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Abstract

In recent years, there has been a significant increase in research interest in applying Reinforcement Learning (RL)
to Adaptive Traffic Signal Control (ATSC). Urban traffic networks present a suitable environment for Multi-Agent
(MA) ATSC systems, as each intersection can be managed by a single RL agent. However, the non-stationarity of
the ATSC environment in Multi-Agent Reinforcement Learning (MARL) poses a challenge since the actions of
one agent can directly affect the performance of its neighboring agents. To address this issue, this paper presents
and compares several MARL ATSC approaches utilizing Growing Neural Gas (GNG) for state identification,
implemented using a microscopic traffic simulator with a synthetic traffic model of nine intersections. This
paper explores the effectiveness of various MARL ATSC approaches, including fully independent agents and
those augmented with reward and state-sharing mechanisms. The results demonstrate that fully independent
agents can enhance global traffic performance by optimizing local decisions. Furthermore, when agents share
rewards and states, they achieve additional improvements in both local and global traffic conditions by fostering
cooperative behavior and mitigating the impact of non-stationarity. In addition, this paper identifies the approach
of centralized state identification with GNG, coupled with decentralized agent execution, as the most effective
ATSC strategy. This configuration leverages the strengths of centralized data processing for accurate state
representation while maintaining the flexibility and scalability of decentralized agent operation. Overall, the
findings highlight the potential of GNG-based state identification in enhancing the performance of MARL ATSC
systems.
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1. Introduction

The rising world population and the increasing urbanization trends have a direct impact on traffic in
cities. It is estimated that further population growth will be mostly concentrated in the cities further
increasing the mobility demands [1]. The recent COVID-19 pandemic caused a short-term shift in
mobility demands and the modal split of daily commutes with more people being able to work from
home and use online shopping services. However, initial analysis shows that this was only temporary
as people are slowly returning to pre-pandemic behaviour [2]. Combined with the growing population
the urban traffic system will be unable to handle the increase in mobility demand. Traditional solutions
such as building additional infrastructure were proven to be ineffective in the long term as increased
capacity attracted additional demand in an effect called Braess’s paradox [3]. In addition, most older
cities are not able to build any additional infrastructure due to a lack of available building space. A
possible solution is seen in the introduction of Intelligent Transportation Systems (ITS) to improve the
operational capacity of the existing transportation infrastructure [4].

In most urban areas, road traffic is primarily controlled by Traffic Signal Control (TSC) on intersections.
While the primary task of TSC is to allow safe passage of vehicles entering the intersections it has a
large effect on the traffic flow since opposing flows need to be temporarily stopped while waiting for
their signal phase. For this reason, the intersections controlled by TSC are the primary bottlenecks in
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urban traffic networks. This negative effect is most noticeable with improperly adjusted controllers
leading to even more congestion. TSC can operate with one of the three main control strategies [5]: (I)
Fixed Time Signal Control (FTSC); (II) Traffic Actuated Signal Control (TASC); and (IIT) Adaptive Traffic
Signal Control (ATSC).

The most commonly used TSC strategy is FTSC which uses pre-determined signal programs adjusted
using historical traffic data. FTSC systems have low initial costs but are difficult to update and are not
able to respond to changes in demand. TASC systems are an extension of FTSC that allows the signal
program to change upon vehicle detection. TASC systems perform well in low-demand scenarios, but
in high-demand scenarios, their operations are similar to FTSC. The most advanced type of TSC is
ATSC which uses real-time traffic data to adapt signal programs to satisfy its operational objective.
ATSC systems can operate on a network level with multiple intersections in the control loop. Many
commercial ATSC systems are available such as SCOOT [6], SCATS [7], UTOPIA [8] and ImFlow [9].
Such ATSC systems can improve the traffic flow significantly but still require manual adjustment and
fine-tuning to achieve good results. To overcome this problem, current state-of-the-art proposed ATSC
approaches are based on Reinforcement Learning (RL) [5].

