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ABSTRACT
We consider solving a cooperative multi-robot object manipulation
task using reinforcement learning (RL). We propose two distributed
multi-agent RL approaches: distributed approximate RL (DA-RL),
where each agent applies Q-learning with individual reward functions; and game-theoretic RL (GT-RL), where the agents update
their Q-values based on the Nash equilibrium of a bimatrix Q-value
game. We validate the proposed approaches in the setting of cooperative object manipulation with two simulated robot arms. Although
we focus on a small system of two agents in this paper, both DA-RL
and GT-RL apply to general multi-agent systems, and are expected
to scale well to large systems.
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INTRODUCTION

Deep reinforcement learning (RL) has recently been successfully
applied to various robot control problems [9], mostly in singleagent settings. Generalization to multi-agent settings such as multirobot cooperation is extremely challenging, and requires scalable
solutions for managing the large number of degrees of freedom
(DoFs), heterogeneous physical constraints, and possibly partial or
asymmetric observations at different robots.
Parallel implementations of single-agent RL on different agents
scale well to large multi-agent systems, but suffer from issues such
as learning instability. This is due to non-stationarity of the environment that each agent faces [4]. To ensure good performance,
the agents should be jointly trained [1, 3, 8, 13], in a distributed
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Figure 1: Each RL agent is responsible for one manipulator.
manner. In this paper, we propose two distributed multi-agent RL
approaches. In distributed approximate RL (DA-RL), each agent
applies Q-learning with individual reward functions being coupled
and aligned to the goal of the cooperative task. In game-theoretic
RL (GT-RL), the agents update their Q-values based on the Nash
equilibrium of the bimatrix game of estimated Q-values.
We validate our methods in the setting of cooperative object
manipulation (see Figure 1) with two Sawyer robotic manipulators
in the Gazebo simulator [7], but the methods are applicable to
other combinations of manipulators as well. In our scenario, the
state of robot 𝑘 at time 𝑡 is given by 𝑠𝑡 = (𝑞𝑡𝑘 , 𝑝𝑡𝑘 )𝑘 ∈N , where 𝑞𝑡𝑘
denotes the joint angles and 𝑝𝑡𝑘 is the global coordinate of the
robot’s end effector. The state-control dynamics for the 𝑖-th joint
𝑘,𝑖
𝑘,𝑖
𝑘,𝑖
𝑘,𝑖 is the joint angle
is then 𝑞𝑡𝑘,𝑖
+1 = 𝑞𝑡 + Δ𝑎 Δ𝑡 + 𝜖𝑡 , where Δ𝑎
increment.
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DISTRIBUTED RL

The system for the multi-agent RL can be defined as the tuple
M = {N, 𝑆, (𝐴𝑘 )𝑘 ∈N , 𝑃, (𝑟 𝑘 )𝑘 ∈N , (𝜋 𝑘 )𝑘 ∈N , 𝑉 𝑘 (·)}, with the set
N = {1, . . . , 𝑛} of agents, the set 𝑆 of states, the set 𝐴𝑘 of actions
available to the agent 𝑘, the state transition function 𝑃 : 𝑆 × 𝐴1 ×
· · · × 𝐴𝑛 → 𝑃𝐷 (𝑆), the reward function 𝑟 𝑘 : 𝑆 × 𝐴1 × · · · × 𝐴𝑛 → R,
and the policy 𝜋 𝑘 : 𝑆 → 𝑃𝐷 (𝐴𝑘 ) for the agent 𝑘. Each agent 𝑘 ∈ N
seeks to maximize its accumulated reward with the starting state 𝑠
Í −𝑡 𝑖 𝑘
at time 𝑡: 𝑉 𝑘 (𝑠) = E[ 𝑇𝑖=0
𝛾 𝑟𝑡 +𝑖 | 𝑠𝑡 = 𝑠, (𝜋 𝑘 )𝑘 ∈N ].
We consider a setting where the agents share the common observed state 𝑠𝑡 , but try to learn a deterministic policy 𝜋 𝑘 : 𝑆 → 𝐴𝑘
individually. In such a setting, the key to distributed RL for cooperative tasks is the proper engineering of individual reward
functions 𝑟 𝑘 that capture the common goal of the task while respecting the distributed structure of the system. Specific to the
bi-robot object manipulation problem, we first identify the key
constituents of the reward for the task: i) those that capture the ob1
ject displacement from target, respectively 𝑟 𝑔1 = −𝑑 (𝑝𝑡1+1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
)
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and 𝑟 𝑔2 = −𝑑 (𝑝𝑡2+1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
) for the two robots; and ii) that which
captures the object posture deviation, 𝑟 𝑔3 = −𝑎(𝑝𝑡1+1, 𝑝𝑡2+1 ). Here
𝑑 (𝑝, 𝑝 ′ ) = ∥𝑝 − 𝑝 ′ ∥1 characterizes the distance between 𝑝 and 𝑝 ′ ,
and 𝑎(𝑝 1, 𝑝 2 ) is the absolute angle between the vector (𝑝 1 − 𝑝 2 )
1
2
and the target (𝑝𝑡𝑎𝑟𝑔𝑒𝑡
− 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
). We then present two ways of
distributing the afore three constituents to the two robots:
(
1
𝑟 1 (𝑠𝑡 , 𝑎𝑡1 ) = −𝑑 (𝑝𝑡1+1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
) − 𝜅 1𝑎(𝑝𝑡1+1, 𝑝𝑡2+1 ),
RS-1: 2
(1)
2
2
2
𝑟 (𝑠𝑡 , 𝑎𝑡 ) = −𝑑 (𝑝𝑡 +1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡 ) − 𝜅 2𝑎(𝑝𝑡1+1, 𝑝𝑡2+1 );
(
1
2
𝑟 1 (𝑠𝑡 , 𝑎𝑡1 ) = −𝑑 (𝑝𝑡1+1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
) − 𝑑 (𝑝𝑡2+1, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡
),
RS-2: 2
(2)
2
2
1
𝑟 (𝑠𝑡 , 𝑎𝑡 ) = −𝜅𝑎(𝑝𝑡 +1, 𝑝𝑡 +1 ).

