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ABSTRACT

We present a new monotonic improvement guarantee for optimizing decentralized
policies in cooperative Multi-Agent Reinforcement Learning (MARL), which
holds even when the transition dynamics are non-stationary. This new analysis
provides a theoretical understanding of the strong performance of two recent
actor-critic methods for MARL, i.e., Independent Proximal Policy Optimization
(IPPO) (Schroder de Witt et al.,|[2020) and Multi-Agent PPO (MAPPO) (Yu et al.|
2021), which both rely on independent ratios, i.e., computing probability ratios
separately for each agent’s policy. We show that, despite the non-stationarity that
independent ratios cause, a monotonic improvement guarantee still arises as a
result of enforcing the trust region constraint over joint policies. We also show
this trust region constraint can be effectively enforced in a principled way by
bounding independent ratios based on the number of agents in training, providing
a theoretical foundation for proximal ratio clipping. Moreover, we show that the
surrogate objectives optimized in IPPO and MAPPO are essentially equivalent
when their critics converge to a fixed point. Finally, our empirical results support
the hypothesis that the strong performance of IPPO and MAPPO is a direct result
of enforcing such a trust region constraint via clipping in centralized training, and
the good values of the hyperparameters for this enforcement are highly sensitive to
the number of agents, as predicted by our theoretical analysis.

1 INTRODUCTION

In cooperative multi-agent reinforcement learning (MARL), a team of agents must coordinate their
behavior to maximize a single cumulative return (Panait & Lukel 2005). In such a setting, partial
observability and/or communication constraints necessitate the learning of decentralized policies that
condition only on the local action-observation history of each agent. In a simulated or laboratory
setting, decentralized policies can often be learned in a centralized fashion, i.e., Centralized Training
with Decentralized Execution (CTDE)(Oliehoek & Amato, 2016), which allows agents to access
each other’s observations and unobservable extra state information during training.

Actor-critic algorithms (Konda & Tsitsiklis, [2000) are a natural approach to CTDE because critics
can exploit centralized training by conditioning on extra information not available to the decentralized
policies (Lowe et al.l 2017; [Foerster et al.,|2017). Unfortunately, such actor-critic methods have long
been outperformed by value-based methods such as QMIX (Rashid et al.,|2018) on MARL benchmark
tasks such as Starcraft Multi-Agent Challenge (SMAC) (Samvelyan et al., |2019). However, two
recent actor-critic algorithms (Schroder de Witt et al., [2020; [Yu et al), [2021)) have upended this
ranking by outperforming previously dominant MARL methods, such as MADDPG (Lowe et al.,
2017) and value-decomposed (Q-learning (Sunehag et al., 2017} |Rashid et al.,2018). Both algorithms
are multi-agent extensions of Proximal Policy Optimization (PPO) (Schulman et al.,2017) but one
uses decentralized critics, i.e., independent PPO (IPPO) (Schroder de Witt et al., |2020), and the other
uses centralized critics, i.e., multi-agent PPO (MAPPO) (Yu et al., 2021).

One key feature of PPO-based methods is the use of ratios (between the policy probabilities before
and after updating) in the objective. Both IPPO and MAPPO extend this feature of PPO to the
multi-agent setting by computing ratios separately for each agent’s policy during training, which we
call independent ratios. Unfortunately, until now there has been no theoretical justification for the
use of such independent ratios. In this paper we show that the analysis that underpins the monotonic
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policy improvement guarantee for PPO (Schulman et al.l [2015) does not carry over to the use of
independent ratios in IPPO and MAPPO. Instead, a direct application of this analysis leads to a joint
policy optimization and suggests the use of joint ratios, i.e., computing ratios between joint policies.

The difference is crucial because, based on the existing trust region analysis for PPO, only a joint
ratios approach enjoys a monotonic policy improvement guarantee. Moreover, as independent ratios
consider only the change in one agent’s policy and ignore the fact that the other agents’ policies also
change, the transition dynamics underlying these independent ratios are non-stationary (Papoudakis
et al., 2019)), breaking the assumptions in the monotonic improvement analysis (Schulman et al.,
2015)). While some studies attempt to extend the monotonic improvement analysis to MARL (Wen
et al., [2021}|Li & He, [2020), they primarily consider optimizing policies with joint ratios, rather than
independent ratios as in our paper, and are thus not applicable to IPPO or MAPPO.

To address this gap, we provide a new monotonic improvement analysis that holds even when the
transition dynamics are non-stationary. We show that, despite this non-stationarity, a monotonic
improvement guarantee still arises as a result of enforcing the trust region constraint over joint
policies, i.e., a centralized trust region constraint. In other words, constraining the update of joint
policies in centralized training addresses the non-stationarity of learning decentralized policies. This
new analysis implies that independent ratios can also enjoy the same performance guarantee as joint
ratios if the centralized trust region constraint is properly enforced by bounding independent ratios.
In this way both IPPO and MAPPO can guarantee monotonic policy improvement. We also provide
a theoretical foundation for proximal ratio clipping by showing that centralized trust region can
be enforced in a principled way by bounding independent ratios based on the number of agents in
training. Furthermore, we show that the surrogate objectives optimized in IPPO and MAPPO are
essentially equivalent when their critics converge to a fixed point.

Finally, we provide empirical results that support the hypothesis that the strong performance of IPPO
and MAPPO is a direct result of enforcing such a trust region constraint via clipping in centralized
training. Particularly, we show that good values of the hyperparameters for the clipping range are
highly sensitive to the number of agents, as these hyperparameters, together with the number of
agents, effectively determine the size of the centralized trust region. Moreover, we show that IPPO
and MAPPO have comparable performance on SMAC maps with varied difficulty and numbers of
agents. This comparable performance also implies that the way of training critics could be less crucial
in practice than enforcing a trust region constraint.