RL is a subset of algorithms and techniques of Machine Learning that focuses on learning by direct
interaction of the controller usually called an agent with its environment [10]. The agent learns its
control policy by interacting with the environment and receiving feedback on how successful its
actions were. By applying the concept of RL to ATSC the traffic signal controller becomes an agent
and its environment is the traffic network in which it operates. This approach removes the need for
manual adjustment of ATSC parameters as now the agent can learn the control policy on its own.
Another benefit of RL is that it can continuously learn even after deployment, meaning that if the traffic
behavior changes the ATSC agent will be able to adapt its control policy. A common problem in RL
is the identification of the environment state in high dimensional state space, especially for tabular
RL algorithms such as Q-Learning. To overcome this problem a dimensionality reduction technique
of Growing Neural Gas (GNG) can be used for state identification. This approach was successfully
implemented in a single intersection traffic environment but no GNG-based controllers have been
implemented on multiple intersections [11]. To allow scaling of ATSC to multiple intersections, the RL
control is expanded to Multi-Agent Reinforcement Learning (MARL) systems by allowing each agent
to control a single intersection. The use of MARL systems brings forth new challenges in ATSC since
each agent operates independently but their selected actions influence neighboring agents [12]. For
this reason, MARL agents are required to learn how to optimize local actions and how their actions
influence neighboring agents.

This paper focuses on the evaluation of 3 different families of MARL ATSC approaches that use
GNG for state identification to reduce the state-action complexity and help with the problem of non-
stationarity. Following this introduction, the rest of the paper is organized as follows. Section 2 provides
insight into previous and related research in MARL-based ATSC systems highlighting the contributions
of this paper. Section 3 explains the relevant background and details on the use of RL and GNG in traffic
environments. Section 4 expands the currently known MARL-based controllers by introducing GNG as
a state identifier in RL. In section 5 the simulation environment and scenarios tested are explained in
detail. Section 6 provides an overview and discussion of the obtained results, highlighting the most
important observations. The paper ends with a conclusion section which includes a commentary on
future work.

2. Related Work

The field of RL application in ATSC systems has attracted many researchers since traffic control problems
provide a good environment for RL integration [13]. Older works focus on modeling ATSC controllers
as a Markov Decision Process (MDP) by specifying the observable state space, actions an agent can take,
and the reward for measuring the performance of the selected operational objective. In [14], authors
test how different reward definitions affect the performance of RL-ATSC. They tested rewards defined



by queue lengths, cumulative delay, and throughput. An edge was given to cumulative delay with a
comment on the difficulties in its measurement in real-world scenarios. The authors also conclude that
the performance of the reward function depends on the total traffic volume. Early forms of MARL-
ATSC approaches are shown in papers [15, 12]. The former used independent agents, while the latter
attempted to establish cooperation between agents to achieve even better performance. In [16], authors
combine the idea of ATSC with the concept of Connected Vehicles (CVs) in a cooperative Multi-Agent
(MA) environment.

It is evident from reviews [5, 13, 17] on RL-ATSC that a more modern approach is to solve the control
problem by using Deep Reinforcement Learning (DRL). Papers [18, 19] both show significant traffic
performance benefits from using DRL-ATSC. It is also shown, that traffic networks with a high number
of intersections can be controlled with DRL-ATSC with noticeable performance benefits. The former
also introduces two approaches to improve MA convergence stability by improving agent observability
and introducing a discount factor that reduces the impact of states and rewards from other agents.

