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ABSTRACT :

This research investigates the development of a self-driving toy car that employs artificial intelligence (Al) and computer vision techniques to achieve autonomous
navigation within a constrained environment. As the automotive industry progresses toward the widespread adoption of autonomous vehicles, with researchions
indicating approximately 21 million driverless cars in the United States and 27 million in Europe by 2030, this research addresses the pressing need for safer
transportation solutions and enhanced driving assistance systems. The concept of self-driving cars is driven by the need to mitigate risks associated with human
errors in driving, which often lead to severe accidents.

In this study, a webcam is utilized to collect video data from a defined track. This video footage is processed to extract images, which are then classified into four
distinct driving commands: right, left, forward, and stop. To facilitate real-time decision-making, a Convolutional Neural Network (CNN) is trained on the classified
data, allowing the model to predict the appropriate steering direction based on the input it receives. Notably, the system operates entirely without additional sensors,
relying solely on computer vision algorithms to interpret the environment.

The predictions generated by the trained model are transmitted to an Arduino via serial communication, where the Arduino interprets these commands and sends
appropriate control signals to the toy car's motors, enabling it to move or halt based on the model's predictions. This research exemplifies the integration of Al and
computer vision in the realm of autonomous systems, highlighting the potential for developing cost-effective and accessible self-driving technologies. By
simplifying the complexity of autonomous navigation in a controlled setting, this research lays the groundwork for future advancements in vehicle automation and
intelligent transportation systems.

Keywords: Self-driving cars, artificial intelligence, computer vision, autonomous navigation, Convolutional Neural Network (CNN), image
classification, driving commands, Arduino, motor control, intelligent transportation systems.

Overview

This chapter provides an overview of the research, outlining its objectives and methodology while delving into the foundational concepts of self-driving
cars. It also explores the history of autonomous vehicles, the industries involved in their production, the advantages and disadvantages associated with
this technology, and current market trends. A self-driving car operates independently, utilizing deep learning and computer vision techniques to navigate
its environment without human intervention.

The evolution of autonomous vehicles has transitioned from science fiction to practical reality. Although the technology may seem to have emerged
suddenly, the journey toward self-driving cars has been lengthy and complex. The history of autonomous vehicles is marked by several key milestones.
In 1925, inventor Francis Houdina created a radio-controlled car that successfully navigated the streets of Manhattan without any human steering. This
pioneering vehicle could start its engine, shift gears, and activate its horn autonomously.

In 1969, John McCarthy, one of the founding figures of artificial intelligence, discussed the concept of an “automatic chauffeur” in his essay "Computer-
Controlled Cars." He envisioned a vehicle capable of navigating public roads using input from a television camera, similar to the visual data available to
human drivers. Fast forward to the early 1990s, Carnegie Mellon researcher Dean Pomerleau wrote a PhD thesis demonstrating how neural networks
could enable a self-driving vehicle to process raw images from the road in real-time, efficiently determining steering controls. Pomerleau’s approach
outperformed previous methods that relied on manually classifying images into “road” and “non-road” categories.

Today, companies like Waymo (formerly known as Google Self-Driving Car) are at the forefront of this technology, collecting vast amounts of data to
train deep learning algorithms. Waymo has evolved into an online cab service, akin to Uber, operating in various U.S. states. The fundamental operation
of self-driving cars revolves around their ability to perceive their surroundings and respond appropriately. These vehicles utilize one or more cameras,
along with various sensors, to gather environmental data, which is then processed using advanced computer vision algorithms to inform driving actions.
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Machine learning is integral to Waymo’s operations, particularly through its collaboration with Google Al researchers. The integration of AutoML allows
the autonomous vehicle to optimize its operational models for various scenarios rapidly. This system features a user-friendly interface that facilitates the
training, assessment, enhancement, and organization of models based on incoming data.

General Motors’ Cruise division is also notable for its significant autonomous mileage. Their self-driving vehicles prioritize safety and adhere to federal,
state, and local regulations. Equipped with a comprehensive array of sensors, these vehicles can intelligently map complex urban environments,
maintaining a 360-degree awareness of their surroundings. Each Cruise vehicle is outfitted with ten cameras that capture images at a rate of ten frames
per second, enabling quick and safe responses to dynamic situations.

