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Abstract: The global community is awaiting the advent of a self-driving vehicle that is safe, reliable,
and capable of navigating a diverse range of road conditions and terrains. This requires a lot
of research, study, and optimization. Thus, this work focused on implementing, training, and
optimizing a convolutional neural network (CNN) model, aiming to predict the steering angle
during driving (one of the main issues). The considered dataset comprises images collected inside a
car-driving simulator and further processed for augmentation and removal of unimportant details.
In addition, an innovative data-balancing process was previously performed. A CNN model was
trained with the dataset, conducting a comparison between several different standard optimizers.
Moreover, evolutionary optimization was applied to optimize the model’s weights as well as the
optimizers themselves. Several experiments were performed considering different approaches of
genetic algorithms (GAs) along with other optimizers from the state of the art. The obtained results
demonstrate that the GA is an effective optimization tool for this problem.

Keywords: autonomous driving; artificial intelligence; convolutional neural network; evolutionary
computing; genetic algorithm; machine learning; deep learning

1. Introduction

Driving is a daily activity in which a person faces many challenges and situations,
including environmental and road conditions, other drivers’ behavior, and road signs.
Thus, self-driving is a challenging, commonplace topic nowadays and a subject of research
with many variables. The world, especially through the use of artificial intelligence (AI)
techniques, is moving toward a rapid revolution in the development of robotic and self-
driving systems [1].

A self-driving system must possess the capacity to adhere to a predefined route and to
comply with established traffic regulations. Furthermore, it must be capable of navigating
the surrounding traffic in a manner that is both safe for and considerate to other road users
in addition to adhering to the established regulations. Roads are not normally straight;
there can be curves and meanders along the way. Moreover, there could be different
situations: a single-lane road in one direction, a two-lane road in two different directions,
or a multi-lane road in two different directions, for instance.

Based on the literature [2—4], analysis, and practical applications, it is evident that
controlling a vehicle’s steering angle is crucial for ensuring its safety and performance.
The ability to control a vehicle’s direction significantly impacts its trajectory, stability, and
responsiveness, whether navigating sharp turns on winding roads or facing challenges in
tight urban environments. The primary factor to consider, regardless of the context, is the
steering angle, which determines the vehicle’s movement.

The vehicle is upright when it aligns completely with the axis of movement. Moving
the steering wheel causes the vehicle to deviate either right or left by applying force to the
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appropriate wheels, resulting in a change in the angle between the two axles. The car is
directed in the desired direction based on this angle.

Choosing the optimal steering angle is a major challenge for the driver due to the
importance of these angles as well as the challenges the driver may face in making appro-
priate decisions. Therefore, the focus of this work was to develop methods for accurately
predicting the values of these angles and guiding the driver accordingly.

Developing a self-driving system requires a lot of effort, money, and risk. Therefore,
the best approach is to start working and researching in a simulator and then transfer that
experience to the real world. Several simulators were considered and evaluated, and finally,
the Udacity simulator [5] was chosen for its ‘simplicity’, its precision, and the fact that it
allows the collection of datasets while ‘online’ (i.e., during simulation). These can either be
sets of images or raw information from the car, such as the steering angle, speed, camera
position, etc. These values can be used to label data.

There have been many studies on the development of self-driving systems. Most of
them have applied artificial neural networks (ANNSs) to build and train a model [2,3,6-8].
In this study, we also considered an ANN approach, namely, a deep learning variation
called a convolutional neural network (CNN) [9] in other domains; it can be also utilized in
this problem, since we considered images for defining the dataset to be used.

In addition, a type of evolutionary algorithm (EA) [10,11] was applied to optimize
the CNN configuration and performance. EAs are metaheuristics derived from Darwin’s
theory, which are based on the use of a population of potential solutions to a problem
that are considered as individuals. These are each assigned a fitness value (depending on
their quality), and then the best is normally (not always) combined with other solutions
aiming to obtain better individuals in the next iteration (called a generation). EAs are very
effective for solving optimization problems [12] and can also be used to solve complex
problems [10]. These algorithms have shown remarkable effectiveness in tuning weights
and probabilistic parameters, for instance, in gaming environments [13]. Thus, it would
be interesting to explore their potential use in other contexts, such as improving CNN
models in the autonomous driving context. Specifically, in this paper, the genetic algorithm
(GA) [14] was applied to optimize the CNN models since it is one of the most widely
used algorithms in the literature [15]. In addition, it is a pretty simple approach which
has been considered in this preliminary study, making it easier (than using more complex
algorithms) to analyze its potential impact or influence in the CNN'’s performance.

This combination (CNN + GA) was used to predict the optimal steering angle value
of a self-driving car. Thus, this study includes the application of several different CNN
approaches to predict the aforementioned angle for a self-driving system. The objective is
to improve the performance and accuracy of the deep learning models by optimizing the
weights they depend on.

Different operators and configurations of evolutionary algorithms were tested in order
to find the best set of parameters to optimize the weights of the CNN models.

Moreover, several experiments were conducted, applying the GA to different varia-
tions of CNNSs, in addition to other approaches using several state-of-the-art optimizers to
improve the model performance. Then, all the optimized models were compared to see the
impact of the optimization (GA) and to select the best overall model.

Given that a CNN is an algorithm to be applied on images, we composed a dataset
using an equipped vehicle that recorded video while driving and stored it as images
divided into samples. Each sample consisted of three images taken from different camera
positions (right, center, and left) and labeled with the steering angle. This was conducted
inside the Udacity simulator, which allows the manipulation of steering angle parameters.
It also permits placing three cameras in the desired positions on the car, and then it records
a video while the vehicle is moving on the simulated road. A series of images is captured
within each frame, accompanied by supplementary data pertaining to the vehicle, including
the steering angle.



Al 2024, 5

2149

This dataset, which is part of the contribution of this work, has been lately refined;
we applied both image processing methods (to extract the most relevant information from
each image ), and data balancing [16] (namely, an undersampling approach). The dataset
has been improved through the inclusion of thousands of additional labeled images aiming
to cover many more driving situations in the training circuit than other existing approaches
in this domain.

