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ABSTRACT

In human cooperation, both individual knowledge and team consensus play im-
portant roles in accomplishing tasks. However, existing multi-agent reinforce-
ment learning (MARL) communication methods commonly focus on individual-
level communication, which overlooks the global team information for decision-
making. Meanwhile, individual-level communication is often infeasible when the
communication bandwidth is limited. To tackle these problems, we propose a
team-level information integration model called Double Channel Communication
Network (DC2Net). DC2Net highlights the significance of independent team fea-
ture learning by separating individual and team feature learning into two indepen-
dent channels. In this model, agents no longer communicate with each other in a
peer-to-peer paradigm; instead, all interactions are carried out in the team channel.
By combining individual and global features, decisions are made collaboratively.
We conduct experiments on several multi-agent cooperative environments and the
results show that the DC2Net is not only competitive with other MARL commu-
nication models but also reduces the communication costs. Furthermore, the two
channels can enable adaptive balancing of individual and team feature learning
based on task requirements.

1 INTRODUCTION

Deep reinforcement learning (DRL) [Sutton & Barto| (2018)) is widely applied in various domains
such as autonomous vehicles [Faust et al| (2018)); Hoel et al.| (2019), traffic light control [Wiering
et al.| (2000), robot control |Sartoretti et al.| (2019); |Akkaya et al.| (2019), and game Al |Silver et al.
(2016); Berner et al.| (2019). With the rise of DRL, multi-agent reinforcement learning (MARL)
Busoniu et al.| (2008) has been widely used in practice in recent years |Shalev-Shwartz et al.| (2016);
Leibo et al.| (2017); |Roesch et al.| (2020). As communication is a fundamental aspect of human
interaction, MARL communication methods have been gaining increasing attention recently. Dif-
ferent from MARL cooperative algorithms |[Rashid et al.| (2018)); [Foerster et al.| (2018); Mahajan
et al.| (2020), communication learning aims to enrich agents’ observation and make collaborative
decisions based on information gain (IG). However, the majority of current MARL communication
methods primarily focus on individual-level communication Foerster et al.|(2016); Das et al.|(2019);
Jiang et al.| (2020), i.e., peer-to-peer communication. These methods overlook the importance of
team-level information and incur significant communication costs. For example, in a system of N
agents, the maximum cost of individual-level communication is (J;' ) This cost becomes unmanage-
able when dealing with a large number of agents or limited communication bandwidth |[Kim et al.
(2019). Furthermore, how to select appropriate partners to communicate with is another challenge
that individual-level communication is faced with|Jiang & Lu(2018);|Ding et al.| (2020).

Considering the behavior of human cooperation to complete complex tasks, it is a common strategy
to reach a team consensus to help individuals to make better decisions. Several work have studied
ways to raise team-level information in MARL communication|Sukhbaatar et al.|(2016); Singh et al.
(2018). However, in these work, team information is typically considered as a supplementary factor
to individual learning. The insufficient focus on team information reflects a mixture of team learning
and individual learning, which can have negative impacts on decision-making. For example, in
scenarios where each individual has extremely limited observations, peer-to-peer communication
may not provide sufficient IG for effective agent decision-making. And the mixing of individual
and team learning can lead to the gradients being backpropagated through the two parts, making it
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more difficult to learn accurate representations of both individual and team information. Hence, it
is essential to recognize team information as a vital component of communication, treating it as an
independent and prominent signal that requires feature learning at the team level.

In this paper, we propose a communication model named Double Channel Communication Network
(DC2Net) which employs team-level communication and consults individual and team learning in
two independent channels. In DC2Net, individual information is fed into a team channel for team
information integration, and all communication is conducted exclusively within the team channel.
In the team channel, aggregated individual features are learned independently by a neural network
and the gradients would not affect the learning process of the individual channel, and vice versa.
The learned individual and global features are used together to make decisions. Our model solves
the problem of mixed learning while simultaneously reducing the costs of communication.