2 RELATED WORK

The use of trust region optimization in MARL traces back to parameter-sharing TRPO (PS-
TRPO) (Gupta et al., [2017), which combines parameter sharing with TRPO for cooperative multi-
agent continuous control but provides no theoretical support. Our analysis showing that a trust region
constraint is pivotal to guarantee performance improvement in MARL applies to PS-TRPO, among
other algorithms. Multi-agent trust region learning (MATRL) (Wen et al.| |2021) uses a trust region
for independent learning with a game-theoretical analysis in the policy space. MATRL considers in-
dependent learning and proposes to enforce a trust region constraint by approximating the stable fixed
point via a meta-game. Despite the improvement guarantee for joint policies, solving a meta-game
itself can be challenging because its complexity increases exponentially in the number of agents.
We instead consider centralized learning and enforce the trust region constraint in a centralized and
scalable way. Multi-Agent TRPO (MATRPO) directly extends TRPO to the multi-agent case (Li &
Hel [2020) and divides the trust region by the number of agents. However, the analysis assumes a
private reward for each agent, which yields different theoretical results from ours. Non-stationarity
has been discussed in multi-agent mirror descent with trust region decomposition (Li et al.| [2021]),
which first decomposes the trust region for each decentralized policy and then approximates the
KL divergence through additional training. However, this method needs to learn a fully centralized
action-value function and thus becomes becomes impractical when there are many agents.

3 BACKGROUND

Dec-MDPs. We consider a fully cooperative multi-agent task in which a team of cooperative agents
choose sequential actions in a stochastic environment. It can be modeled as a decentralized Markov
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decision process (Dec-MDP), defined by a tuple {N, S, A, P,7, po,7}, where N = {1,..., N}
denotes the set of NV agentsand s € S 2 S'xS?x...xS™ describes the joint state of the environment.
The initial state sg ~ pg is drawn from distribution pg, and at each time step ¢, all agents k € N
choose simultaneously one action a¥ € A*, yielding a joint action a; £ a} x a? x ... x al¥ € A&
Al x A% x ... x AN, After executing the joint action a; in state sy, the next state sy 11 ~ P(s;, a;)
is drawn from transition kernel P and a collaborative reward r; = r(s¢, a;) is returned. In a Dec-
MDP, each agent k € A has a local state sf € S*, and chooses its actions with a decentralized
policy a¥ ~ m(:|s¥) based only on its local state. The collaborating team of agents aims to

learn a joint policy, 7(a;|s;) = Hszl 7 (af|sy), that maximizes their expected discounted return,
N(m) £ E(sy.a0)[Dreo ¥'7e), where y € [0,1) is a discount factor.

Policy optimization methods. For single-agent RL that is modeled as an infinite-horizon dis-
counted Markov decision process (MDP) {S, A, P, r, po,~}, the performance for a policy 7(a|s) is
defined as: () = E(s, a,) [ Yre0V'7(st, a¢)]. The action-value function Q and value function
V. are defined as:

Qr(st,a) = ]Est+1~p(~\sf,,at), {Z’er(st% at+l)}, Vi(se) = ann(.\s,,) |:Q7T(st) at)}

arr1~m(]si+1) T =0

Let the advantage function be A, (s,a) = Qr(s,a) — Vz(s); the following useful identity expresses
the expected return of another policy 7 in terms of the advantage over m (Kakade & Langford,
2002): n(7) = n(m) + >, pa(s) >, T(a|s)Ax(s,a), where pz(s) is the state distribution induced
by 7. The complex dependency of p(s) on 7 makes the righthand side difficult to optimize directly.
Schulman et al.| (2015) proposed to consider the following surrogate objective

La(7) = n(m) + Y pals) 3 #lals) Ax(s,0) = (m) +Egsa)mp, |

7(als)

m(als)

where the p is replaced with p.. Define D& (w, @) £ max, Dypv (7(+|s), 7(|s)), where Dry is
the total variation (TV) divergence.

Theorem 1. (Theorem 1 in|Schulman et al.|(2015)) Let « = DP&*(w, 7). Then the following bound
holds

An(s.a)],

4
() > La(7) — — L —a?,

(1—=79)?

where € = max, o|Ax(s,a)|.

This theorem forms the foundation of policy optimization methods, including Trust Region Policy
Optimization (TRPO) (Schulman et al.,[2015) and Proximal Policy Optimization (PPO) (Schulman
et al., 2017). TRPO suggests a robust way to take large update steps by using a constraint, rather than
a penalty, on the TV divergence, and considers the following practical optimization problem,

7(als)

TRPO: max E(s,a)~pn Ax(s,a)l, s.t. DEX(w(]s),7(:]s)) < a (1)

7(als)
This constrained optimization is complicated as it requires using conjugate gradient algorithms with
a quadratic approximation to the constraint. PPO simplifies the above optimization by clipping

probability ratios Az = iEZB to form a lower bound of L (7):

PPO: max E 4)~p, [min ()\ﬁ—Aﬂ-(S, a),clip(Az,1 — €, 14+ €) A, (s, a))], 2)
where € is a hyperparameter to specify the clipping range.

