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Abstract

The necessity for cooperation among intelligent machines has popularised cooperative
multi-agent reinforcement learning (MARL) in AI research. However, many research en-
deavours heavily rely on parameter sharing among agents, which confines them to only
homogeneous-agent setting and leads to training instability and lack of convergence guar-
antees. To achieve effective cooperation in the general heterogemeous-agent setting, we
propose Heterogeneous-Agent Reinforcement Learning (HARL) algorithms that resolve
the aforementioned issues. Central to our findings are the multi-agent advantage decompo-
sition lemma and the sequential update scheme. Based on these, we develop the provably
correct Heterogeneous-Agent Trust Region Learning (HATRL), and derive HATRPO and
HAPPO by tractable approximations. Furthermore, we discover a novel framework named
Heterogeneous-Agent Mirror Learning (HAML), which strengthens theoretical guarantees
for HATRPO and HAPPO and provides a general template for cooperative MARL al-
gorithmic designs. We prove that all algorithms derived from HAML inherently enjoy
monotonic improvement of joint return and convergence to Nash Equilibrium. As its natu-
ral outcome, HAML validates more novel algorithms in addition to HATRPO and HAPPO,
including HAA2C, HADDPG, and HATD3, which generally outperform their existing MA-
counterparts. We comprehensively test HARL algorithms on six challenging benchmarks
and demonstrate their superior effectiveness and stability for coordinating heterogeneous
agents compared to strong baselines such as MAPPO and QMIX.!
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1. Introduction

Cooperative Multi-Agent Reinforcement Learning (MARL) is a natural model of learning
in multi-agent systems, such as robot swarms (Hiittenrauch et al., 2017, 2019), autonomous
cars (Cao et al., 2012), and traffic signal control (Calvo and Dusparic, 2018). To solve coop-
erative MARL problems, one naive approach is to directly apply single-agent reinforcement
learning algorithm to each agent and consider other agents as a part of the environment, a
paradigm commonly referred to as Independent Learning (Tan, 1993; de Witt et al., 2020).
Though effective in certain tasks, independent learning fails in the face of more complex
scenarios (Hu et al., 2022b; Foerster et al., 2018), which is intuitively clear: once a learning
agent updates its policy, so do its teammates, which causes changes in the effective environ-
ment of each agent which single-agent algorithms are not prepared for (Claus and Boutilier,
1998). To address this, a learning paradigm named Centralised Training with Decentralised
Execution (CTDE) (Lowe et al., 2017; Foerster et al., 2018; Zhou et al., 2023) was devel-
oped. The CTDE framework learns a joint value function which, during training, has access
to the global state and teammates’ actions. With the help of the centralised value function
that accounts for the non-stationarity caused by others, each agent adapts its policy pa-
rameters accordingly. Thus, it effectively leverages global information while still preserving
decentralised agents for execution. As such, the CTDE paradigm allows a straightforward
extension of single-agent policy gradient theorems (Sutton et al., 2000; Silver et al., 2014)
to multi-agent scenarios (Lowe et al., 2017; Kuba et al., 2021; Mguni et al., 2021). Con-
sequently, numerous multi-agent policy gradient algorithms have been developed (Foerster
et al., 2018; Peng et al., 2017; Zhang et al., 2020; Wen et al., 2018, 2020; Yang et al., 2018;
Ackermann et al., 2019).

Though existing methods have achieved reasonable performance on common bench-
marks, several limitations remain. Firstly, some algorithms (Yu et al., 2022; de Witt et al.,
2020) rely on parameter sharing and require agents to be homogeneous (i.e., share the same
observation space and action space, and play similar roles in a cooperation task), which
largely limits their applicability to heterogeneous-agent settings (i.e., no constraint on the
observation spaces, action spaces, and the roles of agents) and potentially harms the perfor-
mance (Christianos et al., 2021). While there has been work extending parameter sharing
for heterogeneous agents (Terry et al., 2020), their methods rely on padding, which is neither
elegant nor general. Secondly, existing algorithms update the agents simultaneously. As we
show in Section 2.3.1 later, the agents are unaware of partners’ update directions under this
update scheme, which could lead to potentially conflicting updates, resulting in training
instability and failure of convergence. Lastly, some algorithms, such as IPPO and MAPPO,
are developed based on intuition and empirical results. The lack of theory compromises
their trustworthiness for important usage.

To resolve these challenges, in this work we propose Heterogeneous-Agent Reinforce-
ment Learning (HARL) algorithm series, that is meant for the general heterogeneous-agent
settings, achieves effective coordination through a novel sequential update scheme, and is
grounded theoretically.

In particular, we capitalize on the multi-agent advantage decomposition lemma (Kuba
et al., 2021) and derive the theoretically underpinned multi-agent extension of trust region
learning, which is proved to enjoy monotonic improvement property and convergence to
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the Nash Equilibrium (NE) guarantee. Based on this, we propose Heterogeneous-Agent
Trust Region Policy Optimisation (HATRPO) and Heterogeneous-Agent Proximal Policy
Optimisation (HAPPO) as tractable approximations to theoretical procedures.

Furthermore, inspired by Mirror Learning (Kuba et al., 2022b) that provides a theoretical
explanation for the effectiveness of TRPO and PPO |, we discover a novel framework named
Heterogeneous-Agent Mirror Learning (HAML), which strengthens theoretical guarantees
for HATRPO and HAPPO and provides a general template for cooperative MARL algorith-
mic designs. We prove that all algorithms derived from HAML inherently satisfy the desired
property of the monotonic improvement of joint return and the convergence to Nash equi-
librium. Thus, HAML dramatically expands the theoretically sound algorithm space and,
potentially, provides cooperative MARL solutions to more practical settings. We explore the
HAML class and derive more theoretically underpinned and practical heterogeneous-agent
algorithms, including HAA2C, HADDPG, and HATD3.

To facilitate the usage of HARL algorithms, we open-source our PyTorch-based in-
tegrated implementation. Based on this, we test HARL algorithms comprehensively on
Multi-Agent Particle Environment (MPE) (Lowe et al., 2017; Mordatch and Abbeel, 2018),
Multi-Agent MuJoCo (MAMuJoCo) (Peng et al., 2021), StarCraft Multi-Agent Challenge
(SMAC) (Samvelyan et al., 2019), SMACv2 (Ellis et al., 2022), Google Research Football
Environment (GRF) (Kurach et al., 2020), and Bi-DexterousHands (Chen et al., 2022). The
empirical results confirm the algorithms’ effectiveness in practice. On all benchmarks with
heterogeneous agents including MPE, MAMuJoCo, GRF, and Bi-Dexteroushands, HARL
algorithms generally outperform their existing M A-counterparts, and their performance gaps
become larger as the heterogeneity of agents increases, showing that HARL algorithms are
more robust and better suited for the general heterogeneous-agent settings. While all HARL
algorithms show competitive performance, they culminate in HAPPO and HATD3 in par-
ticular, which establish the new state-of-the-art results. As an off-policy algorithm, HATD3
also improves sample efficiency, leading to more efficient learning and faster convergence.
On tasks where agents are mostly homogeneous such as SMAC and SMACv2, HAPPO and
HATRPO attain comparable or superior win rates at convergence while not relying on the
parameter-sharing trick, demonstrating their general applicability. Through ablation analy-
sis, we empirically show the novelties introduced by HARL theory and algorithms are crucial
for learning the optimal cooperation strategy, thus signifying their importance. Finally, we
systematically analyse the computational overhead of sequential update and conclude that
it does not need to be a concern.

2. Preliminaries

In this section, we first introduce problem formulation and notations for cooperative MARL,
and then review existing work and analyse their limitations.

2.1 Cooperative MARL Problem Formulation and Notations

We consider a fully cooperative multi-agent task that can be described as a Markov game
(MG) (Littman, 1994), also known as a stochastic game (Shapley, 1953).
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Definition 1 A cooperative Markov game is defined by a tuple (N, S, A,r, P,~,d). Here,
N ={1,...,n} is a set of n agents, S is the state space, A = x?zlAi is the products of all
agents’ action spaces, known as the joint action space. Further, r: S x A — R is the joint
reward function, P: S x Ax S — [0,1] is the transition probability kernel, v € [0,1) is the
discount factor, and d € P(S) (where P(X) denotes the set of probability distributions over
a set X ) is the positive initial state distribution.

Although our results hold for general compact state and action spaces, in this paper
we assume that they are finite, for simplicity. In this work, we will also use the notation
P(X) to denote the power set of a set X. At time step ¢ € N, the agents are at state
st; they take independent actions al,Vi € N drawn from their policies 7¢(-!|s;) € P(AY),
and equivalently, they take a joint action a; = (a},...,al’) drawn from their joint policy
m(-|se) = [T, 7 (-[st) € P(A). We write II* £ {xcs7(-!]s) [Vs € S,7i(-!|s) € P(A)} to
denote the policy space of agent i, and IT £ (IT*, ..., 1I") to denote the joint policy space.
It is important to note that when 7?(-!|s) is a Dirac delta distribution, Vs € S, the policy
is referred to as deterministic (Silver et al., 2014) and we write u’(s) to refer to its centre.
Then, the environment emits the joint reward r; = r(s;,a;) and moves to the next state
st41 ~ P(:|st,a;) € P(S). The joint policy 7, the transition probabililty kernel P, and
the initial state distribution d, induce a marginal state distribution at time ¢, denoted by
pl. We define an (improper) marginal state distribution pr = 372, ~!pL. The state value
function and the state-action value function are defined as:

00
Vﬂ'(s) £ an;oo'\/ﬂ',sl;oowp [ Z ’Ytrt’ S0 = S]
t=0

and?

o0

Qﬂ'(s7 a’) £ Esl:oowP,aLOONw[Z')’trt‘ S0 =S8, a9 = a] .
t=0

The advantage function is defined to be
Ar(s,a) 2 Qr(s,a) — Ve (s).

In this paper, we consider the fully-cooperative setting where the agents aim to maximise
the expected joint return, defined as

oo
T(m) 2 By opioo sy [Z ’Ytrt] .
t=0

We adopt the most common solution concept for multi-agent problems which is that of
Nash equilibrium (NE) (Nash, 1951; Yang and Wang, 2020; Filar and Vrieze, 2012; Bagar
and Olsder, 1998), defined as follows.

Definition 2 In a fully-cooperative game, a joint policy mw, = (wl, ..., 7"

librium (NE) if for every i € N, 7* € II' implies J (w,) > J (7', 7").

) is a Nash equi-

2. We write o', a, and s when we refer to the action, joint action, and state as to values, and a', a, and s
as to random variables.
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NE is a well-established game-theoretic solution concept. Definition 2 characterises the
equilibrium point at convergence for cooperative MARL tasks. To study the problem of
finding a NE, we pay close attention to the contribution to performance from different
subsets of agents. To this end, we introduce the following novel definitions.

Definition 3 Let iy., denote an ordered subset {i1,...,im} of N. We write —iy., to refer
to its complement, and i and —i, respectively, when m = 1. We write iy, when we refer to the
k™ agent in the ordered subset. Correspondingly, the multi-agent state-action value function
1s defined as

Q:‘Tl:m (37 a’iljm) = Eafilzmwﬂ-*il:m [Qﬂ' (Sa ail:ma a_iljm)] )

In particular, when m = n (the joint action of all agents is considered), then iy, € Sym(n),
where Sym(n) denotes the set of permutations of integers 1,...,n, known as the symmetric
group. In that case, Q' (s, a™n) is equivalent to Qr(s,a). On the other hand, when
m =0, i.e., i1, = 0, the function takes the form of Vz(s). Moreover, consider two disjoint
subsets of agents, j1.1 and i1.,,. Then, the multi-agent advantage function of i1.,, with respect
to ji.1 is defined as

A;}:m (S, ajm’ ah:m) 4 erl:kﬂ'lzm (s, ajm, ailzm) _ Q;_lk (37 ajl:k) . (1>

In words, Qitm (s, ailim) evaluates the value of agents i;.,, taking actions a’» in state
s while marginalizing out a="m and Al (s, alik, ail:m) evaluates the advantage of agents
i1.m taking actions a'* in state s given that the actions taken by agents ji.; are a/i:*, with
the rest of agents’ actions marginalized out by expectation. As we show later in Section 3,
these functions allow to decompose the joint advantage function, thus shedding new light
on the credit assignment problem.

2.2 Dealing With Partial Observability

Notably, in some cooperative multi-agent tasks, the global state s may be only partially
observable to the agents. That is, instead of the omniscient global state, each agent can
only perceive a local observation of the environment, which does not satisfy the Markov
property. The model that accounts for partial observability is Decentralized Partially Ob-
servable Markov Decision Process (Dec-POMDP) (Oliehoek and Amato, 2016). However,
Dec-POMDP is proved to be NEXP-complete (Bernstein et al., 2002) and requires super-
exponential time to solve in the worst case (Zhang et al., 2021). To obtain tractable results,
we assume full observability in theoretical derivations and let each agent take actions con-
ditioning on the global state, i.e., ai ~ 7'(-!|s), thereby arriving at practical algorithms.
In literature (Yang et al., 2018; Kuba et al., 2021; Wang et al., 2023), this is a common
modeling choice for rigor, consistency, and simplicity of the proofs.

In our implementation, we either compensate for partial observability by employing RNN
so that agent actions are conditioned on the action-observation history, or directly use the
MLP network so that agent actions are conditioned on the partial observations. Both of
them are common approaches adopted by existing work, including MAPPO (Yu et al., 2022),
QMIX (Rashid et al., 2018), COMA (Foerster et al., 2018), OB (Kuba et al., 2021), MACPF
(Wang et al., 2023) etc.. From our experiments (Section 5), we show that both approaches
are capable of solving partially observable tasks.
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2.3 The State of Affairs in Cooperative MARL

Before we review existing SOTA algorithms for cooperative MARL, we introduce two settings
in which the algorithms can be implemented. Both of them can be considered appealing
depending on the application, but their benefits also come with limitations which, if not
taken care of, may deteriorate an algorithm’s performance and applicability.

2.3.1 HOMOGENEITY vs. HETEROGENEITY

The first setting is that of homogeneous policies, i.e., those where all agents share one set of
policy parameters: ©° = 7,Vi € N, so that w = (7,...,7) (de Witt et al., 2020; Yu et al.,
2022), commonly referred to as Full Parameter Sharing (FuPS) (Christianos et al., 2021).
This approach enables a straightforward adoption of an RL algorithm to MARL, and it does
not introduce much computational and sample complexity burden with the increasing num-
ber of agents. As such, it has been a common practice in the MARL community to improve
sample efficiency and boost algorithm performance (Sunehag et al., 2018; Foerster et al.,
2018; Rashid et al., 2018). However, FuPS could lead to an exponentially-suboptimal out-
come in the extreme case (see Example 2 in Appendix A). While agent identity information
could be added to observation to alleviate this difficulty, FuPS-id still suffers from inter-
ference during agents’ learning process in scenarios where they have different abilities and
goals, resulting in poor performance, as analysed by Christianos et al. (2021) and shown by
our experiments (Figure 8). One remedy is the Selective Parameter Sharing (SePS) (Chris-
tianos et al., 2021), which only shares parameters among similar agents. Nevertheless, this
approach has been shown to be suboptimal and highly scenario-dependent, emphasizing the
need for prior understanding of task and agent attributes to effectively utilize the SePS
strategy (Hu et al., 2022a). More severely, both FuPS and SePS require the observation and
action spaces of agents in a sharing group to be the same, restricting their applicability to
the general heterogeneous-agent setting. Existing work that extends parameter sharing to
heterogeneous agents relies on padding (Terry et al., 2020), which also cannot be generally
applied. To summarize, algorithms relying on parameter sharing potentially suffer from
compromised performance and applicability.

A more ambitious approach to MARL is to allow for heterogeneity of policies among
agents, i.e., to let 7° and 7/ be different functions when ¢ # j € N. This setting has greater
applicability as heterogeneous agents can operate in different action spaces. Furthermore,
thanks to this model’s flexibility they may learn more sophisticated joint behaviors. Lastly,
they can recover homogeneous policies as a result of training, if that is indeed optimal.

Nevertheless, training heterogeneous agents is highly non-trivial. Given a joint reward,
an individual agent may not be able to distill its own contribution to it — a problem known
as credit assignment (Foerster et al., 2018; Kuba et al., 2021). Furthermore, even if an
agent identifies its improvement direction, it may conflict with those of other agents when
not optimised properly. We provide two examples to illustrate this phenomenon.

