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Abstract

Mean-Field Control (MFC) has recently been proven to be a scalable tool to approximately
solve large-scale multi-agent reinforcement learning (MARL) problems. However, these
studies are typically limited to unconstrained cumulative reward maximization framework. In
this paper, we show that one can use the MFC approach to approximate the MARL problem
even in the presence of constraints. Specifically, we prove that, an N-agent constrained
MARL problem, with state, and action spaces of each individual agents being of sizes |X|,
and |U| respectively, can be approximated by an associated constrained MFC problem with

an error, e = O ([w/|X| + |Z/IH/\W) In a special case where the reward, cost, and state

transition functions are independent of the action distribution of the population, we prove
that the error can be improved to e = O(1/|X[/V/N). Also, we provide a Natural Policy
Gradient based algorithm, and prove that it can solve the constrained MARL problem
within an error of O(e) with a sample complexity of O(e6).

1. Introduction

Consider the situation of a policy-maker that is tasked with allocating a certain amount of
budget to improve the health of a number of infrastructures in a post-disaster scenario. If,
due to the repair, the health of a certain infrastructure improves, it provides the perception
of a high reward to the planner. However, such improvement comes at the “cost” of the
amount of money that is allocated to it. How should the planner allocate the money over a
long period of time? To answer such a question is the same as assigning a policy to each
infrastructure that states how much money should that infrastructure draw from the budget
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pool based on the global state of all infrastructures. The aim of designing such policies
should be to maximize the expected cumulative reward while obeying the budget constraint.

Strategizing the decisions of a large pool of interacting agents under certain constraints
is a frequently appearing problem in many branches of social science and engineering. For
example, such a framework can be applied to power-constrained wireless sensor networks
(Buratti et al., 2009), energy harvesting communication networks (Wang et al., 2015), queuing
systems with stability constraints (Xiang et al., 2014), etc. A common way to deal with
such problems is to use the framework of constrained multi-agent reinforcement learning
(CMARL). In cooperative CMARL, the goal is to maximize the aggregate reward of the
whole population while obeying some specified constraints. Unfortunately, as the number of
agents increases, the size of the joint state space increases exponentially, rendering the task
of maximizing reward incredibly hard.

The phenomenon of state-space explosion is not unique to CMARL, unconstrained MARL
problems also have to deal with the same issue. There have been several attempts to alleviate
this obstacle. For example, one idea is to confine oneself to local policies. This approach
has yielded a number of useful algorithms e.g., Independent Q-Learning (IQL) (Tan, 1993),
centralized training and decentralized execution (CTDE) (Son et al., 2019; Sunehag et al.,
2018; Rashid et al., 2020, 2018; Zhou et al., 2022) based algorithms, etc. Despite their
empirical success, none of the above algorithms can provide theoretical guarantees. Moreover,
it is difficult to train policies using these algorithms when the number of agents is very high.
Another alternative is the framework of mean-field control (MFC) which builds upon the
idea that in an infinite population of identical agents, studying one representative agent
is sufficient to infer the statistics of their collective behavior (Angiuli et al., 2022). MFC
has recently been applied to approximate N-agent unconstrained MARL problems with
theoretical guarantees (Gu et al., 2021). In contrast to the existing approaches, the benefit
of the MFC is that its optimality gap decreases with an increase in the number of agents.
It is, however, still unknown whether similar approximation results can be established for
CMARL problems. In this paper, we provide an affirmative answer to this question.

Establishing MFC-based approximation bounds for CMARL is particularly challenging for
the following reason. Unlike in unconstrained MARL, the set of feasible policies of CMARL
may not be identical to the sets of feasible policies of its associated constrained MFC (CMFC)
problem. In general, a feasible policy for CMARL may overshoot the constraints of CMFC
and vice versa. Clearly, the sets of feasible policies of CMARL and CMFC may partially
overlap but none is a subset of another. The lack of structural hierarchy between the feasible
policy sets makes it difficult to compare the optimal values of CMARL and CMFC. The trick
is not to deal with the original CMARL, and CMFC problems but to consider variants of
those with smaller feasible sets. We show that these variants can be judiciously chosen to
enforce hierarchy, and thereby create a way to compare values.

1.1 Our Contribution

We consider an N-agent CMARL problem where at each instant the agents receive rewards as
well as incur costs depending on their joint states, and actions. The goal is to maximize the
time-discounted sum of rewards (called reward value or simple value) while ensuring that the
discounted cumulative cost lies below a certain threshold. We show that the stated N-agent
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CMARL problem can be well approximated by a CMFC problem with an appropriately
adjusted constraint. In particular, our result (Lemma 1) states that the optimal value of
the stated CMFC is at most at the distance of O(e) from the optimal CMARL value where
e= ﬁ[\/m + /|U|]. The terms |X|, || denote the sizes of state, and action spaces of
individual agents respectively. We also show that if the optimal policy obtained by solving
the CMFC is adopted into the N-agent system, then it does not violate the constraint of
CMARL, and yields an N-agent cumulative reward that is O(e) error away from the optimal
N-agent value (Theorem 2). In a special case where the reward, cost, and state transition
functions are independent of the action distribution of the population, we prove that the
error improves to, e = 1/|X[/v/N (Theorem 4).

The key idea behind Lemma 1 is a novel sandwiching technique. Specifically, we consider
three distinct problems— a CMARL with zero constraint bound (target problem), a CMFC
with slightly more restrictive constraint, and a CMARL with even more restrictive constraint.
We prove that the optimal value for the CMFC problem must be trapped between the optimal
values of the CMARL problems with a small margin of error. Next, we establish that the
CMARL values themselves must be close for large N. This forces the CMFC value to lie in
the vicinity of our target value.

Finally, using the global convergence result of (Ding et al., 2020), we devise a natural
policy gradient-based primal-dual (NPG-PD) algorithm and show that the policy obtained
from the stated algorithm satisfies the constraint of CMARL and approximates the optimal
N-agent value within an error of O(e). The sample complexity of the algorithm is shown to
be O(e~%) (Theorem 5).

1.2 Related Works

Unconstrained Single Agent RL: One of the early attempts to address the problem
of single agent RL was made by the tabular Q-learning (Watkins and Dayan, 1992), and
subsequently by the SARSA algorithm (Rummery and Niranjan, 1994). However, such
approaches work only when the state space is small. Neural Network-based Deep Q-learning
(Mnih et al., 2015), and deep policy gradient algorithms (Li et al., 2019) have been introduced
relatively recently to tackle large state space. One cannot, however, scale these approaches
to a large number of agents due to the exponential blow-up of their joint state space.

Constrained Single Agent RL: Decision making under constraint is typically modeled
via Constrained Markov Decision Problems (CMDPs) (Chow et al., 2017). Several policy
gradient (PG) or direct policy search methods have been proposed to solve CMDPs (Achiam
et al., 2017; Bhatnagar and Lakshmanan, 2012). However, the convergence guarantees of
these algorithms are local. Recently, a series of PG-type algorithms have been proposed that
ensure global convergence (Paternain et al., 2022; Ding et al., 2020; Mondal and Aggarwal,
2024a). The advantage of the mean-field approach is that it effectively reduces a multi-agent
problem to a single-agent problem, thereby allowing us to utilize these existing guarantees of
CMDPs.

MFC-based Approximation of MARL: There have been a number of recent advances
that show that MFC well-approximates MARL problems in the regime of a large population.
(Gu et al., 2021) showed that an N-agent homogeneous MARL problem can be approximated

by MFC within (’)(ﬁ) error. (Mondal et al., 2022a) later extended this idea to heterogeneous



MONDAL, AGGARWAL, AND UKKUSURI

MARL. Their approaches, however, cannot be directly adopted for CMARL. MFC has also
been used to design local policies (Mondal et al., 2022b) and approximate cooperative MARL
with non-uniform interactions (Mondal et al., 2022c¢).

Algorithms for MFC: In the model-free set up, both Q-learning based (Angiuli et al.,
2022; Gu et al., 2021), and PG-based algorithms (Carmona et al., 2019) have been proposed
to solve MFC problems. Model-based algorithms are also available in the literature (Pasztor
et al., 2023). However, none of these algorithms apply to CMFC problems.

Application of MFC: MFC has found its application in a multitude of social and
engineering applications ranging from epidemic control (Watkins et al., 2016; Lee et al.,
2021), ride-hailing (Al-Abbasi et al., 2019), network traffic engineering (Geng et al., 2020),
congestion management (Wang et al., 2020) etc.

