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Abstract

Multiagent reinforcement learning algorithms have not been
widely adopted in large scale environments with many agents
as they often scale poorly with the number of agents. Using
mean field theory to aggregate agents has been proposed as a
solution to this problem. However, almost all previous meth-
ods in this area make a strong assumption of a centralized
system where all the agents in the environment learn the same
policy and are effectively indistinguishable from each other.
In this paper, we relax this assumption about indistinguishable
agents and propose a new mean field system known as Decen-
tralized Mean Field Games, where each agent can be quite
different from others. All agents learn independent policies
in a decentralized fashion, based on their local observations.
We define a theoretical solution concept for this system and
provide a fixed point guarantee for a Q-learning based algo-
rithm in this system. A practical consequence of our approach
is that we can address a ‘chicken-and-egg’ problem in em-
pirical mean field reinforcement learning algorithms. Further,
we provide (Q-learning and actor-critic algorithms that use the
decentralized mean field learning approach and give stronger
performances compared to common baselines in this area. In
our setting, agents do not need to be clones of each other
and learn in a fully decentralized fashion. Hence, for the first
time, we show the application of mean field learning meth-
ods in fully competitive environments, large-scale continuous
action space environments, and other environments with het-
erogeneous agents. Importantly, we also apply the mean field
method in a ride-sharing problem using a real-world dataset.
We propose a decentralized solution to this problem, which is
more practical than existing centralized training methods.

1 Introduction

Most multiagent reinforcement learning (MARL) algorithms
are not tractable when applied to environments with many
agents (infinite in the limit) as these algorithms are exponen-
tial in the number of agents (Busoniu, Babuska, and De Schut-
ter 2006). One exception is a class of algorithms that use the
mean field theory (Stanley 1971) to approximate the many
agent setting to a two agent setting, where the second agent
is a mean field distribution of all agents representing the aver-
age effect of the population. This makes MARL algorithms
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tractable since, effectively, only two agents are being mod-
elled. Lasry and Lions (2007) introduced the framework of a
mean field game (MFG), which incorporates the mean field
theory in MARL. In MARL, the mean field can be a popu-
lation state distribution (Huang 2010) or action distribution
(Yang et al. 2018) of all the other agents in the environment.

MFGs have three common assumptions. First, each agent
does not have access to the local information of the other
agents. However, it has access to accurate global information
regarding the mean field of the population. Second, all agents
in the environment are independent, homogeneous, and in-
distinguishable. Third, all agents maintain interactions with
others only through the mean field. These assumptions (es-
pecially the first two) severely restrict the potential of using
mean field methods in real-world environments. The first as-
sumption is impractical, while the second assumption implies
that all agents share the same state space, action space, reward
function, and have the same objectives. Further, given these
assumptions, prior works use centralized learning methods,
where all agents learn and update a shared centralized policy.
These two assumptions are only applicable to cooperative en-
vironments with extremely similar agents. Theoretically, the
agent indices are omitted since all agents are interchangeable
(Lasry and Lions 2007). We will relax the first two assump-
tions. In our case, the agents are not interchangeable and can
each formulate their own policies during learning that differs
from others. Also, we will not assume the availability of the
immediate global mean field. Instead, agents only have local
information and use modelling techniques (similar to oppo-
nent modelling common in MARL (Hernandez-Leal, Kartal,
and Taylor 2019)) to effectively model the mean field dur-
ing the training process. We retain the assumption that each
agent’s impact on the environment is infinitesimal (Huang
2010), and hence agents calculate best responses only to the
mean field. Formulating best responses to each individual
agent is intractable and unnecessary (Lasry and Lions 2007).

The solution concepts proposed by previous mean field
methods have been either the centralized Nash equilibrium
(Yang et al. 2018) or a closely related mean field equilib-
rium (Lasry and Lions 2007). These solution concepts are
centralized as they require knowledge of the current pol-
icy of all other agents or other global information, even in
non-cooperative environments. Verifying their existence is
infeasible in many practical environments (Neumann 1928).



This work presents a new kind of mean field system, De-
centralized Mean Field Games (DMFGs), which uses a de-
centralized information structure. This new formulation of
the mean field system relaxes the assumption of agents’ in-
distinguishability and makes mean field methods applicable
to numerous real-world settings. Subsequently, we provide a
decentralized solution concept for learning in DMFGs, which
will be more practical than the centralized solution concepts
considered previously. We also provide a fixed point guaran-
tee for a ()-learning based algorithm in this system.

A ‘chicken-and-egg’ problem exists in empirical mean
field reinforcement learning algorithms where the mean field
requires agent policies, yet the policies cannot be learned
without the global mean field (Yang and Wang 2020). We
show that our formulation can address this problem, and we
provide practical algorithms to learn in DMFGs. We test our
algorithms in different types of many agent environments.
We also provide an example of a ride-sharing application that
simulates demand and supply based on a real-world dataset.

2 Background

Stochastic Game: An N-player stochastic (Marko-
vian) game can be represented as a tuple
(S, A . AN L rN py), where S is the state
space, A’ represents the action space of the agent
je{l,...,N},andr7 : Sx A x---x AN — R represents
the reward function of j. Also, p : Sx A x---x AN — Q(S)
represents the transition probability that determines the next
state given the current state and the joint action of all agents.
Here €2(S) is a probability distribution over the state space.
In the stochastic game, agents aim to maximize the expected
discounted sum of rewards, with discount factor vy € [0, 1).
Each agent j in the stochastic game formulates a pol-
icy, which is denoted by 7/ : & — (A7) where the
joint policy is represented as w = [r',..., 7] for all
s € S. Given an initial state s, the value function of the
agent j under the joint policy 7 can be represented as
v (s|m) = > 72 V' E[ri|so = s, 7. The solution concept is
the Nash equilibrium (NE) (Hu and Wellman 2003). This is
represented by a joint policy 7, = [r},..., 7], such that,
for all 7/, vi(s|nl, w.7) > v/ (s|nd,w;”), for all agents
j € {1,...,N} and all states s € S. The notation .’
represents the joint policy of all agents except the agent j.
Mean Field Game: MFG was introduced as a framework
to solve the stochastic game when the number of agents N
is very large (Lasry and Lions 2007; Huang et al. 2006). In
this setting, calculating the best response to each individ-
ual opponent is intractable, so each agent responds to the
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known as the mean field. Let p = {1;}32,. MFG as-
sumes that all agents are identical (homogeneous), indis-
tinguishable, and interchangeable (Lasry and Lions 2007).
Given this assumption, the environment changes to a single-
agent stochastic control problem where all agents share
the same pohcy (Saldi, Basar, and Raginsky 2018). Hence,
7l = ... = 7% = m. The theoretical formulation fo-
cuses on a representative player, and the solution of this

player (optimal policy) obtains the solution for the entire
system. The value function of a representative agent can be
given as V(s,m,p) £ En[ 37200 v'r(se, ar, pue)]so = s,
where s and a are the state and action of the representa-
tive agent, respectively. The transition dynamics is repre-
sented as P(s;, as, ¢ ), where the dependence is on the mean
field distribution. All agents share the same reward function
r(s¢, at, 11t ). The action comes from the policy 7 (a¢|ss, fe)-

The solution concept for the MFG is the mean field
equilibrium (MFE). A tuple (7}, pq, 3 pe) 1S @ mean
field equilibrium if, for any policy 7, an initial state s €
S and given mean field ui; po, V(S, e Wiira) =
V (s, 7, Wi pe)- Additionally, p}, pc is the mean field ob-
tained when all agents play the same 7}, ateach s € S.

Mean Field Reinforcement Learning (MFRL): MFRL,
introduced by Yang et al. (2018), is another approach for
learning in stochastic games with a large number of agents.
Here, the empirical mean action is used as the mean field,
which each agent then uses to update its ()-function and
Boltzmann policy. Each agent is assumed to have access to
the global state, and it takes local action from this state. In
MFRL, the @-function of the agent j is updated as,
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where s; is the global old state, s, is the global resulting
state, ri is the reward of 5 at time ¢, vJ is the value function of
4, NV is the total number of agents, and B represents the Boltz-
mann parameter. The action a’ is assumed to be discrete and
represented using one-hot encoding. Like stochastic games,
MFRL uses the NE as the solution concept. The global mean
field p¢ captures the action distribution of all agents. To ad-
dress this global limitation, Yang et al. (2018) specify mean
field calculation over certain neighbourhoods for each agent.
However, an update using Eq. 3 requires each agent to have
access to all other agent policies or the global mean field to
use the centralized concept (NE). We omit an expectation in
Eq. 2 since Yang et al. (2018) guaranteed that their updates
will be greedy in the limit with infinite exploration (GLIE).
From Eq. 3 and Eq. 4, it can be seen that the current action
depends on the mean field and the mean field depends on the
current action. To resolve this ‘chicken-and-egg’ problem,
Yang et al. (2018) simply use the previous mean field action
to decide the current action, as in Eq. 4. This can lead to a
loss of performance since the agents are formulating best
responses to the previous mean field action pf_;, while they
are expected to respond to the current mean field action pf.

Wj(a‘g‘stvu’?—l) =



3 Related Work

MEFGs were first proposed in Huang, Caines, and Malhamé
(2003), while a comprehensive development of the system
and principled application methods were given later in Lasry
and Lions (2007). Subsequently, learning algorithms were
proposed for this framework. Subramanian and Mahajan
(2019) introduce a restrictive form of MFG (known as station-
ary MFQG) and provide a model-free policy-gradient (Sutton
et al. 1999; Konda and Tsitsiklis 1999) algorithm along with
convergence guarantees to a local Nash equilibrium. On sim-
ilar lines, Guo et al. (2019) provide a model-free ()-learning
algorithm (Watkins and Dayan 1992) for solving MFGs, also
in the stationary setting. The assumptions in these works are
difficult to verify in real-world environments. Particularly,
Guo et al. (2019) assume the presence of a game engine (sim-
ulator) that accurately provides mean field information to
all agents at each time step, which is not practical in many
environments. Further, other works depend on fictitious play
updates for the mean field parameters (Hadikhanloo and Silva
2019; Elie et al. 2020), which involves the strong assumption
that opponents play stationary strategies. All these papers use
the centralized setting for the theory and the experiments.
Prior works (Gomes, Mohr, and Souza 2010; Adlakha, Jo-
hari, and Weintraub 2015; Saldi, Basar, and Raginsky 2018)
have established the existence of a (centralized) mean field
equilibrium in the discrete-time MFG under a discounted cost
criterion, in finite and infinite-horizon settings. Authors have
also studied the behaviour of iterative algorithms and pro-
vided theoretical analysis for learning of the non-stationary
(centralized) mean field equilibrium in infinite-horizon set-
tings (Wiecek and Altman 2015; Wigcek 2020; Anahtarci,
Kariksiz, and Saldi 2019). We provide similar guarantees in
the decentralized setting with possibly heterogeneous agents.
Yang et al. (2018) introduces MFRL that uses a mean field
approximation through the empirical mean action, and pro-
vides two practical algorithms that show good performance
in large MARL settings. The approach is model-free and
the algorithms do not need strong assumptions regarding the
nature of the environment. However, they assume access to
global information that needs a centralized setting for both
theory and experiments. MFRL has been extended to multi-
ple types (Subramanian et al. 2020) and partially observable
environments (Subramanian et al. 2021). However, unlike us,
Subramanian et al. (2020) assumes that agents can be divided
into a finite set of types, where agents within a type are homo-
geneous. Subramanian et al. (2021) relaxes the assumption of
global information in MFRL, however, it still uses the Nash
equilibrium as the solution concept. Further, that work con-
tains some assumptions regarding the existence of conjugate
priors, which is hard to verify in real-world environments.
Additional related work is provided in Appendix L.