DC2Net is implemented based on the Q-learning algorithm and trained end-to-end. We experi-
mentally show the performance of DC2Net in the multi-agent particle environment and the traffic
junction environment. The proposed DC2Net outperforms several state-of-the-art MARL communi-
cation models. The experimental results also show that the two channels in DC2Net can adaptively
balance individual and team feature learning for different tasks. Ablation studies are made to il-
lustrate the contributions of different parts of the DC2Net. In addition, we tested the performance
of several communication models with limited bandwidth, and the experimental results show that
DC2Net can achieve good performance with fewer communication costs. Finally, we conclude with
a further discussion of our proposed model.

There are three remarkable contributions in this paper:

* To tackle the challenge of high communication costs, we eliminate peer-to-peer communi-
cation, and a team channel is utilized for all communications.

* To address the problem of mixed learning, we employ two independent channels to learn
individual and team features for decision-making respectively.

* We empirically validate the DC2Net in several MARL cooperative tasks and provide in-
sights into our model. The experimental results demonstrate that our model can adaptively
balance individual and team feature learning based on task requirements, while also achiev-
ing favorable results with limited communication bandwidth.

2 BACKGROUND

2.1 MULTI-AGENT REINFORCEMENT LEARNING

A standard MARL task can be modeled as a Decentralized Partially Observable Markov Decision
Process (Dec-POMDP) Oliehoek & Amato|(2016), which allows the distributed control by partially
observable multiple agents. The Dec-POMDP consists of a tuple (S, A, R, P,O,Q,N,v). s € S
is the true state of the environment. Each agent ¢« € [N has a partial observation o; € (2 according
to the observation function O(s,7): & x N — 2 and chooses an action a; € A based on the 0;. A
joint action a is formed by a = [a;] € AY. After taking the joint action a, the transition probability
function P : S x AN x & — [0, 1] causes the transition on the environment. The reward R (s, a):
S x AN — R is shared by all the agents. ~y € [0, 1] is the discount factor.

2.2 INDIVIDUAL-LEVEL AND TEAM-LEVEL COMMUNICATION

Different communication structures hold a varied impact on communication effectiveness. In this
paper, we briefly define two communication structures which are individual-level communication
and team-level communication.

Definition 1 (Individual-Level Communication.) Each agent can choose one or more individuals to
communicate with, i.e. peer-to-peer communication.

Definition 2 (Team-Level Communication.) The information interaction only takes place in a public
communication channel without any peer-to-peer communication.

Existing work [Foerster et al|(2016); Das et al.| (2019); Jiang et al.| (2020); N1u et al.| (2021) com-
monly focus on individual-level communication, which captures detailed communication relation-
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Figure 1: Left: A high-level view of DC2Net’s interaction with the environment. Right: o; is
encoded into the hidden state h; by an encoder. The FC-I learns features in the individual channel
while the skip connection ensures the reuse of the feature extracted from different layers. In the team
channel, the multi-head team channel mechanism is employed to capture information from different
representation subspaces. The FC-T learns the features after team pooling and gradient truncation.
The decoder aggregates the features of the individual channel and team channel and outputs the O
value of each agent.

ships. Some work [Sukhbaatar et al.| (2016);[Singh et al.| (2018)); [Kim et al.| (2019) learn team features
to form team-level communication, but individual and team feature learning are often mixed which
could harm the learning process. To the best of our knowledge, our proposed model, DC2Net, is
the first model separating team learning from individual learning by using independent gradient
backpropagation in the two channels.

3 MODEL

In this section, we will describe the proposed DC2Net as shown in Fig. [T]in detail.

