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Abstract

This paper proposes a method for optimising the routing of electric vehicles (EVs) to charging stations
via a multi-agent reinforcement learning (MARL) demand balancing system in order to reduce queuing
time. This is achieved through simulations via the SUMO simulator to train and test agents to reduce
demand by applying reinforcement learning algorithms. Q-learning, PPO and DQN experiments have
been conducted to determine a suitable algorithm. The approaches were run on multiple test road net-
works and a real-world Berlin network with ten charging stations to validate the findings. Varied learning
strategies are also explored to determine the appropriate behaviour patterns between the agents, includ-
ing competitive and cooperative learning as well as a mix of the two. The results of the most promising
DQN cooperative implementation applied to the Berlin network achieved an 88.09% reduction in the
mean wait times when compared with a greedy approach. The findings of this paper demonstrate the
potential for practical benefits of applying MARL systems to real-world environments.
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1 Introduction

This paper aims to help address the growing number of electric vehicle (EV) drivers reporting inade-
quate charging experiences. A study [20] at the University of Southampton concluded from online and
in-person surveys with 1,278 EV drivers that more than a third, 34.8% of EV drivers, are dissatisfied
with the charging experience. This problem worsens with EV demand growth, with projections of UK
EV stock rising “up to 36 million by 2040” [10]. This user dissatisfaction is mainly due to the lack of
sufficient EV charging stations, with 68.6% of EV drivers saying they frequently experience out-of-service
chargers and 78.4% experience fully occupied charging stations leading to queuing [20]. The queuing
problem is exacerbated due to the time it takes to charge an EV, with even ultra-fast 400kW chargers
taking 10-15 minutes [18] while slower 50kW chargers can take up to 30 minutes [22]. Additionally,
there is demand from EV drivers to receive more reliable and detailed information on the availability of
EV charging stations. This is backed up by a previous study [20], finding 69.4% of EV drivers noted
specific information is lacking from current EV information apps, including “incomplete or unreliable
information about charge points,” with examples of limited information “regarding availability, service
status and pricing.” With a diversity of charging stations from different suppliers and a large variety of
EV types, providing users with reliable real-time information is proving to be a challenging task.

Improvements to the EV driving experience have been addressed with multiple strategies, including imple-
menting reinforcement learning (RL) and game-theoretic approaches [21, 1, 15, 30]. A paper [6] working
on the routing of EVs to mitigate the queuing problem highlights how a stochastic time-dependent ap-
proach to the EV routing problem can accomplish over 80% waiting time improvements in some cases.
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Wang et al. [23] introduce a “fairness-aware” recommendation system which formulates the problem as
a “fairness constrained Pareto optimization problem,” for large-scale taxi fleets. Furthermore, Yuan et
al. [28] propose a proactive partial charging strategy for EV taxi fleets to more efficiently charge vehicles
and finds the strategy to reduce the average waiting time of unserved passengers by up to 83.2%. Multi-
agent reinforcement learning (MARL) approaches have also been shown to be effective particularly in
complex interaction environments including transportation tasks, with implementations in the delivery-
service space [8], operating traffic signals [24], and EV multi-critic recommendation systems [30]. MARL
has been found to improve the model learning rates by utilizing the observations and behaviours of oth-
ers in the environment through “experience sharing”, which can optimise performance [3, 16]. MARL
has also been used to recommend EV charging stations using real-world datasets [30] and models the
agents as the charging stations due to issues of “ad-hoc” and “non-repetitive” actions making learning
for vehicles challenging. This work additionally integrates a multi-critic system to handle multiple ob-
jectives including: charging wait time, price and failure rate. The approach uses centralized training
and decentralized execution to allow for cooperative learning between agents and “guarantees efficiency
and flexibility” [30]. This uses a strategy to delay access to information to allow agents to use “future
knowledge” in the training phase while “taking actions immediately,” [30]. The current paper takes a
similar approach for integrating a centralized platform for multi-agent communication, but develops an
additional custom cooperation learning strategy.