The rest of this paper is structured as follows: The following section presents the state
of the art of some previous related studies and their results. The third section, Materials
and Methods, describes the methodology used to develop our proposed autonomous driv-
ing model to predict the steering angle in a driving system. So, it describes the dataset
extraction and preprocessing, the CNN model structure, and the proposed optimization
methodology. Next, the Experiments, Results, and Discussion section presents the experi-
ments conducted and the obtained results, as well as a deep analysis and comparison of the
different approaches tested. Finally, the last section comments on the conclusions reached
and includes some insights for future work.

2. State of the Art

The need for operational autonomous vehicles has motivated growing research to find
solutions and algorithms that optimize various aspects of self-driving. The ultimate goal is
to develop a fully integrated autonomous driving system.

Most of the studies have been conducted using vehicle driving simulators. Thus,
there is research that has developed domain randomization to transfer from simulation
to the real world based on deep neural networks [17], but in 2020, a group of researchers
tried to train this type of neural network in CARLA (Car Learning to Act), an open-source
simulator for autonomous driving research [18,19]. It did not work well when trained
individually; it could not be transferred to the real world, so viewpoint augmentation (a
popular preprocessing trick to improve generalization accuracy) was applied to it. It was
called DR-AUG (Domain Randomization-Augmentation) [20]. In the same line, a research
technique was also used to train an autonomous driving model on a simulator without
using labels (objects with information) from the real world [21].

There are many simulators, including VISTA (Virtual Image Synthesis and Transforma-
tion for Autonomy), which is a data-driven simulator for end-to-end autonomous driving
training [20]. However, maybe the most used simulator is Udacity [5], in which several
different approaches have been tested, mainly convolutional neural network (CNN) models
for autonomous driving [2,3,6,7].

The CNN training is performed on data, which could be a set of images collected while
driving on different types of roads, residential streets (paved or unpaved), or highways,
in different weather conditions. In one of the previous works [22], they collected data
over 72 hours of driving in many different conditions in the real world and captured by
one camera mounted on the center of the windshield of the car (later complemented with
some ‘transformed’ images). These images were then labeled with some extra information
about the car status. The CNN model is able to learn efficiently to drive in many different
situations, but it seems to be not very robust (not completely reliable in all the situations).

Our study follows a similar methodology, but that dataset was not published. More-
over, since we used the Udacity simulator to collect the images, the precision of our samples
is likely higher regarding the rest of the information about the car (the steering wheel,
in our case). Moreover, we tested the CNN model with different optimization methods,
aiming to obtain a definitive (and reliable) approach. Finally, study [22] used very pow-
erful (and expensive) computational resources, while our approach was run on a much
humbler setup.

Other studies have used data from simulation and translated them to the real world
[21]. The authors also applied deep learning approaches based on images, obtaining a
feasible solution (as a proof of concept).
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In the work [23], the authors created a ‘simple” (smartphone-size) physical model of a
car and applied different realistic scenarios where it should drive autonomously. They also
used supervised training with a CNN as well as an implementation of deep Q-learning to
train the car on recognizing some road signs.

A CNN was also used for object detection and lane tracking for autonomous driving
using a real dataset collected in the Rancho Palos Verdes area around San Pedro [24].

Another proposal [4] used CNN, Long Short-Term Memory (LSTM), and Fully Con-
nected (FC) layers to control the steering angle, also considering data gathered from Udacity,
using two vehicles capturing images from different perspectives and combining them. In
the present work, the Udacity simulator was also used.

Following other proposals, in this paper, a CNN model for autonomous driving was
trained using image data samples. However, in our case, the samples were labeled with an
accurate steering angle. Each sample consists of three images collected from three camera
positions (right, center, and left) by driving the car in the Udacity simulator, recording a
video, and then saving the data as images.

Furthermore, our study was conducted using a genetic algorithm to select the best
learning scheme, which includes preprocessing, attribute selection, and learning algorithms.
The data were analyzed, and a set of potential solutions was generated to evaluate their
performance and effectiveness in achieving the identified learning objectives [25].

This research aims to develop convolutional neural network (CNN) models and justify
the weights used in them to achieve maximum accuracy in predicting steering angles in
autonomous driving systems. Although many studies have preceded us in using artificial
neural networks to build and train models [2,3,6,7], current research has not only been
limited to creating an effective predictive model for steering angles but also focused on
combining a convolutional neural network (CNN) and genetic algorithms (GAs) to improve
model performance in steering prediction. In addition, efforts have been made to develop
and train a CNN model using our own data extracted from the Udacity simulator.

The present study represents an advancement over previous research in the domain of
autonomous driving utilizing a convolutional neural network (CNN) in two main aspects:
the generation of a more reliable and complete dataset and the application of evolutionary
optimization techniques over the CNN models.

While numerous previous studies have concentrated on the utilization of simula-
tion data or genuine data for the training of autonomous driving models, our approach
has firstly focused on the generation of a much more complete (and accurately labeled)
image-based dataset. Using the Udacity simulator tool to gather images from the car’s
perspective, we conducted a process of systematic experimentation and expert revision for
the generation of thousands of images representing a wide variety of driving situations.
Thus, this led us to complete a dataset from which the models can be better trained, being
then more reliable and effective in the prediction of steering angles.

Moreover, our study is distinguished by its integration of genetic algorithms with
CNN s, with the objective of improving their performance. While numerous previous works
have primarily focused on the creation of “pure’ neural network models using standard
optimizers, our research aims to provide a comprehensive comparison of the performance
of the CNN model using a wide variety of optimizers, such as Nadam, Adam, RMSprop,
Adamax, SGD, Adagrad, Adadelta, and FTRL, with the CNN + GA model (using a GA as
the optimizer). In addition, the application of GAs as an enhancing tool to improve the
performance of the best optimizers was also studied in this work.

3. Materials and Methods

This section introduces the considered simulator and describes the collected dataset
(with the applied preprocessing and enhancing methods) as well as the deep learning
model that was applied.
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3.1. Udacity Simulator

The Udacity simulator [5] is an open-source self-driving car framework developed
with the Unity Engine. It is available at https://github.com/udacity/self-driving-car-sim
(accessed on 5 June 2023).

Udacity is designed for students and researchers, since it offers several utilities to train
self-driving car models, mainly using deep learning techniques, which can be integrated in
the framework. Among its tools, the possibility of recording the driving session is offered
in order to create your own dataset to be later processed.