3.1 HIGH-LEVEL VIEW

We use the Q-learning algorithm as the basis of our model. Agents interact with the environment and
take actions based on their optimal Q function. Considering a partially observable environment, let
ol be the local observation of each agent 7 at timestep ¢. The input of our model O = {01, 02, ..., 0, }
(omitting time index for brevity) is formed by concatenating the agents’ observation. In a high-level
view, the DC2Net can be regarded as a black box of an action-value Q function, which generates the
O value of the agents, where Q = {q1, g2, ..., qn }-

In the DC2Net, agents do not communicate with each other under our premise of no individual-level
interaction. For the agents’ communication, we establish a team channel and allow information to
be fused in it. In a high-level view, the individual channel and team channel are two components of
the model, which are responsible for individual learning and communication learning, respectively.
These two channels will be introduced in the following two subsections.

3.2 INDIVIDUAL CHANNEL

In our model, the individual channel is responsible for the independent learning of individual infor-
mation. For each agent, the local observation o; is encoded into a hidden state h; by an encoder:

h{ = Encoder(o;) (1

where the superscript of h indicates the layer of the network. The encoder can be a CNN when there
is a visual input or an MLP when there is a low-dimensional input.
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After the encoding, several controllers are used to extract features of h = {hy, ha, ..., h,, }. Here we
use fully connected neural networks as the controllers in the individual channel (FC-I in Fig. [I)).

i = fro—i(h) )
where [ indicates the [/th layer of the network.

Inspired by the skip connection in ResNetHe et al.|(2016)), we use skip connections to maintain and
reuse the individual information in different layers.

W2 = fell p(hh fhe i (BY). 3)

In the individual channel, there are no communications between agents, which ensures the indepen-
dence of individual learning. Meanwhile, the features in different layers can be reused by the skip
connection, which contributes to individual feature extraction.

The individual learning channel is like the structure of independent Q-learning (IQL) [Tampuu et al.
(2017). IQL is a simple MARL method. Since it does not take into account the behavior of other
agents, it is difficult to form a collaborative behavior. Moreover, the IQL is hard to converge due to
the non-stationary of the environment. To deal with these problems, we employ a team communica-
tion channel to conduct information interaction among agents and facilitate their collaboration.

3.3 TEAM CHANNEL

The team channel is where individual information is integrated. In our opinion, the order of the
individuals should not affect the output of the team channel. So first, we make a definition of a
permutation invariant channel.

Definition 3 (Permutation Invariant Channel.) We define a channel as z = C(Z), where C(-) indi-
cates the function of the channel, z is the output of the channel, and T = {I;]i = 1,2, ..., N} is the
information of individuals. The permutation invariant channel is formulated as:

CH{Li=12,....n}) =C({Ly | i=1,2,...,n}) 4)
where p(1) is any permutation.

Team Pooling Here we use a team pooling operation to integrate the individual hidden states h;. To
show the mechanism of the team pooling, we define a hidden state map H' which stacks the hidden
state hl of each agent i in the Ith layer.

H! = concatenate(hl),i =1,2,...,N. (5)
More specifically,
hin hjw . hil IS
hy,  hy ... hyp
H =| y (6)
: id :
Rl Ao ... hhp

where h!, indicates the dth dimension of hidden state h!. Here we use the max pooling which is
widely used in image processing Krizhevsky et al.|(2012)); Simonyan & Zisserman| (2014) to obtain
the maximum feature in each column of H':

h' = {maxhlyld =1,2,..., D} (7)
3
where h! is the team information gathered by the max pooling. As the team max pooling operation
is permutation invariant, our team channel is a permutation invariant channel.

Lemma 1 (Permutation Invariance of the Team Channel.) The team channel of DC2Net can be
abstracted as follows:

=TI |i=1,2...,n}). (8)
For any permutation p(¢), 7 is permutation invariant, i.e.,
TELi=12,....n}) =T ({Lyu |i=1,2,...,n}) )
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The proof of the lemma is in Appendix A.

Since the team channel is learned independently under our premise, we make a gradient truncation
of hl. There are no gradients from individual learning in h' so the update of parameters in the team
channel can be independent of the individual channel during the backpropagation.