Independent PPO and Multi-Agent PPO. Both IPPO (Schroder de Witt et al., [2020) and
MAPPO (Yu et al.,|2021)) optimize decentralized policies with independent ratios. In particular, the
main objective IPPO and MAPPO optimize is

Il’}aXE(Skﬂk)Nl)ﬂk [min ()\;rkjélk(sk7 ak)7clip(}\7~1.]C7 1—€1+ G)Ak(sk, ak))] Vk € {]_, 2, N},
Tk
3)
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where \z, = %:Izi% denotes the ratio between the decentralized policy probabilities of agent k

before and after updating. The difference between IPPO and MAPPO lies in how they estimate the
advantage function: IPPO learns a decentralized advantage function A¥(s*, a*) £ 37 [r(sF, af)]—

V(s*) based on the local information (s*, a*) for each agent, while MAPPO uses a centralized critic
that conditions on centralized state information s: A*(s*, a*) £ E -« [ 372 [r(sF, af)] — V(s)],
where —k refers the set of all agents except agent k. Both methods use parameter sharing between
agents. Consequently, as all agents share the same actor and critic networks, one can ignore the agent
specifier k in the objective and use experience from all agents to update the actor and critic networks:

maXZE(S kLR ~pry mln (A9A¢( ), clip(Ag,1 —€,1 4+ e)A¢(sk, ak))], 4)

where \g = %, and 6, ¢ are shared parameters for policy and advantage networks. The use

of independent ratios together with parameter sharing has shown strong empirical results in various
MARL benchmark tasks (Schroder de Witt et al.| 2020; | Yu et al., [ 2021)).

4 TRUST REGION ANALYSIS FOR MARL

In this section, we first directly apply TRPO’s trust region analysis to cooperative MARL, which
yields joint ratios rather than the independent ratios adopted in IPPO and MAPPO. We then show that
optimization with independent ratios induces non-stationarity in MARL, which breaks the stationarity
assumption in the trust region analysis. Finally, we provide a new analysis that shows how monotonic
policy improvement can still arise from non-stationary transition dynamics with independent ratios.

4.1 OPTIMIZATION WITH JOINT RATIOS

Consider the joint policy 7 (a|s) and the centralized advantage function A, (s,a) = Qr(s,a) —
Vx(s). Then, the trust region analysis for single-agent RL carries over directly to MARL with the
surrogate objective as L (7) = n(w) + >, px(8) >_, T(a|s)Ax(s,a). One can consider the same
optimization problem for TRPO shown in equation|[I]

max E(S@)pr[mzélﬂ(s,a)}, st DRX(r(-|s), 7(-|s)) < a )

The trust region constraint is enforced over joint policies, which we refer as a centralized trust region

constraint. With joint ratios defined as Az = :EZ}Z% = TIv, [%’ZE:;], one can simplify the

above optimization as PPO to have the following objective,
JR-PPO:  max E(;q)~p, [min ()\,;Aﬂ.(s, a),clip(Az,1—¢1+¢€)Ar(s, a))]. (6)

We call the resulting algorithm Joint Ratio PPO (JR-PPO) (see Algorithm[I]in the appendix).

Unlike IPPO and MAPPO, JR-PPO consider joint ratios over the joint policies, rather than independent
ones. This difference is crucial, as joint ratios naturally enjoy the monotonic improvement guarantee
carried over from the single-agent trust region analysis:, i.e., Theorem E} Furthermore, the objective
used in IPPO and MAPPO is not equivalent to the above objective as they are lower bounds of
different objectives. Thus, Theorem[I]does not imply any guarantees for IPPO and MAPPO.

4.2 OPTIMIZATION WITH INDEPENDENT RATIOS

Optimization with independent ratios, however, induces non-stationarity in MARL. When optimizing
decentralized policies, the environment is non-stationary from the perspective of a single agent
since the other agents also change their policies during training. To analyze the non-stationarity in
decentralized policy optimization, we first consider the Markov chain for the local state s* induced by
the underlying MDP for agent k. When all agents’ policies are updated from 71, ..., mx to 71, ..., TN,
the state transition distribution of this Markov chain also shifts. We denote such transition shift from
s" to 5% for agent k as

Aii,;N(~k|S ) Z |:p7~717--<77~7N (§k|8k7ak)ﬁk(ak|sk) _pﬂl,---,ﬂN(§k|sk’ak)ﬂ-k(a'kbk)]a

ak
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where pr, . x, and px, ..z, refer to the transition dynamics before and update 7 is updated. The
state transition shift consists of two parts: an exogenous part, which is caused by the update of other
agents’ policies (i.e., the change of transition dynamics from p,, to pz, ), and an endogenous part,
which is contributed by the update of the agent’s own policy (i.e., the change of agent k’s policy from
), to 7). See the appendix [A.2] for detailed analysis. The exogenous shift breaks the assumption in
the monotonic improvement guarantee (Schulman et al., [2015) that the MDP is stationary, i.e., the
state transition shift arises only endogenously from the agent’s policy changes. As a result, Theorem|T]
no longer holds if one optimizes with independent ratios as in [PPO and MAPPO.

4.3 MONOTONIC POLICY IMPROVEMENT FOR INDEPENDENT RATIOS

We now provide a new analysis for optimization with independent ratios. As the above analysis
suggests that the exogenous transition shift breaks the trust region analysis in TRPO, we instead
consider how to handle this exogenous shift in training. Specifically, since the exogenous shift is
caused by the changes of other agents’ policies, it can be controlled by constraining the update of
other agents’ policies in centralized training.

Proposition 1. In a Dec-MDP, the transition shift AT 7N (§%|s¥) decomposes as follows:

Tl N (k| B\ . AT, T2, k| k T1, 72,3, TN (zk| K Tl AIN—1,TN (k| K
AT (8]s%) = ATy ey (85]s™) + Az A (SsT) 4 AR T (8787,
The proof is given in the appendix [A.3.1] This proposition implies that the state transition shift at
local observation s* is caused by the shifts arising from all decentralized policies. This decompo-
sition inspires the derivation of a new monotonic improvement guarantee for decentralized policy
optimization by enforcing the trust region over joint policies.