In RS-1, each robot is concerned with both its end effector displacement to the target and the object posture deviation. In RS-2, one
robot is concerned with the object displacement to the target, while
the other is concerned with the object posture deviation. Here,
𝜅 1 > 0, 𝜅 2 > 0, and 𝜅 > 0 are parameters used to strike different
tradeoffs between different constituents, where 𝜅 1 + 𝜅 2 = 𝜅.
Given a multi-agent system, it is of paramount importance to
identify a reasonable outcome from the multi-agent interaction and
determine how to achieve that outcome. This can be approached
from two complementary perspectives. One perspective starts with
a specification of individual agent behavior (e.g., learning algorithm in our problem), and then studies how the resulting system
performs. The other perspective starts with a specification of reasonable outcome such as the Nash equilibrium [10], and then studies
how to achieve that outcome. Next, we present both perspectives.

2.1

∗
∗
∗
𝜇 1 𝑀 1 𝜇 2 ≥ 𝜇 1 𝑀 1 𝜇 2 , ∀𝜇 1 ∈ 𝑃𝐷 (𝐴1 );

1∗

2 2∗

𝜇 𝑀 𝜇

1∗

2 2

2

2

≥ 𝜇 𝑀 𝜇 , ∀𝜇 ∈ 𝑃𝐷 (𝐴 ).

(5)
(6)

In fact, the whole Markov game can be decomposed as a sequence
of bimatrix games G = {G𝑏𝑖 (𝑠𝑡 )}𝑡 =1,2,... , and Theorem 3 in [5]

ensures that the Nash equilibrium 𝜇 1∗, 𝜇 2∗ of G𝑏𝑖 (𝑠𝑡 ) is also part
of the Nash equilibrium of G. Hence, if we assume that the Nash
∗
∗
equilibrium of G is defined by 𝜋 𝑘 = {𝜋 𝑘 (¯𝑠 ℓ )}ℓ=1,..., |𝑆 | , there exists
∗
∗
one (𝜋 1 (¯𝑠 ′ ), 𝜋 2 (¯𝑠 ′ )) that is also the Nash equilibrium of G𝑏𝑖 (𝑠𝑡 )
with 𝑠𝑡 = 𝑠¯′ and 𝜋 𝑘 (𝑠𝑡 ) = 𝜇𝑘∗ . The 𝑄𝑡𝑘 update [5] is thus Eq. (7):
𝑄𝑡𝑘+1 (𝑠𝑡 , (𝑎 1, 𝑎 2 )) = (1 − 𝛼𝑡 )𝑄𝑡𝑘 (𝑠𝑡 , (𝑎 1, 𝑎 2 ))
+ 𝛼𝑡 [𝑟𝑡𝑘+1 + 𝛾𝜋 1 (𝑠𝑡 +1 )𝑄𝑡𝑘 (𝑠𝑡 +1 )𝜋 2 (𝑠𝑡 +1 )].
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(7)