The first one is shown in Figure 1. We design a single-state differentiable game where
two agents play continuous actions a',a? € R respectively, and the reward function is
r(a',a?) = a'a®. When we initialise agent policies in the second or fourth quadrants and set
a large learning rate, the simultaneous update approach could result in a decrease in joint
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Two-player differentiable game

2.0 7 T T T T T S /4
1.5 H 3 ——— . L
- === Individual update direction
1.0 4 2
s ® 9 ""’* —— Joint update direction
0.5 F N e 15
" ' 2 (O  Initial joint policy
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& " _— F
< sk @+---0 ) £ Individual update result
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Figure 1: Example of a two-agent differentiable game with 7(a',a?) = a'a®. We initialise

the two policies in the fourth quadrant. Under the straightforward simultaneous update
scheme (red), agent 1 takes a positive update to improve the joint reward, meanwhile agent
2 moves towards the negative axis for the same purpose. However, their update directions
conflict with each other and lead to a decrease in the joint return. By contrast, under our
proposed sequential update scheme (blue), agent 1 updates first, and agent 2 adapts to agent
17 updated policy, jointly leading to improvement.

reward. In contrast, the sequential update proposed in this paper enables agent 2 to fully
adapt to agent 1’s updated policy and improves the joint reward.

We consider a matrix game with discrete action space as the second example. Our matrix
game is illustrated as follows:

Example 1 Let’s consider a fully-cooperative game with 2 agents, one state, and the joint
action space {0,1}2, where the reward is given by r(0,0) = 0,7(0,1) = 7(1,0) = 2, and
r(1,1) = —1. Suppose that Wild(O) > 0.6 fori=1,2. Then, if agents i update their policies
by

)
new

i [Ar, (a2 )], Vie N,

s = arg max Eaiwﬂi,a*iww;ld

ﬂ-i
then the resulting policy will yield a lower return,

J(mo1q) > J(Tnew) = II;i_n J(m).

This example helpfully illustrates the miscoordination problem when agents conduct
independent reward maximisation simultaneously. A similar miscoordination problem when
heterogeneous agents update at the same time is also shown in Example 2 of Alos-Ferrer
and Netzer (2010).

Therefore, our discussion in this section not only implies that homogeneous algorithms
could have restricted performance and applicability, but also highlight that heterogeneous
algorithms should be developed with extra care when not optimised properly (large learning
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rate in Figure 1 and independent reward maximisation in Example 1), which could be
common in complex high-dimensional problems. In the next subsection, we describe existing
SOTA actor-critic algorithms which, while often very effective, are still not impeccable, as
they suffer from one of the above two limitations.

2.3.2 ANALYSIS OF EXISTING WORK

MAA2C (Papoudakis et al., 2021) extends the A2C (Mnih et al., 2016) to MARL by replacing
the RL optimisation (single-agent policy) objective with the MARL one (joint policy),

ﬁMAAzC(Tr) A Esr,am [Aﬂ-old (s, a)] ) (2)

which computes the gradient with respect to every agent ¢’s policy parameters, and performs
a gradient-ascent update for each agent. This algorithm is straightforward to implement and
is capable of solving simple multi-agent problems (Papoudakis et al., 2021). We point out,
however, that by simply following their own MAPG, the agents could perform uncoordinated
updates, as illustrated in Figure 1. Furthermore, MAPG estimates have been proved to suffer
from large variance which grows linearly with the number of agents (Kuba et al., 2021), thus
making the algorithm unstable. To assure greater stability, the following MARL methods,
inspired by stable RL approaches, have been developed.

MADDPG (Lowe et al., 2017) is a MARL extension of the popular DDPG algorithm
(Lillicrap et al., 2016). At every iteration, every agent ¢ updates its deterministic policy by
maximising the following objective

LMADDPG (i) 8, [ o (5, Mi(s))} = Esnpy_, [Quold (s, 1'(s), /Lcﬁé(S))]a (3)

where 3, is a state distribution that is not necessarily equivalent to p,,,, thus allowing for
off-policy training. In practice, MADDPG maximises Equation (3) by a few steps of gradient
ascent. The main advantages of MADDPG include a small variance of its MAPG estimates—
a property granted by deterministic policies (Silver et al., 2014), as well as low sample
complexity due to learning from off-policy data. Such a combination makes the algorithm
competitive on certain continuous-action tasks (Lowe et al., 2017). However, MADDPG
does not address the multi-agent credit assignment problem (Foerster et al., 2018). Plus,
when training the decentralised actors, MADDPG does not take into account the updates
agents have made and naively uses the off-policy data from the replay buffer which, much
like in Section 2.3.1, leads to uncoordinated updates and suboptimal performance in the face
of harder tasks (Peng et al., 2021; Ray-Team, accessed on 2023-03-14). MATD3 (Ackermann
et al., 2019) proposes to reduce overestimation bias in MADDPG using double centralized
critics, which improves its performance and stability but does not help with getting rid of
the aforementioned limitations.

MAPPO (Yu et al., 2022) is a relatively straightforward extension of PPO (Schulman
et al., 2017) to MARL. In its default formulation, the agents employ the trick of parameter
sharing described in the previous subsection. As such, the policy is updated to maximise

W(ai’S)

Told (ai ‘s)

m(a'ls)

A li A
Told (57 a)v ¢ lp(ﬂ'old (al ’S)

n
LT £ B | D i

e Ar,, (s, a))],
=1

(4)
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where the clip(+, 1 & €) operator clips the input to 1 — €/1 + € if it is below/above this value.
Such an operation removes the incentive for agents to make large policy updates, thus sta-
bilising the training effectively. Indeed, the algorithm’s performance on the StarCraftll
benchmark is remarkable, and it is accomplished by using only on-policy data. Neverthe-
less, the parameter-sharing strategy limits the algorithm’s applicability and could lead to
its suboptimality when agents have different roles. In trying to avoid this issue, one can
implement the algorithm without parameter sharing, thus making the agents simply take
simultaneous PPO updates meanwhile employing a joint advantage estimator. In this case,
the updates could be uncoordinated, as we discussed in Section 2.3.1.

In summary, all these algorithms do not possess performance guarantees. Altering their
implementation settings to avoid one of the limitations from Section 2.3.1 makes them, at
best, fall into another. This shows that the MARL problem introduces additional complexity
into the single-agent RL setting, and needs additional care to be rigorously solved. With
this motivation, in the next section, we propose novel heterogeneous-agent methods based
on sequential update with correctness guarantees.

3. Our Methods

The purpose of this section is to introduce Heterogeneous-Agent Reinforcement Learning
(HARL) algorithm series which we prove to solve cooperative problems theoretically. HARL
algorithms are designed for the general and expressive setting of heterogeneous agents, and
their essence is to coordinate agents’ updates, thus resolving the challenges in Section 2.3.1.
We start by developing a theoretically justified Heterogeneous-Agent Trust Region Learning
(HATRL) procedure in Section 3.1 and deriving practical algorithms, namely HATRPO
and HAPPO, as its tractable approximations in Section 3.2. We further introduce the novel
Heterogeneous-Agent Mirror Learning (HAML) framework in Section 3.3, which strengthens
performance guarantees of HATRPO and HAPPO (Section 3.4) and provides a general
template for cooperative MARL algorithmsic design, leading to more HARL algorithms
(Section 3.5).

3.1 Heterogeneous-Agent Trust Region Learning (HATRL)

Intuitively, if we parameterise all agents separately and let them learn one by one, then
we will break the homogeneity constraint and allow the agents to coordinate their updates,
thereby avoiding the two limitations from Section 2.3. Such coordination can be achieved,
for example, by accounting for previous agents’ updates in the optimization objective of the
current one along the aforementioned sequence. Fortunately, this idea is embodied in the
multi-agent advantage function Aim (s, alvm-1, aim) which allows agent %, to evaluate the
utility of its action a'™ given actions of previous agents a''~'. Intriguingly, multi-agent
advantage functions allow for rigorous decomposition of the joint advantage function, as
described by the following pivotal lemma.
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The Multi-Agent Advantage Decomposition Lemma: A1:3(s, a1:3) =A! (s, al) + A (s, al, ) + A "(s, al? q :)
/)

Advantage of Advantage of @’
considering a* considering a'?

__________ update l \ ———
s . e N - consider consider /" RN
I' AY I’ hY L ’ N\
- . 2 22

start training finish training
=,

'l

m? n? ) ———|
1

\

b3
- - \

N, / l \, —/ update N, /
L e N~ @ @) () e N
——— —] — 3 ———

L
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Data Buffer !
The sequential update scheme

@ n? @:original policy @ m? @:updatedpolicy

Figure 2: The multi-agent advantage decomposition lemma and the sequential update
scheme are naturally consistent. The former (upper in the figure) decomposes joint advan-
tage into sequential advantage evaluations, each of which takes into consideration previous
agents’ actions. Based on this, the latter (lower in the figure) allows each policy to be up-
dated considering previous updates during the training stage. The rigor of their connection
is embodied in Lemma 6 and Lemma 13, where multi-agent advantage decomposition lemma
is crucial for the proofs and leads to algorithms that employ sequential update scheme.

Lemma 4 (Multi-Agent Advantage Decomposition) In any cooperative Markov games,
given a joint policy 7, for any state s, and any agent subset i1.,,, the below equation holds.

m
A (s, atm) = D0 AY (5,090 a)
j=1

For proof see Appendix B. Notably, Lemma 4 holds in general for cooperative Markov
games, with no need for any assumptions on the decomposability of the joint value function
such as those in VDN (Sunehag et al., 2018), QMIX (Rashid et al., 2018) or Q-DPP (Yang
et al., 2020).

Lemma 4 confirms that a sequential update is an effective approach to search for the
direction of performance improvement (i.e., joint actions with positive advantage values) in
multi-agent learning. That is, imagine that agents take actions sequentially by following an
arbitrary order i.,. Let agent i; take action @’! such that Aﬁ,l (s, dil) > 0, and then, for the
remaining m = 2,...,n, each agent i,, takes an action a’m such that Aim(s,a’tm-1 g'm) >
0. For the induced joint action a, Lemma 4 assures that Ax(s,a) is positive, thus the
performance is guaranteed to improve. To formally extend the above process into a policy
iteration procedure with monotonic improvement guarantee, we begin by introducing the
following definitions.

Definition 5 Let w be a joint policy, ®'vm—1 = H;n:_ll 7% be some other joint policy of
agents i1.m—1, and ™ be some other policy of agent i,,. Then

Lim (ﬁil:mfl,ﬁim) =0 [Airm (s,ail:mfl,aim)] .

SNpﬂ_’azl:m—l,\,ﬁ-Zl:m—l ’aim ~Frim

10
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Note that, for any 7*sm~1 we have
i1 —ilm—1 0 _ ) ) 2 1im—1 %
Lﬂ_ m (7r m=1 g m) = By allim—1 milim—1 gim ~gim [Aﬂ_m (s, a'tm-1 g m)]

[Eoimmim [Al (s, 21 a/m)]] =0, (5)

SNp_n_’ail:mfl Nﬁ-ilszl
Building on Lemma 4 and Definition 5, we derive the bound for joint policy update.

Lemma 6 Let m be a joint policy. Then, for any joint policy &, we have
n
m=1

4y maxs o |Ar(s, a)l
(1—7)?

For proof see Appendix B.2. This lemma provides an idea about how a joint policy can
be improved. Namely, by Equation (5), we know that if any agents were to set the values of
the above summands Liim (giim—1 gim) — CDREX(rim 7im) by sequentially updating their
policies, each of them can always make its summand be zero by making no policy update (i.e.,
7im = qim) This implies that any positive update will lead to an increment in summation.
Moreover, as there are n agents making policy updates, the compound increment can be
large, leading to a substantial improvement. Lastly, note that this property holds with no
requirement on the specific order by which agents make their updates; this allows for flexible
scheduling on the update order at each iteration. To summarise, we propose the following
Algorithm 1.

where C =

(6)

Algorithm 1: Multi-Agent Policy Iteration with Monotonic Improvement Guar-
antee
Initialise the joint policy m = (73, ..., 7).
for k=0,1,... do
Compute the advantage function Ay, (s, a) for all state-(joint)action pairs (s, a).
Compute € = max, g |[Arn,(s,a)| and C = (14_“’5)2.
Draw a permutation 1., of agents at random.
form=1:ndo
L Make an update

7 _ . 1. 11im—1 '3 max ) 7
T = arg maX in, [Lﬂ}km <71',erl s m) — CDR*(mym, mm) |

We want to highlight that the algorithm is markedly different from naively applying the
TRPO update on the joint policy of all agents. Firstly, our Algorithm 1 does not update the
entire joint policy at once, but rather updates each agent’s individual policy sequentially.
Secondly, during the sequential update, each agent has a unique optimisation objective that
takes into account all previous agents’ updates, which is also the key for the monotonic
improvement property to hold. We justify by the following theorem that Algorithm 1 enjoys
monotonic improvement property.

Theorem 7 A sequence (7)., of joint policies updated by Algorithm 1 has the monotonic
improvement property, i.e., J(wgy1) > J(my) for all k € N.

11
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For proof see Appendix B.2. With the above theorem, we claim a successful develop-
ment of Heterogeneous-Agent Trust Region Learning (HATRL), as it retains the monotonic
improvement property of trust region learning. Moreover, we take a step further to prove
Algorithm 1’s asymptotic convergence behavior towards NE.

Theorem 8 Supposing in Algorithm 1 any permutation of agents has a fized non-zero prob-
ability to begin the update, a sequence (7y)pe of joint policies generated by the algorithm,
in a cooperative Markov game, has a non-empty set of limit points, each of which is a Nash
equilibrium.

For proof see Appendix B.3. In deriving this result, the novel details introduced by
Algorithm 1 played an important role. The monotonic improvement property (Theorem
7), achieved through the multi-agent advantage decomposition lemma and the sequential
update scheme, provided us with a guarantee of the convergence of the return. Further-
more, randomisation of the update order ensured that, at convergence, none of the agents
is incentified to make an update. The proof is finalised by excluding the possibility that the
algorithm converges at non-equilibrium points.

3.2 Practical Algorithms

When implementing Algorithm 1 in practice, large state and action spaces could prevent
agents from designating policies 7(-|s) for each state s separately. To handle this, we
parameterise each agent’s policy Féi by 6%, which, together with other agents’ policies, forms
a joint policy 7 parametrised by @ = (#1,...,0™). In this subsection, we develop two deep
MARL algorithms to optimise the 6.

3.2.1 HATRPO

max (

Computing DyT: W;Tm,wé?jn) in Algorithm 1 is challenging; it requires evaluating the KL-
divergence for all states at each iteration. Similar to TRPO, one can ease this maximal
KL-divergence penalty D™ (W;TM,W;TT”) by replacing it with the expected KL-divergence

constraint Es.,, {DKL (ﬂé?m(~\s),ﬂézﬂm(-]s))] < § where ¢ is a threshold hyperparameter
k k

and the expectation can be easily approximated by stochastic sampling. With the above

amendment, we propose practical HATRPO algorithm in which, at every iteration k +

1, given a permutation of agents i1.,, agent ip,cqq,.. ) sequentially optimises its policy

parameter 92’11 by maximising a constrained objective:

im ) ] 7 im—1 4t
0k+1 - argeirﬂilax Es/\apﬂ-gk 7ai1:m_1Nﬂ;z{;1;j1 ’aimNWé’;ﬂm [Aﬂ'nék (S’ a~m ) & m)] ’
subject t0 Esvp., [Dkr, (W;Tm (ls), i (-1s))] < o (7)
k

To compute the above equation, similar to TRPO, one can apply a linear approximation to
the objective function and a quadratic approximation to the KL constraint; the optimisation

12
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problem in Equation (7) can be solved by a closed-form update rule as

‘m .m i 25 ‘m _1 ‘m
0y =0y +O‘J\/gz’m(Hz‘m)1gim (H,™) " g, (8)
o (Hy K

where H;™ = Vgim]ESN,,ﬂek [DxkL, (W;Z:n('|s),7r;§’;n(~|s))]
KL-divergence, gzm is the gradient of the objective in Equation (7), o/ < 1 is a positive
coefficient that is found via backtracking line search, and the product of (H;™)"'gi™ can be
efficiently computed with conjugate gradient algorithm.

gim —gim 18 the Hessian of the expected
Tk

Estimating Eairm it i im | A (s,a”""*l,a“”)} is the last missing piece for
m—lrmy satmam i k

HATRPO, which poses new challenges because each agent’s objective has to take into ac-
count all previous agents’ updates, and the size of input values. Fortunately, with the fol-
lowing proposition, we can efficiently estimate this objective by a joint advantage estimator.