2. Model for Cooperative CMARL

We consider a collection of N agents interacting with each other in discrete time ¢ € {0,1,- - }.
The state of i-th agent at time ¢ is denoted as 2! which can take values from the finite state
space, X. The joint state of N-agents at time ¢ is symbolised as x}’ £ {x%}ie{ly... .~}- Upon
observing &, the i-th agent chooses an action u} from the finite action set, U according to
the following probability law: uf ~ m;(2}¥). The symbol, 7;(-), is defined to be the policy of
the i-th agent which is assumed to be a function of the form m; : XV — P(U) where P(:)
defines a probability simplex over its argument. The joint action of N-agents at time ¢ is
indicated as u) = {ui}ie{1,~~~ ,N}- As a consequence of these actions, the i-th agent receives a
reward r;(z¥,u}), a constraint cost ¢;(x,u}") at time ¢, and its state changes in the next
time step according to the following transition rule: ¢ BRI Py(z),ulY). Here we implicitly
assume that the elements of u}¥ are conditionally independent given =¥ and the elements of
:ci\frl are conditionally independently given (¥, ulY).

Note that, the reward, cost, and state transition law of an agent are not only affected by
its own state, and action but also by states, and actions of other agents. Such interlacing is
one of the main obstacles in solving large multi-agent problems. To ease the analysis, we shall
assume a special structure of the reward, cost, and transition functions that are routinely
adopted in the mean-field literature (Gu et al., 2021; Angiuli et al., 2022). Specifically, we
assume that for some r, ¢ : ¥ XU XP(X)xPU) — R, and P : X xUxP(X)xPU) — P(X),
the following holds Vi € {1,--- , N},

Tl(wivauiv) = ’r‘(xi,ui,uiv,yiv) (1)
Pi(a)’,ul) = P(x},uf, pf v)) (2)
Cl(mljf\[?uiv) = C(xi’ui>“iv>yzjfv) (3)

where u}Y, v¥ denote the empirical N-agent state, and action distributions respectively.
Formally,

N N
1 . 1 .
MiNINZ;(S(ﬂSi::C)v Ve e X, and VN:NZ;MU%:U)? Yuel (4)
1= 1=
where 0(+) is the indicator function. The equations (1) — (3) are applicable to a system
where agents are identical and exchangeable (Mondal et al., 2022a). These relations suggests
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that the effect of the population on any agent is mediated only through the mean-field
distributions. We would also like to point out that the functions, r, P, and ¢ are identical for
all agents. Therefore, the system of agents described above is essentially homogeneous. As a
consequence, we can rewrite the policy functions, 7; as follows for some 7 : X X P(X) — P(U),
and Vi{l,--- N},

mi(x)") = m(zy, 1) (5)

In simple words, due to homogeneity, we can describe the policy of an agent as a

(stochastic) process of choosing its action upon observing its own state, and the state

distribution of the whole population. The policy of an agent at time ¢ is denoted as 7, where

its sequence is denoted as ™ £ {Wt}te{0717,,. y- For a given initial joint state, :cév, the N-agent

reward, and cost-value (indicated respectively as Vﬁ, ng ) of a policy-sequence 7 are defined
as follows.

[e.e]
VN ZL'O, Z’Y

oo 1 N
VY (ap’ Z’Y Nzcxmumﬂi\]?’/i\])
= i=1

where the expectation is computed over all joint state-action trajectories induced by 7, and
v € [0, 1) is a discount factor. Let the set of all admissible policies be IT, and I, £ TIxTIx - - -
be the collection of all admissible policy sequences. The goal of N-agent CMARL is to solve

the following optimization problem for a given initial joint state x})' .

=1

N
1
Nzr ZEt,ut,lJ,iV,ljiv)] (6)

(7)

sup ViF(xzl,m) subject to: VS (x),m) <0 (CMARL)

welloo

We shall denote the solution to (CMARL) as 7%;. The existence of an optimal solution
is guaranteed via Slater’s condition described later. Obtaining a solution of (CMARL), is, in
general, difficult. In the next section, we shall demonstrate how 7%, can be approximated
via the constrained mean field control (CMFC) approach.

3. Model for Constrained Mean-Field Control (CMFC)

A mean-field system comprises an infinite collection of agents. Due to homogeneity, it is
sufficient to track only a representative agent to describe the behavior of the population.
Let the state, and action of this representative at time t be denoted as x; € X, uy € U
respectively while the distributions of states, and actions of the whole population be denoted
as pu® € P(X), and v7° € P(U). Observe that, for a given policy sequence, m = {m },c(01,.-1,
the action distribution, v§° can be derived from the state distribution, ug® as follows.

v = VMF(N?O,WO = ZM(%M?O)N?O(%) (8)
reX

Similarly, the state distribution at time ¢+ 1 can be obtained from pf® using the following
update equation.

= PMF (e ) 2 S Pl N () ) () (@) (9)
zeX ueld

(@)
Hit1
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Finally, the average reward, and constraint cost at time ¢ can be computed as

Pl m) = S0 5 vl M (g m) e, i) (wp(@) (1)

zeX ueld

Fuis m) =D ) el u, g M (g, me))me(, ug) (u) e (z) (11)

zeX ueld

For an initial state distribution, pug® = pg, and a policy-sequence 7, we define the value
functions related to reward, and constraint cost as follows.

VR Mo, Z'yt MF I'Lt aﬂ-t) (12)

VE(po, th ME (g, ) (13)

The goal of CMFC is to solve the following optimization problem.

sup VE(pg,m)  subject to: V< (g, m) <0 (CMFC)

‘l'l'EHoo

where I, as stated in section 2, is the set of admissible policy sequences. In the forthcoming
section, we shall establish that the solution of a variant of (CMFC) closely approximates the
solution of (CMARL) for large N

4. Main Result: Approximation of CMARL via CMFC

Before stating the approximation result, we would like to enlist the set of assumptions needed
to prove it. Our first assumption is on the reward, cost, and state transition function.

Assumption 1 There exists constants Mg, Mc, Lr, Lc,Lp > 0 such that the following
relations hold Vo € X, Yu € U, Yy, py € P(X), and Vvi,v2 € P(U).

(@)|r(x, u, py, 1) < Mp,

(0)|e(x, u, py,v1)| < M,

(O)r(@,u, py,v1) — (@, u, pg, va)| < Lr [y — polt + [v1 —v2lh],
(d)|e(z,u, py,v1) — (T, u, po, v2)| < Lo [y — ot + [v1 — vali],
()| P(x,u, py,v1) — P, u, pg, v2) |1 < Lp |y — poli + [v1 — vali]

where |- |1 denotes Lj-distance.

Assumption 1(a), and 1(b) states that the reward, r, and the cost function, ¢ are bounded.
The very definition of the transition function, P makes it bounded. Hence, it is not listed as
an assumption. On the other hand, Assumption 1(c)-(e) dictate that the functions r, ¢, and
P are Lipschitz continuous with respect to their state, and action distribution arguments.
Assumption 1 is common in the literature (Angiuli et al., 2022; Carmona et al., 2018). Our
next assumption is on the class of admissible policies, II.
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Notation | Interpretation Used In

N Optimal solution of (CMARL) Theorem 2

0 Optimal solution of (CMARL) Section 5

5 Optimal solution of (G-CMFC) for ( = —G¢ Theorem 2, 4

(8 Optimal solution of (G-CMFC) for ( = —G¢ Section 5

5 Optimal solution of (G-CMARL) for ( = —2G¢ Section 5
V]\I}z(wév ,7), | Reward, constraint values of N-agent system Theorem 2, 4, 5, |
ng (mév ,7) | for initial states mév , and policy sequence 7 Lemma 3
V£(u0, 7), | Reward, constraint values of MFC system for Theorem 2, 4, 5, |
VS (pg, ) | initial distribution gy, and policy sequence Lemma 3
Vy (wév ,¢), | Optimal objective values of (G-CMARL) and | Lemma 1, Theorem 4,5 |
Vi (xl,¢) | (G-CMFC) respectively with constraint ¢ Section 5

Table 1: Notations. Note that V3 (z), —2G¢) = VE(xl, m5), Vi (g, —Ge) = VE(pg, 77)
= Vi (ko, 75), and Vij(x(, 0) = Vil (x|, 75) = Vil (g, 7).

Assumption 2 There exists a constant Lg > 0 such that Vm € II the following holds.

|7 (, 1) = (2, po)| < Lol — poly
Ve e X, and Yy, py € P(X).