Moreover, it is not very demanding with regard to computing resources, so it does not
require a high-level machine. Finally, Udacity is quite easy to use, and it also achieves the de-
sired goals of precision and accuracy, since the simulation is very realistic in
several aspects.

Figure 1 shows a screenshot of the Udacity simulator, where its realistic graphics
appearance can be seen.

Q Self Driving Car Nanodegree Program - x

Figure 1. Udacity simulator.

It allows video to be captured at 24 frames per second (fps) from three cameras (right,
center, and left) and later stores it as a set of JPG images. It also allows storing a text file
containing additional information, such as image title, steering angle, throttle, reverse, and
speed, among others.

This simulator provides two driving tracks (shown in Figure 2, right side): the Lake
Track spans approximately 1.1 km of a quite ‘simple’ profile. However, it contains standard
curves in both directions, which will be very useful for the controller to ‘learn’ driving. The
other circuit is named the Jungle Track, with a length of 1.5 km and a much more complex
profile (see Figure 2, left side) with a lot of curves.


https://github.com/udacity/self-driving-car-sim
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Figure 2. Udacity’s Lake and Jungle Tracks.

The Lake Track was chosen as the training circuit for the model because of its diverse
profile, which provides varied driving data for recording and training. Additionally, the
track offers a simpler circuit for initial model training.

The Jungle Track was considered for verification and evaluation purposes. This is
due to the circuit’s complexity and challenges. This approach ensures a balance between
diversity and result validation, ultimately improving the final model’s quality and gen-
eralizability to various conditions and regions and, furthermore, ensuring the model’s
adaptability to real-world conditions and validating the results.

3.2. Dataset and Processing

Data for self-driving systems are normally very specific for a proposed model or even
private [22]. For this reason, we decided to compose our own dataset. Following other
approaches, we aimed to use an image-based dataset recorded from the car perspective.
However, instead of just considering one frontal image, we placed three different cameras
(with three different angles) on board the simulated car. This added a richer diversity of
‘views’ to the dataset. Figure 3 shows an example image from each camera angle.

Left Center Right

Figure 3. Example of images of three camera positions.

The dataset was collected while a human expert controlled the car driving in the
Udacity simulator. A 25 min recording session on the Lake Track was conducted utilizing
three vehicle-mounted cameras located on the left, center, and right sides. The cameras
captured an assortment of driving scenarios, such as varied curve entry speeds and steering
angles. The recording was captured at 24 frames per second, and the average vehicle speed
during the recording was 7.2 mph.

Thus, each sample in the dataset is composed of three images and the associated
information at that specific moment in the simulator, such as the steering angle or the
current speed [26].

Once the dataset was created, we conducted a preprocessing phase. Then, an un-
dersampling process [27] was applied: firstly, identical images with the same steering
angle were removed, since they do not add relevant information for the training of the
self-driving model. Many of these images were stored in the recordings, since 24 frames
are saved every second. Secondly, there was a large amount of samples with a steering
angle equal to 0 (which means ‘do not take any action or move straight ahead’), so these
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samples were removed. After undersampling, the data distribution became more logical,
as illustrated in Figure 4, which shows the distribution of the original dataset.

There are several justifications for the exclusion of samples with a steering angle of
0 (i.e., straight-line driving) from prediction models, with regard to both methodology
and theory. Primarily, the exclusion of a considerable number of straight-line driving
samples allows for the creation of a more balanced dataset, which is essential for the
development of an accurate model. The incorporation of a substantial number of straight-
line samples may result in the development of a model that is excessively simplistic, which
would subsequently diminish its accuracy in anticipating curves or complex scenarios.
Secondly, focusing on disparate steering angles enhances the model’s predictive capacity, as
it responds to data that necessitate a more intricate examination. Thirdly, this methodology
minimizes noise and redundancy within the data, thereby enhancing the model’s efficacy
in processing diverse scenarios and optimizing the quality of the predictions. This, in turn,
renders the model more balanced and effective in handling disparate driving scenarios.

Dataset Before Balancing Dataset After Balancing
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Figure 4. Distribution of dataset before and after data undersampling.

At the end of this process, there were 3882 images left, each of which was taken from
different positions (left, right, or center). In order to use the data to train the controllers,
the original dataset was divided into 80% of samples for training and 20% for validation.
These samples contain a wide variety of steering angles, as illustrated in Figure 5.
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Figure 5. Original training and validation dataset distribution.

However, the original dataset was insufficient for training a model capable of handling
all test conditions effectively. As a result, additional data were carefully added (by an
expert) after thoroughly assessing the dataset’s limitations, yielding a novel dataset with a
total duration of approximately 61 min. Thus, it included 35,854 new images covering a
much wider number of driving situations (steering angles with low representation in the
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original dataset). The data recording session was conducted on the Lake Track with the use
of three cameras positioned on the vehicle’s left, middle, and right sides, respectively. The
cameras documented a variety of driving scenarios, including different corner entry speeds
and steering angles, with the recording captured at 24 frames per second. Following again
the undersampling process, a total of 11,658 usable images were obtained. Furthermore,
the novel dataset was divided into 80% of samples for training and 20% for validation.
These samples contain a wide variety of steering angles, as illustrated in Figure 6.
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Figure 6. Novel training and validation dataset distribution.

Later, the dataset was augmented, aiming to create new images with new properties
by changing some of the existing similar ones. This process helps to overcome underfitting,
which occurs when a model is too simple to capture the underlying patterns in the data,
especially when there is insufficient training data. This was performed using image
augmentation functions (imgaug and cv2 library) with randomly selected images from the
dataset. Refer to the examples depicted in Figure 7. Namely, the applied processes were
as follows:

*  Zooming in: enlarging the dimensions by 130% on both the x and y axes to remove non-
relevant information of the screen borders in order to enhance the extraction of features.

¢  Brightness change: multiplying all pixels by a random number in the range (0.2, 1.2);
thus the image becomes darker if the random number is less than 1, and if the number
is bigger than 1, it becomes brighter. This allows the model to extract image features
across varying luminosity.

¢ Panning shift: moving from -10 to +10 pixels on each axis: x and y. This gives some
variation to the images, aiming for the model to concentrate on the most critical aspects
of the image.