Considering the review of related works above, the most common problems identified in RL-ATSC
applications are: (I) State-Action complexity; (II) Reward definition; and (IIT) Non-stationarity of the
environment when applied in MARL configuration. The problem of high state-action complexity usually
arises because the state space is continuous. To allow RL the state space representation needs to be
created beforehand which can be problematic if there is no available data before learning. Ideally, the
state representation would be built during the learning process as new previously unknown states might
be encountered. For this reason, methods such as Growing Neural Gas (GNG) can be used to construct
the space representation online. The growing characteristics of the GNG allow the network to adapt to
newly encountered spaces without degrading previous knowledge [20, 21]. Previous works from the
authors of this paper attempted to solve the problem of high State-Action complexity in traffic control
by introducing Self Organizing Maps (SOM) [22] and GNG [11, 23] for state identification to offer an
alternative to DRL approaches while maintaining a good convergence rate. Both approaches were
successfully implemented on a single intersection, with both papers stating that future work should
include scaling to multiple intersection networks. This paper answers the research gap identified in
previous works by scaling the GNG-RL controller to multiple intersections in a MARL configuration.
Hence, the main contributions of this paper are as follows:

« Scaling of the GNG-based RL-ATSC controller to GNG-based MARL-ATSC controller;
« Performance comparison of 15 GNG-based MARL-ATSC approaches.

3. Relevant background

In this section, the relevant background on RL and GNG for the purpose of traffic state identification is
presented.

3.1. Reinforcement Learning

When applying RL algorithms for ATSC, in literature, the ATSC controller is usually modeled as an
MDP tuple (S, A, T, R, ). Here S is the set of environment states; A is the set of actions available to
the controller; T is the transition probability of reaching state s’ from state s after an action a € A is
performed; R is the reward received from the environment after an action is performed; and vy € [0, 1)
is the discount factor which determines the impact of future rewards [24]. Alternatively, ATSC can be
modeled as a Partially Observable Markov Decision Process (POMDP) with a tuple (S, A, T, R, 2, O, ),
where the MDP is extended with €2 which is a set of observations, and O which is the conditional
probability of those observations [25]. The POMDP model is more appropriate for ATSC since the
actual traffic state is unknown to the controller and is instead represented by a vector of observations
or measurements from the environment. However, the MDP model is usually used instead of POMDP
to maintain simplicity in algorithm applications.



Once the ATSC controller is defined as an MDP the learning task is to find the optimal control policy
to maximize the cumulative discounted reward. A common algorithm used to achieve this is Q-Learning
based on Bellman’s optimality equation [10]. The algorithm reaches the optimal control policy using
the Q-value update rule:

Q(St, at) — Q(Sn at) + Oé(Tt+1 + glgi( Q(3t+1, G/) - Q(Sm at)), (1)

where Q) (s, at) is the expected return of taking action @ € A in state s € S in time step ¢, and « is the
learning rate coefficient. After multiple iterations of each state-action combination, an optimal policy is
formed by selecting actions with maximum Q-value for a given state. The main benefit of using the
Q-Learning algorithm for ATSC is that it is a model-free approach that does not use state transition
probabilities 7" which are difficult to model in traffic control.

3.2. Growing Neural Gas

The GNG [26] is a dimensionality reduction technique created as an extension to SOM which can
be considered as a special type of neural network that uses competitive learning. The SOM or GNG
network consists of a set of connected neurons sometimes called nodes. Each neuron is defined by a
weight vector which is the representation of the neuron position in the input space. While training, the
input signal is received, and the neuron closest to the input will become known as the Best Matching
Unit (BMU). The BMU and neurons connected to it will then adjust their weight vectors to more closely
match the received input using the equation:

Wi(k + 1) = Wi(k) + ©(i, BMU, k) oes [ X (k) — Wi(k)], (2)

where X (k) is the input signal vector in time step k; W;(k) is the weight vector of neuron i;
©(i, BMU, k) is the neighborhood function which scales the weight update using the distance between
neuron ¢ and the BMU; and v, is the learning rate of the network. The neighborhood function © is
usually modeled with a Gaussian or a Ricker Wavelet function [27]. After training the network becomes
a map of connected neurons with low dimensionality that preserves the topology of the original input
data samples.