The main objective of this paper is to provide a proof of concept system to aid the management of the
queues at EV charging stations. The paper focuses on queueing, as it has the largest impact on dissatis-
faction and contributes to the lack of information concerns [20]. To improve the situation, a multi-agent
reinforcement learning (MARL) approach with a custom localised cooperative learning implementation
is proposed to reduce queuing times and learn policies that could run in real-world applications, utilising
the benefits of agent collaboration and the advances in deep reinforcement learning algorithms.

2 Background

The paper defines a single-agent and multi-agent reinforcement learning system while additionally pro-
viding background information on the various training strategies within a multi-agent system.

2.1 Single-Agent Reinforcement Learning

Prior to delving into MARL, it may prove beneficial to first examine reinforcement learning (RL) for
a single agent. This can be formalised as a Markov Decision Process (MDP) [3]. An MDP is a tuple
(S,A, Pa,Ra) where:

- S is the state space,
- A is the action space,
- Pa represents P : S ×A→ ∆(S),
the transition probability of action a in state s leading to a new state s′,
- Ra is the immediate reward after a transition with action a to the new state [3].

The agents interact with the environment and the goal of the agent is to maximise the reward received
following an optimal policy learnt. This optimal policy is the goal of the MDP and maps the state space
to the distribution of probabilities over the action space [29, 12]. The Bellman Optimality equation [12]
for finding the optimal action function Q∗ is useful:

Q∗(s, a) = E[Rt+1 + γmaxa′Q∗(s′, a′)] (1)

RL algorithms can find the maximum Q∗(s, a) to determine the optimal policy for any state s,without
knowing information about the model. When full information about the MDP is known, the optimal
policy can be found from background induction approaches [29].
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2.2 Multi-agent Reinforcement Learning

The multi-agent approach generalizes the MDP to a stochastic game case or as extensive-form games
[3, 29]. For a stochastic game approach, we can represent it as a tuple (X,U1, .., Un, f, p1, ..., pn) [3]
where:

- n is the number of agents,
- X is the finite set of environment states,
- U is a finite set of actions available to the agents,
- f is the state transition probability function, and
- P is the set of reward functions for the agents.

In EV driving, U represents the different possible routing decisions and X will be limited by the road
network and existing EVs. The different learning approaches consist of three main strategies which
describe the agent exploration behaviour: fully cooperative, fully competitive, and a mix of the two [3].

2.3 Competitive and Cooperative Learning

There are typically two groups of agents to represent the different multi-agent learning strategies, com-
petitive agents and cooperative agents [17]. To transition a competitive environment to a cooperative one,
the design of the reward function is critical to ensure the performance of the system [11], and to prevent
agents taking selfish actions through communication. A weighted sum of sub-rewards can be applied and
coupled with suitable observations to allow agents to learn multiple objectives during training.

An effective case in splitting the agents is using the idea of “Friend-or-Foe” [9]. The concept could be
well-suited to queuing optimisation by setting a particular radius function to determine if an agent is an
adversarial equilibrium, “foe”, or a coordination equilibrium, “friend.” This would allow agents to learn
more specialised geospatial policies by different sets of “friendly agents” focusing on different areas of
the network [5]. Silva et al. [5] extend the idea to a “Selfish Optimization procedure,” where the friendly
agents work together to build a cooperative policy. However, if an agent’s needs become more urgent,
then it overrides the policy and chooses in its own interest. This could be used, for example, to allow
vehicles with very low batteries to charge at the nearest station even if it is detrimental to the strategy.
This approach more realistically models human behaviour with recommendation systems as users cannot
be expected to follow a policy if it means they are worse off. This links to the idea of providing a dynamic
user equilibria system where no individual has any reason to deviate from the policy [13].