¢  Flipping: mirroring the image horizontally and also changing the label of the steering
angle to its complementary value (negative if it was positive and the other way round).
This increases the chance of the model to extract features from the images in the
opposite direction with a negative steering angle.
After the augmentation process is complete, an example of this process can be observed
in Figure 8, as well as in other works that utilize images for deep learning models [6].
All the images in the dataset were processed to remove unimportant details. This
helps to speed up and refine the training stage. Thus, a combination of operations
was conducted applying the CV2 library: (1) Cropping the image (to ensure the model
focusing on the most important features in the image, such as road lines and road
edges. (2) Converting the image from RGB to YUYV, since YUV reduces the bandwidth
in comparison to RGB, resulting in higher efficiency. (3) Using a Gaussian blur filter
to smooth the image. (4) Resizing the image to 200 x 66 in order to better fit with the
used CNN architecture (described in next subsection).
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Original Image Paned Image
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Figure 7. Augmentation examples.

original image

preprocessed image

100

120

140 =

200 250 300

Figure 8. Original image and image preprocessed by cropping, RGB to YUV, Gaussian blur filter,
and resizing.

3.3. CNN Model Architecture

A convolutional neural network (CNN) is a deep learning (DL) method designed to
process images.

Prior researchers have achieved considerable success in employing this deep learning
(DL) technique for pattern recognition in video [26]. Furthermore, the extraction of more
useful and powerful features is feasible through the exploitation of advances in machine
learning, particularly those pertaining to deep learning [28]. Another study focused on
plant disease classification, and a convolutional neural network (CNN) was applied over
the features extracted from plant leaf images. This convolution process is summarized in
the inputs, filters, and outputs, which include multiple layers and neurons [29].



Al 2024, 5

2156

In this study, the NVIDIA architecture [22] was considered to build the CNN based on
previous research findings [2,6].

In a previous study [6], the NVIDIA architecture was compared to a less complex
structure. NVIDIA demonstrated superior simulation performance, achieving an accuracy
rate of 96.83% compared to the other architecture’s accuracy rate of 76.67%. These results
suggest that the NVIDIA CNN architecture outperforms other architectures in terms of
performance and accuracy, making it an attractive option, particularly in areas such as
artificial intelligence and efficient image processing.

The considered configuration for the CNN utilizes the parameters defined in different
works of the literature [6,22]. Thus, the kernel size is set to 5 by 2 in the first three layers
and 3 by 3 in the following two. Figure 9 shows the considered CNN architecture, which
uses images extracted from the simulator.
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Figure 9. Convolutional neural network (CNN) for steering angle prediction based on
NVIDIA architecture.

As can be seen in Figure 9, the architecture consists of eleven layers; the first is the
input layer containing the car trajectory samples (images). Each sample is labeled with a
steering angle value in the range [—1, 1], where a negative angle indicates a left turn and a
positive angle a right turn. This is followed by five layers with different filters. Then comes
a layer to flatten all the inputs, followed by four dense layers. Finally, the output layer
yields the predicted steering angle [6,22].

An exponential linear unit (ELU) was used as the activation function in all the layers,
since ELUs accelerate learning in deep neural networks and lead to reach a higher accuracy.
An ELU also improves learning compared to units with other activation functions [30].

3.4. Evolutionary Optimization by Means of Genetic Algorithm

Evolutionary algorithms (EAs) are inspired by Darwin’s theory in which individuals
adapt to survive and eliminate traits that make them weaker [10].

EAs have many approaches, such as evolutionary programming, evolutionary strate-
gies, genetic programming, and genetic algorithms [10]. In this study, the genetic algorithm
(GA) was chosen because it is one of the most applied algorithms for optimization in the
literature [12,15], and it is quite simple to implement and combine with other approaches.
The GA displays clear maps of the natural evolutionary process on the computer, where it
is used in machine learning, pattern recognition, and optimization problems [10].

The genetic algorithm (GA) is a population-based method, in which every individual
(or chromosome) is a possible solution for the optimization problem to solve. An individual
is composed of a set of values that are called ‘genes’. The GA applies four main operators:

*  Selection: a set of individuals (normally the best) is chosen to be the parents of the
following generation (iteration).

*  Crossover: a function that combines the material of two individuals (parents) to create
some descendants (a mixture of the combined ones).

*  Mutation: a random variation in the individuals’ genes.
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*  Replacement: a substitution of some individuals (normally the worst) by the new
generated ones.

A GA strongly depends on the proper definition of an Evaluation Function, normally
denoted as a fitness function.

In the context of evolutionary algorithms, each solution is typically evaluated by
calculating its fitness value, which facilitates the subsequent selection process. This allows
the algorithm to identify the solution that most closely approximates the desired outcome.
In the context of our study, we employed a generational genetic algorithm [31], whereby
the selected solutions were subjected to a process of mutual recombination. This operator
enables the exchange of characteristics between two or more parental solutions, thereby
producing new offspring. The objective of this approach is to facilitate the transmission of
beneficial traits, thereby enhancing the quality of the population in subsequent generations.

It is important to note, however, that not all evolutionary algorithms rely on com-
bination techniques. To illustrate, a steady-state algorithm [32] may prioritize selection
and replacement strategies, thereby circumventing the necessity for a crossover process.
Moreover, there are sophisticated evolutionary algorithms, such as CMA-ES [33], xXNES [34],
and OpenAlI-ES [35], which prioritize the enhancement of a single individual rather than
the population as a whole. These algorithms employ techniques such as self-adaptation and
evolutionary strategies. To provide a comprehensive overview of evolutionary algorithms,
we expand our discussion to include these alternative approaches, providing relevant
citations to enhance our understanding of evolutionary algorithms.

We considered the GA for the so-called metaoptimization of the CNN model. So,
the GA was applied to optimize the weights of the model. The algorithm follows the loop
presented in Figure 10.

Initialization
!
Y Selection
Replacement 4b
ﬂ Crossover
Evaluation -7
b Mutation

!

Best Solution

Figure 10. Genetic algorithm procedure.

Thus, in our approach, CNN models were considered as individuals, and their weights
were the genes. A generational approach was considered, so half of the population are
selected as the parents of the following generation. Two different selection operators were
used: best individuals of the population and random selection.
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Regarding the crossover operation, a series of weights in a layer is transferred from
one model/individual to another, and the layer is chosen randomly. As Figure 11 shows,
a sequence of 24 weights in one layer of the model is transferred to the same layer of the
other model, with the position of the sequence in both parents chosen randomly.