Unlike SOM, which has a fixed arrangement of neurons, the neurons and their connections in GNG
can be added or removed during the learning process [28]. The primary benefit of the growing structure
of GNG is that there is no need to specify the number of neurons in advance, but a limit on the total
number can be imposed. A new neuron will be added to the GNG if the input signal has a large Euclidean
distance from the current BMU. If the distance of the input signal is not as large but still significant a
new neuron will be added with an edge forming to the current BMU. If the input signal is close to the
current BMU, the existing BMU will be used instead of adding new neurons, and an edge will be formed
between the BMU and the neuron which is the second closest to the input signal. By specifying neuron
addition and connection distances as a hyperparameter of GNG, it is possible to set a desired level of
detail a created topological map will be able to accommodate. As the network grows some neurons
might become redundant or inert and will be then removed from the network to remain computationally
efficient.

3.3. Traffic state identification

As discussed above, the observation space €2 for ATSC is defined by available traffic observation variables.
As the number of variables increases the ATSC agent can have better insight into the actual environment
state s € S. However, the downside of adding more variables is the curse of dimensionality which
can hinder the learning performance. In addition, most traffic observation variables are continuous,
creating an n-dimensional continuous observation space, where n is the number of variables. To
successfully apply tabular RL techniques, such as Q-Learning, in continuous space it is necessary
to perform generalization from states that were previously experienced to the ones that have not
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Figure 1: GNG-based traffic state identification

been [10]. A simple approach would be to split the state space into a number of finite and discrete
segments, and then perform a generalization on those segments. It is difficult to efficiently define
the state segments, especially if the distribution of states is unknown beforehand. To overcome this
problem, the generalization can be done using GNG [11].

To use GNG for state space generalization, the length of the weights vector in each neuron must be
the same as the number of traffic observation variables. Each visited state is sent to the GNG which
will map the received state to the BMU of the trained GNG. This essentially means that the weights of
neurons in GNG become origin points from which Voronoi polytopes are constructed. Each constructed
polytope is a subspace of 2 that generalizes to one discrete state. The number of generalized states
is equal to the number of neurons in the network. The entire process of using GNG for traffic state
identification is shown in Figure 1. The growing properties of GNG allow for dynamic scaling of the
number of identified states as the neuron map is constructed. A major benefit is that the GNG state
map can be constructed simultaneously as the RL algorithm updates the control policy. Initially, the
GNG will consist of a small number of neurons and a highly generalized state space, but this will be
reduced as new neurons are added in later stages of learning.

4. Multi-Agent Reinforcement Learning Adaptive Traffic Signal
Control

When extending the ATSC to multiple intersections, the control can be configured in a local or global
manner. Localized control refers to each agent making a decision based solely on data gathered locally
from the intersection it controls. Both the state space and reward from the environment are received
locally, allowing the agent to adjust its control policy in a way that would maximize local traffic
performance. This approach can also be considered a non-cooperative game in game theory, with
each agent acting as a player. Localized control allows for good scalability and is simple to implement.
It is also known to perform well in traffic networks with low demand, or in networks consisting of
intersections located very far from one another. However, a significant problem of localized control
is that it can lead to sub-optimal network-wide performance due to the actions of an agent on one
intersection impacting the state and reward of its neighbors without any regard for the broader traffic
situation. This problem can be partially overcome by introducing cooperation between agents. The
simplest way to achieve cooperation is to modify the reward function to also include global performance
metrics. However, the convergence in such an approach would be problematic as the agent will not
be able to properly predict the received reward by only observing the local state. Further cooperative



augmentation is the sharing of state variables between neighboring agents. This allows the agent a
small level of insight into broader traffic control at the expense of slightly increasing state complexity,
but remaining scalable to a high number of intersections.

The global control concept uses a single or coordinated group of agents to perform TSC using data
gathered from the entire traffic network. This approach allows the agent to build their control policy
for maximization of global traffic performance, even when local intersection performance would be
lower. Global control can in theory achieve optimal performance, but it suffers from poor scalability as
the state-action complexity increases exponentially as additional intersections are added to the control
loop. In addition, it is computationally expensive and would require a robust communication system to
be implemented.