Like the learning process of individuals, we use several fully connected layers to extract features in
the team channel (FC-T in Fig. [T). Except for the first layer, the input of each FC-T consists of the

pooled feature h! and the output h!=! from the previous layer:
hi = fc (ki pooling(H")). (10)

Multi-Head Team Channel Inspired by the multi-head attention mechanism [Vaswani et al.| (2017),
we use several team channels to capture information from different representation subspaces at dif-
ferent positions (see Fig. 2)):

Zm = m(I)am: 1327"'7M (11)
where m indicates the mth team channel. In this work, we 4
employ M = 3 parallel team channels. For making the
computational cost similar to that of a single team chan- ‘
nel, we reduced the dimension of each FC-T in each team

channel. Linear
We use the cosine distance to measure the difference be-
tween the outputs of channels and make it a regularization
term. Maximizing the cosine distance as a regularization

will encourage team channels to capture different repre-
sentations of the team feature, and make the learning of Team Channel
the total team channel more stable in different tasks.

D = COS(Zm,, Zm’) m, m = 1’ 2’ ey M andm 7& m’ Figure 2: Multi-Head Team Channel.
(12) M team channels learn independently

A linear function is employed to aggregate the outputs of ~and the outputs are aggregated by a lin-
team channels, which can be formulated as: ear function to the total team feature z

z = Linear(zy,),m = 1,2, ..., M. (13)

The output z of the total team channel will be fed into a decoder with the output hl of the individual
channel to collaboratively obtain the Q-value. The decoder can be an MLP that outputs the Q value.

¢; = Decoder(hl + 2) (14)
3.4 TRAINING

We use the Q-learning algorithm to train our model. During the training process, we store
[0, A, R,O'] in the buffer, where observation O = [o1, 02, ...0,], action A = [a1, a2, ...a,], re-

ward 71 = r9 = ... = r, = R, next observation O’ = [0}, 0}, ...0,,]. For each agent, we use the
following TD loss:
I 1o
p— P . L. 2
ETD(G) - B EB N 2_1 (yz Q (027(]‘17 9)) (15)

where y; = r + Q (0}, a;0"), B is the size of a sampled minibatch. The TD loss is used to update

19

the network. Similar to DQN [Mnih et al.| (2013)), we also employ a target Q network and use soft
update in DDPG |Lillicrap et al.|(2015) to update the parameters:

0 10+ (1—71)0. (16)

As mentioned in the team channel section, a regularization term is applied to improve the output
difference of different team channels. The loss can be formulated as:

M M
Lp(0) = g Z Z cos (Zm, Zm/) 17)

m=1m’'=m+1
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Table 1: The settings of the environments.

Environment Task Settings
MPE PP N1=2, No=4, N3=2, T=40
Easy TJ N=5,T=20
TJ Medium TJ N=10, T=40
Hard TJ N=20, T=80

where S = (1\24) = % indicates the number of combinations of team channels. By combining
the TD loss and multi-head team channel regularization, the total loss of our model is:
L(0) = Lrp(0) — ALp(0) (18)

where ) is the coefficient for the regularization loss.

4 EXPERIMENT

4.1 ENVIRONMENTS

We evaluate DC2Net on a variety of tasks which are different levels of Traffic Junction (TJ)
Sukhbaatar et al| (2016) environment and Predator-Prey (PP) in Multi-agent Particle Environment
(MPE) Mordatch & Abbeel| (2017); [Lowe et al. (2017). We use the MPE with discrete actions
in PettingZoo |Terry et al.[(2020) which is a library that inherits features of GYM |Brockman et al.
(2016) and is applied in MARL. The number of agents N and the number of timesteps 7" per episode
are shown in Table[l] In the PP task, we make this task harder by setting the number of prey Ny,
predators No, and obstacles N3 to 2, 4, and 2, respectively. As the prey is faster than the predator,
the predators must learn to capture prey in a team of two in order to accomplish this task. More
environmental details are shown in Appendix B.