4 Decentralized Mean Field Game

The DMFG model is specified by (S, A, p, R, 1), where
S = S' x --- x SN represents the state space and A =
A! x .- x AN represents the joint action space. Here, S”
represents the state space of an agent j € {1,..., N} and
A’ represents the action space of j. As in MFGs, we are

considering the infinite population limit of the game, where
the set of agents N, satisfy N — oo. Similar to the MFG
formulation in several prior works (Lasry and Lions 2007;
Huang et al. 2006; Saldi, Basar, and Raginsky 2018), we will
specify that both the state and action spaces are Polish spaces.
Particularly, A7 for all agents j, is a compact subset of a finite
dimensional Euclidean space ;¢ with the Euclidean distance
norm || - ||. Since all agents share the same environment,
for simplicity, we will also assume that the state spaces of
all the agents are the same S' = --- = SV = S and are
locally compact. Since the state space is a complete separable
metric space (Polish space), it is endowed with a metric
dx. The transition function p : S x A7 x P(S) — P(S)
determines the next state of any j given the current state
and action of j, and the probability distribution of the state
in the system (represented by the mean field). The reward
function is represented as a set R = {R',..., RV}, where,
R : 8 x AV x P(S) — [0, 00) is the reward function of j.

Recall that a DMFG has two major differences as com-
pared to MFG and MFRL. 1) DMFG does not assume that the
agents are indistinguishable and homogeneous (agent indices
are retained). 2) DMFG does not assume that each agent can
access the global mean field of the system. However, each
agents’ impact on the environment is infinitesimal, and there-
fore all agents formulate best responses only to the mean
field of the system (no per-agent modelling is required).

As specified, in DMFG, the transition and reward functions
for each agent depends on the mean field of the environment,
represented by 1 = (114)¢>0, with the initial mean field repre-
sented as 9. For DMFG, mean field can either correspond to

N J

the state distribution p; 2 limy—soo w or the action
distribution p¢ as in Eq. 3. Without loss of generality we
use the mean field as the state distribution y; (represented by
P(S)), as done in prior works (Lasry and Lions 2007; Elliott,
Li, and Ni 2013). However, our setting and theoretical results
will hold for the mean field as action distribution pf as well.

In the DMFG, each agent j will not have access to the true
mean field of the system and instead use appropriate tech-
niques to actively model the mean field through exploration.
The agent j holds an estimate of the actual mean field repre-
sented by 1. Let 7 £ (u])¢>0. Let, M be used to denote
the set of mean fields {p? € P(S)}. A Markov policy for an
agent j is a stochastic kernel on the action space A7 given the
immediate local state (s]) and the agent’s current estimated
mean field pi, i.e. } : S x P(S) — P(A7), for each t > 0.
Alternatively, a non-Markov policy will depend on the entire
state-action history of game play. We will use I/ to denote
a set of all policies (both Markov and non-Markov) for the
agent j. Let s represent the state of an agent j at time ¢
and a] represent the action of j at ¢. Then an agent j tries
to maximize the objective function given by the following
equation (where 77 denotes the immediate reward obtained
by the agent j and 5 € [0, 1) denotes the discount factor),

T (wl) BT [0, B (s, ai )], ®)

In line with prior works (Yang et al. 2018; Subramanian
et al. 2020), we assume that each agent’s sphere of influ-
ence is restricted by its neighbourhood, where it conducts



exploration. Using this assumption, we assert that, after a
finite ¢, the mean field estimate will accurately reflect the
true mean field for j, in its neighbourhood denoted as N J,
This assumption specifies that agents have full information in
their neighbourhood, and they can use modelling techniques
to obtain accurate mean field information within the neigh-
bourhood (also refer to flocking from Perrin et al. (2021)).

Assumption 1. There exists a finite time T and a neighbour-
hood N7, such that for all t > T, the mean field estimate of
anagentj € 1,..., N satisfies (Vs? € N7) p? (s7) = u(s?).
Also, ¥s1 € N, we have, p(lsi, al, i) = p(-|s],a?, ps)
and rj("sij>aijvﬂij) = rj(' Sija aZa :ut)'

Let us define a set @ : M — 2T as ®(p?) = {n €
IV : 77 is optimal for p? }. Conversely, for j, we define a
mapping ¥ : IT — M as, given a policy 7/ & II7, the mean
field state estimate p/ = W(77) can be constructed as,

i1 () = J o pClstad, )P Gallsd e 59)
» (6)
Here P™ is a probability measure induced by 7/. Later (in
Theorem 1) we will prove that restricting ourselves to Markov

policies is sufficient in a DMFG, and hence P =g,
Now, we can define the decentralized mean field equilib-
rium (DMFE) which is the solution concept for this game.

Definition 1. The decentralized mean field equilibrium of
an agent j is represented as a pair (7l, 1il) € IIF x M if
= CI)(,ui) and ul = \If(wi) Here 7 is the best response
to ,ui and ul is the mean field estimate of j when it plays .

The important distinction between DMFE and centralized
concepts, such as NE and MFE, is that DMFE does not rely
on the policy information of other agents. MFE requires all
agents to play the same policy, and NE requires all agents to
have access to other agents’ policies. DMFE has no such con-
straints. Hence, this decentralized solution concept is more
practical than NE and MFE. In Appendix F, we summarize
the major differences between the DMFG, MFG and MFRL.

5 Theoretical Results

We provide a set of theorems that will first guarantee the
existence of the DMFE in a DMFG. Further, we will show
that a simple Q-learning update will converge to a fixed point
representing the DMFE. We will borrow relevant results from
prior works in centralized MFGs in our theoretical guarantees.
Particularly, we aim to adapt the results and proof techniques
in works by Saldi, Basar, and Raginsky (2018), Lasry and
Lions (2007), and Anahtarci, Kariksiz, and Saldi (2019) to
the decentralized setting. The statements of all our theorems
are given here, while the proofs are in Appendices A — E.
Similar to an existing result from centralized MFG (Lasry
and Lions 2007), in the DMFG, restricting policies to only
Markov policies would not lead to any loss of optimality. We
use 11, to denote the set of Markov policies for the agent j.

Theorem 1. For any mean field, p € M, and an agent
je€{l,..., N}, we have,

sup Ji(ﬂj): sup Ji(wj). @)
wi €Il wjer[{u

Next, we show the existence of a DMFE under a set of
assumptions similar to those previously used in the central-
ized MFG (Lasry and Lions 2007; Saldi, Basar, and Raginsky
2018). The assumptions pertain to bounding the reward func-
tion and imposing restrictions on the nature of the mean field
(formal statements in Appendix B). We do not need stronger
assumptions than those previously considered for the MFGs.

Theorem 2. An agent j € {1,..., N} in the DMFG admits
a decentralized mean field equilibrium (7, ) € TI7 x M.

We use C to denote a set containing bounded functions in
S. Now, we define a decentralized mean field operator (H),

H:CxP(S)>(Q,n)

o o ®)
= (Hi(Q7, ), Hy(Q7, 7)) € C X P(S)
where

Hy(Q7, 1)(s1,a7) = r(s], az, jue)

_ _ S ©))
8 [ Qs (514107 41l (5|1 0 1)

Hy(Q7, p)()

2 fo (15w (1, Q) e )ik (5)
(10)
for an agent j. Here, 7/ is a maximiser of the operator Hj.

For the rest of the theoretical results, we consider a set
of assumptions different from those needed for Theorem 2.
Here we assume that the reward and transition functions
are Lipschitz continuous with a suitable Lipschitz constant.
The Lipschitz continuity assumption is quite common in the
mean field literature (Yang et al. 2018; Lasry and Lions 2007;
Subramanian et al. 2020). We also consider some further
assumptions regarding the nature of gradients of the value
function (formal statements in Appendix C). All assumptions
are similar to those considered before for the analysis in
the centralized MFGs (Lasry and Lions 2007; Anahtarci,
Kariksiz, and Saldi 2019; Huang 2010). First, we provide
a theorem regarding the nature of operator H. Then, we
provide another theorem showing that H is a contraction.
Theorem 3. The decentralized mean field operator H is
well-defined, i.e., this operator maps C x P(S) to itself.
Theorem 4. Let BB represent the space of bounded functions
inS. Then the mapping H : C x P(S) — C x P(S) is a
contraction in the norm of B(S).

Since H is a contraction, by the Banach fixed point theo-
rem (Shukla, Balasubramanian, and Pavlovi¢ 2016), we can
obtain that fixed point using the () iteration algorithm given
by Alg. 1. We provide this result in the next theorem.
Theorem 5. Let the Q-updates in Algorithm I converge to
(Q%, 1) for an agent j € {1,... N}. Then, we can con-
struct a policy 7 from Q2 using the relation,

ml(s’) = arg max QI(s’,a’, ul). (11)
ale Al
Then the pair (7%, u’) is a DMFE.

Hence, from the above results, we have proved that a
DMFG admits a DMFE, and an iterative algorithm using
Q-updates can arrive at this equilibrium. This provides a
fixed point for Alg. 1, to which the Q-values converge.



Algorithm 1: Q-learning for DMFG

1: For each agent j € {1,..., N}, start with initial Q-
function Q% and the initial mean field state estimate ug
while (Q},, 11],) # ( 1}171“3;71) do

(@1 ) = H(Q, 1)
end while o
Return the fixed point (Q%, p2) of H

6 Algorithms

We will apply the idea of decentralized updates to the model-
free MFRL framework. We modify the update equations
in MFRL (Section 2) and make them decentralized, where
agents only observe their local state and do not have access
to the immediate global mean field. Our new updates are:
Q](ngaiaui,a) (]2)

= (1= a)Q (s}, af, ™) + alr] +7v7(s],1)]
where
Uj(5i+1) = Z ﬂ-j(ag-i—l‘si-i—lvMifl)@j(sg—&-l?ai—&-la“ifl)
ai-f—l
(13)
ul =1 (s i) (14)
and 7/ (af|s], ") = exp(—ﬁBQJ(Asi,ai,.ui’f)) .
Za{/eAJ exp(—ﬂQﬂ (Sg ) ag ’ /“Lg’a))
15)

Here, s] is the local state and £ is the mean field action
estimate for the agent j at time ¢ and /i]"% is the observed
local mean field action of j at ¢ — 1. Other variables have
the same meaning as Eq. 1 — Eq. 4. In Eq. 14, the mean field
estimate for 5 is updated using a function of the current state
and the previous local mean field. Opponent modelling tech-
niques commonly used in MARL (Hernandez-Leal, Kartal,
and Taylor 2019) can be used here. We use the technique
of He and Boyd-Graber (2016), that used a neural network
to model the opponent agent(s). In our case, we use a fully
connected neural network (2 Relu layers of 50 nodes and an
output softmax layer) to model the mean field action. The
network takes the current state and previous mean field action
as inputs and outputs the estimated current mean field. This
network is trained using a mean square error between the
estimated mean field action from the network (Eq. 14) and
the observed local mean field (local observation of actions of
other agents ji7’*) after action execution. The policy in Eq. 15
does not suffer from the ‘chicken-and-egg’ problem of Eq. 4
since it depends on the current mean field estimate, unlike
MFRL which used the previous global mean field in Eq. 4.
We provide a neural network-based )-learning implemen-
tation for our update equations, namely Decentralized Mean
Field Game Q-learning (DMFG-QL), and an actor-critic im-
plementation, Decentralized Mean Field Game Actor-Critic
(DMFG-ACQC). Detailed description of the algorithms are in
Appendix H (see Algs. 2 and 3). A complexity analysis is in
Appendix K, and hyperparameter details are in Appendix J.