3 System Architecture

A MARL system design is proposed to expose the benefits of utilising cooperation and competition
between agents. This involves designing an environment that supports multiple charging station agents,
actions, observations and rewards as well as communication support. The MARL design process shown
in Figure 1 illustrates a single learning step in the environment. The communication is centralized to
improve scalability, in which each agent can access other agents’ current states. This design also allows
agents to share the same policy as each agent is learning to optimise the same goal. The system is
designed to run on multiple MARL algorithms and return reward performances over time and compare
against a baseline greedy algorithm that will simply select the closest station when on low-charge.

Figure 1: The MARL training loop
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3.1 Competitive and Cooperative Agents

Cooperative learning can be achieved by updating the rewards effectively so that agents will instead be
negatively rewarded by selfish actions. A combination of competitive and cooperative strategies can be
achieved by allowing agents to cooperate with only N closest agents, where N is a parameter of the
system. This “Friend-or-Foe” inspired strategy aids in the scalability of the system while aiming to
improve the overall queuing balance of the environment.

3.2 Scaling the Simulation

By using other RL algorithms, rather than Q-learning which is limited by a Q-table, the system can
be scaled more easily. For example, deep Q-learning networks use neural networks instead of a Q-table,
providing greater capability for supporting larger and more complex simulations. OpenStreetMap (OSM)
was used to export real-world networks as shown in 2a and Figure 2b, which are beneficial for presenting
more realistic simulations.

(a) OpenStreetMap export preview (b) Converted network XML file in Netedit

Figure 2: Exporting and converting real-world maps to XML network files

4 Training

The open-source traffic simulation package, SUMO, was chosen to train the agents. SUMO provides
extensive EV charging tools and flexible environment controls via the TRaCI API. The Netedit tool was
used to create small test road networks to test the trained agents in different scenarios. A final training
network was created from a snapshot of a real-world network in Berlin using OSM to train the agents to
handle a variety of network scenarios.

4.1 Q-learning

The Q-learning algorithm discovers the optimal action-selection policy for a Markov Decision Process
(MDP) without knowing the reward functions and what the transition is beforehand [25]. As the work of
Wang and Silva suggests, [25], a typical Q-learning algorithm will “initialize the table entry Q̂(si, aj) to
zero, and initialize τ = 0.99,” then after checking the current state s the temporal difference algorithm

will repeatedly “probabilistically select an action ak with probability P (ak) =
eQ̂(s,ak)/τ

Σm
l=1e

Q̂(s,ak)/τ
, and execute

it,” this will allow the agent to immediately receive reward r and is then able to observe the new state
s′. The table entry is updated:

Q̂(s, ak) = (1− ϵ)Q̂(s, ak) + ϵ(r + βmax Q̂[s′, a′]) (2)
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where, 0 ≤ ϵ < 1 is the learning rate, s ← s′, τ ← τ∗0.999. After a sufficient number of iterations, the
Q̂(si, aj) will converge to the optimal value,” [25].

The Q-learning off-policy and model-free algorithm learns the task directly through interactions with the
environment without requiring explicit estimates of the system. The algorithm follows an epsilon-greedy
strategy of sufficiently exploring the state space to learn optimal actions [4, 14, 14]. There is a trade-off
between the exploration and exploitation of the system to maximise performance.

4.2 DQN

Deep Q-Networks (DQN) is a model-free RL algorithm which uses deep neural networks, unlike Q-
learning which uses a Q-table, to approximate the action-value function, Q(s, a) [26]. DQN stores the
agent’s experiences using a replay dataset, D, used to “reduce correlations between observations” [7].
The dataset contains the state, action, reward and next transition state for each experience, represented
as (s, u, r, s′). DQN uses a Q-network and Target network, with parameters θ and θ−, that both take a
random batch of training data from the experience replay dataset to predict the Q-value. The Predicted
and Target Q-values from the networks combined with the reward are used to compute the loss, seen in the
equation below, to train only the Q-Network following a temporal-difference approach. The Q-Network
weights are then copied to the Target Network after a configured number of steps.