Proposition 9 Let m# = H?Zl wii be a joint policy, and Ax(s,a) be its joint advantage
function. Let ®itm-1 = H;le 7% be some other joint policy of agents i1.m—1, and 7' be
some other policy of agent i,,. Then, for every state s,

[Ai;n (S, ailszl , alm)]

_E,. Kﬁ'“" (a’m|s) B 1) witm—1(gltm-1|g)

7Ti'm (aim|5) ﬂil:m—l(ailﬂn—l|5)

Eailzyn—l,\/ﬁ-il:m—l 7a"im ~Fim

Ar(s,a)l.
(9)

For proof see Appendix C.1. One benefit of applying Equation (9) is that agents only
need to maintain a joint advantage estimator Ar(s,a) rather than one centralised critic for
each individual agent (e.g., unlike CTDE methods such as MADDPG). Another practical
benefit one can draw is that, given an estimator A(s, a) of the advantage function Aﬂ.ek (s,a),
for example, GAE (Schulman et al., 2016), E_,, ., P [Ai;gk (s,a"lﬁmfl,a"r")}

9"1:711.—1 6im
k+1

can be estimated with an estimator of

L (@tnts)

TFiT aim|s . . A
(M - I)M“:m (s,a), where M4m = 1 A A(s,a). (10)
7['2”.” (alm ‘8) Tl'“fm*l (a’ll:m—l |8)
02’” ozl:m—l

k

Notably, Equation (10) aligns nicely with the sequential update scheme in HATRPO. For
agent i,,, since previous agents ¢1.,—1 have already made their updates, the compound
policy ratio for M in Equation (10) is easy to compute. Given a batch B of trajectories
with length T, we can estimate the gradient with respect to policy parameters (derived in
Appendix C.2) as follows,

T
, 1 . : ,
9" = ] Z Z M (sg, a) Vginm log myl (a5 [st)
TeB t=0

13



ZHONG, KuBa, FENG, Hu, J1, AND YANG

The term —1 - M%m(s a) of Equation (10) is not reflected in g,i’", as it only introduces a
constant with zero gradient. Along with the Hessian of the expected KL-divergence, i.e.,
H,;™, we can update ¢, | by following Equation (8). The detailed pseudocode of HATRPO
is listed in Appendix C.3.

3.2.2 HAPPO

To further alleviate the computation burden from H ,im in HATRPO, one can follow the idea
of PPO by considering only using first-order derivatives. This is achieved by making agent
im choose a policy parameter 02’3_1 which maximises the clipping objective of
mim (alm|s) 7' (a .
. Qim 11:m : oim 11:m
ESNP"ek a~T, [mm (wim @s) M (s,a),clip < ) 1+ e) M (s,a) ||.
(11)

The optimisation process can be performed by stochastic gradient methods such as Adam
(Kingma and Ba, 2015). We refer to the above procedure as HAPPO and Appendix C.4 for
its full pseudocode.

3.3 Heterogeneous-Agent Mirror Learning: A Continuum of Solutions to
Cooperative MARL

Recently, Mirror Learning (Kuba et al., 2022b) provided a theoretical explanation of the
effectiveness of TRPO and PPO in addition to the original trust region interpretation,
and unifies a class of policy optimisation algorithms. Inspired by their work, we further
discover a novel theoretical framework for cooperative MARL, named Heterogeneous-Agent
Mirror Learning (HAML), which enhances theoretical guarantees of HATRPO and HAPPO.
As a proven template for algorithmic designs, HAML substantially generalises the desired
guarantees of monotonic improvement and NE convergence to a continuum of algorithms
and naturally hosts HATRPO and HAPPO as its instances, further explaining their robust
performance. We begin by introducing the necessary definitions of HAML attributes: the
drift functional.

Definition 10 Let i € N, a heterogeneous-agent drift functional (HADF) D' of i
consists of a map, which is defined as

DT X I x P(—i) x § = {DE(|s, 7/1) : P(AT) = R},
such that for all arguments, under notation D% (7']s, witm) £ DL (7(-Y]s)]s, ™ (-|s)),
1. DL (s, witm) > D (wt|s, ®Im) =0 (non-negativity),
2. DL (7's, wtm) has all Gateaur derivatives zero at & = w* (zero gradient).

We say that the HADF is positive if D% (7t'|s, ®itm) = 0,Vs € S implies #° = 7, and trivial
if ®¢ (7|s, ®#Itm) = 0,Vs € S for all w,7/m | and 7.
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Intuitively, the drift D (74¢|s, /1:m) is a notion of distance between 7* and #*, given that
agents ji., just updated to w71, We highlight that, under this conditionality, the same
update (from 7 to #%) can have different sizes—this will later enable HAML agents to softly
constraint their learning steps in a coordinated way. Before that, we introduce a notion
that renders hard constraints, which may be a part of an algorithm design, or an inherent
limitation.

Definition 11 Leti € N. We say that, U’ : TI x ITI* — P(IT%) is a neighbourhood operator
if Vot € T, UL (7?) contains a closed ball, i.e., there exists a state-wise monotonically non-
decreasing metric x : II' x II! — R such that Va' € II' there exists 6° > 0 such that
x(mh, 7)) <8 = 7 e UL(r?).

For every joint policy m, we will associate it with its sampling distribution—a positive
state distribution Br € P(S) that is continuous in 7 (Kuba et al., 2022b). With these
notions defined, we introduce the main definition for HAML framework.

Definition 12 Leti € N, j1™ € P(—i), and ©' be a HADF of agenti. The heterogeneous-
agent mirror operator (HAMO) integrates the advantage function as

[M(ﬁl) Aﬂ_} (S) L E

@i,ﬁ'jlzm

allim i 1im aimoiti |:A;.(S, ajlwn’ a}):| — @;. ('frz |S, ﬁ'jlim) .

Note that when 7 = 7%, HAMO evaluates to zero. Therefore, as the HADF is non-
negative, a policy 7’ that improves HAMO must make it positive and thus leads to the
improvement of the multi-agent advantage of agent 7. It turns out that, under certain
configurations, agents’ local improvements result in the joint improvement of all agents, as
described by the lemma below, proved in Appendix D.

Lemma 13 (HAMO Is All You Need) Let m,;q and mpey be joint policies and let i1., €

Sym(n) be an agent permutation. Suppose that, for every state s € S and everym =1,...,n,
(m3i2) (o)
(M Ay (8) 2 M A ) (5). (12)

Then, Thew is jointly better than 7,4, so that for every state s,

V;

Tnew

(s) > Vﬂ'old(s)'

Subsequently, the monotonic improvement property of the joint return follows naturally,
as

J(Tnew) = Esd [Vﬂ'new (3)] 2 Esva [Vﬂ'old(s)} = J(mo1a)-

However, the conditions of the lemma require every agent to solve |S| instances of In-
equality (12), which may be an intractable problem. We shall design a single optimisation
objective whose solution satisfies those inequalities instead. Furthermore, to have a practical
application to large-scale problems, such an objective should be estimatable via sampling. To
handle these challenges, we introduce the following Algorithm Template 2 which generates
a continuum of HAML algorithms.
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Algorithm Template 2: Heterogeneous-Agent Mirror Learning

Initialise a joint policy my = (7, ..., 7%);

for k=0,1,... do

Compute the advantage function Ay, (s, a) for all state-(joint)action pairs (s, a);
Draw a permutaion 1., of agents at random //from a positive distribution

p € P(Sym(n));

form=1:ndo

L Make an update 77,2’_’;1 = argmax [Eeo5. [[M(ﬂzm) il:m_lAﬂk] (s)};

im €U (i) T

dutput: A limit-point joint policy e

Based on Lemma 13 and the fact that ©° € U%(n?),Vi € N, 7’ € II', we can know any
HAML algorithm (weakly) improves the joint return at every iteration. In practical settings,
such as deep MARL, the maximisation step of a HAML method can be performed by a few
steps of gradient ascent on a sample average of HAMO (see Definition 10). We also highlight
that if the neighbourhood operators U* can be chosen so that they produce small policy-
space subsets, then the resulting updates will be not only improving but also small. This,
again, is a desirable property while optimising neural-network policies, as it helps stabilise
the algorithm. Similar to HATRL, the order of agents in HAML updates is randomised
at every iteration; this condition has been necessary to establish convergence to NE, which
is intuitively comprehensible: fixed-point joint policies of this randomised procedure assure
that none of the agents is incentivised to make an update, namely reaching a NE. We provide
the full list of the most fundamental HAML properties in Theorem 14 which shows that any
method derived from Algorithm Template 2 solves the cooperative MARL problem.

Theorem 14 (The Fundamental Theorem of Heterogeneous-Agent Mirror Learning)
Let, for every agenti € N', © be a HADF, U* be a neighbourhood operator, and let the sam-

pling distributions Br depend continuously on w. Let wg € II, and the sequence of joint
policies ()52, be obtained by a HAML algorithm induced by D', U',Yi € N, and Br.
Then, the joint policies induced by the algorithm enjoy the following list of properties

1. Attain the monotonic improvement property,

J(Tpy1) = J(mr),

2. Their value functions converge to a Nash value function VNE
lim Vi, = VVE
k—o00

3. Their expected returns converge to a Nash return,
lim J(my) = JNV,
k—o0

4. Their w-limit set consists of Nash equilibria.

See the proof in Appendix E. With the above theorem, we can conclude that HAML
provides a template for generating theoretically sound, stable, monotonically improving
algorithms that enable agents to learn solving multi-agent cooperation tasks.
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3.4 Casting HATRPO and HAPPO as HAML Instances

In this section, we show that HATRPO and HAPPO are in fact valid instances of HAML,
which provides a more direct theoretical explanation for their excellent empirical perfor-
mance.
We begin with the example of HATRPO, where agent i,, (the permutation 1., is drawn
from the uniform distribution) updates its policy so as to maximise (in 7m)
E

X e 1 »
szﬂ_old7a11:m71 NTrnle":,” 17alm ~Tim |: Told

Alm (s,ail:m—l,aim)}, subject to EKL(WE)%, 7im) < 6.

This optimisation objective can be casted as a HAMO with the HADF ©» = 0, and
the KL-divergence neighbourhood operator

Uim (im) = {ﬁim ] Eqo,, [KL(wim(-Ms),ﬁim(-im|s))] < 5}.

The sampling distribution used in HATRPO is 8 = pr. Lastly, as the agents up-
date their policies in a random loop, the algorithm is an instance of HAML. Hence, it is
monotonically improving and converges to a Nash equilibrium set.

In HAPPO, the update rule of agent 4,, is changed with respect to HATRPO as

E im—1

S~PT g ,atlm—1ag o ,aim ngﬁ Told Told

[min (r(ﬁi’")Ail:m (s,a’™), clip (r(ﬁim), 1+ G)Ailﬁm (s, ail‘m))} ,

7i(a]s)

Wéld (at|s)

where r(7?) = . We show in Appendix F that this optimisation objective is equivalent

to

. im 3 1im—1 im, }
Eswp"old Eailimfl N'ﬂ'Zl:m_l ,aim ~TTEm [Aﬂold (b7 a ’ a )

[ReLU([x(x") — clip(x(m™), 1 + )] Alin (5, aitm)) ]

1:m—1 im
new

ail:rrzfl ~TT atm e~
’ old

The purple term is clearly non-negative due to the presence of the ReLU function.
Furthermore, for policies 7' sufficiently close to 7.}, the clip operator does not activate,
thus rendering r(7'™) unchanged. Therefore, the purple term is zero at and in a region

around 7' = m ", which also implies that its Gateaux derivatives are zero. Hence, it
evaluates a HADF for agent i,,, thus making HAPPO a valid HAML instance.

Finally, we would like to highlight that these conclusions about HATRPO and HAPPO
strengthen the results in Section 3.1 and 3.2. In addition to their origin in HATRL, we
now show that their optimisation objectives directly enjoy favorable theoretical properties
endowed by HAML framework. Both interpretations underpin their empirical performance.

3.5 More HAML Instances

In this subsection, we exemplify how HAML can be used for derivation of principled MARL
algorithms, solely by constructing valid drift functional, neighborhood operator, and sam-
pling distribution. Our goal is to verify the correctness of HAML theory and enrich the
cooperative MARL with more theoretically guaranteed and practical algorithms. The re-
sults are more robust heterogeneous-agent versions of popular RL algorithms including A2C,
DDPG, and TD3, different from those in Section 2.3.2.
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Heterogeneous-Agent Mirror Learning

HATRPO HAPPO HAA2C HADDPG & HATD3

Drift functional D=0 D' = E[ReLU ([r(!) - clip (r(z"))| A%, (5,29 D=0 D=0
Neighborhood

operator

i
Within a KL-ball B Entire policy space Entire policy space Entire policy space
Sampling . , Sample from
distribution Sample from on-policy trajectory data off-policy data buffer

Figure 3: This figure presents a simplified schematic overview of HARL algorithms repre-
sented as valid instances of HAML. The complete details are available in Appendix H. By
recasting HATRPO and HAPPO as HAML formulations, we demonstrate that their guaran-
tees pertaining to monotonic improvement and NE convergence are enhanced by leveraging
the HAML framework. Moreover, HAA2C, HADDPG, and HATD3 are obtained by design-
ing HAML components, thereby securing those same performance guarantees. The variety
of drift functionals, neighborhood operators, and sampling distributions utilised by these
approaches further attests to the versatility and richness of the HAML framework.

3.5.1 HAA2C

HAA2C intends to optimise the policy for the joint advantage function at every iteration,
and similar to A2C, does not impose any penalties or constraints on that procedure. This
learning procedure is accomplished by, first, drawing a random permutation of agents %1.,,
and then performing a few steps of gradient ascent on the objective of

7:lz'mfl

ailzm—l im im ) . )
N it 7"?e'w7 ( ' |S)7T‘ (a' |s) A:ryzld(svallszljalm)}’ (13)
S~Pm o1 R Told ﬂoidm 1(allzm—1|s)7r(z)”17é(alm|s)

with respect to 7'm parameters, for each agent i, in the permutation, sequentially. In
practice, we replace the multi-agent advantage A% (s a1 a’m) with the joint advantage
estimate which, thanks to the joint importance sampling in Equation (13), poses the same
objective on the agent (see Appendix G for full pseudocode).

3.5.2 HADDPG

HADDPG exploits the fact that S can be independent of w and aims to maximise the
state-action value function off-policy. As it is a deterministic-action method, importance
sampling in its case translates to replacement of the old action inputs to the critic with the
new ones. Namely, agent i,, in a random permutation i;., maximises

Bty [ QU (5 9), 7 )] (1)

with respect to p'm, also with a few steps of gradient ascent. Similar to HAA2C, optimising
the state-action value function (with the old action replacement) is equivalent to the original
multi-agent value (see Appendix G for full pseudocode).
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3.5.3 HATD3

HATD3 improves HADDPG with tricks proposed by Fujimoto et al. (2018). Similar to
HADDPG, HATD3 is also an off-policy algorithm and optimises the same target, but it
employs target policy smoothing, clipped double Q-learning, and delayed policy updates
techniques (see Appendix G for full pseudocode). We observe that HATD3 consistently
outperforms HADDPG on all tasks, showing that relevant reinforcement learning can be
directly applied to MARL without the need for rediscovery, another benefit of the HAML.

As the HADDPG and HATD3 algorithms have been derived, it is logical to consider
the possibility of HADQN, given that DQN can be viewed as a pure value-based version of
DDPG for discrete action problems. In light of this, we introduce HAD3QN, a value-based
approximation of HADDPG that incorporates techniques proposed by Van Hasselt et al.
(2016) and Wang et al. (2016). The details of HAD3QN are presented in Appendix I, which
includes the pseudocode, performance analysis, and an ablation study demonstrating the
importance of the dueling double Q-network architecture for achieving stable and efficient
multi-agent learning.

To elucidate the formulations and differences of HARL approaches in their HAML repre-
sentation, we provide a simplified summary in Figure 3 and list the full details in Appendix
H. While these approaches have already tailored HADFs, neighbourhood operators, and
sampling distributions, we speculate that the entire abundance of the HAML framework
can still be explored with more future work. Nevertheless, we commence addressing the
heterogeneous-agent cooperation problem with these five methods, and analyse their perfor-
mance in Section 5.

4. Related Work

There have been previous attempts that tried to solve the cooperative MARL problem by
developing multi-agent trust region learning theories. Despite empirical successes, most of
them did not manage to propose a theoretically-justified trust region protocol in multi-agent
learning, or maintain the monotonic improvement property. Instead, they tend to impose
certain assumptions to enable direct implementations of TRPO/PPO in MARL problems.
For example, IPPO (de Witt et al., 2020) assumes homogeneity of action spaces for all
agents and enforces parameter sharing. Yu et al. (2022) proposed MAPPO which enhances
IPPO by considering a joint critic function and finer implementation techniques for on-
policy methods. Yet, it still suffers similar drawbacks of IPPO due to the lack of monotonic
improvement guarantee especially when the parameter-sharing condition is switched off.
Wen et al. (2022) adjusted PPO for MARL by considering a game-theoretical approach at the
meta-game level among agents. Unfortunately, it can only deal with two-agent cases due to
the intractability of Nash equilibrium. Recently, Li and He (2023) tried to implement TRPO
for MARL through distributed consensus optimisation; however, they enforced the same
ratio 7¢(a’|s) /7 (al|s) for all agents (see their Equation (7)), which, similar to parameter
sharing, largely limits the policy space for optimisation. Moreover, their method comes
with a 6 /n KL-constraint threshold that fails to consider scenarios with large agent number.
While Coordinated PPO (CoPPO) (Wu et al., 2021) derived a theoretically-grounded joint
objective and obtained practical algorithms through a set of approximations, it still suffers
from the non-stationarity problem as it updates agents simultaneously.
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One of the key ideas behind our Heterogeneous-Agent algorithm series is the sequential
update scheme. A similar idea of multi-agent sequential update was also discussed in the
context of dynamic programming (Bertsekas, 2019) where artificial "in-between" states have
to be considered. On the contrary, our sequential update scheme is developed based on
Lemma 4, which does not require any artificial assumptions and holds for any cooperative
games. The idea of sequential update also appeared in principal component analysis; in
EigenGame (Gemp et al., 2021) eigenvectors, represented as players, maximise their own
utility functions one-by-one. Although EigenGame provably solves the PCA problem, it is
of little use in MARL, where a single iteration of sequential updates is insufficient to learn
complex policies. Furthermore, its design and analysis rely on closed-form matrix calculus,
which has no extension to MARL.

