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Abstract—Travel time of vehicles in urban traffic networks
can be reduced by using Adaptive Traffic Signal Control (ATSC)
to change the signal program according to the current traffic
situation. Modern ATSC approaches based on Reinforcement
Learning (RL) can learn the optimal signal control policy. While
there are multiple RL based ATSC implementations available,
most suffer from high state-action complexity leading to slow
convergence and long training time. In this paper, the state-
action complexity of ATSC based RL is reduced by implementing
Growing Neural Gas learning structure as an integral part
of RL, leading to high convergence rate and system stability.
The presented approach is evaluated on a simulated signalized
intersection, and compared with self-organizing map RL-based
ATSC systems. Obtained results prove that the reduction of state-
action complexity in this manner improves the effectiveness of
RL based ATSC not needing to have an a priory analysis of
needed number of neurons for state representation.

Keywords—Intelligent Transportation Systems; Adaptive Traf-
fic Signal Control; Reinforcement Learning; Growing Neural
Gas; Machine Learning

I. INTRODUCTION

In today’s urban environments, the problem of traffic con-
gestion is ever increasing due to insufficient traffic infras-
tructure that is unable to cope with increasing demand. The
constraint on available space for new infrastructure makes
the traditional approach of building new roads and lanes
not feasible (build-only). Modern approaches instead focus
on maximizing the efficiency of existing infrastructure based
on Intelligent Transport Systems (ITS). Implementation of
Adaptive Traffic Signal Control (ATSC) systems can signif-
icantly increase the efficiency of signalized intersections by
adapting the signal program according to the current traffic
situation to improve the operational capacity of the signalized
intersection [1], [2].

Efficiency of existing commercial ATSC systems are heavily
model dependant, and need to be precisely calibrated to the
traffic environment and driver behavior. Because of this the
focus of researchers shifted towards Reinforcement Learning
(RL) based ATSC systems, which can then learn the appropri-
ate signal control policy according to the desired operational
objectives [3]. To adapt RL to ATSC a set of states S and a set
of actions A must be defined. The states describe the traffic
environment, while actions include every possible change to
the signal control regime. RL algorithms such as Q-Learning

converge to optimal control policy given enough visits through
each state-action combination. The need to describe the traffic
environment in more detail increases state-action complexity.
This results in the problem of maintaining the convergence rate
of the algorithm within acceptable limits [4]. By implementing
unsupervised clustering techniques such as Self-Organizing
Maps (SOM) or Growing Neural Gas (GNG) the number of
analyzed states can be reduced without noticeable negative
impacts on the performance [5]. This is demonstrated in this
paper by combining GNG with RL to learn the optimal control
policy for ATSC.

This paper is organized as follows. The second section
covers related work and identifies the contribution of this
paper. The principle of using GNG to improve RL convergence
is explained in the third section. The fourth section describes
the used simulation framework and evaluation scenarios. The
obtained results are presented in the fifth section. The last
section covers the conclusion and future work discussion.

II. LITERATURE REVIEW

This paper is a continuation of [6] where a SOM was used
to reduce state-action complexity in RL-based ATSC, and
compared to traditional Q-Learning. The results showed that
if the SOM is properly trained the same or even improved RL
performance can be achieved with reduced number of states.
The question on what is the optimal number of states remained
open. Similar approach was used in [7] for the analysis of
vehicle trajectories for the classification of intersections.

Combination of GNG and RL was implemented in [8] for
car and ride sharing in which each vehicle was an autonomous
vehicle controlled by a RL agent attempting to maximize
profits by either moving to areas with more requests or
remaining in the current area. Another example of using GNG
with Q-Learning was shown in [9] where the GNG was used
to approximate continuous state space to a discrete one.

Considering the above mentioned, the main contributions of
this paper can be summarized as: (i) Application of GNG-RL
to traffic signal control; and (ii) Comparison of GNG-RL with
similar SOM-RL application to traffic signal control.

978-1-6654-4437-8/21/$31.00 ©2021 IEEE
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III. NEURAL GAS AND REINFORCEMENT LEARNING

This section describes the fundamentals of RL based ATSC,
GNG, and the principle on which GNG is implemented to RL
in order to reduce state-action complexity in RL based ATSC.

A. Reinforcement Learning in Adaptive Traffic Signal Control

In order to adapt RL to ATSC, the traffic signal controller
is considered as agent in a Markov Decision Process (MDP)
consisting of a 〈S,A, T,R〉 tuple, with S being the set of
environment states, A the set of traffic signal changes, R as
the reward or feedback from the environment after an action
is taken, and T as the transition function which describes the
change from one state to another [3].