Li(θi) = E(s,a,r,s′)∼D[(r + γmax
a′

Q(s′, a′; θ−i )−Q(s, a; θi))
2][7]. (3)

DQN is typically more data efficient than Q-learning since each step of experience can be used in multi-
ple weight updates and a reduction in variance of the updates is achieved via randomizing the samples.
Additionally, DQN avoids the problem of oscillations or divergence in parameters as it smooths the learn-
ing process by using an average distribution of experience replay behaviour over many past states [14].
The algorithm was implemented using RLlib to train the agents within the competitive and cooperative
environments.

4.3 PPO

Proximal Policy Optimisation (PPO) is an on-policy RL algorithm that can be used within a multi-agent
environment. PPO is a policy gradient method for RL.

Firstly a policy, π, is a function that given a state s will produce a viable action a. In the case of policy-
based methods, this function can be established using adjustable parameters which can be modified to
obtain a greater reward. For policy gradient methods, an estimator of the policy gradient is computed
and used in a stochastic gradient ascent algorithm [19]. PPO employs two networks, one dedicated to
representing the current policy to refine and the other serves to collect samples

Recent work [27, 2] has shown PPO and its variations to be effective in various MARL tasks. The PPO
algorithm is implemented within the competitive and cooperative environments and the clipping range
hyperparameter is set to constrain the policy update to be within 20% of the current policy.

4.4 Competitive Learning Environment

The initial custom SUMO environment developed supports solely competitive agent learning strategies.
In this environment, the agents are said to be competitive as they are rewarded only for selfish actions,
disregarding the other agents, and are competing to charge the limited vehicles to maximise their rewards.
This environment was used to train agents on Q-learning, DQN, PPO and the greedy algorithm. The
breakdown of this environment is as follows:

• Agent: Charging station agent has a corresponding lane and memory of actions.

• Observation: Current closest EV battery, wait time and lane density. The closest EV is the next
closest, in driving distance, within a maximum range.
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• Action: To charge or not charge an approaching EV.

• Reward: Determined by the battery, wait time and lane density values.

4.5 Cooperative Learning Environment

The previous environment is updated in various ways to enable cooperative agent behaviour. Firstly a
busy value is introduced that takes the maximum of the normalized wait time and lane density values
to reduce the observation space while still providing the necessary information for learning. The agent’s
observations are updated to include the busy values of the two closest agents that are within the range of
the detected EV. This custom implementation of the “Friend-or-Foe” strategy adjusts the agent incentives
to optimise the global reward of its friendly agents as the collective reward will be split. An example,
shown in Figure 3, indicates the close friendly agents to station 1, indicated by red arrows, and the
detected EV, indicated by the blue arrow.

Figure 3: Friend-or-Foe Cooperative PPO on the 4-Station Strip network

5 Results

The agent behaviour during the training process with MARL algorithms was tested by analyzing the
episode reward mean metric via TensorBoard performance logs in real-time, where episodes are the
agent-environment interactions from start to end states. Additionally, the total wait times and penalties
were recorded for each agent in the simulation.

(a) Waiting times (b) Final run mean wait times

Figure 4: Competitive Environment PPO, Q-learning and DQN results
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5.1 MARL in a Competitive Environment

The results, shown in Figure 4, of training on the 2-station strip network, shown in Figure 7, compares
the different RL algorithms deployed in the multi-agent competitive system. Figure 4b displays the last
1,000 episodes performance for the different algorithms, finding PPO and DQN to show reduced waiting
time over Q-learning, with PPO exceeding Q-learning by 16.32%.