Lastly, we would like to highlight the importance of the decomposition result in Lemma
4. This result could serve as an effective solution to value-based methods in MARL where
tremendous efforts have been made to decompose the joint Q-function into individual Q-
functions when the joint Q-function is decomposable (Rashid et al., 2018). Lemma 4, in
contrast, is a general result that holds for any cooperative MARL problems regardless of
decomposability. As such, we think of it as an appealing contribution to future developments
on value-based MARL methods.

Our work is an extension of previous work HATRPO / HAPPO, which was originally
proposed in a conference paper (Kuba et al., 2022a). The main additions in our work are:

e Introducing Heterogeneous-Agent Mirror Learning (HAML), a more general theoretical
framework that strengthens theoretical guarantees for HATRPO and HAPPO and can
induce a continuum of sound algorithms with guarantees of monotonic improvement
and convergence to Nash Equilibrium;

e Designing novel algorithm instances of HAML including HAA2C, HADDPG, and
HATD3, which attain better performance than their existing MA-counterparts, with
HATD3 establishing the new SOTA results for off-policy algorithms;

e Releasing PyTorch-based implementation of HARL algorithms, which is more unified,
modularised, user-friendly, extensible, and effective than the previous one;

e Conducting comprehensive experiments evaluating HARL algorithms on six challeng-
ing benchmarks Multi-Agent Particle Environment (MPE), Multi-Agent MuJoCo (MA-
MuJoCo), StarCraft Multi-Agent Challenge (SMAC), SMACv2, Google Research Foot-
ball Environment (GRF), and Bi-DexterousHands.

5. Experiments and Analysis

In this section, we evaluate and analyse HARL algorithms on six cooperative multi-agent
benchmarks — Multi-Agent Particle Environment (MPE) (Lowe et al., 2017; Mordatch and
Abbeel, 2018), Multi-Agent MuJoCo (MAMuJoCo) (Peng et al., 2021), StarCraft Multi-
Agent Challenge (SMAC) (Samvelyan et al., 2019), SMACv2 (Ellis et al., 2022), Google Re-
search Football Environment (GRF) (Kurach et al., 2020), and Bi-DexterousHands (Chen
et al., 2022), as shown in Figure 4 — and compare their performance to existing SOTA
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(a) MPE (b) MAMulJoCo (c) SMAC (d) SMACv2 (e) GRF (f) Bi-DexterousHands

Figure 4: The six environments used for testing HARL algorithms.

methods. These benchmarks are diverse in task difficulty, agent number, action type, di-
mensionality of observation space and action space, and cooperation strategy required, and
hence provide a comprehensive assessment of the effectiveness, stability, robustness, and
generality of our methods. The experimental results demonstrate that HAPPO, HADDPG,
and HATD3 generally outperform their MA-counterparts on heterogeneous-agent coopera-
tion tasks. Moreover, HARL algorithms culminate in HAPPO and HATD3, which exhibit
superior effectiveness and stability for heterogeneous-agent cooperation tasks over existing
strong baselines such as MAPPO, QMIX, MADDPG, and MATD3, refreshing the state-of-
the-art results. Our ablation study also reveals that the novel details introduced by HATRL
and HAML theories, namely non-sharing of parameters and randomised order in sequential
update, are crucial for obtaining the strong performance. Finally, we empirically show that
the computational overhead introduced by sequential update does not need to be a concern.

Our implementation of HARL algorithms takes advantage of the sequential update
scheme and the CTDE framework that HARL algorithms share in common, and unifies
them into either the on-policy or the off-policy training pipeline, resulting in modularisation
and extensibility. It also naturally hosts MAPPO, MADDPG, and MATDS3 as special cases
and provides the (re)implementation of these three algorithms along with HARL algorithms.
For fair comparisons, we use our (re)implementation of MAPPO, MADDPG, and MATD3 as
baselines on MPE and MAMuJoCo, where their publicly acknowledged performance report
under exactly the same settings is lacking, and we ensure that their performance matches
or exceeds the results reported by their original paper and subsequent papers; on the other
benchmarks, the original implementations of baselines are used. To be consistent with the
officially reported results of MAPPO, we let it utilize parameter sharing on all but Bi-
DexterousHands and the Speaker Listener task in MPE. Details of hyper-parameters and
experiment setups can be found in Appendix K.

5.1 MPE Testbed

We consider the three fully cooperative tasks in MPE (Lowe et al., 2017): Spread, Reference,
and Speaker Listener. These tasks require agents to explore and then learn the optimal
cooperation strategies, such as spreading to targets as quickly as possible without collision,
instructing companions, and so on. The Speaker Listener scenario, in particular, explicitly
designs different roles and fails the homogeneous agent approach. As the original codebase
of MPE is no longer maintained, we choose to use its PettingZoo version (Terry et al.,
2021). To make it compatible with the cooperative MARL problem formulation in Section
2, we implement the interface of MPE so that agents do not have access to their individual
rewards, as opposed to the setting used by MADDPG. Instead, individual rewards of agents
are summed up to form the joint reward, which is available during centralised training. We
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Figure 5: Comparisons of average episode return on Multi-Agent Particle Environments.
The “continuous” and “discrete” in parenthesis refer to the type of action space in each task.

evaluate HAPPO, HATRPO, HAA2C, HADDPG, and HATD3 on the continuous action-
space version of these three tasks against MAPPO, MADDPG, and MATD3, with on-policy
algorithms running for 10 million steps and off-policy ones for 5 million steps. Since the
stochastic policy algorithms, namely HAPPO, HATRPO, and HAA2C, can also be applied to
discrete action-space scenarios, we additionally compare them with MAPPO on the discrete
version of these three tasks, using the same number of timesteps. The learning curves plotted
from training data across three random seeds are shown in Figure 5.

While MPE tasks are relatively simple, it is sufficient for identifying several patterns.
HAPPO consistently solves all six combinations of tasks, with its performance comparable
to or better than MAPPO. With a single set of hyper-parameters, HATRPO also solves
five combinations easily and achieves steady learning curves due to the explicitly specified
distance constraint and reward improvement between policy updates. It should be noted that
the oscillations observed after convergence are due to the randomness of test environments
which affects the maximum reward an algorithm can attain. HAA2C, on the other hand,
is equally competitive on the discrete version of tasks, but shows higher variance and is
empirically harder to achieve the same level of episode return on the continuous versions,
which is a limitation of this method since its update rule can not be precisely realised
in practice and meanwhile it imposes no constraint. Nevertheless, it still constitutes a
potentially competitive solution.

Furthermore, two off-policy HARL methods, HADDPG and HATDS3, exhibit extremely
fast mastery of the three tasks with small variance, demonstrating their advantage in high
sample efficiency. Their performances are similar to MA-counterparts on these simple tasks,
with TD3-based methods achieving faster convergence rate and higher total rewards, es-
tablishing new SOTA off-policy results. Off-policy HARL methods consistently converge
with much fewer samples than on-policy methods across all tasks, holding the potential to
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Figure 6: Comparisons of average episode return of on-policy algorithms on Multi-Agent
MuJoCo. HAPPO generally outperforms MAPPO, refreshing the state-of-the-art (SOTA)
results for on-policy algorithms.

alleviate the high sample complexity and slow training speed problems, which are commonly
observed in MARL experiments.

These observations show that while HARL algorithms have the same improvement and
convergence guarantees in theory, they differ in learning behaviours due to diverse algorith-
mic designs. In general, they complement each other and collectively solve all tasks.

5.2 MAMuJoCo Testbed

The Multi-Agent MuJoCo (MAMuJoCo) environment is a multi-agent extension of MuJoCo.
While the MuJoCo tasks challenge a robot to learn an optimal way of motion, MAMuJoCo
models each part of a robot as an independent agent — for example, a leg for a spider or
an arm for a swimmer — and requires the agents to collectively perform efficient motion.
With the increasing variety of the body parts, modeling heterogeneous policies becomes
necessary. Thus, we believe that MAMuJoCo is a suitable task suite for evaluating the
effectiveness of our heterogeneous-agent methods. We evaluate HAPPO, HATRPO, HAA2C,
HADDPG, and HATD3 on the five most representative tasks against MAPPO, MADDPG,
and MATD3 and plot the learning curves across at least three seeds in Figure 6 and 7.

We observe that on all five tasks, HAPPO, HADDPG, and HATD3 achieves generally
better average episode return than their MA-counterparts. HATRPO and HAA2C also
achieve strong and steady learning behaviours on most tasks. Since the running motion
are hard to be realised by any subset of all agents, the episode return metric measures
the quality of agents’ cooperation. Rendered videos from the trained models of HARL
algorithms confirm that agents develop effective cooperation strategies for controlling their
corresponding body parts. For example, on the 2-agent HalfCheetah task, agents trained by
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Figure 7: Comparisons of average episode return of off-policy algorithms on Multi-Agent Mu-
JoCo. HADDPG and HATD3 generally outperform MADDPG and MATD3, while HATD3
achieves the highest average return across all tasks, thereby refreshing the state-of-the-art
(SOTA) results for off-policy algorithms.

HAPPO learn to alternately hit the ground, forming a swift kinematic gait that resembles a
real cheetah. The motion performed by each agent is meaningless alone and only takes effect
when combined with the other agent’s actions. In other words, all agents play indispensable
roles and have unique contributions in completing the task, which is the most desirable form
of cooperation. Empirically, HARL algorithms prove their capability to generate this level
of cooperation from random initialisation.

As for the off-policy HARL algorithms, HATD3 outperforms both MATD3 and HAD-
DPG on all tasks, due to the beneficial combination of sequential update and the stabilising
effects brought by twin critics, delayed actor update, and target action smoothing tricks.
This also admits the feasibility of introducing RL tricks to MARL. Its performance is even
generally better than HAPPO, showing the competence to handle continuous tasks. Ex-
perimental results on MAMuJoCo not only prove the superiority of HARL algorithms over
existing strong baselines, but also reveal that HARL renders multiple effective solutions to
multi-agent cooperation tasks.

Though MAMuJoCo tasks are heterogeneous in nature, parameter sharing is still effec-
tive in scenarios where learning a “versatile” policy to control all body parts by relying on the
expressiveness of neural network is enough. As a result, on these five tasks, MAPPO under-
performs HAPPO by not very large margins. To fully distinguish HAPPO from MAPPO, we
additionally compare them on the 17-agent Humanoid task and report the learning curves
averaged across three seeds in Figure 8. In this scenario, the 17 agents control dissimilar
body parts and it is harder for a single policy to select the right action for each part. In-
deed, MAPPO completely fails to learn. In contrast, HAPPO still manages to coordinate the
agents’ updates with its sequential update scheme which leads to a walking humanoid with
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Figure 8: Comparisons of average episode return on the 17-agent Humanoid control task
in Multi-Agent MuJoCo. In the face of this many-heterogeneous-agent task, HAPPO and
HATD3 achieve state-of-the-art (SOTA) performance, while MAPPO fails completely. This
highlights the superior effectiveness of HARL algorithms for promoting cooperation among
heterogeneous agents.

the joint effort from all agents. With the same theoretical properties granted by HAML,
HATD3 also successfully learns to control the 17-agent humanoid. Therefore, HARL al-
gorithms are more applicable and effective for the general many-heterogeneous-agent cases.
Their advantage becomes increasingly significant with the increasing heterogeneity of agents.

5.3 SMAC & SMACv2 Testbed

The StarCraft Multi-Agent Challenge (SMAC) contains a set of StarCraft maps in which
a team of mostly homogeneous ally units aims to defeat the opponent team. It challenges
an algorithm to develop effective teamwork and decentralised unit micromanagement, and
serves as a common arena for algorithm comparison. We benchmark HAPPO and HATRPO
on five hard maps and five super hard maps in SMAC against QMIX (Rashid et al., 2018)
and MAPPO (Yu et al., 2022), which are known to achieve supreme results. Furthermore,
as Ellis et al. (2022) proposes SMACv2 to increase randomness of tasks and diversity among
unit types in SMAC, we additionally test HAPPO and HATRPO on five maps in SMACv2
against QMIX and MAPPO. On these two sets of tasks, we adopt the implementations of
QMIX and MAPPO that have achieved the best-reported results, i.e. in SMAC we use the
implementation by Yu et al. (2022) and in SMACv2 we use the implementation by Ellis
et al. (2022). Following the evaluation metric proposed by Wang et al. (2021), we report the
win rates computed across at least three seeds in Table 1 and provide the learning curves in
Appendix J.

We observe that HAPPO and HATRPO are able to achieve comparable or superior per-
formance to QMIX and MAPPO across five hard maps and five super hard maps in SMAC,
while not relying on the restrictive parameter-sharing trick, as opposed to MAPPO. From
the learning curves, it shows that HAPPO and HATRPO exhibit steadily improving learn-
ing behaviours, while baselines experience large oscillations on 25m and 27m_vs_30m, again
demonstrating the monotonic improvement property of our methods. On SMACv2, though
randomness and heterogeneity increase, HAPPO and HATRPO robustly achieve competi-
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Map Difficulty ¥ HAPPO HATRPO MAPPO QMIX  Steps
8m_ vs_ 9m Hard 83.8(4.1) 92.5(3.7) 87.5(4.0) 92.2(1.0) le7
25m Hard 95.0(2.0) 100.0(0.0) 100.0(0.0) 89.1(3.8) le7
dm_vs_ 6m Hard 77.5(72) 75.065) 75.0018.2) 77.3(3.3) le7
385z Hard 97.5(1.2)  93.8(1.2) 96.9(0.7) 89.8(2.5) le7
10m vs 1lm Hard 87.56.7)  98.8(0.6) 96.9(4.8) 95.3(2.2) le7
MMM2 Super Hard  88.8(2.0) 97.5(6.4) 93.8(4.7) 87.5(2.5) 2e7
385z vs_ 3s6z Super Hard 66.2(3.1)  72.5(14.7)  70.0(10.7) 87.5(12.6) 27

27Tm_vs_ 30m Super Hard  76.6(1.3)  93.8(2.1) 80.0(6.2)  45.3(14.0) 2e7

corridor Super Hard 92.5(13.9)  88.8(2.7) 97.5(1.2) 82.8(4.4) 2e7

6h vs 8z Super Hard 76.23.1) 78.8(0.6) 85.0(20) 92.2(26.2) 4eT7
protoss 5 vs 5 - 57.5(1.2) 50.0(2.4) 56.2(3.2) 65.6(3.9) le7
terran 5 vs b - 57.5(1.3) 56.8(2.9) 53.1(2.7) 62.5(3.8) le7
zerg 5 vs_ b - 42.5(2.5) 43.8(1.2) 40.6(7.0) 34.4(2.2) le7
zerg 10 _vs 10 - 28.4(2.2) 34.6(0.2) 37.5(32)  40.6(3.4) le7
zerg 10 vs 11 - 16.2(0.6) 19.3(2.1) 29.7(3.8) 25.0(3.9) le7

Table 1: Median evaluation win rate and standard deviation on ten SMAC maps (upper
in the table) and five SMACv2 maps (lower in the table) for different methods. All values
within 1 standard deviation of the maximum win rate are marked in bold. The column
labeled “Steps” specifies the number of steps used for training. Our results suggest that
HAPPO and HATRPO perform comparably or better than MAPPO and QMIX on these
tasks, which mainly involve homogeneous agents. Moreover, HAPPO and HATRPO do
not rely on the restrictive parameter-sharing technique, demonstrating their versatility in
various scenarios.

tive win rates and are comparable to QMIX and MAPPO. Another important observation
is that HATRPO is more effective than HAPPO in SMAC and SMACv2, outperforming
HAPPO on 10 out of 15 tasks. This implies that HATRPO could enhance learning stabil-
ity by imposing explicit constraints on update distance and reward improvement, making
it a promising approach to tackling novel and challenging tasks. Overall, the performance
of HAPPO and HATRPO in SMAC and SMACv2 confirms their capability to coordinate
agents’ training in largely homogeneous settings.