RESULTS AND CONCLUSION

Distributed Approximate RL (DA-RL)

Similarly to independent RL methods [11, 14], each agent (i.e., robot) 𝑘 applies the single-agent Q-learning with individual reward
𝑟 𝑘 (𝑠𝑡 , 𝑎𝑘𝑡 ) [12, 16]. Like those methods, this distributed RL approach
does not have a convergence guarantee. However, notice that the
sum of individual agent rewards 𝑟 (𝑠𝑡 , 𝑎𝑡1, 𝑎𝑡2 ) = 𝑟 1 (𝑠𝑡 , 𝑎𝑡1 ) +𝑟 2 (𝑠𝑡 , 𝑎𝑡2 )
is a well-defined systemwide reward for the whole multi-agent system. Our approach can be seen as a distributed approximation of
the centralized RL with reward function 𝑟 (𝑠𝑡 , 𝑎𝑡1, 𝑎𝑡2 ), and hence
termed distributed approximate RL (DA-RL).

2.2

Having specified the Nash equilibrium as a desired outcome,
we leverage Nash-Q learning [6, 10, 15] and deep Q-networks to
design a distributed RL scheme, termed game-theoretic RL (GT-RL),
to achieve the equilibrium for the bi-robot object manipulation
problem. The convergence to the Nash equilibrium guarantees the
stability of the policies learned by each agent, effectively accounting
for the non-stationary nature of multi-agent systems.
Specifically, at step 𝑡, agent 𝑘 observes state 𝑠𝑡 and takes action

𝑎𝑘𝑡 ∼ 𝜋 𝑘 (· | 𝑠𝑡 ) with the help of 𝑄 𝜋𝑘 𝑠𝑡 , (𝑎𝑡1, 𝑎𝑡2 ) . Each step can be
considered as a bimatrix game G𝑏𝑖 (𝑠) = {N, (𝑄 𝑘 )𝑘 ∈N , (𝜋 𝑘 )𝑘 ∈N , 𝑠}.
∗
∗
The derived bimatrix equilibrium (𝜇 1 , 𝜇 2 ) satisfies:

Game-Theoretic RL (GT-RL)

We now take the second perspective, and use the Nash equilibrium
as the solution concept for the desired outcome from the multiagent interaction. Specifically, we consider the general-sum Markov
game formulation for our bi-robot object manipulation problem,
with N = {1, 2}. The Markov game (a.k.a., stochastic game) G
includes the same components as M [10]. However, instead of
direct optimization of 𝑉 𝑘 (·), agents aim to reach a Nash equilibrium
∗
∗
(𝜋 1 , 𝜋 2 ) of G such that ∀𝑠 ∈ 𝑆,
∗

∗

1∗

2∗

∗

𝑉 1 (𝑠 | 𝜋 1 , 𝜋 2 ) ≥ 𝑉 1 (𝑠 | 𝜋 1, 𝜋 2 ), ∀𝜋 1 ;
1∗

𝑉 2 (𝑠 | 𝜋 , 𝜋 ) ≥ 𝑉 2 (𝑠 | 𝜋 , 𝜋 2 ), ∀𝜋 2 .

(3)

Figure 2: Learning curve.

Figure 3: Success ratio.

During training, both methods exhibit stable policy learning
curves, as shown in Figure 2 where the y-axis value is the sum of
average 𝑟 1 and 𝑟 2 at each episode. After 4,000 episodes of training,
the two methods with different reward structures reach convergence and continue finetuning the learned polices. Figure 3 shows
the success ratios for the two methods, averaged over 10 different
random seeds. DA-RL attains a success ratio of 80% within 8,000
episodes. With GT-RL, RS-2 leads to better performance compared
to RS-1. We conclude that DA-RL is more robust to the use of different reward structures, but GT-RL is more sensitive to choice
of reward structure. Although we focus on a small system of two
agents, both DA-RL and GT-RL apply to general multi-agent systems and are expected to scale well to large systems.

(4)

At the Nash equilibrium, no agent has incentive to change its policy given that the other agent takes the equilibrium policy. Also
note that, in our problem, we consider only the stationary policies
𝜋 𝑘 = (𝜋 𝑘 (𝑠 1 ), 𝜋 𝑘 (𝑠 2 ), . . . ), and hence the existence of the Nash
equilibrium is guaranteed by Theorem 4.6.4 in [2].

ACKNOWLEDGMENTS
This material is based upon work supported by the National Science Foundation under Grant No. 1646556, and by the Flemish
Government under the program Onderzoeksprogramma Artificiële
Intelligentie (AI) Vlaanderen.