While global control would be ideal, it is usually not feasible. For this reason, the proposal of this
paper is to balance between global and local control by using individual agents that receive local rewards
but have insight into the state of the entire network. This allows the agent to build a control policy
that is finely tuned to the entire network’s state but still uses local reward optimization. This approach
can further be augmented by modifying the reward function of each agent to include a performance
measure of neighboring agents giving them the incentive to select action that will not have a negative
impact on the neighboring intersections’ performance. In this type of control, the state space remains
large and difficult to separate into discrete segments. To overcome this problem the GNG presented in
section 3 can be used to reduce the dimensionality of the problem and identify the global state of the
network keeping the state-action complexity low even when the number of intersections in the traffic
network increases. The additional benefit of using GNG as a state identifier is that it will be able to
operate even if some sensors go offline by using the value of zero for state variables with offline sensors.

5. Experimental Setup

In this section, all analyzed TSC approaches are presented with their hyperparameters and an explanation
of the simulation environment used to implement each TSC approach.

5.1. Simulation environment

To evaluate the performance of various TSC approaches, the simulation environment consisting of a
synthetic traffic model in microscopic traffic simulator PTV VISSIM is used. PTV VISSIM is a state-of-
the-art microscopic traffic simulator capable of multi-modal traffic simulation [29]. A major benefit of
PTV VISSIM is the developed COM interface which allows for external control of objects in VISSIM. This
interface can be used to develop external traffic signal controllers, while VISSIM handles the simulation
of vehicle behavior. The traffic model used for the analysis consists of 9 connected intersections arranged
in a 3 by 3 grid as shown in Figure 2. There is a total of 12 vehicle inputs labeled a; to a1 with varying
traffic demand lasting for a total of 16 simulation hours. Traffic demands are synthetically generated to
be variable from The changes in traffic demand are shown in Figure 3. Each intersection is operated by
a TSC in an FTSC regime with a cycle length of 60 seconds and an equal distribution of green times
for both phases. This cycle length was selected to allow adequate traffic flow through the intersection
according to the defined traffic demand. This FTSC regime will be used as a baseline TSC for comparison
with GNG-based ATSC approaches.

5.2. Analyzed approaches and hyperparameters

A total of 3 ATSC approaches are presented for analysis and comparison to the FTSC Baseline. They
are split into three main groups: Independent agents; State Sharing (SS); and Centralized State with
Decentralized Agents (CSDA). In addition, each approach is augmented with four levels of varying
Reward Sharing (RS).
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Figure 2: Traffic network of 9 connected intersections modelled in PTV VISSIM

5.2.1. Independent agents

The approach with Independent agents uses an RL agent at each intersection in the network. Each
agent is only capable of observing its immediate surroundings or more precisely the queue lengths on
each intersection approach. The average values of queue lengths are calculated for the previous time
step by the VISSIM simulator. Those queue values are then given as input to the GNG of the agent.
Each agent uses its own GNG with the following equations used to describe the parameters:

et (k) = 0.95 % 0.9571 4 0.05, 3)

—d?

Ok) = exp (10 * 0.95k> ’ @)
where k is the current training episode, and d is the Euclidean distance between the BMU and the input
signal. The GNG will add a new isolated neuron to the network if the distance from the BMU to the
input signal is higher than 20, if the distance is higher than 10 a neuron will be added and connected to
the previously identified BMU. The maximum number of neurons in the network is limited to 150.