5.4 Google Research Football Testbed

Google Research Football Environment (GRF) composes a series of tasks where agents are
trained to play football in an advanced, physics-based 3D simulator. From literature (Yu
et al., 2022), it is shown that GRF is still challenging to existing methods. We apply
HAPPO to the five academy tasks of GRF, namely 3 vs 1 with keeper (3v.1), counterattack
(CA) easy and hard, pass and shoot with keeper (PS), and run pass and shoot with keeper
(RPS), with MAPPO and QMIX as baselines. As GRF does not provide a global state
interface, our solution is to implement a global state based on agents’ observations following
the Simplel15StateWrapper of GRF. Concretely, the global state consists of common com-
ponents in agents’ observations and the concatenation of agent-specific parts, and is taken as
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scenarios ~ HAPPO MAPPO QMIX
PS 96.93(1.11)  94.92(0.85) 8.05(5.58)
RPS 77.30(7.40) T76.83(3.57)  8.08(3.29)
3v.1 94.74(3.05) 88.03(4.15) 8.12(4.46)
(1.62)
(5.77)

CA(easy) 92.00(1.62) 87.76(6.40) 15.98(11.77)
CA(hard) 88.14(5.77) 77.38(10.95)  3.22(4.39)

Table 2: Average evaluation score rate and standard deviation (over six seeds) on GRF
scenarios for different methods. All values within 1 standard deviation of the maximum score
rate are marked in bold. Our results reveal that HAPPO generally outperforms MAPPO
and QMIX on all tasks, setting a new state-of-the-art performance benchmark.
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Figure 9: The figure displays the average score rate comparisons for different methods on
GRF, and also illustrates how the performance gaps between HAPPO and MAPPO widen
as the roles and difficulty levels of tasks increase. Overall, our results demonstrate that
HAPPO outperforms MAPPO in tackling complex multi-agent scenarios.

input by the centralised critic for value prediction. We also utilize the dense-reward setting
in GRF. All methods are trained for 25 million environment steps in all scenarios with the
exception of CA (hard), in which methods are trained for 50 million environment steps. We
compute the success rate over 100 rollouts of the game and report the average success rate
over the last 10 evaluations across 6 seeds in Table 2. We also report the learning curves of
the algorithms in Figure 9.

We observe that HAPPO is generally better than MAPPO, establishing new state-of-the-
art results, and they both significantly outperform QMIX. In particular, as the number of
agents increases and the roles they play become more diverse, the performance gap between
HAPPO and MAPPO becomes larger, again showing the effectiveness and advantage of
HARL algorithms for the many-heterogeneous-agent settings. From the rendered videos, it
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Figure 10: Comparisons of average episode return on Bi-DexterousHands. The learning
curves demonstrate that HAPPO consistently achieves the highest return, outperforming
both MAPPO and PPO.

is shown that agents trained by HAPPO develop clever teamwork strategies for ensuring a
high score rate, such as cooperative breakthroughs to form one-on-one chances, etc. This
result further supports the effectiveness of applying HAPPO to cooperative MARL problems.

5.5 Bi-DexterousHands Testbed

Based on IsaacGym, Bi-DexterousHands provides a suite of tasks for learning human-level
bimanual dexterous manipulation. It leverages GPU parallelisation and enables simultane-
ous instantiation of thousands of environments. Compared with other CPU-based environ-
ments, Bi-DexterousHands significantly increases the number of samples generated in the
same time interval, thus alleviating the sample efficiency problem of on-policy algorithms.
We choose three representative tasks and compare HAPPO with MAPPO as well as PPO.
As the existing reported results of MAPPO on these tasks do not utilize parameter sharing,
we follow them in order to be consistent. The learning curves plotted from training data
across three random seeds are shown in Figure 10. On all three tasks, HAPPO consistently
outperforms MAPPO, and is at least comparable to or better than the single-agent baseline
PPO, while also showing less variance. The comparison between HAPPO and MAPPO
demonstrates the superior competence of the sequential update scheme adopted by HARL
algorithms over simultaneous updates for coordinating multiple heterogeneous agents.

5.6 Ablation Experiments

In this subsection, we conduct ablation study to investigate the importance of two key
novelties that our HARL algorithms introduced; they are heterogeneity of agents’ parameters
and the randomisation of order of agents in the sequential update scheme. We compare the
performance of original HAPPO with a version that shares parameters, and with a version
where the order in sequential update scheme is fixed throughout training. We run the
experiments on two MAMuJoCo tasks, namely 2-agent Walker and 6-agent Walker.

The experiments reveal that the deviation from the theory harms performance. In par-
ticular, parameter sharing introduces unreasonable policy constraints to training, harms the
monotonic improvement property (Theorem 7 assumes heterogeneity), and causes HAPPO
to converge to suboptimal policies. The suboptimality is more severe in the task with more
diverse agents, as discussed in Section 2.3.1. Similarly, fixed order in the sequential up-
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Figure 11: Performance comparison between original HAPPO, and its modified versions:
HAPPO with parameter sharing, and HAPPO without randomisation of the sequential
update scheme.

date scheme negatively affects the performance at convergence, as suggested by Theorem
8. In the 2-agent task, fixing update order leads to inferior performance throughout the
training process; in the 6-agent task, while the fixed order version initially learns faster,
it is gradually overtaken by the randomised order version and achieves worse convergence
results. We conclude that the fine performance of HARL algorithms relies strongly on the
close connection between theory and implementation.

5.7 Analysis of Computational Overhead

We then analyse the computational overhead introduced by the sequential update scheme.
We mainly compare HAPPO with MAPPO in parameter-sharing setting, where our im-
plementation conducts the single vectorized update 2. We conduct experiments on seven
MAMuJoCo tasks with all hyperparameters fixed. Both methods are trained for 1 million
steps and we record the computational performance in Table 3. The machine for experi-
ments in this subsection is equipped with an AMD Ryzen 9 5950X 16-Core Processor and
an NVIDIA RTX 3090 Ti GPU, and we ensure that no other experiments are running.

We generally observe a linear relationship between update times for both HAPPO and
MAPPO and the number of agents. For HAPPO, each agent is trained on a constant-
sized batch input, denoted as |B|, across tasks. Thus the total time consumed to update
all agents correlates directly with the agent count. For MAPPO, on the other hand, the
shared parameter is trained on a batch input of size n x |B| when the number of agents is
n. However, as the batch size |B| used in MAMuJoCo is typically large, in this case 4000,
vectorizing agents data does not significantly enhance GPU parallelization. This is evidenced
by the relatively consistent FLOPS recorded across tasks. As a result, the MAPPO update
timeframe also exhibits linear growth with increasing agents. The ratio of HAPPO and
MAPPO update time is almost constant on the first six tasks and it nearly degenerates
to 1 when both of them sufficiently utilize the computational resources, as shown in the
case of 17-agent Humanoid where the significantly higher-dimensional observation space

3. Corresponding to the original implementation at https://github.com/marlbenchmark/on-policy/
blob/Oaffe7f4b812ed25e280af8115£279fbffe45bbe/onpolicy/algorithms/r_mappo/r_mappo.py#
L205.
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. HAPPO MAPPO
SCenatios . ¢ agents . share param
eng;:ggn update FLOPS extpii:gm update  FLOPS

time(s) time(s)
HalfCheetah 2x3 203.4¢.4 8.60.0 368 197.61.9 4.90.1 588
HalfCheetah 3x2 264.71 .0 12.900 368 256.01 1 6.20.0 644
HalfCheetah 6x1 451.01.4 25.30.0 366 441.40.9 12.30.0 717
Walker 2x3 193.928 8.60.0 368 187448 4.90.0 588
Walker 3x2 245-06.2 12-90,2 368 232.61.5 6.30.0 649
Walker 6x1 408.69.9 25.4¢.9 370 383.256 12.299 711
Humanoid 17x1 912.011.8 76.70.9 568 988.09 1 71.30.1 738

Table 3: Computational performance comparisons between HAPPO and MAPPO on seven
MAMuJoCo tasks across three seeds. As for the comparison items, “experiment time” de-
notes the overall running time of a single experiment; “agents update time” of HAPPO
denotes the total time of all agent updates; “share param update time” of MAPPO de-
notes the total time consumed in updating the shared parameters; “FLOPS” (floating-point
operations per second) during the update is calculated as the total floating-point opera-
tions in a network forward pass divided by data transfer time plus computation time (unit:
GFLOPS). The main figure represents the mean and the subscript represents the standard
deviation. These figures suggest that the sequential update scheme does not introduce much
computational burden compared to a single vectorized update.
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Figure 12: Performance comparison between HAPPO and MAPPO with the x-axis being the
wall-time. At the same time, HAPPO generally outperforms parameter-sharing MAPPO.
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leads to increased GPU utilization, i.e. FLOPS, for HAPPO. These facts suggest that
the sequential update scheme does not introduce much computational burden compared to
the single vectorized update. As the update only constitutes a small portion of the whole
experiment, such an additional computational overhead is almost negligible.

In Figure 12, we further provide the learning curves of HAPPO and MAPPO on two
MAMuJoCo tasks corresponding to Figure 6, with the x-axis being wall-time. The oscillation
observed in Figure 12(b) is due to a slight difference in training time across the seeds
rather than the instability of algorithms. These figures demonstrate that HAPPO generally
outperforms MAPPO at the same wall-time. To run 10 million steps, HAPPO needs 8.12%
and 8.64% more time than MAPPO respectively, an acceptable tradeoff to enjoy the benefits
of the sequential update scheme in terms of improved performance and rigorous theoretical
guarantees. Thus, we justify that computational overhead does not need to be a concern.

6. Conclusion

In this paper, we present Heterogeneous-Agent Reinforcement Learning (HARL) algorithm
series, a set of powerful solutions to cooperative multi-agent problems with theoretical guar-
antees of monotonic improvement and convergence to Nash Equilibrium. Based on the multi-
agent advantage decomposition lemma and the sequential update scheme, we successfully
develop Heterogeneous-Agent Trust Region Learning (HATRL) and introduce two practical
algorithms — HATRPO and HAPPO — by tractable approximations. We further discover
the Heterogeneous-Agent Mirror Learning (HAML) framework, which strengthens valida-
tions for HATRPO and HAPPO and is a general template for designing provably correct
MARL algorithms whose properties are rigorously profiled. Its consequences are the deriva-
tion of more HARL algorithms, HAA2C, HADDPG, and HATD3, which significantly enrich
the tools for solving cooperative MARL problems. Experimental analysis on MPE, MA-
MuJoCo, SMAC, SMACv2, GRF, and Bi-DexterousHands confirms that HARL algorithms
generally outperform existing M A-counterparts and refresh SOTA results on heterogeneous-
agent benchmarks, showing their superior effectiveness for heterogeneous-agent cooperation
over strong baselines such as MAPPO and QMIX. Ablation studies further substantiate the
key novelties required in theoretical reasoning and enhance the connection between HARL
theory and implementation. For future work, we plan to consider more possibilities of the
HAML framework and validate the effectiveness of HARL algorithms on real-world multi-
robot cooperation tasks.
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Appendix A. Proofs of Example 2 and 1

Example 2 Consider a fully-cooperative game with an even number of agents n, one state,
and the joint action space {0,1}", where the reward is given by r(0™2 17/2) = r(17/2 0™/?) =
1, and r(a*™) = 0 for all other joint actions. Let J* be the optimal joint reward, and I are
be the optimal joint reward under the shared policy constraint. Then

:hare —_ 3
J* 2n

Proof Clearly J* = 1. An optimal joint policy in this case is, for example, the deterministic
policy with joint action (0™/2,17/2).

Now, let the shared policy be (6,1 —6), where 6 determines the probability that an agent
takes action 0. Then, the expected reward is

J(6) = Pr (alm — (0", 1"/2)> 1+Pr (alm — (1’”/2,0”/2)> 1 =2V - )2,

In order to maximise J(f), we must maximise #(1 — 6), or equivalently, \/0(1 — 6). By the
artithmetic-geometric means inequality, we have

O+(1—-0) 1
VI =) < —— =,

where the equality holds if and only if 6 =1 — 0, that is 6 = % In such case we have

* :J<1>:2.2—”/2.2—N/2: 2
2

share 27 ’

which finishes the proof. |

Example 1 Let’s consider a fully-cooperative game with 2 agents, one state, and the joint
action space {0,1}2, where the reward is given by r(0,0) = 0,7(0,1) = r(1,0) = 2, and
r(1,1) = —1. Suppose that ' ,(0) > 0.6 for i = 1,2. Then, if agents i update their policies
by

)
new

i [Ar, (' a )], Vi e N,

Tew = aI'gMax ]Eamwi,a—iwn;ld

Tt

then the resulting policy will yield a lower return,
J(Tl'old) > J(Tl‘new) = min J(Tl‘).

Proof As there is only one state, we can ignore the infinite horizon and the discount factor
v, thus making the state-action value and the reward functions equivalent, Q) = r.
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Let us, for brevity, define 7¢ = 7, ,(0) > 0.6, for i = 1,2. We have
J(mga) = Pr(a’ = a® = 0)r(0,0) + (1 — Pr(a' = a® = 0))E[r(a’, a®)|(a’,a%) # (0,0)]
> 0.62 x0— (1—0.6%) = —0.64.

The update rule stated in the proposition can be equivalently written as

T o = arg max EaiNWi,a*iwﬂ;é (Qrora (al, a_i)]. (15)
7-(-2
We have
B, it [@maa(0,27)] = 77°Q(0,0) + (1 = 779)Q(0,1) = 7~'7(0,0) + (1 — 7~ ")r(0,1) = 2(1 — 7 7"),

and similarly

Ey-tomi [@maia (1, a )] =100+ 1 -7 (L) =2r"~(1-7")=31"~ 1.
Hence, if 7=¢ > 0.6, then
Qg (1La )] =377 = 1>3%06-1=08>2-21" =B, [Qr,,(0,a7")].

—i
a I™MTo1d

Therefore, for every 4, the solution to Equation (15) is the greedy policy i, (1) = 1.
Therefore,

J(Tpew) = Q(1,1) =7(1,1) = —1,
which finishes the proof. |

Appendix B. Derivation and Analysis of Algorithm 1
B.1 Recap of Existing Results

Lemma 15 (Performance Difference) Let 7 and m be two policies. Then, the following
identity holds,

J(@) = (1) = Esnpr anr [Ar (s, 0)]

Proof See Kakade and Langford (2002) (Lemma 6.1) or Schulman et al. (2015) (Appendix
A). ]

Theorem 16 (Schulman et al., 2015, Theorem 1) Let 7 be the current policy and T be
the neat candidate policy. We define Lr(7) = J(7) + Eswp, anr [Ax(s,a)], DRI (7, T) =
maxs Dgy (w(¢]s),7(:|s)) . Then the inequality of

J(7) > Lx(7) — CDRE* (m, 7) (16)
_ 4dymaxs,q |[Ar(s,a)]
holds, where C' = o
Proof See Schulman et al. (2015) (Appendix A and Equation (9) of the paper). [ ]
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B.2 Analysis of Training of Algorithm 1

Lemma 17 (Multi-Agent Advantage Decomposition) In any cooperative Markov games,
given a joint policy m, for any state s, and any agent subset i1.m, the below equation holds.

m
Alim (S’amzm) — ZA% (S’ailzj—ljaz'j) ,
j=1

Proof By the definition of multi-agent advantage function,

Ai}:m (3, ailzm) — Q;}:m(s’ ailzm) _ Vﬂ_(s)

[
NE

|:Q‘Zn}k (S, ailzk) _ ;}:k*l(sj ail:k—l):|

i
I

A:’; (87 ail:k_l Y alk)’

I
NE

b
Il
—

which finishes the proof.
Note that a similar finding has been shown in Kuba et al. (2021).

Lemma 18 Let w =[]\, 7% and ® = [[[_; @ be joint policies. Then

max < E mam l
7

Proof For any state s, we have

Dict, ((3), 7(|5)) = Eavn [log 7(als) — log 7(as)]

1og<i1'[1wi(ai|s)> log<H7T (alls )]

Z log 7' (a|s) — Z log ﬁ'i(ai\s)]

= EaNﬂ'

= anﬂ'

- ZEalwﬂ'l O [lOgﬂ' ( ‘ ) 10g7r ZDKL ( ‘ )) :

Now, taking maximum over s on both sides yields

max < E max Z *’L
’ )

as required.
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Lemma 19 Let 7 be a joint policy. Then, for any joint policy &, we have

J(7) ) + Z [Lim (ghem=1 7im) — CDR(rm, 70m)]

4’y maxs q [Ax(s,a)l

where C' =
(1—7)?

Proof By Theorem 16

J(7) = Lx(T) — CDRY (7, )
= J(7) + Es~pp,a~m [Ax(s,a)] — CDRL (7, 7)
which by Lemma 4 equals

n
i 1:m—1 40
E A (s,a m ,am)

m=1

= J(ﬂ') +Es~pﬂ-,aw7—r CDmaX( ,7_7)

and by Lemma 18 this is at least

n

> J(m) + Eseprans Z Aim (s,ail:mfl im

E C’ maX 'Lm = Zm )
7

m=1
n
=J(mw) + Z ]Eswpﬂ-,ailim—lwﬁil:m—l,aim~7_rim [Aﬁ{.” (s, ai“”*l,a Z CDR( )
m=1
n
—J(m) + Y (L (Riomet im) — CDE(xim, 7))
m=1

Theorem 7 A sequence () 5o, of joint policies updated by Algorithm 1 has the monotonic
improvement property, i.e., J(wgy1) > J(my) for all k € N.