REFERENCES
[1] Guohui Ding, Sina Aghli, Christoffer Heckman, and Lijun Chen. 2018. GameTheoretic Cooperative Lane Changing Using Data-Driven Models. In Proceedings
of the 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). IEEE, 3640–3647. https://doi.org/10.1109/IROS.2018.8593725
[2] Jerzy Filar and Koos Vrieze. 1997. Competitive Markov Decision Processes. SpringerVerlag.
[3] Jakob N. Foerster, Gregory Farquhar, Triantafyllos Afouras, Nantas Nardelli,
and Shimon Whiteson. 2018. Counterfactual Multi-Agent Policy Gradients. In
Proceedings of the Thirty-Second AAAI Conference on Artificial Intelligence (AAAI).
AAAI, 2974–2982.
[4] Pablo Hernandez-Leal, Bilal Kartal, and Matthew E. Taylor. 2019. A Survey and Critique of Multiagent Deep Reinforcement Learning. Autonomous
Agents and Multi-Agent Systems 33 (2019), 750–797. https://doi.org/10.1007/
s10458-019-09421-1
[5] Junling Hu and Michael P. Wellman. 1998. Multiagent Reinforcement Learning:
Theoretical Framework and an Algorithm. In Proceedings of the Fifteenth International Conference on Machine Learning (ICML). Morgan Kaufmann, 242–250.
[6] Junling Hu and Michael P Wellman. 2003. Nash Q-Learning for General-Sum
Stochastic Games. Journal of Machine Learning Research 4, Nov (2003), 1039–1069.
[7] Nathan Koenig and Andrew Howard. 2004. Design and Use Paradigms for Gazebo,
an Open-Source Multi-Robot Simulator. In Proceedings of the 2004 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS). IEEE, 2149–2154.
https://doi.org/10.1109/IROS.2004.1389727
[8] Landon Kraemer and Bikramjit Banerjee. 2016. Multi-Agent Reinforcement
Learning as a Rehearsal for Decentralized Planning. Neurocomputing 190 (2016),
82–94. https://doi.org/10.1016/j.neucom.2016.01.031

[9] Oliver Kroemer, Scott Niekum, and George Konidaris. 2019. A Review of Robot
Learning for Manipulation: Challenges, Representations, and Algorithms. (2019).
arXiv:1907.03146v2
[10] Michael L. Littman. 1994. Markov Games as a Framework for Multi-Agent
Reinforcement Learning. In Proceedings of the Eleventh International Conference
on Machine Learning (ICML). Morgan Kaufmann, 157–163.
[11] Laetitia Matignon, Guillaume J. Laurent, and Nadine Le Fort-Piat. 2012. Independent Reinforcement Learners in Cooperative Markov Games: A Survey Regarding
Coordination Problems. The Knowledge Engineering Review 27, 1 (2012), 1–31.
https://doi.org/10.1017/S0269888912000057
[12] Volodymyr Mnih, Koray Kavukcuoglu, David Silver, Andrei A. Rusu, Joel Veness,
Marc G. Bellemare, Alex Graves, Martin Riedmiller, Andreas K. Fidjeland, Georg
Ostrovski, Stig Petersen, Charles Beattie, Amir Sadik, Ioannis Antonoglou, Helen
King, Dharshan Kumaran, Daan Wierstra, Shane Legg, and Demis Hassabis. 2015.
Human-Level Control Through Deep Reinforcement Learning. Nature 518, 7540
(2015), 529–533. https://doi.org/10.1038/nature14236
[13] Frans A. Oliehoek, Matthijs T. J. Spaan, and Nikos Vlassis. 2008. Optimal and
Approximate Q-Value Functions for Decentralized POMDPs. Journal Of Artificial
Intelligence Research 32 (2008), 289–353. https://doi.org/10.1613/jair.2447
[14] Ming Tan. 1993. Multi-Agent Reinforcement Learning: Independent vs. Cooperative Agents. In Proceedings of the Tenth International Conference on Machine
Learning (ICML). Morgan Kaufmann, 330–337.
[15] Yatao Wang and Lacra Pavel. 2014. A Modified Q-Learning Algorithm for Potential Games. In Proceedings of the 19th IFAC World Congress. Elsevier, 8710–8718.
https://doi.org/10.3182/20140824-6-ZA-1003.02646
[16] Christopher J. C. H. Watkins and Peter Dayan. 1992. Q-Learning. Machine
Learning 8, 3 (1992), 279–292. https://doi.org/10.1007/BF00992698