Assumption 2 dictates that the admissible policies are Lipschitz continuous with respect
to the state distributions. The assumption stated above is also common in the literature and
holds for neural network-based policies with bounded weights (Gu et al., 2021; Pasztor et al.,
2023). Before stating the main result, we need to introduce some notations. Consider the
following optimization problem.

ﬁsethp Vit (@l ,7)  subject to: Vi (xd,w) <¢ (G-CMARL)

Problem (G-CMARL) is a generalization of the problem (CMARL). Specifically, it uses

an arbitrary real, { € R, as the constraint upper bound, instead of ( = 0 as considered

in (CMARL). With slight abuse of notation, we define the optimal objective value of (G-

CMARL) as Vﬁ(wé\[ ,¢). In a similar fashion, V (pg, () denotes the optimal objective value
of the following optimization problem for { € R.

s%p VE(ug, ) subject to: V< (pg,7) < ¢ (G-CMFC)
melleo

Clearly, (G-CMFC) generalizes the problem, (CMFC). Table 1 summarizes the notations

used in the paper. The following Assumption is required (in addition to Assumption 1, 2) to
establish the main result.

Assumption 3 There exists (o > 0 such that the set of feasible solutions of (G-CMARL)

for ( = —(p is non-empty. In other words, there exists a policy-sequence, w € Il such that

VE (@l , ) < —(o for any given joint initial state, x) .
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Assumption 3 ensures that no pathological example with an empty feasible set arises in
our analysis. This assumption is similar to Slater’s condition in the optimization literature.
Below we state an intermediate result that will be useful to prove our main theorem.

Lemma 1 Let a:o denote the initial joint state in an N-agent system, and pg be its empirical
distribution. If assumptions 1 — 3 hold, then there exists a sufficiently large Ny > 0 such that
VN > Ny the following inequality holds whenever vSp < 1.

Ve 0) - Vil ~Ge)| < Gt Ge | £ (720 )] (1)

The terms Ggr,Gc are defined as shown below.

Gjé< 1 >[MJ L Lo/l { X[+ }(chp)[ 11 ](15)

VN VN VN Sp—1) [1=~5p 1-7v

where Cp 22+ Lp, Sy 2 (My+2Ly)+ Lo(My+ Ly), Sp = (14 2Ly) + Lo(1+ Ly), and
J € {R,C}. The terms {Mpr, M¢c,Lg,Lc,Lp,{o} are defined in Assumptions 1, 2, and §

Lemma 1 provides a recipe for approximately solving the N-agent constrained MARL
problem (CMARL). In particular, inequality (14) ensures that the optimal value function
of N-agent problem (CMARL), and that of generalized constrained mean-field problem
(G-CMFC) for ¢ = —G¢ are at most O(Ggr + G¢) distance away from each other. Note that

Gr,Goc =0 (ﬁ) Thus for sufficiently large N, obtaining a solution for (G-CMFC) for
¢ = —G is approximately equivalent to bolving the original N-agent problem (CMARL).
We would like to mention that, Gr, Go = |X| 4+ +/|U|) where |X], || denote the sizes of
state, and action spaces respectively. Therefore as the state and action spaces of individual
agents become larger, the approximation progressive becomes worse.

Although (14) establishes the proximity of the value-functions of N-agent, and infinite
agent systems, it does not clarify whether the policy sequence obtained by solving (G-CMFC)
for { = —G¢ would obey the constraint of (CMARL) if the policy is adopted in an N-agent
system. It also does not comment on how the said policy sequence would perform (in terms
of cumulative reward) in an N-agent system in comparison to the optimal N-agent value.
These important questions are answered in the following Theorem. The proof of Theorem 2
is relegated to Appendix A.

Theorem 2 Let 7}y, ) be solutions of (CMARL), and (G-CMFC) with ( = —G¢ respec-
tively. If Assumptions 1 — 3 hold, then the following inequality holds for VN > Ny whenever

one has vSp < 1.
4 ( Mg ﬂ
, 16
o <1—7 (16)

and V§ (2, %) <0 (17)

Vit my) — Vil wh) < 2GR+ Ge

where VE(-,-), and V5 (,-) are defined in (6), and (7) respectively. The notations =}, py,
Ggr, Go, Sp, and Ny carry the same meaning as stated in Lemma 1.
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Inequalities (16), (17) dictate that if the policy-sequence, 7}, obtained by solving the
mean-field problem (G-CMFC) for ( = —G¢ is adopted in the N-agent system, then the
value obtained for such a system is (’)(ﬁ) error away from the optimum. Also, w}_ does

not violate (CMARL) constraint.

5. Proof of Lemma 1

The proof of Lemma 1 hinges on Lemma 3. The proof of Lemma 3 is given in Appendix B.

Lemma 3 Let acév denote the initial joint state in an N-agent system, and pq be its empirical
distribution. If Assumption 1 — 3 hold, then there exists sufficiently large Ng > 0 such that
VN > Ny, and V1 € I, the following inequalities hold whenever vSp < 1.

Vi (@, m) = Vi (1o, ™) < Gy (18)

where J € {R,C}. The value functions VE VS VE VC are provided by (6),(7), (12), (13)
respectively, and the terms Ggr,Gc, Sp are defined in Lemma 1.

Intuitively, Lemma 3 dictates that the value function pairs (Vi#, V), (V{, V<) are close in
the sense that for every policy-sequence r, the differences |V (22, )=V (pg, )|, [Vl (zd), 7)—
VL (g, )|, J € {R,C} are of the form O(ﬁ) Below we explain how such a result helps us
to establish Lemma 1. Consider the three distinct constrained maximizations stated below.

e Problem 0: (G-CMARL) with ¢ = 0. It is the same as the original N-agent problem
(CMARL).

e Problem 1: (G-CMFC) with ( = —G¢.
e Problem 2: (G-CMARL) with ( = —2G¢.

Let, ITX, C Tl be the set of admissible policy sequences that satisfy the constraint of
k-th optimization problem stated above, k € {0,1,2}. Note that, if = € II2,, then

(a) (b)
VS (po, ) < V§ (@), 7) + Go < —Ge (19)

Inequality (a) follows from (18) and (b) is a consequence of the fact that m € I12,. Thus,
2 c 1. Similarly, if = € ITL,, then

(a) (b)
VE (@, 7) < VE (g, m) +Ge <0 (20)

which shows I1%, C II9,. Combining, we get 12, C IIl, € II%. Finally, assume that 7} € II%
indicate the solution of k-th maximization problem described above, k € {0,1,2}. Then,

(@ )
Vi(po, 1) < Vi (@, 1) + Gr < Vil (@), ) + Gr = Vi(®),0) + Gr,  (21)

© @
Vid(po, 1) = Val(mo, 3) = Vil(ad, m3) — Gr = Vij(a(', —2Gc) — Gr (22)
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Inequalities (a), and (d) follow from (18). Relation (b) is a consequence of the fact that
7} is a maximizer of V¥ (xl,-) over I, and 7} € TIL, 1Y% Similarly, 7} is a maximizer
of VE(ug,-) over TIL, and w3 € 112, C ML . This establishes relation (c).

The gist of the above exercise is that the value VI (py, —G¢) is sandwiched between
Vi(x),0) + Gr, and V3 (z), —2G¢) — Gr. To prove (14), one needs to bound the distance
between V3 (x)',0), and Vi (x{Y, —2G¢). This can be accomplished utilizing the concavity
property of V3 (z{,-) in the domain [—(p, 0] where (p is given in Assumption 3. The concavity
property is a consequence of Proposition 1 of (Paternain et al., 2019). If N > Ny where Ny
is a sufficiently large value, then 2G¢ < (g. In such a case,

)v (.0) + 2ZC Vi . o)

o
. * N * 2G * N
EqUIvalentIY7 VN(a:O 70) - VN(w7 _2GC) C [VN( 0) - VN(:DO ) _CU)]

2G ¢

Vi(ad, ~2Go) > (1— 0

Using Assumption 1(a), one can trivially deduce, |V (zd', )| < Mp/(1 — ), V¢ > —(o.
More specifically, this is true for ( = —(y, 0. Hence,

Vi@, 0) = Vi(a),—2Go) < Ge [; (11‘?7)] (23)

o )] @

Using (22), (23), we obtain,

VK[(Q&‘{]V?O) - Voz(y‘Oa GC) < GR + GC

Combining with (21), we conclude the result.

6. Improvement of Optimality Gap in a Special Case

In this section, we shall impose the following additional restriction on the structure of reward,
r, cost, ¢, and transition function, P to improve the approximation bound of Lemma 1.