For the mutation, the weights within the model are modified in a random manner.
This is performed with the intention of enhancing diversity and exploring new solutions.
This is achieved by replacing the specified weight with a random value drawn from a
uniform distribution between 0 and 1.

This research examined two types of population replacement, either replacing com-
pletely the previous population with the best new individuals or replacing the population
with a mix of the selected parents and new children.

Parent1 layer (convad)

[ [[[es][[es] [ D2 JT00 e T 0 Mcas ] [ e 11 ]
[ [[[s][[bes ][ D2 JT0E D20 T0Mxas ] [[hee 11 ]
[ [[[es] [ Qs T M2 TTLL e T L Mae ] [[hee 11 ]
[ [[[bes ] [INes ] [[lae T Os J [ T [hs 11 1
[ [[0es ][ (et 12 TT0T Oas T [ J [ [hs 11 ]

Parent2 layer (conv2d)

[ L[ Dot ] [ Doe ] [ Doas 11 UNGos 1 [ D 1 [ Dae 11 ]
[ L[ Dht] [ D] [Ds 1100 Mhes 1001 [ 0e 1] ]
[ L[ Dhet] [ D] [Ds 1100 Des 1 [ M 1 [ Qe 11 ]
[ L[ Dhet] [ D] [Das 1101 Oes 1L D ][ Qe 11 ]
[ [[Dhot] [ Dt [Dhs 1100 Os 1L D 10 0s 11 ]

Figure 11. Example of crossover process.

Algorithm 1 also describes the GA process. The algorithm is based on a genetic
algorithm, which is used to optimize a population of individuals with the objective of mini-
mizing the loss function and achieving enhanced performance. The algorithm commences
with the delineation of a set of parameters, including the mutation probability (p_m) and a
generation comprising 50% of the population (n = 16) with an initial population of 32 indi-
viduals (L). The process commences with the iteration of several generations (MAX_GENS),
during which the parents are selected either based on the least loss or randomly to generate
new individuals. Crossings are performed between individuals to generate new offspring,
and mutations are performed on the resulting offspring according to the mutation prob-
ability in order to enhance diversity and explore new solutions. Subsequently, the new
individuals are evaluated, and the least efficient individuals in the population are replaced
in accordance with the specified scenarios. This may be accomplished by comparing the
fitness of the new individuals (Indivi_i2) with that of existing individuals or by combining
the performance of the parents with that of the offspring. The objective is to optimize the
performance of the population over generations. This is accomplished through the imple-
mentation of selection, crossing, and mutation, which collectively facilitate the attainment
of the optimal solution with minimal loss and maximal efficiency.
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Algorithm 1: Genetic algorithm optimizer.

Parameters : Mutation probability Py, = 0.2 (or 1)
Parameters: Population size N = 32 (16 parents per generation)
Parameters: Generations MAX_GENS
Input: Initial population of individuals P = {Indy, Ind,, ..., Indy}
Output: Optimized population
1 forg =1to MAX_GENS do
// Selection of Parents
ParentPool «+ |]
fori=1to  do
if Selection criterion (e.g., minimum loss or random) then
‘ ParentPool.append (selected_parent)
end
end
// Crossover and Mutation to Generate Offspring
8 | Offspring < ]
9 | fori=1to % do

N o a1 ke WON

10 Parenty, Parent, <— Randomly select two parents from ParentPool
11 Child <+ Crossover(Parentq, Parent;)

12 for j = 1 to genes_count do

13 r <— random number between [0, 1]

14 if r < Pyt then

15 | Mutate gene j of Child

16 end

17 end

18 Of fspring.append(Child)

19 end

// Replacement Strategy
20 Evaluate fitness of all individuals in P and Of fspring
21 foreach individual child in Of fspring do

22 parent_fitness < fitness of corresponding parent
23 child_fitness < fitness of child
// Scenario 1: Replace Parent if Offspring is Better
2 if child_fitness < parent_fitness then
25 ‘ Replace parent with child in population P
26 end
// Scenario 2: Combine Parent and Offspring Fitness
27 combined_fitness <— parent_fitness + child_fitness
28 Use combined fitness to adjust the probability of replacement
29 if combined_fitness meets threshold then
30 ‘ Replace parent with child
31 end
32 end
33 end

34 return Optimized population P

4. Experiments, Results, and Discussion

Three experiments were conducted in this study. Firstly, we trained different ap-
proaches of convolutional neural network (CNN) models combined with different optimiz-
ers from the literature, which were analyzed. Secondly, a GA was tested as an optimizer
for a CNN, evaluating and comparing eight different configurations. Finally, the GA was
also applied on a fully trained model in order to fine-tune its already optimized weights
(with a standard optimizer). All the results of these models were compared. In the first
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two experiments, the original dataset was considered, while the third experiment was
conducted also using the novel dataset to compare its influence on the results.

The Python programming language and Google Collaboratory (one machine and one
GPU) were utilized to write and compile the code, with various libraries such as KERAS,
TensorFlow, Scikit-learn, Pandas, NumPy, CV2, and Imgaug integrated for added functionality.

4.1. Experimental Setup

The models were evaluated considering the mean squared error (MSE) as a loss
function. It calculates the mean of the squared difference between observed and predicted
values [36]. See the formula in Equation (1):

n

MSE = (i — v} (1)
i=1

where 1 is the number of observations/samples, y; is the value of the i-th observation, and
v} is the i-th predicted value. The learning rate was set to the default value in the CNNs.

The GA was executed for 50 generations (iterations) with a population of 32 individ-
uals (models), using the aforementioned selection, crossover, mutation, and replacement
approaches. Fitness was calculated by determining the mean squared error (MSE) for each
individual when running the CNN model with its respective weights.

A total of 30 runs were performed for each non-deterministic optimizer and 10 for
each GA approach (due to the high demand on computing time of this algorithm).

4.2. Training CNN Model Using Different Optimizers

In the first experiment, eight existing optimizers were studied, namely, Nadam, Adam,
RMSprop, Adamax, SGD, Adagrad, Adadelta, and Ftrl [37].

The loss value was calculated using the mean square error (MSE) on the training data
(TD) and also on the validation or test data (VD). The average loss for the 30 models trained
by each optimizer is shown in Figure 12.