7 Experiments and Results

In this section we study the performance of our algorithms.
The code for experiments has been open-sourced (Subra-
manian 2021). We provide the important elements of our
domains here, while the complete details are in Appendix I.
The first five domains belong to the MAgent environment
(Zheng et al. 2018). We run the experiments in two phases,
training and execution. Analogous to experiments conducted
in previous mean field studies (Yang et al. 2018; Subrama-
nian et al. 2020), all agents train against other agents playing
the same algorithm for 2000 games. This is similar to multia-
gent training using self-play (Shoham, Powers, and Grenager
2003). The trained agents then enter into an execution phase,
where the trained policies are simply executed. The execu-
tion is run for 100 games, where algorithms may compete
against each other. We consider three baselines, independent
Q@-learning (IL) (Tan 1993), mean field Q)-learning (MFQ)
(Yang et al. 2018), and mean field actor-critic (MFAC) (Yang
et al. 2018). Each agent in our implementations learns in a
decentralized fashion, where it maintains its own networks
and learns from local experiences. This is unlike centralized
training in prior works (Yang et al. 2018; Guo et al. 2019). We
repeat experiments 30 times, and report the mean and stan-
dard deviation. Wall clock times are given in Appendix M.
First, we consider the mixed cooperative-competitive Bat-
tle game (Zheng et al. 2018). This domain consists of two
teams of 25 agents each. Each agent is expected to cooperate
with agents within the team and compete against agents of the
other team to win the battle. For the training phase, we plot
the cumulative rewards per episode obtained by the agents
of the first team for each algorithm in Fig. 1(a). The perfor-
mance of the second team is also similar (our environment
is not zero-sum). From the results, we see that DMFG-QL
performs best while the others fall into a local optimum and
do not get the high rewards. The DMFG-AC algorithm comes
second. It has been noted previously (Yang et al. 2018) that
Q-learning algorithms often perform better compared to their
actor-critic counterparts in mean field environments. MFQ
and MFAC (using the previous mean field information) per-
forms poorly compared to DMFG-QL and DMFG-AC (using
the current estimates). Finally, IL loses out to others due to its
independent nature. In execution, one team trained using one
algorithm competes against another team from a different
algorithm. We plot the percentage of games won by each al-
gorithm in a competition against DMFG-QL and DMFG-AC.
A game is won by the team that kills more of its opponents.
The performances are in Fig. 1(b) and (c), where DMFG-QL
performs best. In Appendix G, we show that DFMG-QL can
accurately model the true mean field in the Battle game.
The second domain is the heterogeneous Combined Arms
environment. This domain is a mixed setting similar to Battle
except that each team consists of two different types of agents,
ranged and melee, with distinct action spaces. Each team has
15 ranged and 10 melee agents. This environment is different
from those considered in Subramanian et al. (2020), which
formulated each team as a distinct type, where agents within
a team are homogeneous. The ranged agents are faster and
attack further, but can be killed quickly. The melee agents are
slower but are harder to kill. We leave out MFQ and MFAC
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Figure 1: Battle results. In (a) solid lines show average and
shaded regions represent standard deviation. In (b) and (c)
bars are average and black lines represent standard deviation.

for this experiment, since both these algorithms require the
presence of fully homogeneous agents. The experimental
procedure is the same as in Battle. From the results we see
that DMFG-QL performs best in both phases (see Fig. 2).
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Figure 2: Combined Arms results

Next is the fully competitive Gather environment. This con-
tains 30 agents trying to capture limited food. All the agents
compete against each other for capturing food and could re-
sort to killing others when the food becomes scarce. We plot
the average rewards obtained by each of the five algorithms in
the training phase (Fig. 3(a)). DMFG-QL once again obtains
the maximum performance. In competitive environments, ac-
tively formulating the best responses to the current strategies
of opponents is crucial for good performances. Predictably,
the MFQ and MFAC algorithms (relying on previous infor-
mation) lose out. For execution, we sample (at random) six
agents from each of the five algorithms to make a total of 30.
We plot the percentage of games won by each algorithm in a
total of 100 games. A game is determined to have been won
by the agent obtaining the most rewards. Again, DMFG-QL
shows the best performance during execution (Fig. 3(b)).
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Figure 3: Gather results

The next domain is a fully cooperative Tiger-Deer environ-
ment. In this environment, a team of tigers aims to kill deer.
The deer are assumed to be part of the environment moving
randomly, while the tigers are agents that learn to coordinate
with each other to kill the deer. At least two tigers need to at-
tack a deer in unison to gain large rewards. Our environment
has 20 tigers and 101 deer. In the training phase, we plot the
average reward obtained by the tigers (Fig. 4(a)). The perfor-
mance of MFQ almost matches that of DMFG-QL and the
performance of DMFG-AC matches MFAC. In a cooperative
environment, best responses to actively changing strategies
of other agents are not as critical as in competitive environ-
ments. Here all agents aid each other and using the previous
time information (as done in MFQ and MFAC) does not
hurt performance as much. For execution, a set of 20 tigers
from each algorithm execute their policy for 100 games. We
plot the average number of deer killed by the tigers for each
algorithm. DMFG-QL gives the best performance (Fig. 4(b)).
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Figure 4: Tiger-Deer results

The next domain is the continuous action Waterworld do-
main, first introduced by Gupta, Egorov, and Kochenderfer
(2017). This is also a fully cooperative domain similar to
Tiger-Deer, where a group of 25 pursuer agents aim to cap-
ture a set of food in the environment while actively avoiding
poison. The action space corresponds to a continuous thrust
variable. We implement DMFG-AC in this domain, where
the mean field is a mixture of Dirac deltas of actions taken by
all agents. The experimental procedure is the same as Tiger-
Deer. For this continuous action space environment, we use
proximal policy optimization (PPO) (Schulman et al. 2017)
and deep deterministic policy gradient (DDPG) (Lillicrap
et al. 2016), as baselines. We see that DMFG-AC obtains the
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Figure 5: Waterworld results

best performance in both phases (refer to Fig. 5(a) and (b)).
Our final environment is a real-world Ride-pool Matching
Problem (RMP) introduced by Alonso-Mora et al. (2017).
This problem pertains to improving the efficiency of vehicles
satisfying ride requests as part of ride-sharing platforms such
as UberPool. In our environment, ride requests come from the
open source New York Yellow Taxi dataset (NY YellowTaxi
2016). The road network (represented as a grid with a finite
set of nodes or road intersections) contains a simulated set of
vehicles (agents) that aim to serve the user requests. Further
details about this domain are in Appendix I. We consider two
baselines in this environment. The first is the method from
Alonso-Mora et al. (2017), which used a constrained opti-
mization (CO) approach to match ride requests to vehicles.
This approach is hard to scale and is myopic in assigning
requests (it does not consider future rewards). The second
baseline is the Neural Approximate Dynamic Programming
(NeurADP) method from Shah, Lowalekar, and Varakantham
(2020), which used a (centralized) DQN algorithm to learn
a value function for effective mapping of requests. This ap-
proach assumes all agents are homogenous (i.e., having the
same capacity and preferences), which is impractical. To
keep comparisons fair, we consider a decentralized version of
NeurADP as our baseline. Finally, we implement DMFG-QL
for this problem where the mean-field corresponds to the
distribution of ride requests at every node in the environment.
Similar to prior approaches (Lowalekar, Varakantham, and
Jaillet 2019; Shah, Lowalekar, and Varakantham 2020), we
use the service rate (total percentage of requests served) as
the comparison metric. We train NeurADP and DMFG-QL
using a set of eight consecutive days of training data and test
all the performances in a previously unseen test set of six
days. The test results are reported as an average (per day)
of performances in the test set pertaining to three different
hyperparameters. The first is the capacity of the vehicle (c)
varied from 8 to 12, the second is the maximum allowed
waiting time (7) varied from 520 seconds to 640 seconds, and
the last is the number of vehicles (/V), varied from 80 to 120.
The results in Figs. 6(a-c) show that DMFG-QL outperforms
the baselines in all our test cases. The mean field estimates in
DMFG-QL help predict the distribution of ride requests in the
environment, based on which agents can choose ride requests
strategically. If agents choose orders that lead to destinations
with a high percentage of requests, they will be able to serve
more requests in the future. Thus, DMFG-QL outperforms
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Figure 6: Results for the ride-sharing experiment. For (a), (b)
and (c), we start with a prototypical configuration of c=10, 7
=580, and N = 100, and then vary the different parameters.
Figures (a), (b) and (c) share the same legend given in (a).

the NeurADP method (which does not maintain a mean field).
We note that the service rate for all algorithms is low in this
study (10% — 30%), since we are considering fewer vehicles
compared to prior works (Shah, Lowalekar, and Varakan-
tham 2020) due to the computational requirements of being
decentralized. In practice our training is completely paralleliz-
able and this is not a limitation of our approach. Also, from
Fig. 6(c), an increase in the number of vehicles, increases the
service rate. In Fig. 6(d) we plot the performance of the three
algorithms for a single test day (24 hours — midnight to mid-
night). During certain times of the day (e.g., 5 am), the ride
demand is low, and all approaches satisfy a large proportion
of requests. However, during the other times of the day, when
the demand is high, the DMFG-QL satisfies more requests
than the baselines, showing its relative superiority.

8 Conclusion

In this paper, we relaxed two strong assumptions in prior
work on using mean field methods in RL. We introduced the
DMFG framework, where agents are not assumed to have
global information and are not homogeneous. All agents learn
in a decentralized fashion, which contrasts with centralized
procedures in prior work. Theoretically, we proved that the
DMFG will have a suitable solution concept, DMFE. Also,
we proved that a -learning based algorithm will find the
DMEFE. Further, we provided a principled method to address
the ‘chicken-and-egg’ problem in MFRL, and demonstrated
performances in a variety of environments (including RMP).
For future work, we would like to extend our theoretical
analysis to the function approximation setting and analyze the
convergence of policy gradient algorithms. Empirically, we
could consider other real-world applications like autonomous
driving and problems on demand and supply optimization.
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A Proof of Theorem 1

For the proof, we will follow the idea of using discounted
occupancy measures, as discussed in Puterman (1994). Let us
consider an agent j € {1,...,N}.Let u € M and 7/ € I/
be arbitrary. Then from the Ionescu-Tulcea theorem (see
Theorem 3.3 in Lattimore and Szepesvéri (2020)), a mean
field distribution ¢ on S and a policy 7/ defines a unique
probability measure P™ on S x A7,

We will begin with a definition of a discounted occupancy
measure for some mean field . Consider an arbitrary policy

7 € IIY. Then, the discounted occupancy measure 17, €

F(S x A) induced by this policy on the set S x A’ with
mean field p is given by the equation

o0
v (sh ol |u) = Y BT (s = 0 a] = o = ).

t=0
(16)

The discounted occupancy measure assigns a measure to
the given state-action pair, which is the infinite discounted
sum of the process that has a mean field of @ and follows the
policy 77, with the agent j hitting at various times the state
s7 and taking the action a” at that state.

The discounted measure has a property that the value func-
tion can be represented as a product of the immediate reward
and the discounted occupancy measure. To prove this, con-
sider (from Eq. 5),
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Here the notation Z(z) is an indicator function, which
equals 1 if the z is true and O if z is false. The sum of all
indicators for all the state-action pairs at a given ¢ equals 1.
The step (1) uses this property of the indicator function, to
drop the time indices of the reward function. The step (2)
is from Lebesgue’s dominated convergence theorem (Bartle
2014).

Now we state a lemma needed for our proof.

Lemma 1. For an agent j € {1,...,N} and policy 7r_j,
given mean field p, there exists a Markov policy 77 € 119,

such that

yﬁj(sj,aj\,u) =™ (7, a7 |p) (18)

Proof. For a mean field p, we define an occupancy measure
i N A i,
over the state space 0™ (s?|u) = fa]. v™ (87, ad | ).