PPO, the best performing algorithm in this experiment, was then compared against the greedy algorithm.
PPO can be seen performing better in each metric recorded. The cumulative penalties initially for PPO
is higher during training but after 10,000 episodes the agents appear to have learnt an improved policy,
seen in Figure 5

(a) Greedy vs PPO wait times (b) Penalties and cumulative wait times

Figure 5: Competitive environment greedy and PPO training wait time results

5.2 MARL in a Cooperative Environment

5.2.1 Test Network Scenario Results

A similar experiment is conducted for the cooperative environment with adjustments to the simulation
parameters to ensure significant queuing. Q-learning algorithm is not used due to the limits of the Q-table
with the environments continuous observation values. The 2-station strip results can be seen in Figure
6. The gradual spikes, seen in Figure 6a, demonstrate how each algorithm deals with the queuing of EVs
throughout the training iterations. The results display the MARL algorithms to greatly outperform the
greedy approach.

(a) Final episodes snapshot

(b) 2-Station network wait times and penalties

Figure 6: 2-Station wait time training results
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The cooperative strategy between agents has also improved the distribution between the agents and the
overall demand balancing, as seen in Figure 7a and 7b. Figure 7c and Figure 7d display the best demand
balancing algorithm, PPO, greatly outperforming the greedy method for this network since most of the
EVs go to the first station for the greedy algorithm while PPO makes better use of both stations to
distribute the low charge EVs. The EVs use colour-coding to visualise the battery levels, with more
red for low charge, more green for full charge and blue for non-EVs. The light blue squares indicate a
charging station.

(a) Competitive DQN (b) Cooperative DQN

(c) Greedy (d) Cooperative PPO

Figure 7: Trained DQN, PPO and greedy experiments comparing competitive and cooperative systems

The other test networks were also run on this environment, including the 4-station strip and 4x4 grid
networks. The agents were similarly able to learn to distribute the EVs between each other to best reduce
the queues compared with the greedy method, seen in Figure 8.

(a) Cooperative DQN 4-station strip (b) Cooperative PPO 4x4 Grid

(c) 4-Station strip wait times (d) 4x4 Grid wait times

Figure 8: Cooperative MARL results and final episode agent wait times
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5.2.2 Berlin Network

The results on the real-world Berlin network indicate the advantages of the MARL implementations
with PPO and DQN1 reducing the mean total wait time compared with the greedy baseline by 87.21%
and 88.09% respectively, seen in Figure 9. Reflecting on these results, the MARL algorithms consistently
present advantageous queueing outcomes for EVs. In both the competitive and cooperative environments,
the PPO and DQN algorithms show similar optimisation results. Further hyperparameter tuning could
be applied to these algorithms to further improve the results.

(a) Berlin final training episodes wait time results

(b) Agent wait times
(c) Cooperative PPO on a Berlin network
snapshot

Figure 9: Berlin networks agent learning results

6 Conclusions

The reported findings expose several effective MARL implementations to reduce the EV queuing problem.
PPO and DQN multi-agent approaches were shown to be the most promising RL algorithms and the
integration of cooperative strategies within the reward function additionally indicated reduced collective
wait time by taking other agents’ observations and actions into account. The experiments overall suggest
the potential practical application of MARL algorithms to improve the balance in demand at EV charging
stations in real-world environments, which can be achieved through communicating the learnt policy
suggestions to EV drivers.

7 Future Work

This paper focuses on reducing the wait time at EV charging stations, however, there are many other
important features that drivers will be interested in that could be extended upon. This may include the
price, total distance and out-of-service information of the chargers in the observations and rewards of the
environment. The simulation could also be extended to increase the number of cooperative connections
an agent shares to find an optimal cooperative-competition ratio. With greater computer resources the
simulation could be scaled up to include more agents and EVs to closer match real-world scenarios.
Furthermore, additional RL algorithms could be experimented on, for example, SAC, DDPG or QMIX

1https://github.com/RoryCoulson/sumo-ev-marl
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could show improved results. Lastly, combining real traffic data into the simulation will provide an
improved understanding of how these algorithms can perform in real-world applications to improve the
justification of their use.
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