Assumption 4 The functions r, ¢, and P are independent of the action distribution of the
population. Mathematically, Vo € X, Yu € U, Vp € P(X), and Yv € P(U),

(a) r(z,u,p,v) =r(z,u,p), (b) c(z,u, p,v) = c(zx,u,u), (¢) P(z,u,p,v) = P(x,u, p)

Assumption 4 removes the dependence of 7, ¢, and P on the action distribution. However,
for each agent, those functions still take the action executed by the same agent as an argument.
Below we present our improved approximation result.

Theorem 4 Let azo denote an initial joint state in an N-agent system, and p its empirical
distribution. If Assumptions 1 — 4 are true, then there exists a sufficiently large Ny > 0 such
that VN > Ny the following inequality holds whenever vSp < 1.

Va0 - Vil -G < G+ 6% | £ (1L )] (25)

10



APPROXIMATION OF COOPERATIVE CONSTRAINED MARL via MFC

The terms G%, G%, are defined as shown below.

() ()] e

VN\1-7)" VN \Sp—1/)[1-7Sp 1-1

where J € {R,C'}, and the terms Mg, Mc, Sr, Sc, Sp, (o are given in Lemma 1. Additionally,
if ko is a solution of (G-CMFC) with ( = —GOC, then the following inequalities hold VN > Ny
whenever vSp < 1.

4 (M
Vite0) - ViGef i) < 265+ 68 | £ (110, (27)

and VG (z), 7)) <0 (28)
where VE(-,-), and VS (-, ) are defined in (6), and (7) respectively.

Inequality (25) states that the optimal value function obtained by solving (CMARL) is
approximated by the optimal value function obtained by solving (G-CMFC) with ( = —G¢
within an error of O(y/]X|/v/N). On the other hand, (27), (28) suggest that if the optimal
policy sequence obtained by solving (G-CMFC), with ( = —G¢ is adopted in an N-agent
system, then the value generated in such a system is at most O(/]X|/V/N) distance away
from the optimal N-agent value function. Moreover, the said policy does not violate the
constraint of (CMARL).

Note that, the dependence of the approximation error on N is still O(1/+/N). However,
its dependence on the sizes of state, and action spaces has been reduced to O(\/m ) from
O(\/m + +/|U|) stated in Lemma 1. Therefore, the stated approximation result may be
useful in those situations where reward, cost, and transition functions are independent of the
action distribution, and the size of action space of individual agents is large. Interestingly,
we could not derive an approximation error that is independent of the size of the state space,
|X|, by imposing the restriction that r, ¢, and P are independent of the state distribution.
This indicates an inherent asymmetry between the roles played by state, and action spaces
in mean-field approximation.

7. Natural Policy Gradient Algorithm to Solve CMFC Problem

In section 4, we demonstrated that the N-agent problem (CMARL) is well-approximated
by the mean-field problem (G-CMFC) with appropriate choice of . In this section, we
shall discuss how one can employ a Natural Policy Gradient (NPG) based algorithm to
approximately solve (G-CMFC). Recall that in a mean-field setup, it is sufficient to track only
one representative agent. At time ¢, the representative chooses an action u; € U based upon
its observation of its own state, z; € X', and the mean-field state distribution, ug® € P(X).
Thus, (G-CMFC) can be described as a constrained single agent problem with state space
X x P(X), and action space, U. Without loss of generality, we can therefore assume the
policy-sequences to be stationary (Dolgov and Durfee, 2005). With slight abuse of notations,
we denote both an arbitrary policy, and its associated stationary sequence by the same
notation, m. The class of all admissible policies is, II. Let, the elements of II be parameterized
by the parameter, ® € R4, For a given policy, e, the Q-function, Qg(-, -,+), value function,

11
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VE(.,.), and the advantage function, AE(-,-,) are defined as follows.

Qg(xvu‘vu> £ E thr(xt;ut;l"’?ovytoo) To =T, g = K, Up = U] , (29)
t=0
ng%(x,[l/) £E [Qg(xay’au)] s Ag(%ﬂvu) = Qq;(.%’,[,l,,u) - Vg(%ﬂ) (30)

The expectation in (29) is obtained over x; 1 ~ P(xy, ug, oy, V), up ~ 7 (x4, py), Vt €
{0,1,---}. The deterministic quantities, {¢7°, v§°}icqo,1,..} are evaluated using relations
(9), and (8) respectively. On the other hand, the expectation in (30) is computed over,
u ~ g (x, ). The functions, Qg, Vq? , and Ag are defined similarly for the cost function, c.
In the parametric form, (G-CMFC) can be rewritten as the following primal problem.

sup Vo}j“(uo,mp) subject to : ch(,uo,w@) <C (PRIMAL)
PecRd

Its corresponding dual problem is as follows.

sup inf VI (pg, o) + A [¢ — VE (1o, mo)] (DUAL)
peRrd AZ0

Let ®* € RY be a solution of (DUAL). Ideally, ®* should be obtained via the following
primal-dual natural policy gradient (NPG) updates that start from &g, Ag = 0 and utilize
n,m2 > 0 as learning parameters (Ding et al., 2020).

(I)j+1 = (I)j + _m Wj, W; £ arg minweRd E @ (W, (I)j, )\j), (31)
1—7 €up
Aj+1 = Ppoooy [N+ UZ[Vog(MoJ@j) — (] (32)

The function, P o) projects its argument onto the set [0,00). The term fﬁé indicates
the occupancy measure induced by policy, me; from the initial distribution, pty. The function,

E§q>j (+,-,+) and the occupancy measure 553 are mathematically defined below.
B0

(o]
@.
&2 2 A (@ o w)P(zr = 3,y = pyur = ulpg = e, ) (1= 7), (33)
7=0

) A Aj w7 2}

By (o9 0) B ey [ (48, am ) =TV logmay () ) | (31
where Agjj (+,+,-) is defined as A?bi, = Ag'j — )\jAgj. Due to the sampling-based nature of the
algorithm, we focus on the following approximate updates.

D=+ 177_1 W;, (35)
Aj+1 = Plo o) [>\j + 12 [Vg(ﬂo,ﬁéj) - C]} (36)

where V< (1o, 7p,;) is an unbiased estimate of VE (1o, 7, ), which is obtained via Algorithm
2 (Appendix O). To obtain W; (approximation of w;), we need to solve another minimization
problem. We apply the stochastic gradient descent (SGD) updates described as follows to

12
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solve this sub-problem: w;;11 = w;; — ah;; where the gradient h;; is given below (Ding
et al., 2020), and a > 0 is the learning parameter.

Sy
h;, £ (W}:lvcbj log 7, (, u)(u) — AG' (z, p, U)) Vo, logme, (v, p)(u) (37)

where (z, g, u) ~ fﬁg, and /12]] is an unbiased estimator of Ag’; £ Agj —)\jAgj. The sampling
process is detailed in Algorithm 2 (Appendix O). Algorithm 1 summarizes the NPG process.

Algorithm 1 Natural Policy Gradient Algorithm to solve the Dual Problem
Input: n, 72, a: Learning rates, J, L: Number of execution steps
wo, Po, A\g = 0: Initial parameters, py: Initial state distribution, Constraint bound: ¢
1. for j €{0,1,---,J—1} do
2: W0 < Wo
3: forle{0,1,---,L—1}do
4: Sample (x, p, u) ~ Cﬁg and A:\DJJ (x, b, u) using Algorithm 2
5 Compute h;; using (37)
Wi+l < W — ahj,l
6: end for
W Y Wy
8: (I)j-l—l — (I’j + %VAVJ
9:  Sample (z, p,u) ~ Cﬁg and ng’; (x, ) using Algorithm 2
10: Aj1 ¢ Ploooy [Aj + 772[‘745 (z, ) — C]}
11: end for
Output: {®q,---,P;}: Policy parameters

Recall that Lemma 1 proves that the optimal solution of (G-CMFC) with appropriate
choice of ¢ approximately solves the N-agent problem (CMARL). However, Algorithm 1 can
only approximately solve (G-CMFC). One, therefore, naturally asks whether the solution of
Algorithm 1 is close to the optimal solution of (CMARL). Theorem 5 (stated below) provides
an affirmative answer to this question. The proof of Theorem 5 is relegated to Appendix N.
The following assumptions are needed to establish this result.

Assumption 5 There exists (1 < 0 such that the (G-CMFC) problem associated with ¢ = (3
has a feasible solution.