Define the surrogate objective for decentralized policy 7y, as
LSr]i),wz,...ﬁN (7}1@’) = Z Pri,ma,.. N (Sk) Z T (ak|sk)A7Tk/ (Sk7 ak)7
sk ak
and the expected return of decentralized policy 7y, as

In practice, 74 (s, a*) is usually unknown. As the state transition shift decomposes into the sum of
transition shifts caused by each decentralized policy, we can bound this state transition shift with a
centralized trust region constraint as in equation [5}

Theorem 2. Let o« = DX (w, 7). Then the following bound holds :

N
N - ey
k 2
N1, ®N (T‘-k) 2 Mryyeesmn (k) + k;:ngTl),..,,TrN (Trr) — 1- 7)204 vk,

where € = maxyen maxge or|Ar, (55, a")|.

The proof is given in the appendix [A.3.2] This theorem implies that, for sufficiently small «, the
performance increase of a decentralized policy 7, is lower bounded by the sum of surrogate objectives
for each decentralized policy with respect to the samples generated by 7. In other words, if the
trust region is enforced, the sum of surrogate objectives yields an approximate lower bound for
N7y, 7a,...7n (Tk), Which holds for any decentralized policy 7.

Theorem E] differs from Theorem E] in three respects. First, the lower bound for one decentral-
ized policy effectively relies on surrogate objectives for all agents, since the update of one agent’s
policy affects all other agents’ transition probability. Therefore, to improve the performance for
policy 7y, we can simultaneously maximize Lgﬁ{,“ﬂw (1) + L&’j{,,,m (7o) + ... + Lgrlj),,,,m\, (TN)-
Second, unlike the surrogate objective in Theorem [I] the new surrogate objective implicitly con-
-~ ki k
tains an independent ratio \z, = % as it can be rewritten as follows: L&’j{m,_“m () =
7y (aF|s%) A

ey Ami (8, ak)] Third, the additional term (lf%)zcﬂ requires computing the total
k/

B (s ar)
variation between joint policies 7(a|s) and 7 (a|s), rather than the policies that are directly opti-

mized. We show in the next section that, in centralized training, this requirement is easily satisfied as
the magnitude of the constraint on the update is proportional to the number of agents.
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5 REALIZING TRUST REGIONS VIA BOUNDING INDEPENDENT RATIOS

Theorem [2indicates that the centralized trust region is crucial to guarantee monotonic improvement.
In this section, we show that bounding independent ratios is an effective way to enforce such a
centralized trust region constraint, and this enforcement requires taking into account the number of
agents. To achieve this, we first present two lemmas about Dy divergence.

Proposition 2. In a Dec-MDP, DR (7, 7) < Zszl D (mg, Tk,

This proposition is a direct result of the fact that the joint policy in a Dec-MDP factors as a product
of decentralized polices, i.e., m = Hﬁ;l ) -

Proposition 3. Dy (mx, Ti) = MaXses Dz, (ak|sk)>mp (a[s5) [T (a®|s®) — mp(a®|s7)].

This useful identity follows from a property of Drv: Drv (u(x), (%)) = 3_ 0y 50 (2 [1(7) — v(2)]
where p and v are two distributions. This proposition indicates that a decentralized trust region is
also defined by the sum of probability differences over a special subset. We use this to upper bound
the trust region in the following analysis.

Assumption 1. Assume the advantage function Ay, (Sk, ar) converges to a fixed point for Vk.

= k| k
Theorem 3. If independent ratios \j, 2 % are within the range [1 — e, 1 + ¢ for Vk € N,

then the following bound holds: DF&* (my,(-|s), Tk (+]s)) < ex; DR*(w(-|s), 7(-]s)) < 25:1 €k

This theorem comes from that fact that optimizing 7 (s, a) with respect to a converged A(s, a) leads
to w(als) > w(als) if A(s,a) > 0, Vs, a in actor-critic algorithms (Konda & Tsitsiklis, 2000). Thus,
based on Proposition[3] we have the following

DE5 (g, 7)) = max Z [T (a®]s®) — 7 (a®|s™)] < max Z [exmr(a®|sM)] < e
ak‘,eAk aeAk
Ak (s*,a*)>0 Ag(s®,a%)>0
The equation is from Proposition |3| by considering A(s,a) > 0 such that 7(a|s) > w(als). The
first inequality is a result of bounded ratios and the second is from 3, <, a(s.0)>03 [T (als)] <1

(considering the lower bound yields the same analysis.) Furthermore, the trust region constraint over
joint policies is a direct result of Proposition[2] The detailed proof is given in the appendix As
Dy is a bounded divergence between [0, 1], the ratio guarantee makes sense when ¢ < 1.0.

~ k| k
Theorem [3[ implies that bounding independent ratios % with [1 — e, 1 + €] amounts to
enforcing a trust region constraint with size ¢ over decentralized policies. Thus, to enforce the
centralized trust region constraint over joint policies, i.e., D& (w,7) < a as in Theoremkkone
can consider bounding independent ratios according to the number of agents, e.g., Ay £ % €

[1 — &, 1+ &]. In the next section, we present practical implementations of these ratio constraints.

6 INSTANTIATING RATIO CONSTRAINTS

In this section, we show that IPPO and MAPPO effectively satisfy the conditions of Theorem@] and
Theorem [3| Specifically, the independent clipping and parameter sharing used by IPPO and MAPPO
are useful ways to approximate the ratio constraints in Theorem [3] and to optimize the surrogate
objective in Theorem [2] Furthermore, we show that the surrogate objectives optimized in IPPO and
MAPPO are essentially equivalent when their critics converge to a fixed point.