Table 1 also presents the results but in a numerical way. Training the models by using the
Nadam optimizer had the lowest average loss based on the training dataset, while the highest
mean loss was obtained using Ftrl. In addition, RMSprop and Adam obtained a very good
result, as RMSprop had the lowest loss based on the validation dataset. Therefore, we used
the models trained with this optimizer in the third set of experiments, which is explained in
Section 4.4.
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Figure 12. Loss (MSE) boxplots for the 30 trained models for each optimizer, based on the training
dataset (left boxplot) and validation dataset (right boxplot).
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Table 1. Loss (MSE) results: minimum, average (Avg), and standard deviation (SD) of 30 runs on the
training dataset (TD) and the validation dataset (VD) for model training using different optimizers.

Optimizer Data Min Loss Avg SD
Nadam TD 0.0750 0.0789 +0.0024
VD 0.0802 0.0838 +0.0022
Adam TD 0.0758 0.0799 £0.0022
VD 0.0839 0.0884 +0.0024
RMSprop D 0.0745 0.0802 +0.0025
VD 0.0755 0.0796 +0.0030
Adamax TD 0.0829 0.0885 +0.0026
VD 0.0888 0.0937 +0.0026
SGD TD 0.1033 0.1081 +0.0019
VD 0.1075 0.1117 +0.0019
Adagrad TD 0.1155 0.1195 +0.0026
VD 0.1084 0.1116 +0.0022
Adadelta TD 0.1346 0.1422 £0.0030
VD 0.1332 0.1398 +0.0028
Ftrl TD 0.1480 0.1515 £0.0015
VD 0.1562 0.1600 +0.0015

4.3. Optimizing CNN Model by Means of GA Using Different Configurations

As stated before, in the second experiment, an optimization method based on a GA
was implemented and applied to a CNN to train a self-driving model. The considered
evaluation function (fitness) was the loss value, since a smaller loss means a smaller error
and therefore a better optimization result.

This section also studies the impact of the different configurations for the genetic
operators (selection, mutation, and replacement), as described in Section 3.4.

Thus, 10 runs were performed with each of the following configurations:

*  BBH: selects the best individuals, replaces the population with the best individuals,
and has high mutation probability.

e  BBL: selects best individuals, replaces population with best individuals, and has low
mutation probability.

*  BNH: selects the best individuals, replaces the population with parents and children,
and has high mutation probability.

¢ BNL: selects the best individuals, replaces the population with the parents and chil-
dren, and has low mutation probability.

*  RBH: randomly selects individuals, replaces the population with the best individual,
and has high mutation probability.

¢ RBL:randomly selects individuals, replaces the population with the best individual,
and has low mutation probability.

¢  RNH: randomly selects individuals, replaces population with parents and children,
and has high mutation probability.

*  RNL: randomly selects individuals, replaces population with parents and children,
and has low mutation probability.

Tuning a model such as a CNN with a huge amount of weights would be an extremely
demanding task if we aimed to test all the possibilities, given that there could be millions of
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possible combinations. Thus, applying a GA can perform this task in a reasonable amount
of time.

In this study, the GA optimizer starts from a random distribution of weights in the
initial population, and it is able to evolve to a competitive configuration for the CNN, as
shown in the results presented in Table 2 and Figure 13 after 50 generations. To enhance
clarity and effectively emphasize the performance of the optimal optimizer, we decided
to limit the range of the curves (graphs) presented in our analysis, since showing the
complete ranges would have made it harder to see the essential details necessary for a clear
understanding of the key findings. In particular, the RNH and RNL results are cut, because
these approaches are based on random selection methods, which lead to considerable
variability in the results.

Table 2. Loss (MSE) results of 10 runs applying GA on the CNN model with different configurations
for selection function, replacement policy, and mutation operator. Minimum, average (Avg), and
standard deviation (SD) are included.

Min Loss Avg SD
BBH 0.1445 0.1471 +0.0016
BBL 0.1417 0.1451 +0.0020
BNH 0.1445 0.1472 +0.0019
BNL 0.1433 0.1459 +0.0015
RBH 0.1443 0.1472 +0.0013
RBL 0.1436 0.1457 +0.0016
RNH 0.4200 8.4456 +7.1396
RNL 0.1498 0.2496 +0.2076

As can be seen in the table and figure, all the approaches yielded similar results,
excepting RNH and RNL, which are the configurations that are more focused on exploration,
i.e., they add more random components to the search than the rest of the approaches:
random selection of parents and replacement with children even if they are worse than
previous individuals in the population. This can be also seen in the high value of the
standard deviation in both cases.

The best results were obtained by the BBL configuration, which is the approach that
most focuses on exploitation, i.e., selecting the best parents overall, replacing with the best
individuals, and applying a low mutation factor.

In comparing the optimizer based on a GA and the rest of the optimizers from the
literature, we see the best solution (0.1417) was obtained by BBL. It is better than the best
solution obtained by the Ftrl optimizer (0.1480).

Given that this proposal is a proof of concept conducted using relatively low computa-
tional power (one machine with one GPU), we can consider these results to be promising.
This also leads us to think that obtaining a better loss than the best optimizers is doable, but
it would be a very demanding task using a GA, because this method is, at the end of the day,
a search algorithm inside a space of possible solutions, and the number of combinations of
weight values is gargantuan.

However, considering the great power of GAs, they can obtain the optimal combi-
nation of weights if we give them enough time/computational power, as they are able to
move to different parts of the search space, avoiding local optima, which is something that
most of the standard optimizers cannot achieve.
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Figure 13. Average loss (MSE) of 10 runs for each of the different configurations for the GA optimizer
over the CNN model.

4.4. GA Optimization of a Fully Trained (and Optimized) Model

Finally, the last experiment assessed the value of the GA for the enhancement of
already optimized models. To this end, we considered the most effective approaches
outlined in Section 4.2, namely, CNN models with RMSprop, Adam, or Nadam optimiz-
ers. Thereafter, a GA with the BBL configuration (the optimal outcome of the second
experiment) commenced with the set of weights defined by that optimizer (of 32 mod-
els trained by RMSpro, Adam, or Nadam as population) and conducted an additional
evolutionary process.