Assumption 6 V& € RY, YV € P(X), Yz € X, Yu € U,
Vo log mo(z, p)(u)|; < G
for some positive constant G.
Assumption 7 V&1, & € R4, Vu € P(X), Vo € X, Yu €U,
Ve, logme, (2, 1) (u) — Vo, log e, (x, p)(u)[1 < M|y — Pofy

for some positive constant M.

13
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Assumption 8 V® € R4, Vu, € P(&X),
E&;‘;g (Wi, @) < €pjas, Wi = arg minweRdngjo (w, D)
where ®* is the parameter of the optimal policy.

Assumption 9 The gradient iterates {w;}jc(o,... 7-1},1€{0,- ,L—1}» @nd {W;}icqo,... 71} of
Algorithm 1 are such that,

E [[wjli] < W§, and E [|w;]7] < WY
for some constants Wy, Wi.

Assumption 5 expresses Slater’s condition for the (G-CMFC) problem. Assumption 6, and 7
ensure that the log-likelihood function is Lipschitz and smooth with respect to the parameters.
Assumption 8 says that the expressivity error of the parameterized policy class is bounded by
a term epi,s. If the policy class is complete (e.g., in softmax parameterization), then ep,s = 0.
Although, in general, ep,s > 0, for rich policy classes (e.g., where policies are represented by
dense/wide neural networks), its value is negligibly small. Finally, Assumption 9 dictates
that the gradient estimates used in our algorithm are bounded. All of the above assumptions
are standard in the policy gradient literature. For a detailed discussion on their validity, see
Ding et al. (2020).

Theorem 5 Let wév be the initial joint state in an N-agent system, and p its empirical
distribution. Let {‘I)j}}]d denote the policy parameters yielded from Algorithm 1 for an initial
parameter, ®q, and ( = —2G¢. If Assumptions 1 — 3, and 5 — 9 hold, then for appropriate
choices of n1,m2,, J, L, and sufficiently large N, the following relations hold when vSp < 1.

J
1
| Vi@l 0) = = > VE (g, me)| < Kre + Kov/evia (39)
J=1
1 J
5D VN (g ma,) <0 (39)
j=1

where €pias is defined in Assumption 8, K1, Ky are constants, and e = ﬁ[\/ | X+ /|U]].
The sample complexity of the process is O(e0).

Theorem 5 states that the solution of (G-CMFC) with ( = —2G¢, obtained via Algorithm
1 closely (within an error of O(e)) approximates the optimal objective value obtained by
solving the N-agent problem (CMARL). Moreover, the obtained policy also satisfies the
constraint of (CMARL). The sample complexity of the whole process is O(e°). Since the
submission of this paper, some new developments have occurred in the field of algorithm
design for CMDPs (Bai et al., 2023; Mondal and Aggarwal, 2024b). In particular, Mondal and
Aggarwal (2024b) have recently proposed an algorithm that can achieve e + /€pias Optimality
error and zero constraint violation with @(6*2) sample complexity. We believe that the
result of Theorem 5 can be improved to @(6_2) if one utilizes the algorithm suggested by
(Mondal and Aggarwal, 2024b) for solving our CMARL problem. However, the verification
of such a possibility is left for future research.
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8. Experimental Results

We consider the following setting (taken from (Subramanian and Mahajan, 2019) with
slight modifications) for our numerical experiment. Consider a network of N firms that
produce the same product but with different qualities. At time ¢ € {0,1,---}, the product
quality of i-th, i € {1,2,---, N}, firm is denoted as 2! which can assume value from the
set @ 2 {0,1,---,Q — 1}. Each firm has two options. It can either remain unresponsive
or invest some money to improve the quality of its product. These two possibilities are
symbolised as the elements of the action set, U £ {0,1} where 0 indicates unresponsiveness
and 1 denotes investment. If at time ¢, the i-th firm chooses the action, u} € U, then its
state in the next time step changes according to the following transition law.

=N
i, = Tp + {x <1— Qﬂi1> (Q—1—xg)J if uj =1,
! otherwise

where x is a uniform random variable in [0, 1], and ﬂ,{v is empirical average product quality
defined as the mean of the distribution, g} defined in (4). Hence, if u} = 0 (unresponsiveness),
then the product quality does not change. On the other hand, if the firm invests, i.e., ul = 1,
then its product quality increases. The increase in the product quality, however, is dependent
on the average product quality, ¥, in the economy. If ¥ is high, then it is difficult to
improve the product quality of any individual firm. The reward, and cost received by the
i-th firm at time ¢ are given as follows.

) N Ny __ i _N i
r(wy, ug, py vy ) = apTy — BRI — ARY

i i N N\ __ i
c(x, ug, my vy ) = Aoy

The reward consists of three parts. The first part, apz?, is earned as revenue; the second
part, Brji¥ expresses dependence on the whole population; the third part, Agul, is due to
the investment. The cost is a constant, A¢, if money is invested, otherwise it is zero. The
objective of this N-agent RL problem is to maximize the expected time-discounted sum
of rewards while ensuring that the cumulative time-discounted cost is bounded above by a
certain constant, ¢. Let 7% be the optimal policy of its associated constraint mean-field
control (CMFC) problem. In Fig. la, we demonstrate how the following error changes as a
function of N.

Vi (@' m5) — Vol (Bo» 7o)
Vo}g(“’()v 7‘_2;0)

Error =

x 100% (40)

The value functions V3 and V£ are defined in (6) and (12), respectively. The initial state
distribution, g, is taken to be a uniform distribution over Q, and azév is obtained by taking
N-independent samples from p,. The policy, 7}, is obtained via Algorithm 1. Values of
other relevant parameters are stated in Fig. 1. We observe that the error decreases as a
function of V. Essentially, Fig. 1la shows that if N is large, then the N-agent cumulative
average reward generated by 7% is well approximated by the optimal mean-field value. In
Fig. 1b, we exhibit that the N-agent and mean-field cost values generated by 7% are close

for large N, and both of them lie below the specified upper bound, (.
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Figure 1: Fig. (1a) portrays the percentage error (defined by (40)) as a function of N. On
the other hand, Fig. (1b) plots the N-agent (orange), and infinite-agent (blue) cost-values
corresponding to the optimal mean-field policy as a function of N. It also shows that both
of these values lie below the specified upper bound, ¢ (green). The values of different system
parameters are given as: agp =1, B = 0.5, \g =0.5, \c =1, (=5, v=0.9, and @ = 10.
The hyperparameters used in Algorithm 1 are chosen as follows: 17 = 175 = a = 1073,
J = L = 10%. The bold lines, and the half-width of the shaded regions respectively denote
the mean values, and the standard deviation values obtained over 25 random seeds. The
experiments were performed on a 1.8 GHz Dual-Core Intel 45 processor with 8 GB 1600 MHz
DDR3 memory.

9. Conclusions

This paper shows that a constrained multi-agent reinforcement learning (CMARL) problem
can be well-approximated via a constrained mean-field control (CMFC) problem with a
suitably adjusted constraint bound. We have characterized the approximation error as a
function of population size, and the sizes of state, and action spaces respectively. We also state
an algorithm to solve the CMFC problem and analyze its sample complexity. One limitation
of this study is that it only considers constraints in the form of time-discounted cumulative
costs. Studying the same problem with other forms of constraints such as instantaneous cost,
average cost, etc. could be a potential future direction.
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Appendix A. Proof of Theorem 2

Using Lemma 3, we obtain,

(a)
Vi (2 m5e) < Vg (o, m5) + Ge < 0 (41)

Inequality (a) follows from the fact that «_ is a feasible solution of (G-CMFC) with
¢ = —G¢. Due to (41), w5, can be treated as a feasible solution of (CMARL). Therefore,

Vi(xp, w5)
= Vil (xy, ) — V& (M()a 5o)  VE (o, i) — Vi (g, i)
D Vi@, 0) ~ Vi (o, ~Ge) + VE (o, wlo) — Vi (@l )

o) Mn )}
< 2GR+ Ge [Co <1_

Relation (a) follows from the fact that V¥ (x), n%,) = Vi(xl,0), and VE(uy, %) =
VE (o, —Gc). Please refer to Table 1 for a detailed explanation. Inequality (b) follows from
Lemma 1, and Lemma 3. This concludes the result.