6.1 OPTIMIZING SURROGATE OBJECTIVES

The objective is to update all agents’ policies simultaneously with the experience from all agents,
which can be further simplified with parameter sharing (Gupta et al., 2017):

max SN per e ew(55) Y Fo(uh]sF) Ag (s, b, 7
k sk uk

s.t. DR (m(-]s), 7(-s)) < a (8)
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where 0 and ¢ are the shared parameters for decentralized policies and critics. Furthermore, to
effectively optimize the surrogate objective, we can clip the probability ratios of each decentralized
policies to form a lower bound of the objective in equation[7] similar to PPO (Schulman et al., 2017).

Namely, with independent ratios \* = %:Izz; Vk € N, we can optimize the following objective:

: kE Ak i \K k
max ;E(Skvuk),vp(shuk) [Inm (/\ A% clip(A\®";1 —¢€,14+¢)A )},
which is exactly the objective used by IPPO and MAPPO.

6.2 ENFORCING THE TRUST REGION CONSTRAINT

Proposition 2] implies that, in centralized training, one way to enforce trust region constraint is to
delegate the centralized trust region constraint to each agent, such that the update of each decentralized
policy 7y (a*|s*) is bounded. Therefore, to enforce the centralized trust region constraint, one can
impose a sufficient condition as follows,

DR (mol-1s*), mol(s) < 5 VR €N, ©

which suggests that enforcement of the centralized trust region constraint translates to a decentralized
trust region constraint if the trust region is specified properly according to the number of agents.
Furthermore, based on Theorem [3| bounding independent ratios is an effective way to enforce the
trust region constraint. One can thus impose a sufficient condition to constrain independent ratios
AF such that \F € [1 — %> 1+ %], where N is the number of agents in training. Clipping is one of
many ways to achieve this sufficient condition but itself is a heuristic approximation so often fails to
bound ratios exactly within the ranges. In practice, one would need to tune the the clipping range
and the number of epochs so the ratios can be properly bounded. We show in the experiment section
that good values of the hyperparameters for the clipping range are highly sensitive to the number of
agents, as these hyperparameters, together with the number of agents, effectively determine the size
of the centralized trust region.

6.3 LEARNING ADVANTAGE FUNCTIONS

We now look at the training of the advantage function, where IPPO and MAPPO differ. IPPO trains a
decentralized advantage function, while MAPPO trains a centralized one that incorporates centralized
state information. Assume a stationary distribution of (s’“, ak’) exists. From |Lyu et al.| (2021)), we
have the following:

Proposition 4. (Lemma I & 2 in|Lyu et al.|(2021)) Training of centralized critic and k-th decen-
tralized critic admits unique fixed points Q™ (s*,s% a* a=*) and Eg— g—& [Q7(sk,s7% ak a=F)]
respectively, where Q™ is the true expected return under the joint policy .

Accordingly, based on the definition, the centralized value function is V(s) =
V(sk,s7F) = Euro#[Q(s*,s7% a" a™%)] and the decentralized one is V(s¥) =
Eg-r g o+ [QT(s%, 577 u¥ a™®)] = E,«[V(s¥,s7%)] = E,«[V(s)]. Thus, we have
APPO(gk [gk) = AMAPPO(gk k) (and so IPPO and MAPPO objectives are equivalent) given that the
underlying critics converge to a fixed point.

7 EXPERIMENTS

We consider the StarCraft Multi-Agent Challenge (SMAC) (Samvelyan et al.,[2019)) for our empirical
analysis as it provides a wide range of multi-agent tasks with varied difficulty and numbers of agents.
We first show that clipping is an effective way to constraint ratios when the number of optimization
epochs and the learning rate are properly specified. Furthermore, we show that clipping also requires
taking into account the number of agents such that the centralized trust region can be properly
enforced. We then empirically demonstrate that bounding independent ratios in effect enforces the
trust region over joint policies. Finally, we present results showing that IPPO and MAPPO perform
equivalently on SMAC maps with varied difficulty and numbers of agents.
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Figure 1: Trust region with respect to the clipping range, the number of agents and the number
of optimization epochs: (a) Ratio ranges for 5 agents with the number of optimization epochs; (b)
Cumulative percentage of decentralized trust region as the clipping value varies; (c) Cumulative
percentage of centralized trust region as the number of agents varies (clipping at 0.1); and (d)
Cumulative percentage of centralized trust region with optimization epochs (clipping at 0.1).

Clipping and ratio ranges. Theorem 3]indicates that bounding the independent ratios amounts to
enforcing a trust region constraint over joint policies. We empirically show that independent ratio
clipping approximately bounds the independent ratios in the training if some hyperparameters are
properly set. We train decentralized policies on one map, 253z, and clip the independent ratios when
optimizing the surrogate objective. Figure [Ta] shows how the the max and min of the ratios changes
according to the number of optimization epochs with different clipping values. Independent ratio
clipping can effectively constrain the range of ratios only when the number of optimization epochs and
the clipping range are properly specified. In particular, the range of independent ratios grows as the
number of optimization epochs increases. This growth is slower when the clipping range is smaller,
e.g., € = 0.1. Furthermore, the clipping range may not strictly bound ratios between [1 — ¢, 1 + €]:
when the clipping range is 0.1, the independent ratios can exceed 1.2; and the independent ratios can
even grow up to 1.6 when the clipping range is 0.3.