Table 3 presents a comparative analysis of three optimizers—namely, Adam & GA,
Nadam & GA, and RMSprop & GA—on two distinct datasets. The original and novel
datasets were employed to assess the performance of the optimizers. The results demon-
strated that RMSprop & GA achieved the lowest minimum loss on the original dataset,
indicating superior training efficiency. Additionally, Adam & GA exhibited consistent
performance across the two datasets, achieving the lowest minimum loss on the origi-
nal dataset compared to the other optimizers. Overall, RMSprop & GA demonstrated
superior performance in reducing losses, particularly during training. However, in the
simulation, Adam & GA was the most effective optimizer, a finding that is discussed in the
subsequent section.

As can be seen, an improvement is obtained in all cases, which proves again the value
of GAs. It also reinforces our hypothesis regarding the application of a GA as the optimizer
in order to obtain smaller loss than the rest of optimizers.

Although the difference in the optimization is not big, it was consistent with the
application of a GA for only 50 generations (which will be bigger with more generations).
Moreover, we can consider it as relevant due to the sensitivity of the field in which this
study is enclosed. Thus, any error in the self-driving vehicle is a potential threat to human
life or to material losses. Furthermore, the aforementioned optimization yielded favorable
outcomes in terms of driver performance as assessed through simulation-based evaluations.

In this research, execution speed and optimization time were not discussed because
all the tested optimizers were integrated in Keras [37], so they can be run on clusters of
GPUs or TPUs. Furthermore, Keras is built on the TensorFlow platform, which provides
high-speed computation [38]. The tested GA is a preliminary approach, which would be
improved if it could be implemented (or integrated) also in Keras.
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Table 3. Comparison of enhanced optimizers (by means of GA) on the two datasets. Loss (MSE) value is
presented at the beginning (initial population loss) and after the GA optimization process (min loss).

Optimizer Dataset Init Populat Loss Min Loss
Adam & GA Original 0.076 0.0752
Novel 0.123 0.1199
Nadam & GA Original 0.075 0.0747
Novel 0.130 0.127
RMSprop & GA Original 0.075 0.0709
Novel 0.129 0.122

4.5. Autonomous Drivers Performance Tests

Performance tests for autonomous drivers represent a crucial component of the eval-
uation process; while theoretical outcomes may exhibit promising results, actual driving
performance may diverge from these results. The drivers were subjected to testing in
a simulator on two distinct tracks, the Jungle and Lake Tracks. The assumed checking
distance was set to be three laps of each track.

Table 4 presents the simulation performance of models representing autonomous
controllers driving through the Jungle and Lake tracks. The table provides the obtained
results of the CNN models combined with the standard optimizers considered in this study;,
as well as those obtained after the improvement of the best optimizers by means of a GA,
as stated previously in Section 4.4. The table shows the ‘theoretical” evaluation based on the
loss (MSE) value for the predicted steering angle, together with some performance metrics
reached at the circuit, namely, max and average speed, covered distance, and time driving.
In each case, the first row depicts the results achieved by training the model on the original
dataset, while the next row shows the results obtained after training the model on the
new dataset.

Looking at the results in the training track (Lake), it can be noticed that almost all the
controllers successfully completed the three-lap test distance. Those that were not able to
do this could not be considered as reliable controllers for autonomous driving following
the presented approach. Focusing on the best ones, the fact that the loss in the new dataset
was always worse could be remarkable. This could be interpreted as a poorer performance
for the models; however, this happens due to the ‘harder” dataset used. In spite of this, the
controllers trained using the new dataset behaved much better (than those trained using
the original one) when we tested them on the circuit. This reinforces the quality of the
enhanced dataset we composed.

With regard to the results obtained on the Jungle Track (unknown for the controllers),
it can be seen that, again, models trained using the new dataset obtain a much better
performance on the circuit, while their loss is a bit worse. Actually, only models trained
with the new dataset were able to finish the three laps on this track, since it is much more
difficult than the training one (see Figure 2). Specifically, just Adam variations could reach
the end of the test without experiencing any crashes or deviations from the specified path.
Only “Adam” and “Adam&GA” made it to the end of the test circuit. Although “Adam”
ended with a driver going off the track before getting back on, “Adam&GA” finished the
track without any derailments. The rest of the controllers had incidents that caused them
to avoid finishing (such as crashing out of the bounds of the lane). This performance is
particularly impressive on the Jungle Track, given that the model had not undergone any
pretraining and given its difficulty.

Focusing on the optimizers, the results also indicate that models trained with Adam
outperform those trained with RMSprop, as measured by the loss (MSE). Vehicles trained
using a CNN and RMSprop were only able to cover short distances before deviating from
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the track during the simulation. Models trained with RMSprop & GA (RMSprop and
genetic algorithm) outperformed those trained with RMSprop alone on both tracks.

Furthermore, the effectiveness of models trained with SGD, Adagrad, and Adadelta
was limited as they could only cover short distances on the training and validation tracks
before derailing. The case of Nadam is also remarkable, but in the bad sense, since the
results from driving on the Jungle Track are poorer using the novel dataset than the
original one.

Additionally, we could argue that the CNN model utilizing the Ftrl optimizer was
not appropriate for autonomous driving as it did not produce angle changes, even when
traveling only a short distance before veering off the track.

The results of this study offer insight into model performance, including adaptability
to various environments and the impact of algorithms on final outcomes. Based on these
results, it can be concluded that the models trained using Adam with genetic algorithms
were the most effective.

The optimal model was Adam & GA, trained on the novel dataset, which demonstrated
remarkable performance in the simulation. The model demonstrated the capacity to
complete the entire circuit with a top speed of 18.9 m/s, signifying a notable enhancement
in performance compared to previous trials. In comparison, Adam also completed the
stages but deviated from the road on the Jungle Track and then recovered and continued.

Table 4. Performance metrics for simulation on Jungle and Lake Tracks along 3 laps: Comparison
of performance of the different CNN controllers, both original ones with standard optimizers and
those improved applying GA. The results show the following: the used optimizer, the epoch (G
is for considered generations in the genetic algorithm), and the obtained loss in the steering angle
prediction. First line refers to original dataset and second to the new dataset. Together with the loss,
the controller’s performance in each track is presented as follows: driving speed (maximum, average,
and standard deviation), distance covered out of the 3 laps, and the time driving (in seconds) to cover
that distance.