4.2 BASELINES

DC2Net is trained end-to-end by optimizing a neural network representation of the action-value
function Q. To make the comparison fair, we use several Q-learning-based MARL communication
models to test the efficiency of our model. IQL is a common baseline where agents are controlled
independently without any communication. The structure of our model is similar to which of the
CommNet. But there are no independent learning channels in the CommNet. Note that the original
CommNet is learned through REINFORCE [Sutton & Barto| (2018)). Here, we use the structure of
CommNet to form a Q-learning-based algorithm. DGN learns the mutual interplay between agents
by considering an underlying graph structure. In the DGN model, the attention mechanism [Vaswani
et al. (2017) is the main part to learn the relative importance between agents.

4.3 RESULTS

Traffic Junction Fig. |3| shows the learning curves of the four models in terms of success rate on
TJ. The quantitative results of success rates can be found in Table Our proposed DC2Net is
competitive compared to other models.

In the easy level TJ, all of the four models have similar performance with success rates of more than
99%. This is because there is only one grid of junction at the easy level. Agents just need to learn to
wait when there is a car at the intersection to complete the task. In spite of this, from the perspective
of convergence speed, DC2Net makes faster learning than IQL and DGN, and far beyond CommNet.

In the medium level TJ, DC2Net reaches 97.39% in success rate. The results of IQL and DGN are
comparable, but their convergence speed is both far slower than that of DC2Net. In both easy and
medium levels, the performance of CommNet is poor compared to the other three models. We think
this is because instead of being effective, the team information generated by averaging operations
could affect individual learning. Since these two tasks are not particularly difficult (only one junc-
tion), providing too much information in the individual learning process will make it more difficult
to capture features. The comparable performance of IQL also proves that excessive communication
is not required in these two environments, individual learning is crucial to complete both tasks. We
conclude that these two methods make too many communications that harm individual learning.
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Figure 3: Experimental results on TJ. Shaded regions are standard deviations over 5 runs.

In the hard level TJ, DC2Net has absolute su- Table 2: Success rates on TJ.

periority. DC2NET achieves a winning rate of Model Easy Medium Hard

97.14% compared with the other three methods

reaching about 90%. The poor performance of IQL 99.02%  97.02%  89.88%

IQL in the early stage shows that this task re- CommNet  99.22%  92.86%  85.43%

quires communication to speed up learning, and DGN 99.14%  97.22%  90.45%
DC2Net  9942% 97.39% 97.14%

the other two communication methods can ob-

tain a faster convergence speed through com-

munication. Nevertheless, DC2Net’s learning speed is significantly the fastest. Comparing the
results at the medium level and hard level, we can find that DC2Net performs well both in the task
that emphasizes individual learning and the task that emphasizes communication learning, which
shows that the DC2Net can balance individual learning and communication learning through the
two channels, and maintain stable performance in different tasks.

Predator-Prey To make PP a cooperative task, we control the
actions of predators to capture randomly acted prey. The exper-
imental results are shown in Fig. E] in terms of mean reward,

averaged over all agents and timesteps.

In our settings of agent number, the predators should learn to
capture prey in a team of two to complete the task. It can be seen
that in this cooperative predation task, due to the lack of com-
munication, the agents in IQL cannot perform well in teaming.
The performance of DC2Net and DGN is better because these
two methods use specific network structures for communication
learning (compared with the simple average operation in Comm-
Net), but from the perspective of convergence speed, DC2Net is

still better than DGN.