With GNG used as a state identifier, the RL component of the agent will use Q-Learning with
hyperparameters o = 0.1 and v = 0.8. The action selection will use the e-greedy policy with e
determined by Equation 5 to balance between exploration and exploitation of knowledge. The reward
function will be defined as the reduction in lost time LT of vehicles passing through the intersection as
shown in Equation 6. Lost time is a measure of how much time a vehicle lost because its speed was
lower than desired because of its interaction with the environment. Each agent can choose from a set
of five actions A € {—10,—5,0,5, 10} each representing a time change of the green split in the default
signal program. The agent will take an action every At = 300 simulation seconds. This value was
selected according to previous research as it allows for enough time for the new signal program to
have an impact. An additional benefit is that the At value is a multiple of the cycle length, allowing for
easier analysis.

e(k) =0.95% 0.9 +0.05 (5)

r(k+1) = LT(k) — LT(k + 1) (6)
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Figure 3: Traffic demand volume for each network input

5.2.2. Reward sharing

Since the actions of one agent can affect the performance of neighboring agents the first level of
cooperation is by introducing RS with a reward cooperation coefficient 8. The main principle is that
each agent reward is expanded by a partial reward from its neighbors as shown in the equation:

r(k+1) = LT(k) — LT(k+1) + 3 % S LT (k) — LTk + D | )
m=1

where n is the number of neighboring intersections, and LT, is the lost time of vehicles on neighboring
intersection m. Four different values of 5 € {0.25,0.5,0.75,1.00} will be analyzed in combination
with each TSC approach.

5.2.3. State sharing

The GNG of independent agents uses only queue lengths at their local intersections to determine the
current state. In some traffic situations, an agent could be unaware of the increase in upcoming traffic
demand from neighboring intersections. This makes it difficult for the agent to predict the future
state and to select actions that would not help it to prepare for the upcoming traffic in advance. By
incorporating simple SS each queue length value on the intersection has the added value of the queue
length from the upstream intersection if it exists. The complexity of the GNG in this approach does not
change, but the state identification includes some data from neighboring intersections. To implement
this approach in realistic scenarios it would be imperative to know the desired direction of all vehicles
in the queue to properly scale the number of vehicles that will move downstream.



5.2.4. Centralized state with decentralized agents

The primary reason for the use of MA systems in TSC for large networks is the problem of scalability
since the state-action space required for a single agent would grow exponentially with the increasing
number of state-defining variables. The GNG enables a high level of dimensionality reduction and is
capable of identifying the state of the entire network. The state-action complexity still remains high
but can be reduced by the use of decentralized agents at each intersection. In this CSDA approach, each
agent receives the same state ID from the centralized GNG but builds its control policy by receiving
local rewards. The GNG in this approach has 36 total inputs but all its hyperparameters and functions
are kept the same as in the Individual agents approach.

6. Results and Discussion

In this section, the obtained results for each TSC approach are presented and discussed.

6.1. Obtained results

The following network-level Measures of Effectiveness (MoEs) were used to evaluate the performance
of each TSC approach: TI"T" as the Total Travel Time of all vehicles in the network; N S, as the Total
Number of Stops of all vehicles; and LT4,4 as the average lost time per vehicle. In addition, an analysis
of total intersection-level lost time LT, was performed to evaluate the local effects of each proposed
approach since the reward definition in each analyzed TSC approach was modeled to reduce the lost
time. For each MoE, the mean value for the last 50 episodes was calculated and used for the comparison.
The obtained results for 77T are shown in Figure 4 with a moving average with a window of 5 to
allow for easier inspection. The calculated mean results of LT, for each intersection and approach
are shown in Figure 5. Detailed numerical results for network-level MoEs are shown in Table 1 with the
calculated improvement compared to the baseline scenario. In addition, the standard deviation o for
the last 50 episodes is calculated to evaluate the convergence stability. The best-performing approach is
bolded in the table for easier identification.