Now consider a Markov policy 77 as follows,

S v (60 ad R
fr%aﬂs%u)zﬁ, if o™ (s7, 1) #0

and (19)

#(alls?, p) = w(ad), if 57 (s7, 1) = 0

Here, ﬂg(aj ) € ng is an arbitrary policy.
Consider,
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Here 1(s’) is the initial distribution of the state of the

agent j. To obtain expression (2), see that this follows from

expression (1).
Now consider,
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The (1) is from Eq. 16 and (2) is from Eq. 19. From both
Eq. 21 and Eq. 20, we find that both the discounted state
occupation frequency can be recursively expressed as a term
depending on the state occupation frequency at the previous
time step and a few other terms that are the same for both the
Eq. 20 and Eq. 21. Since the initial state distribution is the

same for both policies, we can conclude that 7™ (s7|u) =

7™ (s7|).
Now, consider
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Also, from Eq. 19, we have
V™ (57, a9 i) = 7 (a7 |7, ) > 7 (s7|p)
= 79 (ad]s?, ) x 77 (s9|pn)
(23)
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From Eq. 22 and Eq. 23 we find that v (s7,a/ |p) =
v™ (s7,a’ | ), due to the property of the Markov policy 7”.
[

Theorem 1. For any mean field, p € M, and an agent
je{l,...,N}, we have,

sup J,(77) = sup J, (7).
7 €I mielld,
Proof. Now, we aim to show that sup_cp; Jj,(7/) =
SUD ey, Ji(x7). Since I3, C IIY, we know that
SUD 1 ey, JI(77) < sup,eqp J}, (7). To show the equal-
ity we aim to prove SUD ey J3(m7) > sup e J},(7)
as well. _
To show this result we use Lemma 1. Consider a policy 7/

and a Markov policy 77, such that VZ] = 1/,’;] . Now using the
Eq. 17, we have

J‘Z(Wj) B f(sjes,afeAj) (s, aj7ﬂ)y7rj (57, a7 l1)

= csarens, 0l v (59,0 )

< SUPgjcn, f(sjes,aJeAj) ri(s], al, )™ (s7, a7 |)
= SUP4epy JI(77)

(24)
Here (1) is from Lemma 1. Now, from Eq. 24, and taking

supermum on both sides, we get that sup,; ¢y, J7,(77) <
sup,_; .z J3,(n7), which concludes our proof.
M

O



B Proof of Theorem 2

The proof of this theorem follows the Theorem 1 in Saldi,
Basar, and Raginsky (2018). We aim to extend it to the de-
centralized setting as mentioned in Section 5.

Before starting the proof, we will state some assumptions,
Assumption 2. The reward function for all agents j &€
{1,..., N} is bounded and continuous.

Let us define a function w : § — [1, 00), such that there
exists an increasing sequence of compact subsets { K, }n,>1

of S where

Jg gl )= @9

That is, the value of w(s) gets close to infinity in this limit.
Here, the w can be regarded as a continuous moment function
(Saldi, Basar, and Raginsky 2018).

Assumption 3. There exists a positive o such that the fol-
lowing holds (for all agents j € {1,...,N}),

- sup w(5i+1)p(8§+1|5§,ai,ut) < aw(si)
(a7,uI)EAIXP(S) [
(26)

Also, consider two different moment functions w and v,
then « satisfies,

SUP (g7, u7) AT x P(S) ‘ fsw(si+1)P(Si+1|3§aa§7Mt)

= [ elslenp(slalst al w)| < alw(s)) = v(s))|
27)
Assumption 4. The initial mean field i satisfies

/ w(s?)po(s”) & M < oo (28)
S

Assumption 5. There exist a y > 1 and a positive scalar R
such that for all t > 0, we define M, £ YR, then
sup (sl al, ) < Myw(s)) (29)
(ai ) EAI x P(S)

Now, we will state a few definitions required for our proof.
For any function g : S — R, we define the w-norm as:

9/l 2 sup 194 (30)

sES U}(S)

Let B,,(S) be the Banach space of all real valued measur-
able functions on S with a finite w-norm.

Also, for any signed measure p in the space of S, the
w-norm can be defined as

o2 s | [ g@ne)] ey
9€Bw(S):|gllw<1 /S
Further, we define another set
Too(S) 2 {n € P(S) : [|ullw < o0} (32)
Also, for ¢t > 0, we define

78) 2 {ne Tu(s) s [

w(s)u(s) < oth} (33)
S

where the constant M is obtained from Assumption 4. Like
our notation P(S), we are using the notation P(S x A7) to
denote the probability of a state-action pair. Let us consider an

element v € P(S x A7), and use the notation v, = v(- x A7)
to denote the state marginal of v. Now we define a new set,

THS x A) & {1/ EPSxA) e 7;5(3)}. (34)

For each t > 0, we will define

oo

L £ (Ba) "My (35)

k=t

Here the constants « and M, are obtained from Assump-
tion 3 and Assumption 5 respectively.
It follows that the following equation holds,

Ly = My + (Ba) Lty (36)

Let Cy,(S) denote the Banach space of all real valued
bounded measurable functions on S with a finite w-norm.
Let us define a set

CL(S) 2 {u e Cu(S) : |Jullw < Lt} (37)

For an agent j € {1,..., N}, let us consider an operator

Tt“uj(st) = maxa{EAJ [r(s{,a{,ut)

8 f gl (st (st st ad )|
(38)
where u? : S — R
We will first prove the following lemma.

Lemma 2. For allt > 0 and a given mean field p, the
operator T} maps CLFY(S) into CY(S). Also, this operator
will satisfy

1T u = Tl < afl|u— 2l (39)
Sorany u,x € Cy(S).
Proof. Letu € CLI(S). We have the following relation,

1T ullw < SUP (57 o) eSx Al

vl (Si ﬂi e )+B fS u(51+1)17(5jt+1 ‘Sé ﬁaf Jt)

w(s])

Mtu;(sZ)+ﬁaLt+1w(sfe)

S SUP (7 of)esx A7 wis])

= Mt + ﬁaLt+1

= I,
(40)
The second last step is from Assumption 5 and Assump-
tion 3. Also, we use the bound on the w-norm from Eq. 37.
The last step is from Eq. 36. This proves the first statement.
To prove the second statement, without loss of generality,
let us assume that ug > x¢. Now consider,



HTtNU - Tt%”w =

max ;
at

v (shad )+ [ g uls)p(si |57 ad o)

Sup(S{)ES w(s?)

o (sl ad ) =B [ 2(sdyp(s 57 ad o)

w(s])

8 ( S utsdop(styIsdad ue)
- Sup(sg)es w(s{)

max j
a a{

- fsz(s;+1>p<sz+l|sz,a;,m>)\

w(sy)

/6 fS p(S{+1 ‘S‘Z:a]t.7ﬂt)(u(s‘z+1)_aj(‘s{+l)) ‘

w(s])

max ;
at

= SUP(si)es

ap (u(si)—m(sﬁ[))’

S SUD(yj)es

w(s])

= OZBHU—JUH,W (41)

We apply Assumption 3 and the last step is from Eq. 30.

This proves the second part of the lemma as well.
O

Let us define a new set C from C, (S) as follows:
C £ 12,0, (S) (42)

Also, let us assign the following metric to C:
p(u,v) £ "o |u — vy 43)
t=0

where ¢ > 0 and the following assumption holds.
Assumption 6. The variables o, o, and ( satisfy ac < 1.

This assumption guarantees that the metric C is complete
w.r.t p, and p(u,v) < oo for all u, v € C.

Using the operators {7} }:>0, let us define a new operator
T# : C — C as follows (for all t > 0).

(T“U)t = Ttuut+1 (44)

From Lemma 2 we know that 7* is a well-defined operator
that maps C to itself. Also, from Eq. 39, T* is a contraction
operator on C with constant of contraction oo < 1 (from
Assumption 6). Now, T# will have a unique fixed point by
the Banach fixed point theorem in C.

Now, we move to proving another lemma. Consider a mean
field p, the optimal value function for an agent j can be given
by

o0
() = sup 75750l )l =

i €I19 =0
, (45)
Let J7+ £ (J7 '#)i>0 denote the optimal value function
for an agent j € {1,..., N}. This function is guaranteed to

be continuous by Assumption 2.

Lemma 3. For any u, the optimal point J ?,;’“, for an agent
j€{l,...,N}, belongs to the Banach space C.

Proof. Let m be a Markov policy. At any time ¢ > 0, we have
Tt (s)
= 0L, BN (r (s}, afy i) |s] = 7)
< 32 B TIMAET (u(sy)|s] = ) (46)
< YR BT Mgt Tro(s7)

= Lyv(s?)

The second step is from Assumption 5. The third step is
from Assumption 3. Hence, the function J i’t‘ belongs to the
set C! (8S) from the Eq. 37.

w

O

Let us define another set D as
D AR THS x A) 47)

Before proving further results, we restate a result proved
previously in non-homogeneous stochastic processes (Hin-
derer 1970). We will adapt the result to pertain to an agent
j € {1,...,N}. For any E-valued random element x, we
use the notation £(z) to denote the distribution of z (i.e.
L(z) € P(E)).

Consider a variable v € D. From the operator T#, we will
define another operator 7%, where the relation is such that
1t = v¢1. Recall that the subscript here refers to the state
marginal of v (refer Eq. 34). From the result of T#, we know
that the operator 7% is well-defined and has a unique fixed
point. Now, we can state the following result.

Lemmad. Foranagentj € {1,...,N}, foranyv € D, the
collection of value functions J%" is the unique fixed point
of the operator T”. Furthermore, w7 € M is optimal if and

only if

Vtﬂj ({(SL ai) : Tj(sgv a{, Vt,l)"'

B fs Jif+1(sg+1)p(3€+1‘5ivai)Vt,l) = Tty‘]i:;/j-&-l(si)})

=1
| (48)

where T’ = L(s],al).

Proof. See Hinderer (1970).
O

Now, let us define a set-valued mapping 7 : D —
2P(SXA)ZI for an agent j as follows:

7(v) =C(v) N B(v) (49)
where
Cv) &£ {v e P(Sx A): vy, = o and
(50)
Visa () =[5, o pClsh 0l )in(sT ad))



and

Bw) 2 {u' €P(S x AT) : Yt >0,
vi({(s],a]) : 9 (s],al,ve1)+ (51)

5[5 J£Zf+1(si+1)p(si+1|si,ag,l/t71)} = 1}

Now in the next result we show that, the image of D under
7 is contained in 27.

Proposition 1. For any v € D, we have 7(v) C D

Proof. Fix av € D. To prove the result, it is sufficient to
prove that C'(v) C D. Let v/ € C(v). We aim to prove by
induction that vf ; € P}(S) for all t > 0. The claim trivially
holds for ¢ = 0 as v/ ; = po. Assume that the claim holds
for ¢ and consider ¢ + 1. We have

S w(shviaa(styn)

= [ Sswisln(s st ol viny(s]ad) o)

< [ ow(shuea(s)
S at-‘rlM

The third step is from Assumption 3 and the last step is
from the fact that v, ; € P!(S). Hence, we can conclude that
Vii1a € PITY(S). O

Now we can say that v € D is a fixed point of 7 if
v € 7(v). The following lemma connects the mean field
equilibrium and the fixed points of 7.

Lemma 5. Suppose the set valued mapping T has a fixed
point v3 = (] )¢ for an agent j € {1,..., N'}. Consider
a Markov policy for the agent j as 79 = (w{)tzo, which is
obtained by factoring as vl (sl al) = 1/{1 (s))wl (al|s?), and
let V] = (th,1)t20- Then the pair (79 ,17) is a decentralized
mean field equilibrium.

Proof. 1f vJ € 7(v7), then the corresponding Markov policy
d satisﬁes the Eq. 48 for v7. Thus, by Lemma 4, m/ €

®(v]). Further, since v/ € C(v7), we have U (n?) = v
which completes the proof. O

From the Lemma 5, it can be seen that the set valued map-
ping (operator) 7 having a fixed point is sufficient to guaran-
tee the existence of the decentralized mean field equilibrium.
Like several results in centralized multiagent systems (Nash
1951) and centralized mean field games (Lasry and Lions
2007; Huang et al. 2006; Saldi, Basar, and Raginsky 2018),
we will use the Kakutani’s fixed point theorem (Kakutani
1941), to guarantee the existence of a fixed point for the oper-
ator 7. This theorem requires the set on which the set valued
mapping 7 operates to be a non-empty, compact and convex
subset of some Euclidean space. Further, the operator 7(27)
is required to be non-empty and convex for all 7. Finally,

the operator 7 should have a closed graph. Given these three
conditions, we can conclude that 7 has a fixed point using
the Kakutani’s fixed point theorem.