Proof Let my be any joint policy. For every k > 0, the joint policy 7,1 is obtained from
7 by Algorithm 1 update; for m =1,...,n,

tm 1:m 11:m—1 i max tm —im
mr = argmax {Lﬂ.k" <7rk+1 T ) CDxr1 <7Tk s )} .

mim
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By Theorem 16, we have

J(p41) 2 Loy (pt1) — CDRE (0, o411,
which by Lemma 18 is lower-bounded by

2 Ly (T41) ZCDmaX T )

7Tk + Z (Lllm ﬂ-;clJrWlL 1’,“_2:11) e ?iX(WZm’WZTFI)) , (18)
and as for every m, 7Tk "1 1s the argmax, this is lower-bounded by
T(mwe) + Z (i (i mi) = DR wi))

which, as mentloned in Definition 5, equals
n
= J(mk) + Y 0=J(m),
m=1

where the last inequality follows from Equation (5). This proves that Algorithm 1 achieves
monotonic improvement. u

B.3 Analysis of Convergence of Algorithm 1

Theorem 8 Supposing in Algorithm 1 any permutation of agents has a fixed non-zero prob-
ability to begin the update, a sequence (7)o, of joint policies generated by the algorithm,
in a cooperative Markov game, has a non-empty set of limit points, each of which is a Nash
equilibrium.

Proof

Step 1 (convergence). Firstly, it is clear that the sequence (J(7y))5, converges as, by
Theorem 7, it is non-decreasing and bounded above by Rmi/" Let us denote the limit by J.
For every k, we denote the tuple of agents, accordlng to whose order the agents perform the
sequential updates, by zl .y and we note that ( 7. n) keN is a random process. Furthermore,
we know that the sequence of policies (7y) is bounded, so by Bolzano-Weierstrass Theorem,
it has at least one convergent subsequence. Let 7 be any limit point of the sequence (note
that the set of limit points is a random set), and (ij);io be a subsequence converging to

7 (which is a random subsequence as well). By continuity of J in 7 , we have

J(7) = J<lim %) — lim J (my,) = . (19)

Jj—00 j—00
For now, we introduce an auxiliary definition.
Definition 20 (TR-Stationarity) A joint policy 7 is trust-region-stationary (TR-stationary)

if, for every agent i,
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nt = arg max [ESNPﬁ,aiNWi [Ai‘r (s, ai)] — CzDir’ (ﬁi? ﬂz)} )

e

’}/6

where Cz = 7= onys and € = max; o |Az (s, a)l.

We will now establish the TR-stationarity of any limit point joint policy 7 (which, as
stated above, is a random variable). Let Ejo:00 [-] denote the expected value operator under

the random process (i{:>°). Let also € = max; 4 |Ax,(s,a)|, and Cy, = (4761“) We have

0= lim IE j0:00 [J(7hy1) — J (71)]

k—o00

> lim Ejocc [La, (p41) — CoDRE (7%, Wht1)] by Theorem 16

> 1 E. Lllf 111€ - C Dmax Zlf Zlf
im Koo | Ly {704 2 T s T

~ k—oo

by Equation (18) and the fact that each of its summands is non-negative.

Now, we consider an arbitrary limit point & from the (random) limit set, and a (random)
subsequence (Tl'k ) that converges to . We get

i i max 51
0> ]lggoE 10:00 |:L7Tkj <7Tkj+1> — Gk, DK1, (7% 77Tk +1>]

As the expectation is taken of non-negative random variables, and for every ¢ € N and
k € N, with some positive probability p;, we have ilfj = ¢ (because every permutation has
non-zero probability), the above is bounded from below by

max ) 7
(x') = O, DRE (i, ') |
which, as 7y, converges to 7, equals to
p; Max [L%.(T(‘Z) CrDRi™ (_ 71'2)] >0, by Equation (5).
7r’L

p; lim max {L’

j—oo gt kj

This proves that, for any limit point & of the random process () induced by Algorithm 1,
max,: [Ls(m") — CDEf™ (7', 7")] = 0, which is equivalent with Definition 20.

Step 2 (dropping the penalty term). Now, we have to prove that TR-stationary
points are NEs of cooperative Markov games. The main step is to prove the following
statement: a TR-stationary joint policy T, for every state s € S, satisfies

7l = arg max Eyi [AL(s,a")]. (20)

7-‘-2

We will use the technique of the proof by contradiction. Suppose that there is a state sg
such that there exists a policy #* with

EaiNﬁi [Ai—r(S(), al)] > Eaz‘Nﬁi [A%.(So, a’)] . (21)
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Let us parametrise the policies 7 according to the template

. . . dl_l .
w'(fs0) = (2, ... 2l 1= ) af)

j=1

where the values of 333 (j = 1,...,d" — 1) are such that 7(-|sg) is a valid probability
distribution. Then we can rewrite our quantity of interest (the objective of Equation (20)
as

di—1 di—1
Eai’\"ﬂ'l[ SU, Z CC 80, j) + (1 — Z -’EZ)A%- (SOa a&z)
h=1
d’L 1 . . . .
= Z 7 (50, 5) = A (s0,0:) | + A% (50, )

which is an affine function of the policy parameterisation. It follows that its gradient (with
respect to z') and directional derivatives are constant in the space of policies at state sq.
The existance of policy #*(-|sg), for which Inequality (21) holds, implies that the directional
derivative in the direction from 7(-|sg) to #%(:|so) is strictly positive. We also have

ODkL (7 (+]s0), 7 (+|s0)) 9

: = [(@(|50))" (log ™ (-|s0) —log ™' (-|s0))]
ox; Ox;
d T i o :
= 5 [—(7")" log7*] (omitting state sy for brevity)
xt
J
d;i—1 di—1
0 ™ - i 9 _i " i
0z} 1o 0z} k=1
T T
Ty 130
) 4 .
= ——+ — =0, when evaluated at 7' = 7', (22)
T Ty,

which means that the KL-penalty has zero gradient at 7(-|sg). Hence, when evaluated at
7(-|s0) = 7(+|s0), the objective

P (50)Eginni [AR (s0,a")| — CzDkr (7' (-|s0), 7 (+]s0))

has a strictly positive directional derivative in the direction of #%(-|sg). Thus, there exists a
policy 7(+|so), sufficiently close to 7(:|sg) on the path joining it with #%(-|sq), for which

pﬁ-(SO)EaiN;ri [A%(So,aiﬂ — Cﬁ-DKL( ( ‘So) ( |80)) > 0.

Let 7 be a policy such that 7(-|sg) = 7(-|s0), and 7i(-|s) = 7%(:|s) for states s # sg. As
for these states we have

pr(5)Euiroms [l (5,0)] = pr()Eqiori [Ak (s,07)] = 0, and Dicp (7 (s), i(s)) = 0,
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it follows that

Li () — CaDEE (R, 70) = pr(50)Egins [ Al (50, 8")] — CDicr (7 (-|s0), 7 (-]s0))
> 0= LE(7) — CDRF¥ (!, 7).

which is a contradiction with TR-stationarity of . Hence, the claim of Equation (20) is
proved.

Step 3 (optimality). Now, for a fixed joint policy &~ of other agents, 7 satisfies

7' = arg max Eyi i [A%L(s,a")] = arg max Eyi (Q%(s,a")], Vs €S,

i s

which is the Bellman optimality equation (Sutton and Barto, 2018). Hence, for a fixed joint
policy 7%, the policy 7* is optimal:

7' = argmax J(n', 7).
Tt

As agent ¢ was chosen arbitrarily, 7 is a Nash equilibrium. |

Appendix C. HATRPO and HAPPO
C.1 Proof of Proposition 9

Proposition 21 Let m = H?Zl 7% be a joint policy, and Ax(s,a) be its joint advantage
function. Let whm—1 = H;ﬂ:_ll 7% be some other joint policy of agents i1.m—1, and 7™ be
some other policy of agent i,,. Then, for every state s,

. . im 11im—1 im
Eall:mfl ~rtlm—1 7ai'm ~Fim |:A7'r (87 a 9 a )]
%

~im (qim =11:m—1 i1im—1
() gy Ee et
7T7zm(alm|s) ﬂ-lemfl(a'Ll:m71|8)
(9)

39



ZHONG, KuBa, FENG, Hu, J1, AND YANG

Proof
~lm im _il:mfl Z'1:77171
B | (G 9) _ )T )

Winz(aim|8) ﬁilszl(ail:m71|8)

ﬁilszl (ailszl |8)

7ri1:m—1 (ailzm—l |s)

»ﬁ-i'm (a}m ’S)ﬁilszl (ailszl |S)

= Eaur [ @ ls) An(s,a) — An(s, a)]

ﬁ-im (ainL |S)7Tri1:m71 (ailszl ‘S)

7Ti1:m (ail:m |s)

Aﬂ_(87 a.ilzrn7 ailrm):|

- Eailzmwﬂilzm 7a*'ilz'm Nﬂ'*il:m |:

7Tr7:1:m71 (ailszl |S)

) ) ) ) 1im—1 5 —tlim—1
- Eallszl,\,ﬂll:mfl ,a_zlszl ~ lim—1 |:7Ti1:m_1 (ailzm—l |8) Aﬂ'(SJ a~m 9 a m ):|

J— . . ) X il:m _ilzm
- Eallim—l ~gtlim—1 73}"m ~Frim ,a_llzm ~TT  '1lim [Aﬂ' (87 a I a ):|
_ . . . . i1im—1 —ilim—1
Eallszl ~grtlim—1 ’a_llnnfl ~r tlim—1 |:A‘IT(S7 a ) a ):|
— . . . . i1:m —11:m
- Eall:mfl ~tlim—1 ’airn ~TTtm [Ea_llzm ~TT  '1lim |:A7T (87 a 9 a ):|:|
_ ) ) ) ) 11:m—1 *i1;m—1)
Eallszl ~gttlim—1 [Ea_llszl ~ lim—1 |:A7I'(S7 a 9 a ]]

[t (5, aitm)]

- Eail:m—l Nﬁ-il:m—l ’aimerim

) ) 11:m—1 11:m—1
- Eallszl,\,ﬁ—ll:mfl |:A7T (S,a m ):| 9

[A;}’m(s, altm) — Altm—1 (s, ai1:m71)}

- Eail:m—l,\,ﬁ-il:m—17aim~7?rim
which, by Lemma 4, equals

— . . im 1im—1 im
- Eazl:m—l,\/ﬁ-ll:m—l’aim,\,ﬁ-im |:A7'r (87 a~m Ja )] .

C.2 Derivation of the gradient estimator for HATRPO

nin (aim s) N
Vo Eopmy amoy | | —om-——r = 1| MU (s, a)

rin (aims)
k
win (i s)

mar (aims)

= Vyin ]ESNP"ek Ja~mg, [ Mim (s,a)| — Vim ESNPﬂek g, [Mil:m (s, a)]

-velm ﬂ—g’{:n (aim ’S)

o (a75)
T (277 [5)

i (@i )

Mitm (s,a)

= ]ESNpﬂ‘gk AT,

= IES'\’p'rrglC AT,

Vim log ﬂé’;;n (alm|s) M (s, a)] .

Evaluated at @™ = 92’”, the above expression equals

Oim :9;:11 ] )

Exvpng, avma, | M (s,8) Vg log myr, (a™]s)

which finishes the derivation.
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C.3 Pseudocode of HATRPO

Algorithm 3: HATRPO

Input: Stepsize «, batch size B, number of: agents n, episodes K, steps per
episode T, possible steps in line search L, line search acceptance threshold «.
Initialize: Actor networks {6, Vi € N'}, Global V-value network {¢o}, Replay

buffer B
for k=0,1,..., K —1do
Collect a set of trajectories by running the joint policy mg, = (7751, e ,7732).
Push transitions {(s¢, of, af,7¢, si41,0;4,),Vi € N,t € T} into B.
Sample a random minibatch of B transitions from B.
Compute advantage function A(s,a) based on global V-value network with GAE.
Draw a random permutation of agents i1.p,.
Set M (s,a) = A(s,a).
for agent i, = i1,...,1, do
Estimate the gradient of the agent’s maximisation objective

g;;; = P Z Z vezm 10g W@Lm (a;m ‘ Oém) Mil:m(St,at).

Use the conjugate gradient algorithm to compute the update direction

where H ,im is the Hessian of the average KL-divergence

r 3= 35 i (nig (k). i (1) ).

Estimate the maximal step size allowing for meeting the KL-constraint

o 26
ﬁ”i’-m ~ ~im im 3, 7f'm ’
(&))" Hy,

Update agent i,,’s policy by

Opiy = 0" + ol By,

where j € {0,1,. L} is the smallest such j which improves the sample loss
by at least ko’ ﬁ;m:fzzm g,’g”, found by the backtracking line search.
o, (a0’
9 m

11:m+1 — _kt1 11:m s 1) —
Compute M (s,a) ”;Tm o) M*m(sy,a). //Unless m = n.
k

UE)date V-value network by following formula:

N2
Gk+1 = argming BT Z:UZ:O (V¢(3t) Rt)
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C.4 Pseudocode of HAPPO

Algorithm 4: HAPPO
Input: Stepsize «, batch size B, number of: agents n, episodes K, steps per
episode T'.
Initialize: Actor networks {6}, Vi € N'}, Global V-value network {¢o}, Replay
buffer B
for k=0,1,...,K —1do
Collect a set of trajectories by running the joint policy mg, = (Fék, e ,7132).

Push transitions {(s;, 0%, al, ¢, s¢11, 0§+1),W e N,t € T} into B.

Sample a random minibatch of B transitions from B.

Compute advantage function /l(s, a) based on global V-value network with GAE.
Draw a random permutation of agents i1.,,.

Set M (s,a) = A(s, a).

for agent i, = i1,...,1, do
Update actor i,, with 9211, the argmax of the PPO-Clip objective
BT Z Z min %M“Zm(st, a), chp(W, 1+ e) Mivm (s ay) |.
—1¢=0 ekm (at log ) gim (at log )
o, (atm o)
Compute M*tm+i(s,a) = WM“W (s,a). //Unless m =n.
gim

Uzadate V-value network by the following formula:
A\ 2
¢r+1 = argmin % Z Z (V¢(st) — Rt)
b=1{=0

Appendix D. Proof of HAMO Is All You Need Lemma

Lemma 22 (HAMO Is All You Need) Let myq and mpey be joint policies and let iy., €
Sym(n) be an agent permutation. Suppose that, for every state s € S and everym =1,...,n,

[MTED 4 1) > M AL (), (12)

— 1im—1
DM Tpew DM T

Then, Thew 1S jointly better than Ty, so that for every state s,

Vﬂ'new (S) Z Vﬂ'old (S) .
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Proof Let D, (Tnew|s) 2 37 _ L Dl (7 mim |5, ke, Combining this with Lemma 4
gives

Earmey [Amoa (5:2)] — Doy (Tnew]s)

n

A (s, 80 )] = D (s, )]

lome1 ;
L:m 17a’lmN7r;7gLW|: Told Told new

|: atl:m—1 ~ T e

m=1

by Inequality (12)
n
2D (B sttt ity [ At (5,277 )] = Do (mifals, moie )]
m=1 old
=E

a~Tolq [Aﬂ'old (s, a)] - :‘57"old (molals)-

The resulting inequality can be equivalently rewritten as

Earmmew [Qﬂom (s, a)] - 57701(1 (Trnew|s) > Earrmoq [Qﬂ'old(s? a)] - 57r01d (moldls), Vs € S. (23)

We use it to prove the claim as follows,

Vitnew (8) = Earmrpen [Q'ﬂ'new (s, a)]
= Earmen [Qﬂ'old(s7 a)] - :;57701d (Tnewl )
Dy (e [) + By, (@ (5, 8) = Qg (5, )]
by Inequality (23)
> Barrmyya [Qrora (5, 8)] = Dy (morals)
Dy (e [) + By, (@ (8, 8) = Qg (5, 2)].
= Vﬂ'old( ) + 57"015{ (Tnew|s) + Eacmpew [Qﬂ'new(s a) — Q‘T"old(s a)]
= Vra(s) + gﬂ'old (Tnew($) + Earrmpen.s’ ~P[ (5,8) + VWi (8) = 7(5,2) = Vi (SI)]
= Vi (8) + Dorgya (Tnewls ) + Y Ear e 5P [ Vit (8) = Virgra ()]
> Veoa(s) + "}/lnf [Vitnew (") = Vo ()]
Hence Vg .(s)— Vﬁold(s) > ’)/ilsllf [Virnew (8) = Vo ()]

Taking infimum over s and simplifying
(]‘ - /Y) lgf [Vﬂ'new(s) - Vﬂ'old (S)] 2 0

Therefore, inf, [Vi,e, (8) = Vir,a(s)] = 0, which proves the lemma. [ |
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Appendix E. Proof of Theorem 14

Lemma 23 Suppose an agent i,, mazimises the expected HAMO

mim —  argmax Esepn, “M (mim) Y (s)} . (24)

Tim euj"?ld (71';72’1 DI T
Then, for every state s € S
G (o)
[M(ﬂ— )ilszlATrold] (S) Z [M Told Z.1:777,711471-0111] (S)

Q/Lm ’TrTLC’LU @l’"L yﬂ'ncw

Proof We will prove this statement by contradiction. Suppose that there exists sy € S such
that

MDAy (s0) < MU ] (s0). (25)

Let us define the following policy 7.
,ﬁ_l’m(‘im‘s) _ Wé?é(lmb)a at s = so
Todw (" [5), at s # s

Note that 7™ is (weakly) closer to Wé]’é than 7ém at s, and at the same distance at other

new .
states. Together with wz, € Uy (mi7), this implies that 7'~ € Uy (7l7). Further,

new Told Told
(@'m) (Taidh)
B [ A 9]~ Bans [0 ]

= Bﬂ'old (50)([/\4(@7:0?&) il:m—lAﬂ'old] (50) - [M(ﬂ;}gwﬁ:m—lflﬂold] (50)) > 0.