Table 1
Mean network results for each TSC approach from episode 251 to 300
MoE
TSC approach TTT [h] NSTot LT g4 [s]
Value [%] o Value [%] o Value [%] o
Baseline 1425.59 - - 135694 - - 58.58 - -
Independent 1289.32 -9.56 15.68 | 119229 -12.13 2493 | 50.29 -14.15 0.95
RSg.25 1286.33 -9.77 18.27 118596  -12.60 2917 | 50.11 -1446  1.11
RSo.50 1292.09 -9.36 17.32 | 119107 -12.22 2120 | 5046 -13.86 1.05
RSo.75 1312.15 -7.96 2411 122087 -10.03 3525 | 51.68 -11.78 1.47
RS1.00 1327.56 -6.88 21.06 | 124160 -8.50 3208 | 52.62 -10.18 1.28
SS 1285.00 -9.86 18.69 118392  -12.75 2921 50.03 -1460 1.14

SS + RSp.25 1280.26  -10.19 16.27 | 118323 -12.80 2788 | 49.74 -15.09 0.99
SS + RSq.50 1297.43 -8.99 20.23 | 120075 -11.51 3115 | 50.79 -13.31 1.23
SS + RSq.75 1301.23 -8.72 15.68 | 120901 -10.90 2338 | 51.02 -1291 0.95
SS + RSq.00 1325.28 -7.04 16.88 | 123514 -8.98 2878 | 52.48 -10.41 1.03
CSDA 1194.04 -16.24 14.08 | 105482  -22.26 2177 | 4449 -24.05 0.86
CSDA + RSp .25 1193.84 -16.26 16.28 | 105804  -22.03 2473 | 4448 -24.07 0.99
CSDA + RSg .50 1202.02  -15.68 1274 | 107144 -21.04 1876 | 4498 -23.22 0.78
CSDA + RSy 75 | 1190.25 -16.51 16.54 | 105332 -22.38 2611 | 44.26 -24.44 1.01
CSDA + RS1 00 1213.91 -14.85 18.86 | 108482  -20.05 2754 | 45.70 -21.99 1.15
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Figure 4: Moving average of the results of 71T for each analyzed TSC approach with window 5: (a) Comparison
of TT'T for each TSC approach without reward sharing; (b) Comparison of TT'T" for agents with varying levels
of reward sharing; (c) Comparison of TT'T for agents with state sharing and varying levels of reward sharing;
(d) Comparison of TT'T" with centralized state identification and distributed agents and varying levels of reward
sharing

6.2. Discussion

From the results presented in Table 1, it is evident that each analyzed TSC approach is capable of
improving the traffic network performance when compared to the baseline controller which uses FTSC.
This behavior is expected as any form of ATSC will be able to somewhat accommodate changing
traffic demand. The Independent agents’ approach reduced TT'T by 9.56% on average by significantly
improving the performance of the central east-west corridor with intersections 14, I5, Ig as can be
seen from LT, in Figure 5. The performance of intersections I; and I7 decreased somewhat because
of the interaction with the agent on intersection /4. This behavior is common in MA systems and is
referred to as the problem of non-stationarity. The agents on I; and /7 had no insight into the state
of the central corridor and could not prepare actions to accommodate the sudden increase in traffic
demand from right and left turn movements on /4 resulting from increased throughput on Iy.

By expanding the Independent agents’ control with varying levels of reward sharing from neighboring
intersections a slight improvement in performance can be observed when the reward cooperation
coefficient was set to 0.25. For higher values of the cooperation coefficient the performance slightly
decreased. The use of reward sharing in TSC gives an incentive to the agents not to choose actions
that will have a negative effect on neighboring intersections. Agents will instead tolerate lower local
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Figure 5: Mean results for LT, on each intersection and TSC approach from episode 251 to 300

rewards if the neighboring agents perform well. In the RSg 25 scenario, the performance of intersection
I was significantly increased, but the performance of neighboring intersections I3, I5 and Ig decreased
since they chose actions that would help the agent on Is. With higher values of the reward cooperation
coefficient, it becomes difficult for the agents to associate the obtained reward with respect to the
current state-action pair since the state of neighboring agents is not known. The trend of decreasing
performance with higher values of the reward cooperation coeflicient is observable, but since the
standard deviation of the results is high it is difficult to evaluate the impact of the reward cooperation
coefficient properly.