To describe the state space S in RL-based ATSC multiple
variables depending on the available data can be used. Most
commonly used variables are the queue lengths on each
individual intersection approach or lane. The state space is then
defined as a continuous vector space Rn where n is the number
of lanes approaching the intersection. As n increases the state
space becomes more detailed, but becomes problematic for
use in simple RL algorithms such as Q-Learning which deals
with discrete states [10]. Possible solutions to this problem
are the use of coarse coding, function approximation, or
unsupervised clustering techniques such as GNG in this paper
to group similar states in regions with each region then being
considered as an individual discrete state.

Action set A is the set of possible traffic signal changes
an RL agent can take. Several different approaches are used
in literature: (i) agent can either increase the duration of the
current signal phase, or switch to the next phase [11]; (ii)
agent selects from a fixed set of possible signal programs [6];
(iii) agent changes the duration of each phase before signal
program execution [12]; and (iv) agent chooses the next phase
in sequence on predetermined decision points [13]. In this
paper, the agent selects from a fixed set of 4 distinct signal
programs.

The reward function R is the feedback the RL agent receives
from the environment after completing an action. In RL-
ATSC systems, the reward function is defined according to
the desired operational objective of the controller. In most
cases, the goal is to reduce overall delay of all vehicles, so
the reward function can be expressed as the difference between
the average delay before and after the action was taken.

With states, actions, and reward function defined the agent
can learn the optimal control policy by estimating the value
of each state-action pair using the following equation:

Q(s, a)← (1− α)Q(s, a) + α(ri + γ max
a′∈A

Q(s′, a′)), (1)

where Q(s, a) is the value of taking action a in state s, ri is the
reward given from the environment after an action was taken,
s′ is the state in the next learning iteration, a′ is the action
that would give the highest estimated reward given state s′.
Parameters α and γ are learning parameters tuned to specific
task. The former being the learning rate, and the latter being
the discount factor for future actions.

To select an action the deterministic greedy selection policy
can be used to select the action which is estimated to return the
highest reward given the current state. Additionally ǫ-greedy
selection policy can be used to allow random actions to occur
to allow the agent to learn new knowledge. This exploration-
exploitation trade-off is usually modelled by gradually reduc-
ing ǫ value to promote more exploration in earlier stages of
learning and promote more exploitation in the later stages.

B. Self-Organizing Maps and Growing Neural Gas

As mentioned, SOM and GNG can be used to create groups
in continuous state spaces in RL to speed up learning. SOM
is a type of artificial neural network which uses unsupervised
learning to adapt to given input data by changing neuron
weights to more closely match the given input signal. The
input space is then discretized into n groups where n is the
number of neurons, with each neuron serving as a group
centroid. Neurons in SOM are interconnected in a grid, thus,
creating a map. The topology of SOM adapts to the topology
of the input data regardless of the number of dimensions,
which makes the SOM a good tool for dimensionality re-
duction. Upon receiving an input signal the Best Matching
Unit (BMU) is identified as the neuron with weights that
are the most similar to the input, e.i. the neuron with the
shortest Euclidean distance to the input. The input signal is
then grouped under the BMU, and the network will then adjust
its weights to move closer to the input signal using:

Wi(k + 1) = Wi(k) + ΘαSOM

[

X(k)−Wi(k)
]

, (2)

where X(k) is the input signal, Wi is the weight vector of
a neuron i, αSOM is the learning rate, and k is the current
learning step. Θ is the neighborhood function which scales the
update based on the distance from the BMU using:

Θ = exp
(

−
d2

2R2

)

, (3)

where d is the Euclidean distance between the neuron and
the BMU, with R being used as the calibration parameter to
determine the neighborhood distance.

Removing neuron connections changes a SOM into a Neural
Gas (NG) which can also group the data, but without the
underlying topological structure. If NG is combined with
Hebbian Learning it can learn to form connections between
neurons creating a topology [14]. This flexible topology can
also allow for simple growing mechanism, creating a GNG.
New neurons will be added to areas where other neurons are
too far to respond to the input signal allowing the network to
grow in size and adapt its topology to the given data.

C. State-Action Complexity Reduction

The principle of data grouping with SOM and GNG can be
used to enhance RL based ATSC systems in a structure shown
in Fig. 1. Learning of SOM and GNG can be handled before
(offline) or during (online) RL training. In the offline learning
model, the network is trained using a sample input data set, and
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Reward R(t+1)
Environment 
(Simulated 

intersection)

Q-Learning 
Agent

Queue
lengths L(t)

BMU

State s(t)

Action a(t) (Signal program)

GNGInput layer
L1(t)

L2(t)

L3(t)

Ln(t)

Figure 1. GNG-RL ATSC model

the trained network is then used to map continuous state space
to discrete groups to be used in RL. In the online learning
approach, the neurons are adapted at the same time as the RL
agent learns the optimal control policy. The problem with this
approach is that during initial epochs the neurons in SOM tend
to change weights rapidly, which can slow down RL learning
as neurons move to different areas in the state space. This
approach becomes more feasible when used with GNG since
only two neurons are present at the start of training, making
it easy for the RL agent to find optimal actions. The growing
structure of GNG is then exploited when the agent encounters
an unfamiliar state by creating a new neuron with the weights
equal to the input signal. This has a benefit of allowing the
GNG-RL agent to adapt to previously unseen states.