Vit (@ i) —

Appendix B. Proof of Lemma 3
In order to establish Lemma 3, the following results are necessary. We use the notation m; to

indicate the t-th component of the policy sequence, w. Moreover, the m-induced empirical

N-agent state, and action distributions at time ¢ are denoted as p), v} respectively. Their

counterparts for infinite agent system are pu°, and v¢°. Following the notation of section 2,
the (m-induced) joint state, and action at time ¢ are denoted as =)’ £ {xfé}ie{17... N} uly &
{ui}iequ, . vy respectively.

B.1 Lipschitz Continuity Lemmas
Lemma 6 If vM¥(..) is defined by (8), then the following holds ¥t € {0,1,---}.

M (g ) = M (g0 o)l < (L4 L) i — pcla (42)
Lemma 7 If PMY(..) is defined by (9), then the following holds ¥t € {0,1,---}.
|PMP (Y i) = PMY(ug®, m) [y < Splp— Bl (43)
where Sp £ 1+ 2Lp + Lo(1+ Lp).
Lemma 8 If M (. .) is defined by (10), then the following holds ¥t € {0,1,---}.
M (Y ) = M (g, m)| < Srlpd — pih (44)

where Sg £ MR+2LR+LQ(MR+LR).
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Lemma 9 If M¥(.,.) is defined by (11), then the following holds Vt € {0,1,---}.
M (Y me) — M (g, m)| < Solpr’ — ph (45)
where Sc & Mo +2Lc + Lo(Mc + L¢).

Lemma 6 — 9 shows that the state and action evolution functions, average reward, and
cost functions of an infinite agent system are Lipschitz continuous with respect to the state
distribution argument. Lemma 6 is an essential ingredient in the proof of Lemma 7, and 8.
The proofs of Lemma 6, 7, and 8 are presented in Appendix D, E, and F respectively. The
proof of Lemma 9 is identical to that of Lemma 8.

B.2 Large-N Approximation Lemmas

Lemma 10 The following inequality holds ¥Vt € {0,1,---}.

1
—/ U
VN o

Lemma 11 The following inequality holds ¥Vt € {0,1,---}.

Elv — M, m)|, <

C
B gl — PN m), < 2 [VIRT+ V]

where Cp £ 2+ Lp.

Lemma 12 The following inequality holds ¥Vt € {0,1,---}.

N N

1 MF
ENzl $t>ut7“tayt)_r
1=

(/’l’iva 7Tt) =

Lemma 13 The following inequality holds ¥Vt € {0,1,---}.

1 N Ny _ MF( N
Nzc(l’t:utvﬂt V) — (g, m)| <
i=1

E TJFT\/W

The proofs of Lemma 10, 11, and 12 are given in Appendix G, H, and I, respectively.
The proof of Lemma 13 can be obtained by replacing r, Mg, Lr with ¢, Mo, Lo respectively
in the proof of Lemma 12. Finally, invoking Lemma 7, and 11, we obtain the following.

Lemma 14 The following inequality holds ¥Vt € {0,1,---}.

St —1
- wil < 2 [VIFT+ Vi) (52 =)

where Sp is defined in Lemma 7 while Cp is given in Lemma 11.

The proof of Lemma 14 is given in Appendix J.
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B.3 Proof of the Lemma
We shall establish (18) only for J = R. The proof for J = C is identical. Consider the
following difference,

‘Vﬁ(mé\[,ﬂ') - Vojo%(uovﬁ)‘

@ & 1 ¢ i i N N MF (, oo
< v *ZE [r<xt7ut7u’t Vi )] = (g )
i=1

t=0

< Z'YtE‘T xt)ut7uiv7yiv) F("Liv7ﬂ-t)

t

oo
+ Z’ytE }TMF(Hivv ﬂ-t) - TMF(IJ’?Oa 7'['15)}
t=0

25 2],

Inequality (a) follows from the definition of the functions Vi(-,-), VE(.,) given in (6),
and (12) respectively. The first term, J; can be bounded using Lemma 12 as follows.

5 () [+ v v

The second term, Jo, can be bounded as follows.

o
Jy £ Z’YtE\TMF(M{eVJt) — M (g, )|
=0

(a) = t N 00
< Sk VEp - pg
t=0

(b) SrCp 1 1
< — _
- |: |X+ :|(Sp—1) |:1—’ySp 11—~

Inequality (a) follows from Lemma 8, whereas (b) is a consequence of Lemma 14.

Appendix C. Proof of Theorem 4
The proof of Theorem 4 hinges on the following Lemma.

Lemma 15 Let wév be the initial joint state in an N-agent system, and pg its empirical
distribution. If Assumption 1 — 3 hold, then there exists Ng > 0 such that VN > Ny, and
V7 € lly, the following inequalities hold whenever vSp < 1.

Vi (@, m) = Vil (1o, m)| < G (46)

where J € {R,C}. The value functions V&, VS are given by (6),(7) respectively, and the
terms G%, GOC, Sp are defined in Theorem 4.

The role of Lemma 15 in establishing Theorem 4 is analogous to the role of Lemma 3 in
proving Lemma 1. In this section, we shall primarily focus on proving Lemma 15. Once it
is established, Theorem 4 can be proven following an argument similar to that is used in
section 5.
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C.1 Auxiliary Lemmas

To prove Lemma 15, the following results are necessary. The notations are the same as used
in Appendix B.

Lemma 16 The following inequality holds ¥Vt € {0,1,---}.

2
E‘Hﬁl—PMF(Hiv,Ft)‘lﬁﬁv|X| (47)

Lemma 17 The following inequality holds ¥Vt € {0,1,---}.

1

o M
El= § : i ,t Ny __ MF/ N < R
N gt r(xhut?p‘t ) r (p‘t ’Wt) = \/N
Lemma 18 The following inequality holds ¥Vt € {0,1,---}.
1 . Mo
El= i ,t Ny _MF/ N <
N ;:1 c(zpug, py ) — ¢ (B )| < JN

Lemma 19 The following inequality holds ¥Vt € {0,1,---}.

Bl - ¥l < /T (521 )

The term Sp is defined in Lemma 7.

The proofs of Lemma 16, 17, 19 are relegated to Appendix K, L, and M, respectively.
The proof of Lemma 18 can be obtained by replacing r with ¢, and Mpr with M¢ in the
proof of Lemma 17.

C.2 Proof of Lemma 15

We use the same notations as in Appendix B.3. Consider the following difference,

Vi (g, ) — VR(Mo, )]

(a) &
Z $t7 ut7 IJ‘t

<) 4
i:l

t=0

o0
< tEi i i Ny __MF/ N
< Y Nr(l‘tautalllt) T (g )

—E [TMFO"’?O? 7Tt)|

o0
+ Z’YtE ’TMF(I‘LiVa 7Tt) - TMF(H;E)Ov ﬂ-t)’
t=0

25 27,

Inequality (a) follows from the definition of the value functions VE(-,-), V.C(-,-) given in
(6), and (12) respectively. The first term, J; can be bounded using Lemma 12 as follows.

5 (1)
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The second term, Jo, can be bounded as follows.

o0
Jo £ Z’YtEVMF(HiVﬂTt) — M (g )|
t=0

(a) > 1 = 25g 1 1

t=0 V5P

Inequality (a) follows from Lemma 8, whereas (b) is a consequence of Lemma 19. This
establishes (46) for J = R. The other case, J = C, can be proven similarly.

Appendix D. Proof of Lemma 6

Note the following inequalities.

M (g, ) — M (g )

DS maes il (@) = 3 e i ()

TEX TEX 1

=3 > mlen )@ (@) = Y mle, ug) (w)p (x)

uel | xeX zEX
<D0 Imla p) (@ (2) = m(e, w) (w)pi® ()|

zEX ueld
<D B (@) = @) Y e, ) () + Y (@) Y e, ) () = wo(a, p®) (u)|

TEX uel TEX ueU
(%)|NiV_N?O‘I+LQ‘NiV_Nt !Zut 90+ L)l — ol

TEX

=1

Equality (a) follows from the definition of M¥ (- -) as given in (8). On the other hand,
inequality (b) is a consequence of Assumption 2, and the fact that m(x, ui¥) is probability
distribution Vz € X. Finally, (c) follows because pu° is a probability distribution. This
concludes the result.

Appendix E. Proof of Lemma 7
Note that,
|PMF (g ) = PMT (e, o)
DS S Pl sl Ml ), 1) el ()

zeX ueld

= P, u, i, VM (3, ) )me (@, u§) (w)pi® (z) | < i+ Ty
1
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Equality (a) follows from the definition of PM¥(.,.) as stated in (9). The first term can
be bounded as follows.