Ratio clipping and trust region constraint. Next, we show that the trust region defined by the
total variation is empirically bounded by independent ratio clipping, and this bound is also propor-
tional to the number of agents. Specifically, we compute the maximum total variation divergence

T over empirical samples collected by the behavior policy during the first round of actor update,
which contains 100 optimization epochs, and report the distribution of D, Figure[Tb|shows the
distribution of DTS over decentralized policies when clipping range varies. For clipping at 0.1,
all DE5* values are smaller than 0.2, meaning that the trust region is effectively enforced to be
small. As the clipping range increases, more DT5* values exceed 0.3. For the case without clipping,
Dpg* almost uniformly distributes among [0.0, 0.8], implying trust region is no longer enforced.
Figure [Ic| presents the distribution of D3i* over joint polices for clipping at 0.1, on maps with
different number of agents. See appendix Tablefor more details. The DIp&*(7r, ) is estimated by
summing up the empirical total variation distances D™ (7, 7y ) over all agents. The D™ (7, )
grows almost proportionally with the number of agents, indicating that enforcing the centralized trust
region with independent ratios clipping also requires considering the number of agents. Figure[Id]
presents the distribution of DT over joint polices with different numbers of epochs for clipping at

0.1. Compared to the number of agents, the number of epochs has less impact on the trust region.

Independent ratios clipping on SMAC  Figure [2] shows the empirical returns and trust region
estimates with different ratio clipping values across different maps in SMAC. |I| Notably, when the
clipping value is small, e.g., e = 0.1, the joint total variation distance, i.e., the centralized trust region,
can be effectively bounded, as in the second row in Figure[2] The empirical returns corresponding to
€ = 0.1 are thus improved monotonically, outperforming all other returns consistently in four maps.
Moreover, as the number of agents increases, the trust region enforced by clipping value € = 0.1 in
the initial training phase also grows from less than 0.3 to more than 0.5. In contrast, for clipping at

!Trained via decentralized advantage, i.e., IPPO. Results with centralized advantage are similar, as presented
in the appendix@ Unlike |Yu et al.[(2021), the value function is not clipped in our experiments.
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Figure 2: Empirical returns and trust region estimates for independent ratios clipping.

P, Ty

Figure 3: Contrasting IPPO and MAPPO across different maps.

0.5 and 1.0, the learning quickly plateaus at local optima, especially on maps with many agents, e.g.,
10m_vs_11m and 27m_vs_30m, which shows that the policy performance n(7y) is closely related
to the enforcement of trust region. We also apply the same clipping values to joint clipping and
independent clipping, see Appendix [A-6]for more analysis.

IPPO and MAPPO We show that the empirical performance of IPPO and MAPPO are very similar
despite the fact that the advantage functions are learned differently. We evaluate IPPO and MAPPO
on maps of varied difficulty and numbers of agents. We heuristically set the clipping range based
on the number of agents. Specifically, we set the clipping range € for 3s5z, 1¢3s5z, 10m_vs_11m,
and bane_vs_bane, as 0.1, 0.1, 0.1, and 0.05, respectively. The results are presented in Figure E On
the four maps considered, IPPO and MAPPO perform similarly. This phenomenon can be observed
in[Yu et al.| (2021)), which provides more empirical comparisons between IPPO and MAPPO. Such
comparable performance also implies that, for actor-critic methods in MARL, the way of training
critics could be less crucial than enforcing the trust region constraint.

8 CONCLUSION

In this paper, we present a new monotonic improvement guarantee for optimizing decentralized
policies in cooperative MARL. We show that, despite the non-stationarity in IPPO and MAPPO, a
monotonic improvement guarantee still arises from enforcing the trust region constraint over joint
policies. This guarantee provides a theoretical understanding of the strong performance of IPPO and
MAPPO. Furthermore, we provide a theoretical foundation for proximal ratio clipping by showing
that a trust region constraint can be effectively enforced in a principled way by bounding independent
ratios based on the number of agents in training. Finally, our empirical results support the hypothesis



Under review as a conference paper at ICLR 2022

that the strong performance of IPPO and MAPPO is a direct result of enforcing such a trust region
constraint via clipping in centralized training.
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A APPENDIX

A.1 JOINT RATIO PPO

Algorithm 1 Joint Ratio PPO (JR-PPO)

for iteration = 0,1,2,... do
Roll out decentralized policies [71, 72, ..., 7] in environment;
Compute centralized advantage estimates A(s, a);

Compute joint ratios Az = :EZB =Y, [%:IZ:Q,
Optimize the surrogate objective maxz E[ min (AzA(s, a), clip(Az,1 — €, 1+ €)A(s, a))].
end for

A.2 STATIONARITY ASSUMPTION IN TRPO

The single-agent TRPO relies on the following analysis:
L) = Ln(m) = 3 pls) 3 (+lals) = mlals) Ax(s. )
—Zﬂ Z als) - +Zp '|s,ayyo(s’) — v(s)]
= Zﬂ Z > (Aals) = m(als))p(s'ls. ) o)
= iﬂ ZZ (s'ls,a) — m(als)p(s'|s,))yo(s")
= Zp Z (s13) — pr(s|3))y0(s").

This analysis is based on the assumption that p(s’|s,a) remains the same before and after  is
updated, such that transition shift pz (s'|s) — pr(s’|s) is only caused by the agent’s policy update,
i.e., endogenously. Such analysis no longer holds when the transition dynamics p(s’|s, a) are
non-stationary: pz(s'|s, a) # p(s']s, a).