For the first condition, we need to show that the set on
which 27 resides is non-empty, compact and convex, i.e. we
need to show that D is non-empty, compact and convex. First,
note that the function w can be expressed as a continuous
moment function and hence the corresponding set 7, (S) is
guaranteed to be compact (Herndndez-Lerma and Lasserre
2012). As a consequence, the set 7.}(S x A7) is tight, since
the action space A7 is compact. Also, since the set 7,/(S x
Al ) is closed, it is compact. Therefore, the set D is also
compact. From Assumption 3 and Assumption 5 we can
show that a line segment between any two points in D lies
in D and hence the set D is convex. These assumptions also
guarantee that the set D is non-empty.

For the third condition, we need to show that 7(27) is
non-empty and convex for any v/ € D. Now, from Lemma 4
we know that B(v7) is non-empty and hence 7(v7) is non-
empty. Also, we can show that each of the sets C(v7) and
B(v7) is convex (see Saldi, Basar, and Raginsky (2018)) and
hence, their intersection is convex. This makes the set 7(7)
convex.

Lemma 6. Using Assumptions 2—6, the graph of 7, i.e. the
set

Gr(t) 2 {(v,E) eDxD:Ect(v)} (53)

is closed.

Proof. See Proposition 3.9 in Saldi, Basar, and Raginsky
(2018) for complete proof. O

Now, we are ready to give the final result.
Lemma 7. Using Assumptions 2—6, for an agent j €
{1,..., N}, there exists a fixed point V7 of the set valued
mapping T : D — 2P. Then, the pair (7rj , le) is a decentral-
ized mean field equilibrium, where 77 is the policy of agent
j and I/{ is its mean field estimate constructed according to
Lemma 5.

Proof. Using the Lemma 6 and our previous results, we have
proved that D is non-empty, compact and convex. Further, the
set valued mapping 7 has a closed graph, is non-empty and
convex. Hence, by Kakutani’s fixed point theorem (Kakutani
1941), 7 has a fixed point. Thus, from Lemma 5 this fixed
point is the decentralized mean field equilibrium. O

Theorem 2. Anagent j € {1,..., N} inthe DMFG admits
a decentralized mean field equilibrium (7, ) € T x M.

Proof. Our result follows from Lemma 7. O



C Proof of Theorem 3

In this and the subsequent theorems, we follow the theoretical
results and proofs in the work by Anahtarci, Kariksiz, and
Saldi (2019), and extend them to the decentralized setting.

First, we will start with some definition for the norms, simi-
lar to our previous proofs. Consider an agent j € {1,...,N}.
Letw : S x A7 — R be a continuous weight function. For
any measurable function v : S x A7 — R, the w-norm of v
is defined as,

Iv(sj,aj)l
el 2 500 5 )

Also, for any measurable function u : S — R, the W ax-
norm is defined as

(54)

u(s?)
Ul = SUP ——— == (53)
H ||7JJ Jp wmd‘x(S])
Now we will state a set of assumptions needed for our
results.

Assumption 7. For all agents j € {1,..., N}, the reward
function is continuous, and it satisfies the following Lipschitz
bounds (for some Lipschitz constants L1 and Lo):

P9y )|l < DaWa (e, fie),  Vpe, e

(56)

||rj('7 ) Nt) -
where W7 is the Wasserstein distance of order 1. Also,

Sup(a-z,ut)eAJ' x P(S) "rj(sg7 ai, Nt) - 7‘(§g, aiv /~Lt)|
< Lodx(s],8]), Vs, 4
(37)
Assumption 8. For an agent j € {1,..., N}, the transition
Sunction p(+|s?,a?, 1) is weakly continuous in (s7,a?, p) and
satisfies the following Lipschitz bounds (for some Lipschitz
constants Ky and K>):

SUDgics Wl(p("8g7ag7ﬂt>7p<'|sg7 &gaﬂt))

Vut, ﬂt,Va{, CALg
(58)

< Ki(llaf — afl| + Wi e, fn)),
Also, we have,
Sup,ep(s) W1(p('|8{,a{,m),p(ﬁ{ﬁg,m))
Vsl 51, Val, al.
(59

Assumption 9. The action space A7 is convex for all agents
je{l,...,N}L

Assumption 10. For all agents j and all time t, there ex-
ist non-negative real numbers M and o such that for each

(si,al,p) € Sx Al x P(S), we have
(sl al, 1) < M (60)

< Kz(dx(8§, §§) + Hat - at”)

[ wnstinstalstal ) < oulslal) 6D

Assumption 11. The product of constants fa. < 1.

Let C(S) denote the set of real-valued continuous func-
tions on S. Let Lip(S) denote the set of all Lipshitz continu-
ous functionon S, i.e.,

Lip(8) & {g € C(S) : llgllLip < o0} (62)

where ||g||zip is defined as

lg(z) — g(y)| 63)

A
gllLip =  Sup
H H p dx(l‘,y)

(z,y)eSXS

Here g € C(S). The finiteness of ||g|| ; guarantees that
g is Lipschitz continuous with constant ||g|| ip.

Also, let us define B(S, K) to be the set of all real valued
measurable functions in S with wy,.-norm less than K. We
use Lip(S, K) to denote the set of all Lipschitz continuous
functions with ||g||Lip < o0.

Finally, we define an operator F' : S x Lip(S) x P(S) x
Al — Ras

F:8x Lip(8) x P(S) x Al 3 (s1,v, iy, al)
— 9(sl,af ) + B [ vl (s]y1)p(shylst af o) € R
(64)
Assumption 12. Let F be the set of non-negative functions
in
L, M
Lip(8, =) N B(S,+——)
P\ 18K, 1- Ba
Foranagent j € {1,...,N}, foranyv € F, u € P(S),
and 57 € S, F(s/, UJ,M, ) is p-strongly convex; that is
F(s7,v7, u,-) is differentiable and its gradient VF satisfies

(65)

F(Siavg7utaafz) Z F(S§7Uga,ut7dg)

o . . . . 66
VVE(s] ol s ad)T - (af — ad) + 2|ja] —ad|2

+ &la; — a
for some p > 0 and for all al,al € A7,
Assumption 13. Foranagent j € {1,..., N}, the gradient
VF(s],vl, s, al): S x F x P(S) x A — R satisfies the
following Lipshitz bound (for some Lipschitz constant Kr):
sup 7eAJHVF(St7vt7Mt7at) VF(‘%L@g»ﬂt»at)H

< Kp(dx(s], 8]) + |[v] — ]|

wman T Wil 1))

(67)

forevery s},5] € S;v7, 0] € F, us, fir € P(S).
Assumption 12 and Assumption 13 present a constraint on
the change in the value function during each of the updates.
These assumptions are generally considered in literature es-
tablishing the existence of Lyapunov functions that guarantee
the presence of local and global optimal points (maxima or
minima) as the case may be (Tanaka, Hori, and Wang 2003).
We also need to assume the following for all the constants,

Assumption 14. The following relation holds
A K L
k = max{fa + KL Bt
(68)
(B2 1)Ky + K + K2y <1



For the rest of the proof we will also apply Assumption 1.
Consider a mean field p, the optimal value function for an
agent j is given by the Eq. 45. Using the same procedure as
the result in Lemma 4, this optimal value function can be
shown to be a unique fixed point of a Bellman operator T,
that is a contraction on the wy,,-norm with a constant of
contraction S« (from Assumption 11). Now we can write the
following equation,

JP(s1) = maxase s [r7 (st af, o) +

8 [ T (st (st sl ol o)

= T M (s))
(69)
Let us assume that this maximization is caused by a pol-
icy 7/ (a?|s7, 7)), which will be the optimal policy. In other
words,

i(d A
maXgie A |:7,J (St y Ay ;U'f)+

ﬂf JiH St+1 St+1|sgvaivut)] =
rj(s{,wj(ag\sg,u{),ut)

+8 [ (sl )p(sl i Is af )
(70)
The objective is to obtain this optimal policy. Towards the
same we use the ()-functions, where the optimal Q-function
can be defined as

Q4 (si, az)
. S 71
= vi(s],af, ) + B [ T p(s] i Is] ol )
The optimal value function given by JZ is the maximum

of the @)-function given by Q7;* Hence, we can rewrite
Eq. 71 as follows

p,max-
Qj’ (St7at) = rj(sgvata;u't)
+6f Qy,7max '(St-&-l’ )p 8t+1|st’ataﬂt)

= HQL" (s, 1)
(72)
Here, the operator H is the optimality operator for the
Q-functions. Our objective is to prove that this operator is a
contraction and has a unique fixed point given by Q..
First, let us define a set of all bounded ()-functions for an
agentj € {1,...,N}:

C2{Q7: S x A = [0,00); |Qfpanllw < 7255

and (73)

| Qnallzin < 525 }

From Assumption 1, Assumption 12 and Assumption 13,

we know that there exists a unique maximiser 7/ (si, Q{, ,u{ )
for the function F' represented as,

r (], af, o)
+p f QM max, (St+17 )p(st—o—l‘staat s Ht) (74)
- F(St’ Qu max Hts a’t)

This maximser makes the gradient of F', 0.

VF(‘S% ) QL max> Ht, T (St ) Q] H )) 0 (75)

This shows that the maximiser for the operator H in Eq. 8
is unique, under the considered assumptions. Now, we are
ready to prove the required theorem.

Theorem 3. The decentralized mean field operator H is
well-defined, i.e. this operator maps C x P(S) to itself.

Proof. We first apply Assumption 1. Now, consider the de-
centralized mean field operator as defined in Eq. 8. To prove
the given theorem, we know that Ho(Q7, ) € P(S). We
need to prove that H;(Q7, u) € C. Let us consider an ele-
ment (@7, u) € C x P(S). Then we have,

H1(Q7 1) (s ,a]

SUD i 4 —
psi#’«g w(sy,al)

r’ (si »a‘l 7H)+B fS QZnax(s'zﬁ»l ,a” 7/“i+1)p(si+1 \Sf 1ag 7“75)

=Sup ; j —
ps{,ai w(s],al)

T]( i’ 17#’)‘
< SU[) j j -
= f'zaafg

’ f Qmax(st+1 a‘f l"f+1)p( t+1|517at Hf)

HOSUP o) wshah

<M

‘ fS wmax(ngrl)p(ngrl “51 #1{ 7Mt)
w(s],ay)

+6| |Q-I7‘ﬂdx| ‘wmax Supsi‘ ,a{

S M + BaHQ'Ijnax”w

<M + Bals

T—Ba
(76)

We used the Assumption 10 and the fact that ||Q7
Q-

Also, we have,

meax —



|H,(Q7, p)max(sj) — Hy(Q7, u)max(§i)|

= max,; e [ (5], al, )
+p fs Qhax (8141, 07 1] 1)p (811415 af )]
— maxgs e 4 [17 (8, af, p1r)
+5 fs Qs (57 41,07, 1] 11)p(s] 11181, 0, )]

< SUDPgic Ai Tj(8{7 agv /~Lt) - Tj(égv ag? Mt)

+ﬁ SUPgi e Ai fS anax(‘ﬁ—i—h aj7 M'Z—i-l)p(si-i-l |SZ ) G‘Z ) :ut)

_fs Q%ﬂax(si-l—l’aj7Mg+1)p(si+1|§g7agvﬂt)‘
< LQdX(57 §) + ﬁKQHQ?;ﬂaxHLide(sv §)

S kLﬁizj(QdX (87 '§)
(77)
Here we are using the Assumption 7 and Assumption 8.
This proves that H1(Q’, 1) € C and concludes our proof.
O

D Proof of Theorem 4

Theorem 4. Let BB represent the space of bounded functions
inS. Then the mapping H : C x P(S) — C x P(S) is a
contraction in the norm of B(S).

In this section, we will continue to use the set of assump-
tions and definitions we introduced in Appendix C.