2
yTnew DM Thew

im as being the argmax of Inequality (25), as #'m is strictly better.
The contradiction finishes the proof. |

The above contradicts 7im

Theorem 14 (The Fundamental Theorem of Heterogeneous-Agent Mirror Learning)
Let, for every agenti € N', ® be a HADF, U be a neighbourhood operator, and let the sam-
pling distributions Br depend continuously on w. Let wg € II, and the sequence of joint
policies ()52, be obtained by a HAML algorithm induced by D", U',Vi € N, and Br.
Then, the joint policies induced by the algorithm enjoy the following list of properties

1. Attain the monotonic improvement property,
J(7rr1) = J(m),
2. Their value functions converge to a Nash value function VNE

lim Vi, = VVE
k—o0

8. Their expected returns converge to a Nash return,
lim J(my) = JV,
k—o00

4. Their w-limit set consists of Nash equilibria.
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Proof
Proof of Property 1. It follows from combining Lemmas 13 & 23.
Proof of Properties 2, 3 & 4.

Step 1: convergence of the value function. By Lemma 13, we have that Vg, (s) <
Vi (8), Vs € S, and that the value function is upper-bounded by Vinax. Hence, the
sequence of value functions (Vz, )ren converges. We denote its limit by V.

Step 2: characterisation of limit points. As the joint policy space II is bounded, by
Bolzano-Weierstrass theorem, we know that the sequence (7 )ren has a convergent subse-
quence. Therefore, it has at least one limit point policy. Let 7 be such a limit point. We
introduce an auxiliary notation: for a joint policy 7 and a permutation i1.,, let HU (7, i;.,)
be a joint policy obtained by a HAML update from 7 along the permutation i1.,.

Claim: For any permutation z1., € Sym(n),
7 = HU(F, 21). (26)

Proof of Claim. Let «# = HU(7, 21.,) # 7 and (7, )ren be a subsequence converging to
7. Let us recall that the limit value function is unique and denoted as V. Writing Eigfzo[']
for the expectation operator under the stochastic process (i’f:n)keN of update orders, for a
state s € §, we have

0= lim B [Vir, ., (5) = Vi, ()]

r—00

as every choice of permutation improves the value function
: o
Z lim P(len = Zl:n) [VHU(ﬂ.szlm)(S) — Vﬂ-kT (S)]

r—00
= p(z1m) ViU (g, 1) (8) = Vi, ()]

lim
r—00
By the continuity of the expected HAMO , we obtain that the first component of HU (7., 21.5),
which is 77,2 41, 1s continuous in 7, by Berge’s Maximum Theorem (Ausubel and Deneckere,
1993). Applying this argument recursively for 2, ..., z,, we have that HU(my, , 21.,) is con-
tinuous in 7y, . Hence, as 7, converges to 7, its HU converges to the HU of &, which is 7.
Hence, we continue writing the above derivation as

= p(21:) [Va(s) — Vz(s)] >0, by Lemma 13.
As s was arbitrary, the state-value function of 7 is the same as that of w: Vi = Vi, by the
Bellman equation (Sutton and Barto, 2018): Q(s,a) = r(s,a) + vEV (), this also implies

that their state-value and advantage functions are the same: Qz = Q% and A; = Ax. Let
m be the smallest integer such that 7*m = 7*m. This means that #*™ achieves a greater
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expected HAMO than %™, for which it is zero. Hence,

zm)

0 < Eovsy | [MG herns AR] 5)]

= By [Bacton wmitm-t aomgom [AZ" (5,257 a5m)] = D3 (75 |s, w500 |
= Es g, |Eaztim wmtim—1 azmitzm [Ajrm(s, atm-t, aZm)} — DzZm (7*m s, Frzl””*l)]
and as the expected value of the multi-agent advantage function is zero

=Esop, | — D7 (fer|s,7_r21‘m—1)] <0.

This is a contradiction, and so the claim in Equation (26) is proved, and the Step 2 is

finished.

Step 3: dropping the HADF. Consider an arbitrary limit point joint policy . By
Step 2, for any permutation %1.,, considering the first component of the HU,

™ = argmax Eeos, [[Mg::)A,—,] (s)} (27)
iUl (7i1)
= argmax Eg g, |:Eai1~7ri1 [Ai—} (s,a™)] — DL (i ]s)] .

iUl (7i1)

As the HADF is non-negative, and at 7! = 7% its value and of its all Gateaux derivatives
are zero, it follows by Step 3 of Theorem 1 of Kuba et al. (2022b) that for every s € S,

71 (1s) = argmax Ei, i [Qi—} (s,a™)].
w1 eP(AM)
Step 4: Nash equilibrium. We have proved that 7 satisfies
7’?7’(2|s) = argmax E,i_ . [Q%(s, ai)]
mi(-i]s)eP(AL)
= argmax Eai,\/ﬂ.i’afi,\/ﬁ.fi [Qﬁ—(s,a)], Vie N,seS.
mi(-]s)eP(A?)

Hence, by considering 7 fixed, we see that 7’ satisfies the condition for the optimal policy
Sutton and Barto (2018), and hence

7' = argmax J (7', T ).
mtellt

Thus, 7 is a Nash equilibrium. Lastly, this implies that the value function corresponds to a
Nash value function VNE| the return corresponds to a Nash return JNE. |
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Appendix F. Casting HAPPO as HAML

The maximisation objective of agent i,, in HAPPO is

E A [min( (wim) Aizm (s, aitm ), clip (r(7m), 1 + €) ALm (s, a“m)>].

S~ P12 lim— INﬂ—new alnLNﬂ- old

Fixing s and a*™-1, we can rewrite it as

Eaimrim [ (5,77 )] = By, o [(777) Ali (s, @it air)

Told

— min < (7'm) Alim (s, @1 a'm), clip (r(7'™), 1 & e)A” m (s ail:m‘l,ai’")ﬂ.

Told Told
By the multi-agent advantage decomposition,

Epim orim [Ai} (s, a’tm-1 aim)]

_ A;}Jl’; 1 (3 a’ltm- 1) + Eim orim [Aﬂ. ; (S a'tm-1 aim)],

Hence, the presence of the joint advantage of agents i1.,, is equivalent to the multi-agent
advantage of 4,, given a1 that appears in HAMO, since the term Az7"'(s,a’m-1)
cancels out with —1 - M (s a) of Equation 10 that we drop due to its zero gradient.
Hence, we only need to show that that the subtracted term is an HADF. Firstly, we change
min into max with the identity — min f(x) = max[—f(z)].

Told

N
—i—max( r(7 Zm)Aﬁoﬁ( a’tm=1 gim), —clip(r( m), 1+ e)AQ ™ (s a“:m—l,a"m)ﬂ

which we then simplify
B [ (0. ) — lip(a(r¥) 1. A o))

:Eam Trhn[ReLU([( m) — clip(r(7%m), 1 + €)] Al (s, “m—l,aim))]

As discussed in the main body of the paper, this is an HADF.
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Appendix G. Algorithms

Algorithm 5: HAA2C

Input: stepsize «, batch size B, number of: agents n, episodes K, steps per episode
T, mini-epochs e;

Initialize: the critic network: ¢, the policy networks: {6};cnr, replay buffer B;

for k=0,1,..., K —1do

Collect a set of trajectories by letting the agents act according to their policies,
al ~ ng(j\oi);

Push transitions {(s, 0}, af,7¢, s¢41,01,1),Vi € N, t € T'} into B;

Sample a random minibatch of B transitions from B;

Estimate the returns R and the advantage function, A(s, a), using V¢ and GAE;

Draw a permutation of agents 1., at random;

Set M (s,a) = A(s, a);

for agent iy = i1, . .. ,in‘do
Sot iy af o) = i, (aim o)
for mini-epoch=1,...,e do

Compute agent i,,’s policy gradient
ﬂ.lm (azm‘o;;m)

. B . .
ghm = V@im% > M (sp, ap) 4=
b=1

o™ (™ oy™)
Update agent i,,’s policy by

gim = g'm + agim.

Tr;;”m (atm|oim)
71-8"7' (aim ‘Oim )

Compute Mim+1(s a) = M'm(s,a) //Unless m = n.

U}date the critic by gradient descent on

B ; (Vis(sy) — Ro)”.

Discard ¢. Deploy {6};cnr in execution;
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Algorithm 6: HADDPG

Input: stepsize a, Polyak coefficient 7, batch size B, number of: agents n, episodes
K, steps per episode T', mini-epochs e;

Initialize: the critic networks: ¢ and ¢ and policy networks: {0} icn and {é‘}ze N
replay buffer B, random processes {X?};cns for exploration;

for k=0,1,..., K —1do

Collect a set of transitions by letting the agents act according to their
deterministic policies with the exploratory noise

i = 11 (0}) + ;.

Push transitions {(s;, 0, al, ¢, 8411, O,Z;H),Vi e N,t € T} into B;

Sample a random minibatch of B transitions from B;

Compute the critic targets

Y =T + WQ(Z)(stH, a;+1), where a;41 is sampled by {éz}zeN
Update the critic by minimising the loss
¢ = argmin, % o (yt — Qy(st, at))2.
Draw a permutation of agents 1., at random;
for agent iy, = i1,...,1, do

Update agent ¢, by solving

i, =

new
1 o
argmax 55 > Qo (s i L (07, gt (o)), T (07 H)).
gim B t Onew o1

| with e mini-epochs of deterministic policy gradient ascent;
Update the target networks smoothly

~ ~

b=1é+(1-7)d.

0i = 10° + (1-— 7')9AZ

Discard ¢, ¢, and 6%,Vi € N'. Deploy 6,Vi € N in execution.
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Algorithm 7: HATD3

Input: stepsize a, Polyak coefficient 7, batch size B, number of: agents n, episodes
K, steps per episode T', mini-epochs e, target noise range c;

Initialize: the critic networks: ¢1, ¢o and ¢y, ¢o and policy networks: {#};cpr and
{éz}le ~, replay buffer B, random processes {X*};cn for exploration;

for k=0,1,..., K —1do

Collect a set of transitions by letting the agents act according to their
deterministic policies with the exploratory noise

i = 11 (0}) + ;.

Push transitions {(s;, 0, al, ¢, 8411, O,Z;H),Vi e N,t € T} into B;

Sample a random minibatch of B transitions from B;

Compute the critic targets

Yy =T+ yminj—q o quj (St4+1, Gt+1), where

&§+1 = clip(uéi(oiﬂ) +eat,., aﬁigh), e ~ clip(N(0,5), —c,¢). > Here N/
denotes Normal distribution.

Update the critic by minimising the loss
. 2 .
¢j = argming_ % Dot (yt — Qg, (1, at)) ,j=1,2.

if £ mod policy delay = 0 then

Draw a permutation of agents 1., at random;
for agent i, = 11,...,1, do

Update agent i,, by solving

Oin, =

new
1 me1 [ flam— ; ; T N
argmas =~ Qo (s, w71 (0], uf (o), ity (o)),
grm t new old

with e mini-epochs of deterministic policy gradient ascent;

UE)date the target networks smoothly

$1 =Td1+ (1 — 7)1
$2 = Tho + (1 — 7)a.

0i =10 + (1 —7)6".

Discard ¢1, ¢2, b1, d2, and 6%, Vi € N'. Deploy #%,Vi € N in execution.
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Appendix H. The Summary of HARL algorithms as Instances of HAML

Recap of HAML
e Definition of HAMO:

MO A 2Bt [AR (5,200 a0

. 1] e — 1 i
’Dlm’ﬂ-k+1 a'l:m 1N7Tk+1 7azm ~rim

_ Zm ’Lm 7;lz'mfl
Qm(ﬂ |5, )

Mg‘;:j ?ﬂ_il:m—l Aﬂ-k] (S):|

e Optimisation target: 77,2’_’;_1 = argmax e g, [[
k41

wim eu,":g (71'2’" )

HATRPO
T4 — argmax ESNpﬂk ai1=m*1~‘rr;€1+”1"—1 atm ~rim [A‘rrk (Sva bmela )] )
rim ) )
subject to Dkr, (Tr,i’", Wim) < 0. (28)

e Drift functional: HADF @ﬁrﬂz (Wim

s, Trﬁ_"{‘l) =0.

e Neighborhood operator:
Usge () = {me € T | By, [Drcu (mf Cls) m (19))] < 6.
e Sampling distribution: S, = px,-

HAPPO

im
my = argmax K

Tm

:m—1

i im
k1 AT

SNpﬂ-k,ailim_lNﬂ'
[min (r(wim)Ai‘};j‘ (s, ail:m), clip (I‘(ﬂ'im), 14+ e) A;};Cm (s, ai“"))} ,

' (al]s)

(29)

where r(7'm) = ——~.
" (alm|s)

e Drift functional:

im im i1:m—1 _
K (77 |5,7rk+1 ) =

E im [ReLU( [r(wim) — clip(r(ﬂim), 1+ e)]Aﬁ,l;Cm(s, ail”"))} (30)

im—1

1im—1
atm Nﬂ-k+l

,atm e~

e Neighborhood operator: Uj» (mim) = T,

e Sampling distribution: Br, = px,.
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HAA2C

im = im il:m—l im
m,m, = argmax ; il . [A (sa a )]
k+1 g : s~pm, 7a21:m71 Nﬂ;cl-!—TlrL 1 ,aim ~urim Tk ’ )

mim

e Drift functional: HADF D% (Wim s, Tl']il_;_"f_l) =0.

e Neighborhood operator: Uj» (mim) = T,

e Sampling distribution: S, = px,-
HADDPG & HATD3

iy = argmax Beug, [Qu (s, 15777 (9), 17 (9)) |,
pim

e Drift functional: HADF @m (/ﬂm S, u?ﬁ‘l) =0.

e Neighborhood operator:

UL’Z (,uZm) = II'" (the deterministic policy space).

(31)

(32)

e Sampling distribution: (3, is a uniform distribution over the states in the off-policy

replay buffer.
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Appendix I. HAD3QN: A Pure Value-based Approximation to HADDPG

In this section, we propose HAD3QN, which is a pure value-based approximation of HAD-
DPG. Corresponding to HADDPG where each agent learns to maximise the joint target
given the previous agents’ updates, HAD3QN models decentralised agents as individual Q
networks that predict the centralised critic’s output. In particular, the centralised critic’s
output is sequentially maximised for sequential learning. During execution, for each obser-
vation each agent chooses the action that maximises its individual Q network. We provide
its pseudocode in Algorithm 8.

Speaker Listener (discrete) Spread (discrete)
(U \ \ \ \ =50 T \ \ \ \
—60 -
. —10p g —T0F
2 | & -80F-
g —20r © !
: Pl
5) CENE
20 100 F- ‘
7110”3 ”””#”7””%”””7%” HATRPO ]
i i —— HAPPO
o i i L i i _120 i i L i i
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Step x107 Step x107

Figure 13: Average episode return of HAD3QN on Speaker Listener and Spread compared
with existing methods.

Speaker Listener (discrete) Spread (discrete)

~60F R Ppre o wor

—10p4——— I B St o IO 3 B
‘ ‘ ‘ ‘ ‘ ‘ : : : : : :

| | | ! ‘ 80 S T j— ‘
) AL S S —— | S - ‘ ‘ | ‘ ‘

Episode Return
Episode Return

B T i R ——
| i i vanilla HADQN ]
—— HAD3QN

,30”3””"”% 77777 v 1 L N SR T
TR oM

—40 ik imﬂ{\ [\01&1 A/\ f\!]!u ﬁ.u!llhio ~120

0.0 0.2 0.4

0.0 0.2 0.4 0.6 0.8 1.0
Step %107 Step %107

Figure 14: Ablation study on the effect of dueling network architecture in HAD3QN.

Empirically, we test it on the Speaker Listener and Spread task in MPE, and observe
that HAD3QN is able to solve them within 10 million steps (Figure 13). Compared with
the vanilla HADQN where dueling architecture is not utilised (Figure 14), we find that the
dueling network architecture effectively improves learning efficiency and stability, and is
crucial for HAD3QN to achieve higher return. The hyperparameters are reported in Section
K.

However, we note that HAD3QN does not scale well as it suffers from the curse of di-
mensionality with the growing number of agents and increasing dimensionality of individual
action space. This phenomenon is similar to what has been discussed in the DQN case in
RL by Lillicrap et al. (2016). The purpose of proposing HAD3QN is not to refresh SOTA
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methods, but to show that discretised approximation of HADDPG is also possible and it
performs well on low-dimensional tasks. It also shows that our HARL framework allows
direct extension of RL research results, in this case being the dueling network design, which
is potentially powerful as the efforts to re-derive similar multi-agent results can be saved.