A.3 PROOFS
A.3.1 PROOF OF ProPOSITIONI]

Proof. Assume agent k’s policy ¥ is executed independently of other agents policies 7%, we have

|
B
—
V)
o
Vo
|
=
V)

B N L G B L G E B CU ES L B

E’k,sfk
ak,afk
ST pE A s a0 ) - [ () — 7R (o )
s kk,S__kk exogenous
a”,a
+ 7*(a®|2*) R (a7F|s7F) — 7R (0¥ |sF) r TR (aF|sTF) }

endogenous

The above decomposition can be repeated such that the exogenous part can be translated into
endogenous parts that are specific to each agent. Specifically, repeat the decomposition for the

12
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exogenous part by considering agent k' (k' # k):

ﬁk(ak|sk)

i *a *kls ") = 7 (a¥[sF)m T (a7 ™)
k|8 [ k K’ —{kk}( —{kk}‘s—{kk}) k (ak |Sk )ﬂ_—{k,k'}<a—{k,k}|s—{k,k })}
Ic|s [ k 7{kk }(a {k,k’ }|S {k,k’ }) k (ak ‘Sk )Wf{lmk }(a*{lﬁk }|87{k,k })

7k -exogenous

+ ,ﬁ_k' (ak' ‘Sk')wf{k,k'}(af{k,k'}|87{k,k'}) B ’/Tk/ (ak' ‘Sk')wf{k,k'}(af{k,k'}|87{k,k’}) )

7k -endogenous

So on and so forth, one can decompose A """ N (5’C |s*) as follows:

B N 3 N—-1 ~N
AT T (R)sR) = AT T (3] 4+ AL T T T (5 R e+ AL T T (),

w1, 7r171'2‘71' 7r17r27r3.7r
which implies that the state transition shift at local observation s* is caused by the shifts arising from
all decentralized policies. O

A.3.2 PROOF OF THEOREM[Z]

Proof. This proof is based on the perturbation theory. Let G = (1 + P2 +

T1,72,..., TN
(VP g )2 e = (L= APy ey) T hand G = (L4 PEE L o (vlirl,m.,...ﬂw)2 +
=(1- P;; P )~1 denote the distribution of state s; under 7y, 7r2, vy and 7p, o, ..., TN.
We will use the convention that p (a density on state space) is a vector and r (a reward function
on state space) is a dual vector (i.e., linear functional on vectors), thus rp is a scalar meaning the

expected reward under density p. Note that () = Gy, and n(7) = G po. Denote the state shift

of sjas A(s;) = Pgl - - — P .- Using the perturbation theory, we have the following
s;1—1 ~Si - Sq Sq —
[G ] - [G ] P7r1 Toyenss TN P7r1,71'2, OTN ’YA(Si)

Left multiply by G and right multiply by G*::
G* = G% + G A(s;) G
Substituting the right-hand side into Gsi gives

G% — G =G A(5;)G% 4+ VG A(s5,)G* A(s5;)G*).
Consider decentralized policy 7;:

Ny, 72,0, ﬁN(ﬁi)_nﬂly’”Q ,,,,, 71'N(7Ti)
=rG* po —rG% po = r(G* — G*")po
=G A ()G po + 723G A(s:) G A(s:) G po.

Let us first consider the leading term yrG®i A(s;)G®i py,

’yTGSi (Si)GSi £o

—ZP Z (p=(s z|SZ) pr(s 7,|S ZP (si) ZAWIZ...:;N( 1‘51)'7”( )

:Zp(an[A:yzz’ TN (sflsi) + ATETET :x(siwsw-.-+A%:::::Qi::ﬁx(sélsi)]w(sb-

!’
83

13
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For one of these summation terms, we have the following ﬂ

Zp Z AT T T (i) o) (10)

_ZP ZZ(Pm gy (8 §|8i7ai)7~fj(ai\8i)—pﬁl,...,frj,l,ﬂj,._i,m(SQISi,aﬂm(%\&))w(%)
/.

(11)
_Zp Z iy a1|81) — Wj(ai\si)) prrl,...,frj,l,ﬂj,.“,mv (3”517“1)7”(3;) (12)
_Zp Z Ti(ailsi) — mj(ails:)) [r(s;) + Zpﬁl,..i,ﬁj,l,wj,...,mv(5;|5i7 a;)yo(s) = Uiy, .y, (50)]
a; 57/; Tjyees TN
(13)
—Zp Z i (ails;) — mj(ailsi)) An, (si, a;) (14)
_L7(T711) T2 yunny TN (’ﬁ—]) - L7('l'7;1),71'2 ..... TN (ﬂ-])' (15)

The derivation from line[I3]to[I4]is based on the following definition:
ATFj (Si’ ai) £ T(Si) + Zpﬁlv---;ﬁj—lﬂrj»-uﬂTN (8;|S“CL1)’W}(8;) - Ufrlw--;%j—la(si)?

o Tjyees TN
where vz, 7,1, (80) 2 7(80) + 7 D0 P,y g (88805 0) 204, 7 (] si)v(s]). which
i TN g g
will result in LS!I)MM,TN (mj) = 0 for Vj. In fact, for line |13} r(s;) and iy, #,.1,(si) can be

interpreted as functions over s;, which will be zero if integrated with ), (7; (a, |si) — mj(ails;)).
Note that the advantage function also conditions on the ;.

Note that the advantage of m; with respect to s;, a; in multi-agent RL is defined differently from the
advantage function in the single agent case.

We can thus repeat the above decomposition iteratively and have the following:
G A(si)G¥po = L) o) o (1) = L) (M)
+ L% N(7~T2) LG) oo (72)
bt L8 ()~ L) (o).
Note that Lgfl),ﬂ27,__,7r,\, (mj) = 0 for Vj. Thus,

G A(s;) G pg = LY oy (F1) + L) o (F2) o L) ().

TL,TT2,. 1,72, 1,702,

Next we bound the second term 72eriA(si)GsiA(si)(~¥5i po. First we consider the product
vyrG* A(s;) = yvA(s;). Consider the component of this dual vector:

|(yrG= Alsi)s| = 1Y (s, (silsi) = s (silsi))70i(s))]

N
=| Z Z Z p(s’l,...,sg\,\sl,...,sN,al,...,aN)vi(sg)[Hfr (a;|s;) —

8 5eeny8ly S1yee38i—1,8i41,5N A1,---,aN j=1

N
= > > Ai(siyai) [ [] #i(ailsi) - _H?Tj(ailsz')]

S1504098i—138i41,SN Q1.+, an

Thus, we have

mj(ailsi)]

H":]Z
||::]2

N

[(vrG* A(sy)s | < Z Z HEN” ||H 7i(ai|s:) — H i(ailss)] < 2ae.