Proof. Fix any (Q7, p) and (Q7, 1) in C x P(S), let us con-
sider,

||H1(Q]7:u) - Hl(@'jaﬂ)Hw

= Supsz,aj

[ otss i @l il ot o)

w(s],a])

_Tj (33 1‘7'% 7[“«)_[5 fs Q‘Znax(si‘,l 7ajnu'§+1)p(si+1 ‘S% 1a€ 7/:Lt):|

w(s,ai)

| (s ad i) =17 (sh ol )|

< sup.;
= psgﬁ

ay w(s?,al)
‘ fS anax(si-#l’a] v“i+1)1’(5§+1|3{ NG,
SuUp ;s S—
+6 ps% say w(s?,al)

- fS Qinax(si-uxa']’/‘i+1)P(Si+1|3gvaixﬂ1)

w(s,a])

< LiWi (u, f1)

‘ fs Q‘znax(s-z+1 vaj 7#§+1 )p(si+1 |Si 7a§ 7llt)
+Bsup i

si,a3 w(s{,a{)

- fS Q'Z;,)ax(S';+1,aj,;LZ+1)p(SZ+1|S{,ai,,u.t)

w(s],al)

‘ fs Q{nax(si+1 vaj 7.“‘24,1 )P(‘9;+1 |SZ 7a; vlLt,)
+Bsup;

5¢,0% w(s{,a{:)

- IS Qﬁnax(S'ZJrlan7HZ+1)p(SZ+1|S§7a'Zaﬂt)

w(s],al)

S LIWI(Mna) + ﬁHanax - Q{nax‘

Wmax

| fg et omtst 15t ot

su j —
psi,a{ w(s?,al)

+ B Qx| ip SUD; 45 Wa(pClos.o; ’(“3)’1;()481’(11%))
$1a% w(sy,a;
< LaWa (s, f1) + Bl |Q7 — Q7 || + B 1= Ka Wi (1, 1)
(78)
First we apply Assumption 7. In the last step we apply
Assumption 8 and Assumption 10.



Now consider the distance between Hy(Q7, ) and
H,(Q7, fu). First, we will consider the difference between the
unique maximiser 7/ (s?, @7, pi?) of H1(Q’, u)(s?,a’) and
the unique maximiser 7/ (s/, Q7, i7) of Hy(Q7, j1)(s?,a?)
with respect to the action (using the Assumption 1). Let us
consider the function,

F:SXCXP( )X'AJ (St7vtuutaat)
= 9 (sl af, ) + B [ u(s]y1)pst sl al ) € R
(79)
This is p-strongly convex by Assumption 12, hence it
satisfies the following equation (Hajek and Raginsky 2019),

[VE(s], 0] p, al +6]) =V F (s}, v} e, @) r] = pl|b] |2
(80)

For any at‘, b, € A and for any 5] € S, we can use the
notation a =7l (s],Q7, i) and b = 7r3(st+1,Qt, 7 —

m <3t7 t ) Mt)
Now, a! = 79 (s?,Q, il is the unique maximiser of the
strongly convex function F'(s{, Q7,4 ¢, e, ), We have

VF(st7Qmaz £y Mt T (st7 tnut)) =0 (81)

Also, the term a] + b] = 77 (s}, 1, @], ji}) is the unique

maximiser of F(St+17 Qmam 45 fit, +). Now, using Assump-
tion 12 and Eq. 80 we have,

_VF(S{—FU anax,tvﬂt?az)T : bg
VF(StJrvama'r tvﬂtvat)T b?
+VF(St+1ana:c t?:utaat + b])T b] > PHbJHQ

(82)
Similarly, using the Assumption 13 we also have,

VF(St—i-l? QmaT St p’tv a’t)T bj

**VF(SterQmax taﬂhat)T bj )
+v}?(stvC?maz ta;uftaat)T b{

< Hbj||||VF(St7 mazx, t7ﬂt7ag)
_VF(Sg-',-vafnaa:,tvﬂt’ag)H

< KrplIb[1(dx (st 5111) + | Qhnawe — Q5

+Wa (e, f1e))
< Kpl|b]|[(dx (s7, s741) + 11QF — Q1w
+Wi (e, fie))

(83)
Therefore, from the above two equations,

7rj(s§+1,Q§,/1§) - Wj(sta taMt)

< Br(dx(stir,81) +11Q1 — Qfllw + Wilue, fur))
(84)

Now, consider the W distance between Ho(Q7, ) and

Hy(Q7, ).

Wi (HQ(Qja /J’)v HQ(Qja /3’))

= J
= SUP)|g|[Lip<1 ‘ foAf fs 9(8t41)
i (s1, Q1 1), pue) pe(s7)

p(5§+1‘sia

o N e

J pd

p(st+1‘5tv (Stht»Nt) /:Lt)ﬂt(sg)

J
S SUP|ig||1ip<1 ‘ fSXAj fs 9(si41)

p(8€+1\si,7rj(sg, Qi)“i)vﬂt)ut(sg)

N N

p(sg+1‘3§’

LUCHONTANDITED
Fsupy gt | fow Jso0sth)
p(sgﬂ\s{, i(s1, Q1 iil), /lt),ut(s{)
- foAj fs 9(si11)

p(sg+1‘sz7 (8t7Qt7 ) ),Ut( )‘

(1) )
J
< ./‘SXAJ SUD||g||Lip<1 ’ fS g(5t+1>

p(styalst, 79 (51, Q1 1), pe) ()

fSX.A]f 9(s141)p(s7 4 ls1, 7 (s1, Qf i), M)‘
pre(s?) + (K2 + KEYW3 (jue, )

s Wi (01179 (5], Qo id), o).
p(+ 177 (s, Q1. i), ) (1)

(K + )W1(ut7ut)

2) L
< Ze 1 (11QF ~ Qo + Wil )

+ KW (e, i) + (Kz-l- )Wl(/it,/it)
(85)



In the above derivation, (1) and (2) are obtained from
Assumption 8 and Eq. 84 (also refer Anahtarci, Kariksiz, and
Saldi (2019)). Combining Eq. 78 and Eq. 85, and applying
Assumption 14, the required result is proved. The constant of
contraction is k defined in Assumption 14.

O

E Proof of Theorem 5

Theorem S. Let the Q-updates in Algorithm I converge to
(Q%, pl) for an agent j € {1,...,N}. Then, we can con-
struct a policy 7l from QL which is expressed as

m(s7) = arg max QI (s’,a’, ).
al e Al
Then the pair (7], ji.) is a DMFE.

Proof. From the Theorem 4 we know that (Q%, %) is a fixed
point of H . Using the Assumption 1, we consider a /.., where
wx(s7) = pl(s?), for all states s € N7. Hence, we can
construct the following equations.

Ql(sga a{v ,ui) = Tj (Sg ) a{, ﬂ*,t)

8 [ Q5] 107 iy (5Tl af )
(86)

P (0) =/ (I8t afs )l (0|1, 16 s (57)
Sx.AJ
87)
From Eq. 87 and Assumption 1, we can construct the mean
field estimate of agentj, Hi. Now, the above equations imply
that 77 € ®(ul) and 2 = WU(wl). Hence, (7, ul) is a
decentralized mean field equilibrium.

O

F Differences Between Mean Field Settings

Table 1 captures the differences between the three mean field
frameworks, MFRL, MFG, and DMFG. Particularly, we show
that the DMFG is different from other frameworks introduced
previously, and it is more practical than prior methods as it
relaxes some strong assumptions in them.

There are several disadvantages in using a centralized
solution concept like Nash equilibrium (or, by extension,
the mean field equilibrium) in multiagent systems. These
are listed as follows: 1) Centralized nature of the equilib-
rium, though practical systems have a decentralized infor-
mation structure. 2) The equilibrium computation is almost
intractable for more than two agents (Neumann 1928). 3)
Needs strong assumptions to give theoretical guarantees of
convergence of learning systems in general sum games (Hu
and Wellman 2003), even in the stationary case. 4) The equi-
librium requires agreement between agents even in the com-
petitive case. 5) It is hard to verify this point in practice. Our
decentralized solution concept (DMFE) is more practical than
the Nash equilibrium and the mean field equilibrium, since
it does not suffer these limitations noted for the centralized
methods.

Method MFRL MFG DMFG
Yang et al. | Lasry and | (ours)
(2018) Lions
(2007)
Game Stochastic | Mean Decentralized
formulation | Game Field Mean Field
Game Game
Reward Same for | Same for | Can be dif-
function all agents | all agents | ferent
Action Discrete Can  be | Can be con-
space only continu- tinuous
ous
Action Same for | Same for | Can be dif-
space all agents | all agents | ferent
Solution Nash Equi- | Mean Decentralized
Concept librium Field Equi- | Mean Field
(central- librium Equilibrium
ized) (central-
ized)
Complexity | Exponential| Exponential| Constant in
of obtaining | in agents in agents agents
the mean
field
Theoretical | Needs Needs Needs weak
Guarantees | very weak as- | assumptions
strong as- | sumptions
sumptions
Number of | Should be | Can  be | Can be in-
agents large but fi- | infinite in | finite in the
nite the limit limit
Mean Field | Global Global Local
Information
Agents Identical Identical Non-
and homo- | and homo- | identical
geneous geneous
Policy Stationary | Can  be | Can be non-
non- stationary
stationary
State Global Local Local
Observable

Table 1: Table to capture the differences between Mean Field
Reinforcement Learning (MFRL), Mean Field Games (MFG),
and Decentralized Mean Field Games (DMFG).



G Mean Field Modelling in DMFG-QL

In this section, we plot the mean square error between the
estimated mean field action (u]’®) (from the neural network
representing Eq. 14) and the true observed local mean field
action ({17"") to show that the true local mean field action can
be accurately modelled by the DMFG-QL algorithm. We will
use the Battle game for this illustration.

175 — MS5E (estimated and true mean action)
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Figure 7: This figure shows the average (per agent) mean
square error (MSE) between the true local mean field action
and the estimated mean field action from the neural network
in each episode (sum of MSE in the 500 steps) of the Battle
game training experiment. The results show that the MSE
steadily reduces, and hence DMFG-QL is able to accurately
model the true mean field. The result shows the average of
10 runs (negligible standard deviation).

Fig. 7 shows the mean square errors (MSE) between the
true mean field action and the estimated mean field action,
averaged per agent, for each episode of the Battle game. The
MSE converges to a small value close to 0 during training.
This shows that the DMFG-QL algorithm can accurately
model the mean field, which contributes to its superior per-
formance in many of our experimental domains. As stated in
Section 6, DMFG-QL algorithm formulates best responses to
the current mean field action. This contrasts with approaches
such as MFQ that formulate best responses to the previous
mean field, which leads to a loss in performance. We start the
plot in Fig 7 from episode 200 (instead of 0), since the first
few episodes have a very high MSE, that simply skews the
axis of the resulting graph.

H Algorithm Pseudo-Code

Algorithm 2 provides the pseudo-code of the DMFG-QL
algorithm. Here, the neural networks are used as the function
approximator for the Q)-function. In addition, we include the
use of a second target network and a replay buffer for training,
as done in the popular Deep @Q-learning (DQN) algorithm
(Mnih et al. 2015). Also, similar to Yang et al. (2018), we
specify that the policies satisfy the GLIE assumption and
hence we use the max operator over the ()-value of the next
state (i.e. choose the action that maximizes the Q value)
to calculate the temporal difference (T.D.) error instead of
maintaining a distinct value function as in Eq. 13.

Algorithm 3 provides the pseudo-code of the DMFG-AC
algorithm. This algorithm uses the policy as the actor, and the
value function as the critic, as is common in practice (Konda
and Tsitsiklis 1999). We choose to use a stochastic actor that
does not depend on the mean field. This is done to provide an
algorithm that can work independent of the mean field during
execution. Since the critic (not used during execution) can be
dependent on the mean field, we additionally parameterize
the value function with the mean field. The modified updates
can be seen in Algorithm 3. For both Algorithm 2 and Algo-
rithm 3 we initialize the estimated mean field distribution to
a uniform distribution (arbitrarily).