233 Pl il M (7)) = Pl MF(ué’omt))L < i, 1) (W) (@)
rEX uel
(a)
< Lp | = ph + M () = oM (e m) 1] x O e (@)Y el ) (w)
reX ueU

=1
(b) N -
< LP(2+LQ)|Nt — My l1

Inequality (a) is a result of Assumption 1(e) while (b) follows from Lemma 6, and the
fact that m;(x, ul¥), ¥ are probability distributions V2 € X. The second term, Jo can be
bounded as follows.

& 37 3 [Pl i M i )y o, ) ) () = o ) () ()
TEX ueU
<3 (@) - u%"’(w)l Zﬂt(w,uiv)(w

reX uel

v~

+ > (@) Y |, pl ) () — m(w, pg®) (u)]
reX ueUd
(a)
< | = Pl + Lelpd — peh Y pc (s

TEX
—_———
=1

= (1+ Lp)|uf — pui®x

Inequality (a) follows from the fact that m;(z, uf’) is a probability distribution Vz € X
while (b) uses Assumption 2, and the fact that pg® is a probability distribution. This
concludes the result.

Appendix F. Proof of Lemma 8

Notice the following inequality,

|7”MF( N MF

oy 77Tt) -r (Hz?o)ﬂ-t)‘

SO (w0 ) ) () Y ()

reX ueld

— (a1 M (5 ), ) (W ()| <+ T
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Equality (a) follows from the definition of rM¥(-,.) as depicted in (10). The first term
can be bounded as follows.

£ el M m) —r(:c,u,u?,vMFW,m))\ x (o, 1 ) (W) (o)
TeX ueld
(a)
< L [lef = ol + 1M (0 m) = M (g, m) ] < ) e () Y mia, pf) (u)
TEX uel

~~

=1
(b) N ~
< Lr(2+ Lg)|py — pi®|1

Inequality (a) is a result of Assumption 1(c) while relation (b) follows from Lemma 6,
and the fact that m;(z, u$°), ul¥ are probability distributions V2 € X. The term, .J» can be
bounded as follows.

T 23S e, 3 M (g, )| [, i) )l () — e 12°) () ()|

reX ueld

(a)

< Mp Yy Y |mi(e, w) (w)pd () — (e, p3°) (w)pgs ()]
reEX uel

< Mp Y nd (@) — (@) Y mile, ) ()
TeEX uelU

~~

+ Mgy () ) el p) () — (e, ) (w)]

TeX ueU
(b) ()
< Mglp — p®l1 + MrLolpd — u®h Y pi®(z) = Me(l+ Lo)|u — p
rxeX

=1

Inequality (a) follows from Assumption 1(a). On the other hand, () is a consequence of
Assumption 2. Finally, (c) follows from the fact that pf® is a probability distribution. This
concludes the result.

Appendix G. Proof of Lemma 10

The following Lemma is required to prove the result.

Lemma 20 IfVm € {1,--- , M}, {Xmn}nef1,.. N}y are independent random variables that
lie in [0,1], and satisfy 31 ... vy E[Xma] <1, Vn € {1,--- , N}, then the following holds,

Z E Z —E[X])| < VMN (48)

n=1

Lemma 20 is adapted from Lemma 13 of (Mondal et al., 2022a).
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Observe the following inequalities.

E v} — oM () m)],

- [E Uui\f — VMF(MinWt)‘l ‘wi\[”

(a)
= E|E Viv— Zﬂt(fﬂaﬂi\])#i\[@) mi\’”
TEX 1
CE[E Y ol ) - 3 me ) w)ad (2) mN”
ueU reX

® R 1 N
2EYE |+ Do = u) - Y mle ) (w) Y o = x| |2

ueU =1 zeX i=1

S 1 © 1

= g i N N
=F %E N;(s(ut—u)—N;m(xt,ut )(u) :ct]] < \/N\/W

Equality (a) follows from the definition of ¥™M¥(.,.) as depicted in (8) while (b) is a
consequence of the definitions of uiv ,l/iv . Finally, (c) is an application of Lemma 20.
Specifically, it uses the facts that, {Ui}ie{l,m .} are conditionally independent given x, and

E [o(ut = )@ | = m(at, ) (), YO [6ui = w)|al] =1
ueU
Vie {l,---,N},Vu € U. This concludes the lemma.

Appendix H. Proof of Lemma 11
Note that,

N
1 )
By~ P, @ S Bl Y olata =)
i=1

zekX
1 ox
= P M ) @)l 1 ) 3 D 6 = )
r’'eX uel i=1
L ' L ' .
= STB| Y0 = ) — 2 303 Plat oM () @), ) ()
reX =1 i=1 ueld
<J1+Jo+ J3

Equality (a) follows from the definition of PM¥ (. .) as given in (9). The first term, Jj,
can be upper bounded as follows.

N N
1 A o
JléNZE25(3};—}—1:'w)_zp(x%au%a“évayiv)(x)
zeX |i=1 i=1
1 al i Y i i N N N oN[|@ 1
:NZE E 25(xt+1:gj)_zp(xtuutuut7Vt )(@)] |2, uy Sﬁ\/|x|
rzeX i=1 i=1
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Inequality (a) can be derived using Lemma 20, and the facts that {xiﬂ}ie{l,... N} are
conditionally independent given {z}¥,u}"}, and,

E [6(3:}:“ :x)‘aziv,uiv] = Pzt ul, uN, o) ZE{ xtﬂ ::c)‘a:iv,uiv} =1
zeX

Vie{l,---,N}, and Vo € X. The second term can be upper bounded as follows.

Jgé%ZE

zeX

N

; N MF N
Zp(xfﬁut?y’t 7Vt ZP xtvutvﬂt vV (p’t ,7’['75))(5(3)
=1

N
1 o o
< N E E‘P(xff,ui,y,iv,yiv) _P(x%au;”/iv?l/MF(y’ivﬂrt))h
i=1

(a) b L
< LeE|v) =M m)|, < \/—%\/Iu\

Inequality (a) follows from Assumption 3 while (b) follows from Lemma 10. Finally, the
third term can be bounded as follows.

N
1
J3 2 N ZE Zp(xuut?/"’i\[? MF(/“"){V/’TI?))(J;)
reX =1
a N MF(, N i N (@ 1
Y Pl u, M () 7)) (@), ) (w)] £ —= /] X]
i=1 ueld N

Inequality (a) is a consequence of Lemma 20. Specifically, it uses the facts that,
{ufé}ie{h.. .~} are conditionally independent given :n,{v , and

E[Pad, b, M (7)) @)@ | = 0 Pl sl M () (@), 1) (w),
uelU

ZE[ mtvum“i\]? MF I‘Lt 77Tt ’ i|

zeX

Vie{l,---,N}, and Vo € X. This concludes the Lemma.

Appendix I. Proof of Lemma 12
Note that,

1 .
E NZr(xivutvuivvyiv) _TMF(N‘I{Vaﬂ—t)

N
(@) 1 1
S|y 2l o) = 30D (M () ) () 5 D 6t = )
=1 zeX uel i—1
1 & |
=E Nzr(xtautaﬂt th ZZ xt7u ,ltiv, MF(uiV,m))Wt(:U%,uiv)(u)
i=1 =1 ueld
+

IN
=~
&
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Equation (a) is a result of the definition of »™M¥(-,-) as given in (10). The first term, Jj,
can be bounded as follows.

N N
1
J1 = NE Z (‘Ttvutvl”’ivvyiv) Zr(xﬁutvy'ivv MF(/‘I‘iVaTrt))

=1 =1

< VB [r(atub v = vt il M (] 7))
i=1

(@) N © Lg

< LRE|wY — M (¥, m)|, < \/W

Inequality (a) follows from Assumption 1, and (b) is a consequence of Lemma 10. The
second term, Jo, can be bounded as follows.

N
1 )
Jo = NE Z (xtautauiv> MF “’t 77Tt ZZ xtau I’I’I{V7 MF(“ivaﬂt))Wt(x%aﬂév)(u)
i=1 =1 ueu
1 al .
= NE E Zr(xt’ut’“iv’ MF V’t 77Tt ZZ $t’u “1]5\[7 MF(/Jivvﬂ-t))wt(xiauiV)(u)
=1 =1 uel
M N
R . )
= —FE|E ZT(](ZJ&,U”[J,,{V, MF l'l't 77Tt ZZTO xtvu /“l’iva MF(NiVaWt))Wt(mfwﬂiv)(u)
i=1 i=1 ueld
(a) MR

IN

- VN

where ro(+, -, ) 2 7(-,-,-,-)/Mpg. Inequality (a) follows from Lemma 20. Specifically, it
uses the fact that {ué}ie{17... .~y are conditionally independent given x;, and

yro(xivutvui\lv MF(uévvﬂ-t)” <1,

E [ro(at, ul ¥ M () m)) |2 | = 7 ro(at, w ¥ M ()t 1) ()
ueU

Vie{l,---,N}Vuel.