©SN A1, N J=1

2 Note that Az, (si, a;) in the analysis is defined with the transition dynamics px, ,..., 1 TN (s5]si, ai).

14
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We bound the other portion G® A(s;)G®' pg using the I; operator norm:

: S 1A sa) [l
1G* A(s:) G polly < “m——~5 -
’ -
The ||A(s;)]]1 can be bound as follows:
HA(Si)Hl:ZIPm ilsi) = pr,(silsi)]
84,84
N N
= Z Z Z 51,...,s'N|51,...,sN,al,...,aN)|H7?j(ai|s H (ailsi)]
E GSN Qly.eny j=1 j=1
N
= Z Z H?T] (a;|s:) ij(ai|5i)| < 2a.
158N Q1,..,aN j=1 j=1

So we have that

, s s s s s 4e
VPG A(s:) G A(s:) G pol < AIIFG Alsi)]|oo |G Alsi) G pol | < %a2.

A.3.3 PROOF OF THEOREM 3]

Proof. Given the assumption that the advantage function A(s, a) converges to a fixed point. we have
the fact that optimizing 7 (s, a) with respect to A(s, a) leads to 7(a|s) > mw(als) if A(s,a) > 0, Vs, a.

Consider independent ratios \j, = fr"(“iklsk) which are within the range [1 — e, 1 + €] for Vk € N,

K (aF]sF)
Thus, based on Proposition 3] we have the following
D (7, ) = mex Z (7 (a®[s") — m(a®[s7)]

k k

a"eA
7(a|s)>m(als)
k| .k k| .k
< max > [+ en)mi(a®]s™) — mi(a®]sh)]

akeAr
Ak(s’C a®)>0

< max Z lexmr(a¥]s)] < €.
° a€AF
Ak(sk,ak)>0

The first inequality is a result of bounded ratios and the second is from ¢ 1. 4(5, )0 [ (als)] < 1.

Furthermore, the trust region constraint over joint policies is a direct result of Proposition[2] One can
also consider A(s, a) < 0, which leads to 7(a|s) < 7(a|s) in optimization. Given that independent
ratios are also lower bounded by 1 — ¢, the same conclusion can be reached for D O

A.4 EXPERIMENT DETAILS AND MORE RESULTS

The number of agents in each is given in Table[T]

Test battle win mean of IPPO on maps with varied difficulty and numbers of agents is presented in
Figure

Empirical test battle win mean, test returns and trust region estimates of MAPPO on maps with varied
difficult and numbers of agents are presented in Figure 3]

A.5 ABLATIONS ON SMALL CLIPPING VALUES
We also present the ablation results for small clipping values, i.e., < 0.1, in Figure[§ It is true that a

small clipping value results in a small trust region, and thus small clipping values, e.g., 0.08, 0.05
and 0.03, would be preferred for maps with a large number of agents, e.g., maps 10m_vs_11m (10
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Table 1: Number of agents on maps.

SMAC Map  Number of agents

2s_vs_1sc 2
3s_vs_5z 3
283z 5
6h_vs_8z 6
1c3s5z 9
10m_vs_11m 10

Test Battle Win Mean
Test Battle Win Mean

o 20 s 750 1000

1250 S0 750 1000 1250 1500 1750 2000 0 20 S0 750 1000 1250 1500 1750 2000 0 20 S0 750 1000 125 1500 1750 2000
Number of timasteps (K) nber of 0] ®

00 1250
Number of tmesteps (K) Number of timestops (K) Number of timesteps (K)

Figure 4: Test battle win mean of IPPO on maps with varied difficulty and numbers of agents

agents) and 27m_vs_30m (27 agents). However, when the clip value is too small, e.g., ¢ = 0.01 in
maps with 5 and 8 agents, the resultant trust region is also small and the update step in each iteration
can thus be too small to improve the policy. Thus, one would need to trade off between the trust
region constraint, to ensure monotonic improvement, and the policy update step, to ensure a sufficient
parameter update at each iteration.

A.6 COMPARISON BETWEEN JOINT RATIO CLIPPING AND INDEPENDENT RATIO CLIPPING

We apply the same clipping values to these two types of clipping, and use maps with many agents,
i.e., 10m_vs_11m and 27m_vs_30m, to make the difference more salient (based on the theoretical
results in the paper). The results are presented in Figure[7]and ]

Compared to joint ratio clipping, the independent ratio clipping is more sensitive to the number of
agents. In particular, for a small clipping value, e.g., ¢ = 0.1, joint ratio clipping consistently produces
better performance than independent ratio clipping, even when the number of agents changes from
10 to 27. As the clipping value increases to 0.5, the performance gap between these two types of
clipping becomes larger, which is also aligned with our theoretical analysis.
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Figure 5: Empirical test battle win mean (first row), test returns (second row) and trust region
estimates (third row) of MAPPO on maps with varied difficult and numbers of agents
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Figure 6: Empirical returns, trust region estimates and test battle win rate for small values of

independent ratios clipping.
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Figure 7: Joint divergence estimates and empirical returns for two types of ratio clipping at different
clipping values: 0.1 (first row), 0.3 (first row) and 0.5 (first row).
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Figure 8: Test battle win rate for two types of ratio clipping at different clipping values: 0.1 (first
row), 0.3 (first row) and 0.5 (first row).
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