Appendix J. Additional Experiment Results

In this section, we present the learning curves of HAPPO, HATRPO, MAPPO, and QMIX
across at least three seeds on ten SMAC maps and five SMACv2 maps in Figure 15.

25m (Hard) Sm_vs_6m (Hard) 10m_vs_11m (Hard)
10 100 10 8
pRmESEeC s
NS g Vi~ P
50 0
e p
g | =4 g - ”J«;@(M . g g
f = e & = o} =
2 / B YV D £ £
2 | g v i i
i L F = 2 40 8
El I E | A/ E il E —— QMIX
| | [/ — MAPPO
{ 0 T 0 I HATRPO
il i 1/ I — HAPPO
L 0 0 0
T o5 oS 10 m i 0 L ¥ T TR
Step 107 107 Step X107
3s52.vs 3562 (Super Hard) 6hvs 82 (Super Hard)
10 . 100 10 . ; )
i ] WA 5 7 g gttt
s e / = [ \—, A e
= = w0 i = w0 .
E i 2l ORI
E E £ i £ Tl T
ﬂ | 4 L] — MAPPO
20 i 207 1 2 If HATRPO
/ | | e
[ ! i , )i / HAPPO
50 05 0 i 20 50 05 T i 30 o0 03 T i 30 o 1 3 T
Step a0 Step <107 Step x107 Step X107
terman 5.v5.5 serg 10.v5.10 serg 10.vs 11
10 100 100
—qui
w0 50 50 w0 o
= Ak — o
S g % s
P s =0
E 2 £ (i T
E E E T ik
/ )
0
R
)

Figure 15: Comparisons of average win rate on SMAC and SMACv2. It should be noted
that some of the QMIX experiments were terminated early if they had already converged, as
observed in MMM2, 3s5z_vs_3s6z, and corridor, or if the computational resources required
were excessive, as observed in the case of 27m_vs_30m. Specifically, running QMIX for a
single seed for 20 million steps in 27m_vs_30m would have necessitated more than 250 GB
memory and 10 days, which exceeded the computational budget allocated for this study.
Consequently, we executed the experiment for only 10 million steps.
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Algorithm 8: HAD3QN

Input: stepsize a, Polyak coefficient 7, batch size B, exploration parameter €,
number of: agents n, episodes K, steps per episode T'.

Initialize: global critic and target networks: ¢, and qAS, distributed critic and target
networks: {07, Vi € N'} and {0, Vi € N}, replay buffer B.

for k=0,1,..., K —1do

Collect a set of trajectories by letting the agents act e-greedily with respect to
the distributed critics

; {arg max,; éi(oi, a’) with probability 1 — e
a; =

random with probability e.

Push transitions {(s¢, 0}, af, ¢, s¢+1,04,,),Vi € N, t € T} into B.
Sample a random minibatch of B transitions from B.
Compute the global target

Ye=re+ - qu(st+1, a.),

where al = arg max,; Qéi(oiﬂ, a'), for all i € N.

Compute the global loss

L(6) = % 3 (Qulsp ar) —m)*.

b=1
Update the critic parameters
¢ =¢—aVsL(9).
Draw a permutation of agents 1., at random;

for agent i, = i1,...,1, do
Compute the local targets
i ilim—1  —tlim—1
' Y= Q¢(Stva* m y Ay " )'7
15 11:5— ;. —1:9 .
where a, = argmax i Qo(st,as? "' a% a, 7)), for j < m.

Compute the agent’s local loss

M

. ) . ) g
L(le) — %b 1( ;Tm(ozm,azm) _yll)m) )

Update the critic parameters

fim = Gim — A i, L(67m).

UE)date the target networks smoothly
b=To+(1—1)p, 0 =710+ (1—71)6".

Discard ¢, ¢, and 6¢,Vi € N'. Deploy 6%,Vi € N in execution.
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Appendix K. Hyperparameter Settings for Experiments

Before we report the hyperparameters used in the experiments, we would like to clarify the
reporting conventions that we follow. Firstly, for simplicity and clarity reasons, we specify
the network architecture to be MLP or RNN, but in configuration files the corresponding
term is a boolean value use_recurrent_policy . The only difference between RNN network
and MLP network is that the former has a GRU layer after the same MLP backbone, and the
related configuration of this GRU layer is provided in Table 4. Secondly, the hyperparameters
will only take effect when they are used. For example, the number of GRU layers is set to
1 across all environments, but it should only be considered when the network architecture
is RNN; as another example, while we report k1_threshold in on-policy hyperparameter
tables, it is only useful when HATRPO is applied. Finally, the batch_size reported for on-
policy algorithms is calculated as the product of n_rollout_threads and episode_length.

K.1 Common Hyperparameters Across All Environments

In this part, we present the common hyperparameters used for on-policy algorithms in Table
4 and for off-policy algorithms in Table 5 across all environments.

Table 4: Common hyperparameters used for on-policy algorithms HAPPO, HATRPO,
HAA2C, and MAPPO (when our MAPPO implementation is used) across all environments.

hyperparameters value hyperparameters value
use valuenorm True use proper time limits True
activation ReLU use feature normalization  True
initialization method orthogonal gain 0.01
use naive recurrent policy False num GRU layers 1
data chunk length 10 optim eps le—5
weight decay 0 std x coef 1
std y coef 0.5 use clipped value loss True
value loss coef 1 use max grad norm True
max grad norm 10.0 use GAE True
GAE lambda 0.95 use huber loss True
use policy active masks True huber delta 10.0
action aggregation prod Is step 10
accept ratio 0.5

K.2 Multi-Agent Particle Environment (MPE)
In this part, we present the hyperparameters used in MPE tasks for HAPPO, HATRPO,

HAA2C, and MAPPO in Table 6, for HADDPG, HATD3, MADDPG, and MATD3 in Table
7, and for HAD3QN in Table 8.
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Table 5: Common hyperparameters used for off-policy algorithms HADDPG, HATDS3,
HAD3QN, MADDPG, and MATD3 across all environments.

hyperparameters value hyperparameters value
proper time limits True warmup steps led
activation ReLU final activation Tanh
base activation ReLLU dueling v activation Hardswish
dueling a activation Hardswish buffer size le6
batch size 1000 polyak 0.005
epsilon 0.05 policy noise 0.2
noise clip 0.5

Table 6: Common hyperparameters used for HAPPO, HATRPO, HAA2C, and MAPPO in

the MPE domain.

hyperparameters value hyperparameters value | hyperparameters value
batch size 4000 linear Ir decay False network MLP
hidden sizes [128, 128] actor Ir be — 4 critic Ir be — 4
ppo epoch 5 critic epoch 5 a2c¢ epoch 5
clip param 0.2 actor mini batch 1 critic mini batch 1
entropy coef 0.01 gamma 0.99 kl threshold 0.005
backtrack coeff 0.8

Table 7: Common hyperparameters used for HADDPG, HATD3, MADDPG, and MATD3

in the MPE domain.

hyperparameters value | hyperparameters value hyperparameters  value
rollout threads 20 train interval 50 update per train 1
linear Ir decay False hidden sizes [128, 128] actor Ir be —4
critic Ir le—3 gamma 0.99 n step 1
policy update frequency 2
Table 8: Common hyperparameters used for HAD3QN in the MPE domain.
hyperparameters value | hyperparameters value hyperparameters value
rollout threads 20 train interval 50 base hidden sizes [128, 128]
linear Ir decay False | update per train 1 dueling v hidden sizes [128]
actor Ir 5e —4 critic Ir le — 3 | dueling a hidden sizes [128]
gamma 0.95 n step 1
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K.3 Multi-Agent MuJoCo (MAMuJoCo)

In this part, we report the hyperparameters used in MAMuJoCo tasks for HAPPO, HA-
TRPO, HAA2C, and MAPPO in Table 9, 10, 11, and 12, and for HADDPG, HATD3,
MADDPG, and MATD3 in Table 13, 14, 15, and 16.

Table 9: Common hyperparameters used for HAPPO, HATRPO, HAA2C, and MAPPO in
the MAMuJoCo domain.

hyperparameters value | hyperparameters value | hyperparameters value
batch size 4000 network MLP hidden sizes [128, 128, 128]
gamma 0.99 | backtrack coeff 0.8

Table 10: Different hyperparameters used for HAPPO and MAPPO in the MAMuJoCo
domain.

. linear  actor/critic ppo/critic  clip  actor/critic entropy

SCCNALIos Ir decay I{r ep/och param  mini /batch coef
Ant 4x2 False He — 4 5 0.1 1 0

HalfCheetah 2x3 False 5e — 4 15 0.05 1 0.01
Hopper 3x1 True 5e — 4 10 0.05 1 0
Walker 2x3 True le—3 5 0.05 2 0

Walker 6x1 False 5e — 4 5 0.1 1 0.01
Humanoid 17x1 True 5e — 4 5 0.1 1 0

Table 11: Different hyperparameters used for HATRPO in the MAMuJoCo domain.

scenarios linear critic  critic clip critic kl
Ir decay Ir epoch param mini batch threshold
Ant 4x2 False He — 4 5 0.2 1 5e — 3
HalfCheetah 2x3 False 5e — 4 5 0.2 1 le — 2
Hopper 3x1 False be—14 5 0.2 1 le—3
Walker 2x3 False 5e — 4 5 0.2 1 le — 2
Walker 6x1 False be—4 5 0.2 1 be — 3

K.4 StarCraft Multi-Agent Challenge (SMAC)

In the SMAC domain, for MAPPO and QMIX baselines we adopt the implementation and
tuned hyperparameters reported in the MAPPO paper. Here we report the hyperparam-
eters for HAPPO and HATRPO in Table 17, 18, 19, and 20, which are kept comparable
with the baselines for fairness purposes. The state type hyperparameter can take “EP”
(for Environment-Provided global state) and “FP” (for Featured-Pruned agent-specific global
state), as named by Yu et al. (2022).
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Table 12: Different hyperparameters used for HAA2C in the MAMuJoCo domain.

. linear  actor/critic a2c/critic  clip  actor/critic entropy
Seetatios Ir decay epoch param mini batch coef
Ant 4x2 True 5e — 4 5 0.1 1 0
HalfCheetah 2x3 True 5e —4 5 0.1 1 0
Hopper 3x1 True le—4 3 0.1 1 0
Walker 2x3 True le—4 5 0.1 1 0
Walker 6x1 True le—4 5 0.1 1 0
Table 13: Common hyperparameters used for HADDPG and MADDPG in the MAMuJoCo
domain.
hyperparameters value hyperparameters value | hyperparameters value
rollout threads 10 train interval 50 linear Ir decay False
hidden sizes [256, 256] actor Ir 5e — 4 critic Ir le—3
gamma 0.99

Table 14: Different hyperparameters used for HADDPG and MADDPG in the MAMuJoCo

domain.

update  exploration

scenarios . . n step
per train noise
Ant 4x2 0.5 0.05 20
HalfCheetah 2x3 1 0.1 20
Hopper 3x1 1 0.1 20
Walker 2x3 1 0.1 10
Walker 6x1 1 0.1 20
Table 15: Common hyperparameters used for HATD3 and MATD3 in the MAMuJoCo
domain.
hyperparameters value | hyperparameters value hyperparameters  value
rollout threads 10 train interval 50 update per train 1
linear Ir decay  False hidden sizes [256, 256] actor Ir be —4
critic Ir le—3 gamma 0.99 exploration noise 0.1

Table 16: Different hyperparameters used for HATD3 and MATD3 in the MAMuJoCo

domain.

scenarios policy update frequency n step

Ant 4x2 2 5

HalfCheetah 2x3 2 10

Hopper 3x1 2 )

Walker 2x3 8 20

Walker 6x1 2 25

Humanoid 17x1 2 5
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Table 17: Common hyperparameters used for HAPPO in the SMAC domain.

hyperparameters value | hyperparameters value | hyperparameters value
batch size 3200 linear Ir decay  False hidden sizes |64, 64, 64]
actor Ir 5e —4 critic Ir 5e —4 entropy coef 0.01

Table 18: Different hyperparameters used for HAPPO in the SMAC domain.

Map network  PPO /eritic  clip ac‘.co.r /critic A state
epoch param mini batch type

8m_ vs 9m RNN 5 0.05 1 0.95 EP
25m RNN 5 0.2 1 0.99 EP
Sm_vs_ 6m RNN 5 0.05 1 0.95 FP
3s5z RNN 5 0.2 1 0.99 EP
10m_vs 11lm | RNN 5 0.05 1 0.95 FP
MMM?2 MLP 5 0.2 1 0.95 EP
3z vs_ 3s6z RNN ) 0.1 2 0.95 FP
27m_vs_30m | RNN 5 0.05 1 0.95 FP
6h vs 8z MLP 10 0.05 2 0.95 FP
corridor MLP ) 0.2 1 0.99 FP

Table 19: Common hyperparameters used for HATRPO in the SMAC domain.

hyperparameters value | hyperparameters value | hyperparameters value
batch size 3200 | linear Ir decay  False hidden sizes [64, 64, 64]
critic epoch 5 clip param 0.2 | critic mini batch 1

Table 20: Different hyperparameters used for HATRPO in the SMAC domain.

Map network critic gamma kl backtrack state

Ir threshold coeff type

8m_vs 9m MLP 5e — 4 0.99 H5e — 3 0.5 FP
25m RNN be — 4 0.99 le —2 0.5 EP
Sm_vs_ 6m RNN 5e — 4 0.99 le—2 0.5 FP
385z MLP 5e — 4 0.95 le — 2 0.5 EP
10m vs 1lm | MLP 5e—4 095 be —3 0.5 FP
MMM2 MLP be — 4 0.95 6e — 2 0.5 EP
3sbz_vs_ 3s6z MLP 5e — 4 0.99 5e — 3 0.5 FP
27Tm_vs_ 30m RNN 5e —4 0.99 le—3 0.8 FP
6h vs 8z MLP le—3 0.99 le—3 0.8 FP
corridor RNN 5e — 4 0.99 6e — 2 0.5 FP
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K.5 SMACv2

In the SMACv2 domain, for MAPPO and QMIX baselines we adopt the implementation and
tuned hyperparameters reported in Ellis et al. (2022). Here we report the hyperparameters
for HAPPO and HATRPO in Table 21 and 22, which are kept comparable with the baselines

for fairness purposes.

Table 21: Hyperparameters used for HAPPO in the SMACv2 domain.

hyperparameters value hyperparameters value | hyperparameters value
batch size 3200 linear Ir decay False hidden sizes [64]
network RNN ppo / critic epoch 5 clip param 0.05
actor Ir 5e —4 critic Ir 5e —4 entropy coef 0.01
gamma 0.99 | actor / critic mini batch 2 for terran_5_vs_5 and 1 otherwise

Table 22: Hyperparameters used for HATRPO on all tasks in the SMACv2 domain.

hyperparameters value | hyperparameters value | hyperparameters value
batch size 3200 linear Ir decay False hidden sizes
network RNN critic Ir oe —4 critic epoch
clip param 0.2 critic mini batch 1 gamma 0.99
kl threshold 5e —3 | backtrack coeff 0.5

K.6 Google Research Football Environment (GRF)

In the GRF domain, for MAPPO and QMIX baselines we adopt the implementation and
tuned hyperparameters reported in the MAPPO paper. Here we report the hyperparameters
for HAPPO in Table 23 and 24, which are kept similar and comparable to the baselines for

fairness purposes.

Table 23: Common hyperparameters used for HAPPO in the GRF domain.

hyperparameters value | hyperparameters value | hyperparameters value
rollout threads 50 hidden sizes [64, 64] actor Ir be —4
critic Ir oe —4 ppo epoch 15 critic epoch
clip param 0.2 actor mini batch 2 critic mini batch
entropy coef 0.01 gamma 0.99

K.7 Bi-DexterousHands

In the Bi-DexterousHands domain, we use the PPO and MAPPO baselines implemented
in the Bi-DexterousHands benchmark for comparison and for them we adopt the officially
reported hyperparameters. Here we report the hyperparameters used for HAPPO in Table
25. As Bi-DexterousHands tasks are GPU-parallelised, we reload the configuration term
n_rollout_threads with a meaning of number of parallel environments. Thus, parallel
envs in Table 25 refers to n_rollout_threads.
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Table 24: Different hyperparameters used for HAPPO in the GRF domain.

episode linear

scenarios | network length Ir decay

PS RNN 200 True
RPS MLP 200 False
3v.1 MLP 200 True

CA(easy) MLP 200 True
CA(hard) MLP 1000 True

Table 25: Common hyperparameters used for HAPPO in the Bi-DexterousHands domain.

hyperparameters value hyperparameters value | hyperparameters value
parallel envs 256 linear Ir decay False network MLP
hidden sizes [256, 256, 256] actor Ir 5e —4 critic Ir be —4
ppo epoch 5 critic epoch 5 clip param 0.2
actor mini batch 1 critic mini batch 1 entropy coef 0.01
gamma 0.95
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