I Experimental Details

In this section, we describe each of our game domains in
detail, including the reward functions. We also provide the
implementation details of our algorithms, especially the hy-
perparameters. We also discuss the wall-clock times of our
algorithmic implementations. Each episode for the Petting
Zoo environments has a maximum of 500 steps. In our im-
plementation of MFQ and MFAC, the agents learn in a de-
centralized fashion with independent networks and use the
previous mean field of the local neighbourhood instead of the
global mean field.

The first 5 domains are obtained from the Petting Zoo
environment (Terry et al. 2020), and the game parameters are
mostly left unchanged from those given in Terry et al. (2020).
In these games, as agents can die during game play, we use
the agent networks saved in the last available episode during
training for the execution experiments. Complete details of
these domains are given in each of the sub-sections below.

Battle Domain

This is the first domain from the Petting Zoo environment
(Terry et al. 2020) that is mixed cooperative-competitive.
This domain was originally defined in the MAgents simulator
(Zheng et al. 2018). We have two teams of 25 agents, each
learning to cooperate against the members of the same team
and compete against the members of its opponent team. The
agent gets rewarded for attacking and killing agents of the
opposing team. At the same time, the agent is penalized for
being attacked. In our implementation, each agent learns
using its local observation and cannot get global information.
Each agent has a view range of a circular radius of 6 units
around it. Most rewards are left as defaults, as given in Terry
et al. (2020). The agents get a penalty of -0.005 for each
step (step reward) and a penalty of -0.1 for being killed.
The agents get a reward of 5 for attacking an opponent and
a reward of 10 for killing an opponent. There is an attack
penalty of -0.1 (penalty for attacking anything). Agents start
with a specific number of hitpoints (HP) that are damaged
upon being attacked. Agents lose 2 HP when attacked and
recover an HP of 0.1 for every step that they are not attacked.
They start with 10 HP, and when this HP is completely lost,
the agent dies. Each agent can view a circular range of 6 units
around it (view range) and can attack in a circular range of
1.5 units around it (attack range). The action space of each
agent is a discrete set of 21 values, which corresponds to



Algorithm 2: Q-learning for Decentralized Mean Field Games
(DMFG-QL)

Algorithm 3: Actor-Critic for Decentralized Mean Field
Game (DMFG-AC)

1: Initialize the @)-functions (parameterized by weights)
Qpi,Qyi, forall agents j € {1,...,N}
2: Initialize the mean field estimate (parameterized by
weights) uZ;a for each agent j € {1,...,N}
3: Initialize the estimated mean field Mo 'y foreach jtoa
uniform distribution
Initialize the total steps (T) and total episodes (E)
Obtain the current state s]
while Episode < E do
while Step < T do
For each agent j, obtain action at from the policy
induced by Q4 with the current estimated mean

A

action u
Eq. 15
9: Execute the joint actiona; = [a}, ..., al¥]. Observe
the rewards r; = [r},...,7;'] and the next state
gl N

St+1 = [StJrl, St St+ii

10: For each agent j, obtain the current observed local
mean action ("

11: Update the parameter 7 of the mean field network
using a mean square error between the observed

mean action /i"* and the current estimated mean

action 47’y for all j

 and the exploration rate B according to

12: For each j, obtain the mean field estimates ,ut i
for the next state s .1 using the mean field network
according to Eq. 14 ‘ ‘

13: For each j, store (s7,a;, 77,51, 1, iy, 11 ) in
replay buffer B

14: Set the next mean ﬁeld estimate as the current
mean field estimate yy, = +1 , and the next

state as the current state s} = s7 1 for all agents
jef{l,....N}

15  end while

16:  while j=1to N do

17: Sample a minibatch of K experiences
<Sg, CLL Tiv st+17 :u't 7]’ :u't+1 n> from B

18: Sety/ = r] + ymax, i Q¢7(5t+1»at+1vﬂt+1,n)
according to Eq. 12

19: Update the Q network by minimizing the loss

L(¢) = % (07 — Qui (st af, pif’y)?
20:  end while
21:  Update the parameters of the target network for each
agent j with learning rate 7;
¢ e 7¢) + (1 - 1)’
22: end while

taking moving and attacking actions in the environment. In
this game, we assume that agents can get perfect information
about actions of other agents at a distance of 6 units from
themselves and no information beyond this point. In the
execution phase, a game is considered to be won by a team

1: Initialize the V-function or critic (parameterized by
weights) Vy; and the policy or actor (parameterized by
weights) my; for all agents j € 1,... . N

2: Initialize the mean field estimate (parameterized by
weights) ui2* for each agent j € {1,. N}

3: Initialize the estimated mean field /iy, for each j to a

uniform distribution

: Initialize the total episodes (E)

: Obtain the current state s

: while Episode < E do

For each agent j, obtain action a from the policy

7gi ()

8:  Execute the joint action a, :]L,a%, ...,aly]. Observe

the rewards r, = [rf,...,r}] and the next state
— [el
St4+1 = [St+1, cees 5t+1i

9:  For each agent j, obtain the current observed local

mean field action (/i)"*)

10:  Update the parameter 7 of the mean field network
using a mean square error between the observed mean
action ﬂ% " and the current estimated mean action /1;’,
for all j

11:  For each j, obtain the mean field estimates ,u{flm

RNV RN

for the next state s}, ; using the mean field network
according to Eq. 14

120 Sety? = 1] + Vi (s, pll ) as the T.D. target
according to Eq. 12

13:  For each 7, update the critic by minimizing the loss
L(@) = () = Vi (s], 1))

14:  Foreach j, update the actor using the log loss 7 (67) =
log m; (s)L(¢”)

15:  Set the next mean field estimate as the current mean
field estimate yi7') = pi77, , and the next state as the

current state 5] = S{H for all agents j € {1,...,N}
16: end while

that kills more opponent agents. If both teams kill the same
number of agents, the team having the higher cumulative
reward is determined as the winner.

Gather Domain

In this environment, all agents try to capture limited food
available in the environment and gain rewards. Each food
needs to be attacked before it can be captured (takes 5 attacks
to capture food). This is a fully competitive game, where all
agents try to outcompete others in the environment and gain
more food for themselves. Agents can also kill other agents in
the environment by attacking them (just a single attack). Each
agent gets a step penalty of -0.01, an attack penalty (penalty
for attack) of -2 and a death penalty (punishment for dying)
of -20. Also, each agent gets a reward of 20 for attacking
food and a reward of 60 for capturing the food. There are a
total of 30 agents learning in our environment. The action
space of each agent is a set of 33 values. The agents have a



view range of 7 and an attack range of 1. All other conditions
and rewards are the same as the Battle game.

Combined Arms Domain

The Combined Arms environment is a heterogeneous large-
scale team game with two types of agents in each team. The
first type is a ranged agent, which can move fast and attack
agents situated further away but has fewer HP. The second
type is the melee agent that can only attack close-by agents
and move slowly; however, they have more HP. The reward
function for the agents is the same as that given in the battle
game. The action space of the melee agents is a discrete set
of 9 values, while the action space of the ranged agents is a
discrete set of 25 values. The actions correspond to moving
in the environment and attacking neighbouring agents. The
ranged agents have a maximum HP of 3, and the melee
agents have a maximum HP of 10. The maximum HP is
the limit after which the HP of any agent cannot increase
in this environment. Like the battle domain, agents lose 2
HP for each time they are attacked and gain 0.1 HP for each
step without being attacked. In our experiments, each team
consists of 25 agents, with 15 ranged and 10 melee agents
at the start. The view range is 6 and the attack range is 1 for
melee agents. The view range is 6 and attack range is 2 for
ranged agents. All other conditions and rewards are the same
as the Battle game. To create the mean field we choose to use
the action space of the type which has the larger number of
actions (i.e. we use the action space of the ranged agents).

Tiger-Deer Domain

In the tiger-deer environment, tigers are the learning agents,
cooperating with each other to kill deer in the environment.
At least two tigers need to attack a deer together to get high
rewards. The tigers start with an HP of 10 and gain an HP
of 8 whenever they kill deer. The tigers lose an HP of 0.021
at each step they do not eat a deer and die when they lose
all the HP. In this game, the deer move randomly in the
environment, and start with an HP of 5 and lose 1 HP upon
attack. The tiger gets a reward of +1 for attacking a deer
alongside another tiger. In this game, each tiger is assumed to
get perfect information about the actions of other tigers at a
distance of 4 units from itself and no information beyond this
point. The view range of the tiger is 4 and the attack range is
1. The tigers also get a shaping reward of 0.2 for attacking a
deer alone. All other rewards and conditions are the same as
the Battle game.

Waterworld Domain

The Waterworld domain was first introduced as a part of the
Stanford Intelligent Systems Laboratory (SISL) environments
by Gupta, Egorov, and Kochenderfer (2017). We use the same
domain adapted by the Petting Zoo environment (Terry et al.
2020). This is a continuous action space environment, where
a group of pursuer agents aim to capture food and avoid
poison. These pursuers are the learning agents, while both
food and poison move randomly in the environment. This is a
cooperative environment where pursuer agents need to work
together to capture food. At least two agents need to attack

a food particle together to be able to capture it. The action
is a two-element vector, where the first element corresponds
to horizontal thrust and the second element corresponds to
vertical thrust. The agents choose to use a thrust to make
themselves move in a particular direction with a desired
speed. The action values are in the range [-1, +1]. Our domain
contains 25 pursuer agents, 25 food particles and 10 poison
particles. The food is not destroyed but respawned upon
capture. The agents get a reward of +10 upon capturing food
and a penalty of -1 for encountering poison. If a single agent
encounters food alone, it gets a shaping reward of +1. Each
time an agent applies thrust, the agent obtains a penalty of
thrust penalty X llactionll, where the value of thrust penalty
is -0.5. Since this is a cooperative environment, each agent
is allowed access to the global mean field action which is
composed of actions of all agents in the environment, at each
time step. This is done to simplify this complex domain.

Ride-Sharing Domain

In this domain, our problem formulation and environment are
the same as that described in Shah, Lowalekar, and Varakan-
tham (2020). The demand distribution is obtained from the
publicly available New York Yellow Taxi Dataset (NY Yel-
lowTaxi 2016). The overall approach follows six steps. First,
the user requests are obtained from the dataset. Second, sets
of feasible trips are generated (by an oracle) using the ap-
proach in Alonso-Mora et al. (2017). These feasible trips
keep the action space from exploding. Third, the feasible ac-
tions are scored by the individual agents using their respective
value functions. Fourth, a mapping of requests takes place
by checking different constraints. Fifth, the final mapping is
used to update the rewards for the individual agents. Sixth,
the motion of vehicles is simulated until the next decision
epoch.

We consider a maximum of 120 vehicles in our experi-
ments. Since we are learning in a decentralized fashion, each
vehicle maintains its own network and is computationally
intensive. However, in practical applications, the training can
be parallelized across agents and the computational demands
will not be a limitation of our proposed setting.

Our goal in this experiment is to implement the mean field
algorithm on a real-world problem and compare the perfor-
mance to other state-of-the-art approaches. The experimental
setup is along the lines of Alonso-Mora et al. (2017); Shah,
Lowalekar, and Varakantham (2020), where we restrict our-
selves to the street networks of Manhattan, where the vast
majority of requests are contained. The New York Yellow
Taxi dataset contains information about ride requests at dif-
ferent times of the day during a given week. Similar to Shah,
Lowalekar, and Varakantham (2020), we use the pickup and
drop-off locations, pickup times and travel times from the
dataset. The dataset has about 330,000 requests per day. In
our experiments, the taxis are assigned a random location at
the start and react to incoming ride requests. We train the
networks using data pertaining to 8 weekdays and validate it
on a single day as done in Shah, Lowalekar, and Varakantham
(2020). We assume all vehicles have similar capacities for
simplicity, although our decentralized set-up is completely
applicable to environments with very different types of vehi-



cles as against prior work that relied on centralized training
(Lowalekar, Varakantham, and Jaillet 2019; Shah, Lowalekar,
and Varakantham 2020).