4.4 ABLATION STUDY

We perform experiments to investigate the influence of
the components in the DC2Net. Fig. [3 gives the ablation
results of the DC2Net without the multi-head mechanism
(DC2Net-M), the gradient truncation (DC2Net-G), and
the team channel (execution phase only) (DC2Net-T), re-
spectively. The experimental results are as shown in Fig.
[Bl DC2Net-T has the poorest performance, which shows
the importance of the team channel in execution. Under
the condition of no gradient truncation, mixed learning of
the team channel and individual channel leads to an un-
favorable result shown by DC2Net-G. This confirms the
importance of independent learning in the individual and
team channels. The result of only using a single team

o e o =
> o [ )
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study

on Hard TJ.

channel is comparable, but the DC2Net has a better performance by employing the multi-head team
channel mechanism. For these phenomena, we believe that these three components make contribu-

tions to our model.
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Table 3: Amount of information transmitted in communication per timestep (the fewer transmis-
sions, the smaller the channel occupation). L: number of network layers, N: number of agents, D:
number of information dimensions

CommNet DGN DC2Net

Amount of information QOLND LN2D (L+1)ND

(bits/timestep)
Further, we demonstrate the effectiveness of the multi-head 15
team channel. Multi-head team channel is employed to cap- 10 =
ture information from different representation subspaces. We 5 ‘ =
downscale and visualize the output of the three team chan- 0 &
nels (see Fig. [6). It can be seen that the outputs of the three -5
channels form three clusters, which indicates that our proposed -« -
multi-head team channel mechanism can explore and capture -

-10 -5 0 5 10 15 20 25

different features in multiple subspaces. We have reason to be-  Fjgyre 6: Visualization of the out-
lieve that the multi-head team channel has a stronger ability to put of the three team channels after
extract team features than a single channel. dimensionality reduction by PCA.

4.5 DISCUSSION

Why Team Pooling? Learning representations is crucial for

deep learning. Pooling, as a common technology in computer vision, is widely used in image di-
mensionality reduction. We choose pooling when there are many methods such as linear function,
MLP, attention, etc. that can be used to aggregate individual information for two reasons. First, it
is simple. The pooling operation does not introduce any new parameters, it’s just a maximization
operation in the specified dimension, which reduces the size of our network while speeding up the
computation. Second, by analogy with the max pooling in image processing, we can extract the
most important parts from the hidden states while reducing the dimensionality. More importantly,
the pooling operation is proven to be a universal approximator for any set function |[Zaheer et al.
(2017). So theoretically we can learn any mapping from individuals to a team through the team
pooling.

Does the DC2NET Communicate Less? We list the 10
amount of information transmitted in communication per

timestep of the three communication models and the re- o o8
sults are shown in Table It can be seen that the &4
DC2NET has less communication theoretically. Empir- a CommNet
ically, we set up a scenario on hard TJ with limited %0-4 CommNg

communication bandwidth (A limited amount of bits per DGN-8
episode during execution. The model can only make de- e
cisions based on individual information after the limited 5000 10600 15600 20600 25000
communication bandwidth has been exhausted). The ex- Episode

perimental results of the three models in this scenario are  Figure 7: Experimental results on hard
shown in Fig. (the similarly colored curves are the level TJ at fixed bandwidth.
performance of the same model at full and limited band-

widths). It can be seen that DC2Net maintains favorable performance under the condition of limited
bandwidth. However, the performance of the other two communication models has declined signif-
icantly under this condition.

o
N
|
i

Another Perspective to Understand Team Channel. In the previous introduction, the team chan-
nel is where the team information is transmitted. But from another perspective, the team channel
can be regarded as a virtual agent. The observation of this agent is the aggregation (through the max
pooling operation) of all other agents’ observations. This virtual agent does not interact with the
environment, but hands over the information learned by itself to other agents for their learning and
decision-making. In this way, we can employ several virtual agents to help with learning, and this is
in fact our multi-head team channel mechanism.
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5 RELATED WORK

5.1 MULTI-AGENT REINFORCEMENT LEARNING

MARL uses RL-based algorithms to make a control on multi-agent systems. In the field of MARL,
the main research directions can be divided into four parts [Hernandez-Leal et al.| (2018) which are
analysis of emergent behaviors, learning communication, learning cooperation, and agents modeling
agents. Our work is related to the field of differentiable learning of communication by training a
well-designed neural network via backpropagation.