IV. SIMULATION MODEL AND SCENARIOS

This paper uses the same simulation model of an isolated
intersection modelled in PTV VISSIM as in [6]. The simulated
intersectionoperates with Fixed Time Signal Control (FTSC)
based on 4 distinct realistic signal programs set to change
during the day which is used as a reference point for the
performance analysis of the RL based ATSC approaches. The
simulation duration was 16.5 hours corresponding to a period
from 05:30 AM to 10:00 PM.

Three different scenarios were tested using the same simula-
tion model based on real data. The first tested scenario used the
FTSC approach without any external controllers. The second
scenario used SOM-RL with best case parameters from [6]
with offline training of SOM consisting of 81 neurons arranged
in a 9 x 9 grid. The third tested scenario used GNG-RL
with online training of GNG. In both SOM-RL and GNG-RL
scenario, the exploration-exploitation trade-off was modelled
using:

ǫ = 0.95 · 0.98n + 0.05, (4)

where n is the current simulation number. The step time for
action selection in both ATSC approaches was set to 300
seconds to allow the agent enough time to receive the reward

for the previous action. The reward was modelled to be the
change in vehicle delay using the following equation:

rt+1 = dt − dt+1, (5)

where dt is the total delay before the selected action was
executed, and dt+1 is the total delay after the action was taken.

V. RESULTS

In this section the presented approaches are evaluated by
analyzing the obtained traffic parameters.

A. Obtained Traffic Parameters

The following Measures of Effectiveness (MoE) were used
to analyze the performance of the proposed GNG-RL ap-
proach: TTT as the Total Travel Time of all vehicles in the
network shown in Fig. 2; LTavg as the average Lost Time of
all vehicles in the network; and NStot as the total Number
of Stops of all vehicles in the network shown in Fig. 3. Each
analyzed scenario was run for 500 epochs, with each epoch
consisting of 198 learning iterations. The average results of
the last 100 simulations are presented in detail in Table I. In
addition, the standard deviation (σ) of each analyzed MoE
for the last 100 simulations is calculated in order to compare
ATSC system stability.

B. Discussion

The obtained results show that both SOM-RL and GNG-
RL ATSC can significantly reduce the TTT . Both approaches
converge in line with the specified exploration-exploitation
trade off function, but it is observed that SOM-RL converges
to lower values of TTT . The results for Ltavg are proportional
to the results for TTT which shows that the reduction is
TTT is observed due to reduced vehicle lost time while
interacting with the environment. The NStot was only slightly
reduced in SOM-RL scenario, and slightly increased in GNG-
RL scenario. The cause of this is that both agents learned
to apply shorter signal programs which might cause more
vehicles to stop before the intersection. However, the stopping
duration was decreased since the phase changes occurred more
frequently. The SOM-RL scenario had 91 neurons from the
beginning of training, while the GNG-RL finished training
with 63 neurons. Thus, it is possible to achieve similar, albeit
a bit worse results with the lower number of states. One has
to note that in the case of GNG-RL no a priory analysis
regarding needed number of neurons has to be done making
this approach easier to implement.

VI. CONCLUSION AND FUTURE WORK

In this paper, the use of GNG for state complexity reduc-
tion in RL based ATSC is analyzed and compared with a
similar approach using SOM. The results show that GNG-RL
approach can achieve similar reduction in TTT and LTavg as
the SOM-RL approach. The final number of neurons in GNG
was lower than the number used in SOM proving that the RL
agent can achieve similar results even with a reduced state
space. The addition of neurons in GNG was based on neuron
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TABLE I. Mean results for all scenarios from simulation 400 to simulation 500

MoE FTSC
SOM-RL GNG-RL

Obtained Change [%] σ Obtained Change [%] σ

TTT [h] 856.89 768.34 −10.33 7.28 777.29 − 9.29 10.15
LTavg [s] 29.59 23.72 −19.84 0.38 24.22 −18.15 0.50
NStot 48135 47875 − 0.54 1027 48537 0.84 1381
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Figure 2. Normalized TTT for all tested scenarios
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Figure 3. Normalized NStot for all tested scenarios

distances in the state space, resulting in multiple neurons
with similar weights using the same identified optimal action.
Hence, further analysis should be directed towards the transfer
of learned control policy between connected neurons, since
it is expected that similar states might use the same optimal
action. Additionally the growth of GNG could depend not only
on the observed states, but learned actions, since there is no
need to add new neurons if the existing neurons adequately
handle the state space area.
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Daniela Koltovska Nečoska and Edouard Ivanjko received
ERASMUS+ mobility grants for academic collaboration.

REFERENCES
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