In the experiments, a single day of training corresponds to
one episode. Each episode has 1440 steps, where each step
(decision unit) is considered to span one minute. The initial
location of vehicles at the beginning of an episode (single
day of training) is random. The state, action space and reward
function in our system is the same as that in Shah, Lowalekar,
and Varakantham (2020). The state of the system can be de-
scribed as a tuple (¢, ug), where ¢; is the location of each
vehicle j denoted by ¢/ = (p’,t, L7) representing its trajec-
tory. This captures the current location and a list of future
locations that each vehicle visits. The user request ¢ at the
time ¢ is represented as u¢ = (o, ¢*) which corresponds to
the origin and destination of the requests. The action for each
agent is to provide a score for all the requests with the objec-
tive of assigning the user requests to itself. The user request
should satisfy the constraints at the vehicle level (maximum
allowed wait time and capacity limits) and the constraints
at the system level (each request is only assigned to a sin-
gle agent). Since these constraints are environmental, we
continue to use a central agent that performs the constraints
check before assigning requests to individual agents. Each
agent gets a reward based on the proportion of requests in its
feasible action set that it is able to satisfy, as done in Shah,
Lowalekar, and Varakantham (2020).

J Hyperparameters and Implementation
Details

The implementation of DMFG-QL, IL and MFQ almost use
the same hyperparameters, with the learning rate set as o =
102. The temperature for the Boltzmann policy is set as
0.1. Additionally, we also conduct epsilon greedy exploration
which is decayed from 20% to 1% during the training process.
The discount factor + is equal to 0.9. The replay buffer size
is 2 x 10°, and the agents use a mini-batch size of 64. The
target network is updated at the end of every episode.

Our implementations of DMFG-AC and MFAC almost
use the same hyperparameters, where the learning rate of
the critic is 10~2 and the learning rate of the actor is 1074,
The mean field network of the DMFG-AC uses a learning
rate of 10~2. The discount factor is the same as the other
three algorithms. In our implementation of MFAC, we do not
use replay buffers unlike the implementation of Yang et al.
(2018). We found this version of the actor-critic algorithm
using the current updates (instead of delayed updates through
the replay buffer) is more stable and performs better than
the implementation of Yang et al. (2018) in our experiments.
Additionally, our implementations of both MFAC and DMFG-
AC use complete decentralization during execution where
the actors only need to use their local states (mean field does
not need to be maintained anymore). Also since a separate
network is being maintained for the stochastic policy (actor)
we do not use the Boltzmann policy for the actor-critic based
methods (MFAC and DMFG-AC).

For the continuous action space Waterworld environment,
every component of the obtained estimated mean field is

normalized to be in the range [—1, 1] (the range of the action
values) and we do not use a softmax for the output layer (since
this a mixture of Dirac deltas as discussed in Section 7).

Most hyperparameters are the same or closely match those
used by prior works (Yang et al. 2018; Subramanian et al.
2020; Guo et al. 2019; Subramanian et al. 2021) in many
agent environments.

For the ride-sharing experiments, DMFG-QL uses the
same network architecture as given in Shah, Lowalekar, and
Varakantham (2020) for the NeurADP algorithm. The imple-
mentation of CO and NeurADP uses the implementation pro-
vided by Shah, Lowalekar, and Varakantham (2020) except
that all agents are fully decentralized as mentioned before.
Unlike the approach in Shah, Lowalekar, and Varakantham
(2020), each of our agents train their independent neural net-
work using their local experiences. This network learns a
suitable value function that can assign an appropriate score
to each of the ride requests. This is done for both our imple-
mentations of NeurADP and DMFG-QL. For our baseline of
CO (Alonso-Mora et al. 2017), we used the implementation
from Shah, Lowalekar, and Varakantham (2020), which used
the immediate rewards as the score for the given requests
along with a small bonus term pertaining to the time taken
to process a request (faster processing of requests is encour-
aged). The mean field for the DMFG-QL implementation
is obtained by processing a distribution of the ride requests
across every node in the environment at each step. This mean
field is made available to all agents during both training and
testing. Also, we use a slightly different architecture for es-
timating the mean field in this domain (3 Relu layers of 50
nodes and an output softmax layer).

The DDPG hyperparameters are based on Lillicrap et al.
(2016) and the PPO hyperparameters are based on Schulman
et al. (2017). DDPG uses the learning rate of the actor as
0.001 and that of the critic as 0.002 and a discount factor of
0.9. We use the soft replacement strategy with learning rate
0.01. The batch size is 32. The PPO implementation uses
the same batch size and discount factor. The actor learning
rate is 0.0001 and critic learning rate is 0.0002. Independent
PPO uses a single thread implementation, since the data
correlations are already being broken by the non-stationary
nature of the environment induced by the multiple agents.
This is also computationally efficient.

We use a set of 30 random seeds (1 — 30) for all training
experiments and a new set of 30 random seeds (31 — 60) for
all execution experiments.

K Complexity Analysis
A tabular version of our DMFG-QL algorithm is guaranteed
to be linear in the total number of states, polynomial in the
total number of actions, and constant in the number of agents.
These guarantees are the same for both space complexity and
time complexity. Comparatively, a tabular version of mean
field Q-learning (MFQ) algorithm from Yang et al. (2018)
has a space complexity that is linear in the number of states,
polynomial in the number of actions and exponential in the
number of agents. This is due to Eq. 3 requiring each agent
to maintain ()-tables of all other agents. The time complexity
is also the same as the space complexity in this case, since



each entry in the table may need to be accessed in the worst
case.

L More Related Work

Mean field games have been used in the inverse reinforce-
ment learning paradigm, where the objective is to determine
a suitable reward function given expert demonstrations (Yang
et al. 2017). Model-based learning solutions have also been
proposed for mean field games (Kizilkale and Caines 2013;
Yin et al. 2014), though these methods suffer from restrictive
assumptions on the model and the analysis does not gen-
eralize to other models. Methods such as Cardaliaguet and
Hadikhanloo (2017) perform a very computationally expen-
sive computation using the full knowledge of the environ-
ment, which does not scale to large real-world environments.
The work by Fu et al. (2019) provides a mean field actor-
critic algorithm along with theoretical analysis in the linear
function approximation setting, unlike other works which
only analyze the tabular setting (Guo et al. 2019; Yang et al.
2018). However, it is not clear if this algorithm is strong em-
pirically since it does not contain empirical experiments that
illustrate its performance. Further, this work considered the
linear-quadratic setting that contains restrictions on the type
of reward function. Mguni, Jennings, and de Cote (2018) ex-
plore the connection between MARL and mean field games
in the model-free setting.

The mean field setting under the cooperative case can be
handled using a mean field control model (Carmona, Lau-
riere, and Tan 2019a). In the linear-quadratic setting, Car-
mona, Lauriere, and Tan (2019a) prove that policy-gradient
methods converge to local equilibrium. In further work, the
same authors prove that (-learning algorithms also converge
(Carmona, Lauriere, and Tan 2019b).

In the experiments, we consider a real-world application
of our methods on the Ride-Pool Matching Problem (RMP)
as originally defined in Alonso-Mora et al. (2017). This is
the problem considered by top ride-sharing platforms such as
UberPool and Lyft-Line. The problem studies the efficiency
of accepting ride requests by individual vehicles in such a way
that the vehicles make more money (cater to more requests)
per trip and the ride-sharing platform improves its ability
to serve more orders. Previous approaches to solving the
RMP problem have used standard optimization techniques
(Ropke and Cordeau 2009). However, these methods are not
scalable to large environments. One example from this class
of methods is the zone path construction approach (ZAC)
(Lowalekar, Varakantham, and Jaillet 2019). The ZAC solves
for an optimization objective where the environment is ab-
stracted into zones and each zone path represents a set of trips.
The available vehicles are assigned to suitable zone paths us-
ing the ZAC algorithm. Another proposed solution was to
make greedy assignments (Alonso-Mora et al. 2017), which
considers maximizing the immediate returns and not the long
term discounted gains traditionally studied in RL. Prior work
has also considered RL approaches for this problem (Xu et al.
2018; Wang et al. 2018). However, these works consider very
restrictive settings, which do not model multiagent interac-
tions between the different vehicles. The work by Li et al.

(2019) used a mean field approach for order dispatching, how-
ever, it assumes vehicles serve only one order at a time. The
recent work by Shah, Lowalekar, and Varakantham (2020)
introduced a very general formulation for the RMP where
vehicles of arbitrary capacity are designed to serve batches
of requests, with the whole solution scalable to thousands of
vehicles and requests. They introduced a Deep Q-Network
(DQN) (Mnih et al. 2015) based RL approach (called neural
approximate dynamic programming or NeurADP) that learns
efficient assignment of ride requests. However, the proposed
approach assumes a set of identical vehicles and uses cen-
tralized training, where all vehicles learn the same policy
using centralized updates. This is not practical in real-world
environments, where the individual vehicles are typically
heterogeneous (many differences in vehicular capacity and
preferences). We propose a mean field based decentralized
solution to this problem, which is more practical than the
approach by Shah, Lowalekar, and Varakantham (2020).

M Wall Clock Times

The training for all the experiments on the simulated Petting
Zoo domains was run on a 2 GPU virtual machine with 16
GB GPU memory per GPU. We use Nvidia Volta-100 (V100)
GPUs for all these experiments. The CPUs use Skylake as the
processor microarchitecture. We have a CPU memory of 178
GB. The Battle, Combined Arms and Gather experiments
take an average of 5 days wall clock time to complete for
all the considered algorithms. The Tiger-Deer experiments
take an average of 4 days wall clock time to complete and
the Waterworld experiments take an average of 2 days wall
clock time to complete.

The majority of our experiments on the RMP problem
were run on a virtual machine with 4 Ampere-100 GPUs with
a GPU memory of 40 GB each. The CPUs use Skylake as the
processor microarchitecture. Each training takes an average
of 5 days to complete execution.

N Statistical Significance Tests

We run a statistical significance test for all the main results
in our paper. In the MAgent environments, for the training
results we conduct an unpaired two-sided t-test at the last
episode (2000) of training. For the execution results, we con-
duct a Fischer’s exact test for the average performances. The
tests are between the best performing algorithm (DMFG-
QL or DMFG-AC) and the best performing baseline (IL,
MFQ, MFAC). In the ride-sharing experiments we conduct
an unpaired two-sided t-test for the average and standard
deviation of performances in Figure 6. The test is conducted
between DMFG-QL and NeurADP (second best performing
algorithm). We report the p-values for all the tests. As con-
vention, we treat all p-values less than 0.05 as statistically
significant outcomes.

From the results in Table 2, we see that the better perfor-
mance given by our algorithms (DMFG-QL or DMFG-AC) is
statistically significant in all domains except the Tiger-Deer
domain. As noted in Section 7, the MFQ and MFAC algo-
rithms perform as well as the DMFG-QL and DMFG-AC
algorithms in this cooperative domain. Though we observe



Experimental| Training Testing (p- | Statistically
Domain (p-value) value) Significant

Battle p<0.01 p<0.01 Yes

Combined | p<0.01 p<0.01 Yes
Arms

Gather p<0.01 p<0.01 Yes
Tiger-Deer | p<0.5 p<0.7 No
Waterworld | p <0.01 p<0.01 Yes

Table 2: Statistical significance of our results in simulated
experiments.

# of | Maxi- | Capa- | p-value Statistically
Vehi- | mum | city Signifi-
cles Pickup | (¢) cant
(N) Delay

(7)

(sec)
80 580 10 p<0.01 Yes
100 580 10 p<0.01 Yes
120 580 10 p<0.01 Yes
100 520 10 p<0.01 Yes
100 640 10 p<0.01 Yes
100 580 8 p<0.01 Yes
100 580 12 p<0.02 Yes

Table 3: Statistical significance of our results in the ride-
sharing domain.

that DMFG-QL gives the best overall average performance
in both training and execution in the Tiger-Deer environment,
the results are not statistically significant as noted from the
p-values in Table 2.

The statistical significance results for the ride-sharing ex-
periment in Table 3 shows that our observations regarding
the superior performance of DMFG-QL are statistically sig-
nificant.