5.2 LEARNING COMMUNICATION IN MARL

Multi-agent communication was first proposed in  Taple 4: Usage of team information of several
RIAL and DIAL |[Foerster et al.|(2016). The com- MARI, communication methods.

munication message is generated in the training Method

. Team Info

process of an end-to-end neural network in these

two methods. CommNet [Sukhbaatar et al.| (2016 RIAL & DIAL b 4
trains a neural network model to learn a commu- CommNet v
nication protocol. The communication message is ATOC X
implicitly transmitted in the hidden layer of the net- IC3Net v
work. This model consists of multiple agents and TarMAC X
the communication between them is learned along- SchedNet v
side their policy. ATOC [Jiang & Lu| (2018) uses an DGN X
attentional communication model to learn when to MAGIC X
communicate and how to integrate shared informa- FCMNet v
tion for making cooperative decisions. The model DC2Net (this paper) v

leads to efficient and effective communication for
large-scale multi-agent cooperation. IC3Net|Singh
et al.| (2018) controls continuous communication with a gating mechanism. It aims to solve multi-
agent tasks by learning when to communicate while continuous communication enables efficient
training by backpropagation. TarMAC Das et al.[ (2019) proposes a targeted communication ar-
chitecture to learn a targeting behavior solely from downstream task-specific reward without any
communication supervision. The agents learn both what messages to send and whom to address
them to while performing cooperative tasks in partially-observable environments. SchedNet |Kim
et al.| (2019) studies a scenario with limited communication bandwidth and learns to decide which
agents should be entitled to broadcasting their messages by learning the importance of each agent’s
partially observed information. DGN [Jiang et al.| (2020) considers the underlying graph of agents
and proposes graph convolutional reinforcement learning. The graph convolution can adapt to the
dynamics of the underlying graph of the multi-agent environment, and the latent features produced
by convolutional layers from gradually increased receptive fields are exploited to learn cooperation.
MAGIC Niu et al.| (2021)) learns a scheduler to decide when to communicate and whom to address
messages to, and a message processor to deal with communication signals. It’s a model based on
individual-level communication. FCMNet |Wang & Sartoretti (2022) learns a multi-hop commu-
nications protocol based on recurrent neural networks, which enables team-level decision-making.
This work uses a common channel for communication but does not realize the independent channel
learning. We list the usage of team information of these work in Table [ as a brief comparison.

6 CONCLUSION

In this paper, we proposed the DC2Net for multi-agent communication by learning in two inde-
pendent channels which are responsible for individual learning and communication learning. The
team-level communication not only effectively captures the team feature but also reduces the costs of
communication. Empirically, the DC2Net model outperforms several state-of-the-art MARL com-
munication models on a variety of cooperative multi-agent tasks. The experiment also illustrates
that DC2Net can balance individual learning and communication learning in different tasks.

For a broader impact, we demonstrate the effectiveness of independent learning in both individual
and team channels for multi-agent communication. The team-level learning manner deserves to be
studied more widely.
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A PROOF OF LEMMA 1

Proof: As the hidden states are parallelly pooled and computed, the output of the team channel is
permutation invariant with regard to the input order. We present the simple proof here.

The aggregation process in the team channel can be abstracted as:
z2=T{L|i=1,2,...,n}). (19)
In Eq.equation[T9] the output z is computed as follows:

z = Linear({z; |i=1,2,...,m})

= Linear({fro—r(hi,pooling(H))) | i =1,2,...,m})
= Linear({fFC_T(?li,max hig)) |i=1,2,...,m})

where the Linear(x), frc—1(*), and maz(x) operation are permutations invariant to the index of
the agents. Therefore, the team channel output z is permutation invariant to the input set {I; | i =
1,2,...,n}.