Appendix J. Proof of Lemma 14

Observe that,

Elp — p®ly <E|p — PMF(

(2) Cp
VN

Inequality (a) follows from Lemma 11, and relation (9). Using Lemma 7, we get

PMF

/1’1{\117771571)‘1 +E‘ (”‘é\ilaﬂ’tfl) _ru’?o‘l

IR+ VU + B [P () = PYF (a2 me)],

(a)
|PMF(H£\L177Tt—1) PMF(Nt 1> Te— 1)‘1 < SP|Nt 1= B2
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Combining, we get,
Bl — pfy < [ A+ VI + SpE [ — ], (49)

Recursively applying the above mequahty, we finally obtain,
Cp St —1

Elud - ph < —= [VIx]+ V] (22
- el < S8 (VIR VR (525

Appendix K. Proof of Lemma 16

Note that,
E |p — (ki)
(@ 1 o L
a4 .
2 Y E| 5 st =0 - X 5 P el 300t = )
zEX i=1 z’'eX ueld i1
1 1Y A _
= ZE NZ xt—‘rl NZZP(.T;,’U], [,Liv)(x)ﬂ't(x%?uév)(u) < Jl +J2
TeEX i=1 i—1 ucld

Equality (a) follows from the definition of PMF(-,.) as depicted in (9). The first term, .Jj,
can be upper bounded as follows.

ZIE

N
Z(S ‘rt+1 - ‘T ZP(SC%,U;,;L%V)(.I)
i=1

IEX i=1
- i i N N Nl @
7ZE Z $t+1:x)_§ Py, ug, g )(@)| |20, wy < \/N\/m
zeX i=1 i—1

Inequality (a) can be derived using Lemma 20, and the facts that {$§+1}i€{1,... N} are
conditionally independent given {x}¥,u}"}, and,

E |:5(x7zﬁ+l :JZ ‘in7u£\7:| = P(xtautaut ZE[ ‘Tt+1 - .’L’ ’wt y Uy :| =
zeX

Vie {l,---,N}, and Yz € X. The second term can be bounded as follows.

Jo & NZE

reX

—~
N

ZP xtautay’t ZZP xtau H’t )Wt(x%a“év)(u>

i=1 =1 ueld

o VIl
- VN

Inequality (a) is a consequence of Lemma 20. Specifically, it uses the facts that,
{ui}iequ, . vy are conditionally independent given ), and

E[Paf,uf, i) (@)@ | = > Plat,u, u) @)mat, ) (w),
ueU

SB[ Pt ul ) @)|2] =1

zeX
Vie{l,---,N}, and Vo € X. This concludes the Lemma.
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Appendix L. Proof of Lemma 17

Note that,

MF/, N
N ZT xt7ut7“t -r (p‘t 77Tt)
i=1

N N
@1 ! ]
:ENZT%%M =D D e g )mw py ) (u )de(%:x)
i=1 xeXueu i=1
1 N
=K Nzr(xtautaut ZZ xt’u Mt ﬂ-t(zvt’y/t )( )
i=1 i=1 ueld
1 N
N E Zr mt,ut,ut ZZ xt, ,,Ut Wt(xmﬂt )( )‘ ”
i=1 i= luEZ/l
N . (a) MR
N E ZTO x}, up, 1y ) ZZTO RN LACNTANICD) ‘ = VN
i=1 i=1 ueld

where (-, -, -, ) 2 r(-,-,-,-)/Mpg. Inequality (a) follows from Lemma 20. Specifically, it
uses the fact that {u%}i€{17._. .~} are conditionally independent given x), and

rolhyuf, ) < 1, E [rolah,uf, )| | = ro(at, w, il ymil, w) (u)
ueU

Vie{l,--- ,N}LVuel.

Appendix M. Proof of Lemma 19
Observe that,

Elp — pil <E|p) — PMF(
(a)

2
< 2
VN

Inequality (a) follows from Lemma 11, and relation (9). Using Lemma 7, we get

l’bﬁlaﬁt—lﬂl +E ‘PMFOJ’){\leWt—l) - /J’?O‘l

VIX+E[PM () mey) = PM (e me)|

(a)
|PMF(Hz{,\i177Tt—1) - PMF(N?ShWt—l)‘l < SP|Nt 1= B2l

Combining, we get,

2 2 St —1
Bl — i < VIR 4 SeE s i, < VIR (221) 60

the last inequality is obtained via recursion.
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Appendix N. Proof of Theorem 5
Fix J, L. Following Theorem 3 of (Ding et al., 2020), we can write,

J
1 1 Cs
V;(HO, —2GC) — E V£(H0,7Tq>.) < 017 + 02 <\/ €bias 1 > (51)
J = ! Vi VL

for some constants C1, Cy,C3. On the other hand, Lemma 1 suggests,

Ve, 0) - Valun, ~Ge)| < Gt Ge | £ (720 )] (52)

Recall the definition of {; from Assumption 5. If N is sufficiently large, then 2G¢ < (.
Using the concavity of VX (pg, ) (Paternain et al., 2019), we obtain:

Valuor-260) > (200 v g,y + (95 ) Vel
¢ G —Ge
Gco

Bauivalentl, V2 (4o, ~Ge) ~ Vo, ~260) < ( 2% ) Voo ~Gie) = Vi oy G0

<(aa:) (7)< () (=)

Combining, we obtain,

J
. 1 1 C
VN(CL'(]]V,O) - — Zvog(uo,ﬂq)j) <Ci—= + 0y <\/€bias + 3) + Ggr
J = val VL (53)
(5] (89) (75)
+d + | —
‘ [Co (1 - G 11—~y
From Theorem 3 of (Ding et al., 2020), we also obtain the following.
4 o< Cifs LG
ey )+ 2 <=4+ — (et +— 54
for some constants Cy4, Cs. Using Lemma 3, we obtain,
1 J 1 J c Cs Cy 1 Cs
jg v (@) Ta, <J;Voo(u07ﬂ¢j)+GC§ﬂ+ﬂ(Eéias—i_IA) Ge  (59)

Note that, G, Gc = O(e) where e = <ﬁ [ |X| + |Z/{|D To make the RHS of (55)

negative, we must have J = O(G;*) = O(e™). Moreover, if we choose L = O(e~?), then
the RHS of (51) becomes O(e + \/épias). Hence, the desired sample complexity is O(e°).
As discussed earlier, this sample complexity might be improved to @(6_2) if the recently
proposed algorithm of Mondal and Aggarwal (2024b) is used.
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Appendix O. Sampling Procedure

Algorithm 2 Sampling Algorithm

Input: py, 7o, P, r

1:
2:
3:

11:

12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:
23:
24:
25:
26:

Sample xg ~ pg.

Sample ug ~ e, (w0, Ho)
MF

Vg <V ([,LO, 7T<pj)

t<0

FLAG < FALSE

while FLAG is FALSE do
FLAG < TRUE with probability 1 — ~.
Execute Update

end while

T+t

Accept (xp, pp,ur) as a sample.

Vg 0, Qé‘fj 0, Vg 0, ng 0

FLAG <« FALSE

SumRewards < 0

SumCosts < 0

while FLAG is FALSE do
FLAG + TRUE with probability 1 — ~.
Execute Update
SumRewards < SumRewards + 7 (¢, ut, g, V¢)
SumCosts <— SumCosts + c(z, ut, by, V)

end while

With probability %, f/qf; + SumRewards. Otherwise ng + SumRewards.
With probability %, V(If’; < SumCosts. Otherwise ng < SumCosts.

flgj (x7, o, ur) Q(ng — Vqﬁz).

Agj (z7, By, ur) < 2(@% - ng)-

A)\_ A~ A
A(bjj (xTv M, UT) «— Agj (xTv M, ’LLT) - )‘JAg] (ZL‘T, BT, UT)

Output: (z7, pp,ur), flgjj (xp, p,ur), and V@c;

Procedure Update:

Ti41 ™~ P(xt7ut7ut7ut)-

Byyq < PMF(M,W@j)

U1 ~ T, (Te1, Byy)
MF

Vip1 < v (Byy1, To,)

t+—t+1

EndProcedure
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