Nissan is advancing its autonomous vehicle technology, focusing on creating smarter and more responsive vehicles capable of independent decision-
making. The company aims to develop a vehicle that can navigate single-lane roads autonomously, eventually expanding this capability to multi-lane
roads, urban environments, and, ultimately, full autonomy in all driving scenarios. Nissan's Seamless Autonomous Mobility system, developed from
NASA technology, allows vehicles to handle unexpected situations by transmitting real-time data to a mobility manager, which then instructs the vehicle
and disseminates the learned knowledge across the system, enhancing overall vehicle intelligence.

As self-driving cars are tested on public roads by companies like Waymo and Uber, questions regarding their safety become increasingly critical. Globally,
vehicle-related accidents claim approximately 1.3 million lives annually, with many incidents attributed to human error. The successful implementation
of self-driving technology could significantly reduce these fatalities, as autonomous vehicles do not engage in risky behaviors such as drinking, texting,
or falling asleep, thereby minimizing the potential for accidents.

Research Overview :

In this research, a working prototype of a self-driving car is developed using computer vision and deep learning techniques. The self-driving cars created
in this research can navigate a track by making predictions using a trained dataset with the help of a Convolutional Neural Network (CNN) model. Before
feeding the data to the CNN model for training, it is pre-processed using computer vision techniques such as grayscale conversion, Gaussian blur, Canny
edge detection, bitwise AND operator, and Hough transform. The preprocessing is conducted to identify the lane lines on the track where the car needs
to move. Initially, tracks are deployed on the ground to gather data in the form of videos using OpenCV with a webcam interface. From these videos,
images are extracted for classification into four different classes: right, left, forward, or stop. Before feeding the data to the neural network model, the
Hough transform is applied using OpenCV to find the lane lines. This data is trained using the CNN model, and a classifier is set up to predict in real
time whether to steer the car left, right, forward, or stop accordingly. This research does not utilize any sensors and is entirely computer vision-based.
The training and inference are conducted using a Core i5 laptop. In our CNN model, we have used 15 hidden layers with a learning rate of 0.001. The
classifier takes input images from the live feed and predicts which direction to choose or whether to stop. After making a prediction, the classifier
generates a string, which is sent to the Arduino through serial communication. Finally, the Arduino processes the instructions embedded in its code
according to the string received from the classifier, and the car moves based on the prediction.

Research Objective :

e  Development of a working prototype of a self-driving toy car that navigates using computer vision and deep learning techniques.
e  Usage of a Convolutional Neural Network to identify a stop sign.

Research Methodology :

The block diagram of the research is shown in figure 1.5. Initially, tracks are deployed on the surface to gather data through video streaming using a
webcam and OpenCV, which is an open-source computer vision library. After collecting the data, the video is segmented into frames and classified into
four classes: right, left, forward, and stop. This classified data is converted into the required format using computer vision algorithms, ensuring that the
data consists only of bright Hough lines on a black image. To achieve the required format of the image, the image is first converted into grayscale. To
reduce noise and smooth the images, Gaussian blur is applied. Since noise in images creates false edges that can affect edge detection, the Canny method
is then applied to identify edges in the image. To identify the region of interest in the image for Hough lines, a bitwise AND operator is used to mask out
anything else.

Initially, the Hough lines are drawn on a zero pixel image using the bitwise AND operator inside the region of interest. The weights of the Hough line
transform image and the real image of the track are added together. By combining the weights of these images, the Hough lines are displayed. These
displayed lines are then averaged according to their slopes and intercepts to ensure a uniform display of the lines. After preprocessing, the data is fed to
the CNN model for training. The training and inference are conducted using a Core i5 laptop and a Core i7 system. The training data used in our research
consists of about 70 percent of the complete dataset.

Supervised learning is employed for training the data, which is classified and labeled as right, left, and forward. This data is trained using CNN sequential
models. The CNN model used for training contains 15 hidden layers, including dense layers, convolutional-2D layers, max pooling-2D layers, flatten
layers, and fully connected layers. CNN is utilized for extracting features from the images and learning through these features by updating the bias and
weights of the perceptron. Categorical cross-entropy with Adam optimizer and a learning rate of 0.001 is used in this model. The trained model then takes
input images from the live camera and predicts which direction to choose or whether to stop. After prediction, the trained model generates a string that is
sent to Arduino via serial communication. Finally, the Arduino processes the commands embedded in its code based on the string received from the
trained model and sends control signals to the H-bridge to drive the motors of the car to move or stop according to the prediction. The block diagram of
the hardware is shown in figure.
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NVIDIA's application for self-driving cars leverages convolutional neural networks (CNNs) to map real-time image data directly from a front-facing
camera to steering commands, using an end-to-end learning approach. This process represents a shift from traditional modular pipelines for autonomous
driving, which typically decompose the driving task into multiple stages (e.g., object detection, path planning, and control). Instead, NVIDIA’s approach
focuses on training the CNN to autonomously learn the entire decision-making process necessary for steering, making it highly adaptable to varying road
conditions and environments.