B ENVIRONMENTAL SETTINGS

Traffic Junction This environment consists of tasks in three difficulty levels (see Fig.[8) ona L x L
grid. At each timestep, “new” cars enter the grid with a probability from each of the four directions.
The vision of the cars is 1 (3 x 3 gird). The total number of cars at any given time is limited to V.
Each car occupies a single cell at any given time and is randomly assigned to one of the possible
routes while keeping to the right-hand side of the road. At each timestep, a car has two possible
actions: gas which advances it by one cell on its route or brake to stay at its current location. A car
will be removed once it reaches its destination at the edge of the grid.

* Easy level TJ: A junction of two one-way roads on a 7 x 7 grid.
* Medium level TJ: A junction of two two-way roads on a 14 x 14 grid.

* Hard level TJ: Four connected junctions of two-way roads on an 18 x 18 grid.

12


https://dx.plos.org/10.1371/journal.pone.0172395

Under review as a conference paper at ICLR 2024

- 1 an o
. N EEEEEIEEEEE S T
) RS NN 1l

— leaving T _}M L

"‘ “‘ [T T T IR TTTTI] E I

LT L[] L] HE
L @] EEE T =R
N I I SN

= T ME @]

— entering T 1 ——

(a) TJ-Easy (b) TJ-Medium (c) TJ-Hard

Figure 8: Three different level tasks in TJ. New cars enter the grid with a probability from each of
the four directions. A car will be removed once it reaches its destination at the edge of the grid. All
of the cars keep to the right-hand side of the road.

The reward of car 7 is defined as:

Tf = Cfrcollision + TiTtime (20)
where 7.o11isi0n = —10, Ttjme = —0.01. The car ¢ has Cf collisions at timestep ¢ and has spent time
7; in the junction. And the team reward is defined as:

n
Fieam = )7t @1
i=1

Predator-Prey: The PP task (see fig. [0) has Ny preys (green) which are faster and receive a negative
reward for being hit by predators (reward -10 for each collision). Ny predators (red) are slower and
are rewarded for hitting good agents (reward +10 for each collision). N3 obstacles (black) block the
way. By default, Ny = 1, Ny = 3 and N3 = 2.

Here, we make this task harder by changing the number of predators and prey to 4 and 2, respectively.
As the prey is faster than the predator, the predators must learn to capture prey in a team of two in
order to accomplish this task. The length 7" of each episode is 40 timesteps.

Figure 9: PP in MPE. In our settings, the number of predators (red) and prey (green) are 4 and 2,
respectively.

The reward of car i is defined as:

i =—d; (22)
where d! is the distance of prey i to its nearest predator. The team reward is defined as:
n
r}feam = Z 7"2 + Ctrcollision (23)
i=1
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where 7 coitision = —1, C? is the number of collisions (when the distance between two agents is less
than the sum of their sizes) that occurred at timestep t.

C IMPLEMENTATION DETAILS

In both traffic junction and predator-prey environments, our model is trained based on the Q-learning
algorithm. The individual and team channels are realized by three fully connected layers. The size of
the hidden layers is 72. All of the models in the paper use the same set of hyperparameters settings.
In addition to the mechanisms presented in the paper, we didn’t use any tricks such as learning rate
annealing, gradient clipping, reward shaping, etc. to improve the performance particularly for our
model.

Table 5| summarizes the hyperparameters used by DC2Net and the baselines in the experiments.

Table 5: The hyperparameters in the experiments.
Hyperparameter IQL CommNet DGN DC2Net

MLP layers 3
hidden layer size 72
batch size 64
buffer size 100,000
v (discount factor) 0.99
€ (epsilon greedy) 0.9 to 0.02
T (soft update) 0.96
activation ReLU
optimizer RMSprop
learning rate 0.0005
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