)
a?-¢-0-min{o?, (1 —7)2- A} N
following standard perturbation analysis of linear equations [28], we have that
[V (@) = V(7)o IABlloo A7) >
IV (7)o 1B oo IF(7)loc )~

where 5(B™ ) = ||B™ ||o - |[(B™ )~!||oo denotes the conditional number of B™ , and Cj is a
constant. Note that we have the regret

Regret, (7, N) = u T (V(#Y) = Vi (7)) < (1 = ) [V (7Y) = Vi)

} AB||o AP oo (136)
< a1 =) KB Vel - ({0 + 2T

Gy <1/(B") Y =1/0',  (134)

< Cyn(B™)- ( (135)

It is clear to see that

1
V(7 oo < —— 137
V() lloe < 7= (137)
e el
r(m
V(7 || oo < ———202 138
Vi)l < (138)
Following [37], we have the following bound.
. 1
r_ BTr -1 o < - 1
o = B M < 72 (139)
Also, from the definition, we have that
IB™ oo =1 =7 (140)
Plugging the bound (132), (133), (137), and (138), into the inequality (136), we have that
_ (IS| + K)® log”(N)
Regret (77, N) < Cs - . 141
o, (TN <O i) et =2 Ay N 4D
where Cj is a constant. In a same way, for any k € [K], we obtain that
S|+ K)? log?(N
Regretk(irN,N) < Cjs- (S + K) og (N) (142)

a7 € ol —7) min{o,(1-7)2 A} N
To show the sample complexity bound, we denote by ¢ a constant such that

(IS|+ K)? log? (V).

T ey min{e?, (17 &) N

Therefore, we have

- (IS|+ K)? log’(1/2)
N‘O(a?-f-a(l—v)-min{a%(l—w)?-A} e )

Note that in each of the N rounds, we obtain a sample for each (s,a) € S x A. Therefore, the bound
on N above should be multiplied by |S| - |.4] to obtain the final sample complexity bound. Our proof
is thus completed.
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NeurlIPS Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: The papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

¢ You should answer [Yes] , ,or [NA].

* [NA] means either that the question is Not Applicable for that particular paper or the
relevant information is Not Available.

* Please provide a short (1-2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to " ", itis perfectly acceptable to answer " " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
" "or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

* Delete this instruction block, but keep the section heading “NeurIPS paper checklist',
* Keep the checklist subsection headings, questions/answers and guidelines below.
* Do not modify the questions and only use the provided macros for your answers.

1. Claims

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

Answer: [Yes]
Justification: The contributions and scope is accurately reflected.
Guidelines:

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

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

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

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

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

Justification: The limitations are discussed in the conclusion.
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Guidelines:
* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.
* The authors are encouraged to create a separate "Limitations" section in their paper.

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

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

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

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

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

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

3. Theory Assumptions and Proofs

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

Answer: [Yes]
Justification: The assumptions and proofs are provided in full.
Guidelines:

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

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

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

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

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

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

Answer: [Yes]
Justification: Experimental details given in the appendix.
Guidelines:

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

31



* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

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

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

nature of the contribution. For example

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

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

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

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

5. Open access to data and code

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

Answer: [NA]

Justification: This is a theoretical paper and all the data is simulated with details given in the
appendix.

Guidelines:

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

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

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

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

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

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

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).
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* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental Setting/Details

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

Answer: [Yes]
Justification: All the experimental details are given in the appendix.
Guidelines:

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

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

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

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

Answer: [Yes]

Justification: The experiment has been repeated enough times to guarantee that the expected
regret has been appropriately approximated.

Guidelines:

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

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

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

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

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

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

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

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

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

8. Experiments Compute Resources

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

Answer: [NA]

Justification: The simulated experiments are easy to implement and no significant computing
resource is required.

Guidelines:

* The answer NA means that the paper does not include experiments.
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9.

10.

11.

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

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

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: It conforms.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: Presented in the conclusion.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: Not applied here.
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Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

13.

14.

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: Not applied here.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: Not applied here.
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?
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Answer: [NA]
Justification: Not applied here.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

¢ Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: None is included.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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