By using the simple state-sharing augmentation the performance slightly increases. The agents can
now prepare to meet the increasing traffic demand from neighboring intersections. When this approach
is combined with reward sharing, a pattern of decreasing performance with a rising cooperation
coefficient is observed, similar to scenarios without state sharing. Again, the best-performing approach
was with a cooperation coefficient of 0.25. This increase in performance can be attributed to a better
mapping between state actions and rewards since a part of neighboring agents’ states are now shared.

The final group of tested approaches is with centralized state and distributed agents which outper-
formed all previous approaches by a great margin. With each agent having an insight into the entire
network it was easier for each agent to select actions that would provide the best local benefit. The
problem of non-stationarity is still present as the agents could not predict the actions of other agents
and their effect on the network. By introducing reward sharing, the agents could now select actions that
would benefit neighboring intersections if required. For CSDA approaches the best performing one was
the approach with a cooperation coefficient of 0.75. This result shows that cooperation is easier when
agents have more detailed information about the state of their neighbors. The GNG used for CSDA
approaches handled the increased dimensionality of the input space without any loss of performance,
but the scalability of GNG to larger networks remains an open question since it is expected that there



are diminishing returns from including state variables from intersections that are further apart.

Inspection of results from Figure 4 shows how convergence is impacted by the chosen TSC approach.
The Independent and state-sharing approaches seem to converge at around episodes 100 to 150, while
the convergence of CSDA approaches seems slower and shows a tendency to continue converging
even after the tested 300 episodes. Since all approaches use the same hyperparameters, this decrease in
convergence speed can only be explained by slow adaptations of GNG neuron weights in later stages of
learning. The total volume of the state space for CSDA approaches is much higher than the state space
for other approaches. Thus, the limit of 150 neurons in the GNG might hinder performance since there
would be more situations that require the addition of a neuron. This is confirmed by a large number of
isolated neurons in the GNG of CSDA. However, by increasing the number of neurons, the total number
of states would also increase which can also negatively impact the convergence.

The results of LT'4,, seem to correlate with the results of 71"T", which is expected since vehicles
spending less time in the traffic network are moving closer to their desired speed. The results for the
N St also show a correlation with 77T". The environmental impacts were not directly analyzed as
they are highly dependent on the emission model of vehicles, but considering the reduction in the total
number of stops and travel time it can be expected that there would be a noticeable reduction in vehicle
emissions.

7. Conclusion

This paper analyzed the performance of 3 different MARL ATSC approaches which are based on using
the GNG for state identification. The performance was compared to the baseline FTSC approach to
evaluate the full impact of each approach. Each approach improved the total performance of the traffic
network, but the approach that uses centralized GNG for state identification of the entire network with
decentralized agents performed the best. This result was further improved by expanding the reward
function with reward sharing from neighboring agents. The approach that used only simple sharing of
state variables had only a minor positive impact on the total performance. Future direction for the study
should test additional state-sharing options such as including the state variables from downstream
intersections which could prove beneficial when used with reward sharing.

While the CSDA approach performs the best, the problem of further scaling to more intersections
remains an open question since adding more intersections would negatively impact the learning
convergence of the agents. A possible research direction to overcome this convergence problem could
be the introduction of knowledge sharing between neurons that share connections or have a small
distance between each other if only a local subspace is considered.

Future work should also include the implementation in realistic traffic environments, with heteroge-
neous intersections. In such realistic scenarios, it would also be possible to perform the environmental
analysis by including detailed vehicle information for the agents and modifying the reward function
to a minimization of vehicle emissions. The addition of an offset-controlling agent could also help to
improve traffic performance by enabling green wave control on corridors in the network that have a
dominant traffic flow in one direction.
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