4 Speed (m/s)
& Optimizer Epochs Loss Dist. (m) Dur. (s)
B Max Avg SD
Adam & GA 50 G 0.0752 6.19 5.44 +0.04 3 Laps 1400
50 G 0.1199 7.92 7.48 +0.059 3 Laps 1024
Adam 10E 0.0839 5.48 5.44 +0.008 3 Laps 1400
50 E 0.1229 8.03 7.48 +0.060 3 Laps 1025
Nadam & GA 50 G 0.0747 8.56 7.49 +3.17 3 Laps 1032
50 G 0.127 7.64 7.48 +0.039 3 Laps 1021
Nadam 10E 0.0802 5.71 5.44 +0.020 3 Laps 1400
- 34 E 0.1298 7.64 7.48 +0.027 3 Laps 1019
~
& RMSprop
i & GA 50 G 0.0709 6.31 5.41 +0.35 863.122 357
£ 50 G 0.122 7.87 7.48 +0.05 3 Laps 1023
c
'5 RMSprop 10E 0.0755 7.68 5.42 +0.40 737.042 304
=) 38 E 0.1291 7.79 7.48 +0.05 3 Laps 1024
1
& Adadelta 10E 0.1333 6.85 5.39 +0.55 260.088 108
= 50 E 0.2197 11.35 7.5 +1.13 217.88 65
Adamax 10E 0.0889 6.32 5.37 +0.49 384.058 160
40 E 0.1339 7.68 7.48 +0.04 3 Laps 1024
SGD 10 E 0.1076 7.54 5.39 +0.57 349.073 145
31E 0.1712 7.82 7.49 +0.024 3 Laps 1016
Adagrad 10 E 0.1084 6.76 5.37 +0.62 218.067 91
24 E 0.1908 11.77 7.51 +0.89 339.08 101
Ftrl 10 E 0.1563 7.08 5.35 +0.58 265.392 111
14E 0.3008 9.94 7.4 +0.81 254.91 77
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Table 4. Cont.
2 Speed (m/s)
& Optimizer Epochs Loss Dist. (m) Dur. (s)
=t Max Avg SD
Adam & GA 50 G 0.0752 7.19 4.87 +0.64 308.864 142
50 G 0.1199 18.9 6.9 +1.31 3 Laps 635
Adam 10E 0.0839 7.16 4.88 +0.94 117.789 54
50 E 0.1229 18.49 5.45 +2.94 3 Laps 814
Nadam & GA 50 G 0.0747 10.67 7.11 +0.9 330.408 104
50 G 0.127 9.66 6.89 +1.57 110.844 36
Nadam 10E 0.0802 7.09 4.72 +1.05 80.162 38
- 34 E 0.1298 9.1651 6.63 +2.12 26.694 9
=
o
& ngsé’?*’ 50 G 0.0709 6.67 4.9 +0.66 249.661 114
%D 50 G 0.122 18.21 7.3 +1.86 777.966 238
E RMSprop 10E 0.0755 7.12 4.89 +0.67 238.48 109
et 38 E 0.1291 10.3 6.98 +1.18 287.352 92
%D Adadelta 10E 0.1333 9.38 4.89 +2.94 21.85 10
- 50 E 0.2197 10.08 6.74 +2.37 7.528 9
Adamax 10E 0.0889 6.86 4.68 +1.02 79.479 38
40 E 0.134 10.15 7.12 +0.61 141.3 160
SGD 10 E 0.1076 10.82 4.98 +1.43 80.204 36
31E 0.1712 9.896 7.12 +0.88 216.49 68
Adagrad 10 E 0.1084 7.25 4.69 +1.19 62.94 30
24 E 0.1908 9.5 7.1 +0.96 171.264 54
Ftrl 10 E 0.1563 7.01 4.45 +1.89 19.916 10
14 E 0.3008 9.93 6.69 +2.6 20.937 7

5. Conclusions and Future Work

In this work, we present an approach for a module to be used in a future autonomous
driving agent, aiming to infer the steering angle in a self-driving car based on a set of
images captured while driving and received as input.

To this end, we created two of our own image-based datasets collected while driving in
the Udacity simulator. The simulator allowed us to gathering images from three on-board
camera locations (right, center, and left). Then, each group of images were preprocessed (to
enhance their utility) and labeled considering the current steering angle.

Convolutional neural network (CNN) models of NVIDIA architecture with eight
different optimizers (Nadam, Adam, RMSprop, Adamax, SGD, Adagrad, Adadelta, Ftrl)
were trained on these data to analyze the best approach. Training the CNN model using
the Nadam optimizer had the lowest/best average loss, while the highest/worst average
loss was obtained using the Ftrl optimizer.

In addition, a genetic algorithm (GA) approach was proposed and tested, aiming to
optimize the set of weights on which the CNN depends. Thus, additional CNN models
based on the same architecture were then built starting from random weights. The GA was
applied to optimize the weights of these models, as well as other previously trained and
optimized models, using some of the aforementioned optimizers from the literature.

Several experiments were performed with different configurations for the GA, and the
obtained models were then compared with previous optimizers. According to the results of
these experiments, we concluded that the GA is a valid and promising tool for optimizing
CNN weights, starting from both random values and optimized ones.

This study presents simulation results on the performance of CNN models using
different optimization tools, such as Nadam, Adam, and Adam & GA (Adam with
genetic algorithms). The results indicate that using Adam & GA was the most effec-
tive, while models using RMSprop were less effective than those using the genetic algo-
rithm alone. The effectiveness of models using SGD, Adagrad, and Adadelta was found
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to be weak. Furthermore, it was observed that models using Ftrl are not suitable for
autonomous driving.

Thus, this tool will be deeply studied in future works, aiming to optimize not only
weights of the models but also their internal structure (layer composition) and their config-
uration parameters (algorithm metaoptimization). In this line, the GA will be implemented
using other tools and integrated into Keras, if possible, to take advantage of the comput-
ing resources that can be used in this framework. In addition, more sophisticated EA
approaches (such as OpenAI-ES [35]) or even specialized ones will be applied to the CNN
models, aiming to reach a better performance in autonomous driving. Another line to
explore will be the consideration of Transformers [39], a more advanced deep learning
technique that could be useful in this domain.
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