This end-to-end approach, also known as direct perception, requires the model to infer key road features and other driving-related information on its own.
By doing so, the model generalizes its learned patterns from training data without relying heavily on human-annotated labels for each intermediate task.
The only supervised input required is the human driver’s steering angle, which simplifies the data labeling process and allows the CNN to independently
learn relevant visual features, such as lane lines, road edges, and obstacles, which are essential for autonomous navigation.

Observations through
camera and sensors

Actions

Overview of End-to-End Deep Learning in Self-Driving Cars

Convolutional Neural Network (CNN) Architecture in NVIDIA’s Model

The CNN architecture used by NVIDIA is designed to capture complex visual information with minimal processing stages. CNNs are particularly well-
suited for analyzing spatial hierarchies in visual data due to their use of convolutional layers, which apply multiple filters across an input image to detect
patterns like edges, corners, textures, and high-level features. This capability enables the CNN to recognize objects and road features critical for safe
navigation.

In NVIDIA’s application, the CNN is structured to include several convolutional layers followed by max-pooling layers, which reduce the dimensionality
of the data while preserving key features. The network learns from raw pixels in the image, focusing on mapping specific visual features to particular
steering actions. This setup allows the model to process the visual context of a scene in real time and translate it directly into actionable steering commands
without relying on explicit object detection or path planning modules.

Data Collection and Training Process

The training data for NVIDIA’s model is generated by capturing video sequences from a front-facing camera, extracting single frames, and pairing them
with the associated steering command. The steering command is encoded as 1/r1/r1/r, where rrr is the turning radius in meters. Using 1/r1/rl/r instead of
the angle directly helps mitigate singularities, particularly during straight driving, by providing a more stable input-output relationship for the model.

To ensure the CNN learns robust driving behavior, the training dataset includes not only frames from ideal driving scenarios but also from situations
where the car is slightly off-center or misaligned relative to the lane. These additional images simulate conditions where the car deviates from the desired
path, prompting the network to learn corrective actions. This process, called data augmentation, is essential for enhancing the model’s ability to recover
from potential driving errors, making it more resilient in real-world driving scenarios. By training on augmented data, the model becomes adept at
realigning itself within the lane and maintaining a stable trajectory on various road types.

Autonomous Learning of Driving Features

One of the most critical aspects of NVIDIA’s self-driving approach is the CNN’s capability to automatically learn key features relevant to driving.
Through end-to-end training, the CNN identifies patterns and elements in the scene that correspond to essential road features, such as lane markings,
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curves, intersections, and traffic signs, without explicit labeling for each feature. This autonomous feature extraction enables the model to process high-
dimensional visual data in real-time, making dynamic adjustments to its steering commands based on the visual information it has learned to prioritize.
The CNN’s ability to detect valuable road features implicitly improves its performance in different driving environments, whether on local roads or
highways. The model learns to adjust steering based on the complexities of the road, such as tighter turns in urban areas or faster lanes on highways. This
flexibility results in a system that requires minimal intervention, as the CNN interprets and generalizes from diverse scenarios included in its training
data.

Training Loss Function and Optimization

During training, the CNN minimizes a loss function that measures the difference between the model's predicted steering command and the actual command
performed by the human driver. This loss function ensures that the model aligns closely with human-like driving behavior, reducing the likelihood of
deviations or errors. NVIDIA employs optimization algorithms, such as Adam, to adjust the network’s weights and biases iteratively, refining its
predictions over time to match the desired steering outputs. This iterative process, combined with augmented training data, allows the model to generalize
to new driving conditions and improve its performance consistently.

Model Evaluation and Real-World Testing

Once trained, the CNN model undergoes rigorous testing on various driving scenarios to evaluate its robustness and accuracy. The evaluation process
includes assessing the model's behavior on straight roads, curves, intersections, and diverse lighting conditions to ensure it generalizes effectively beyond
the training data. Additionally, NVIDIA’s model is evaluated for its response to unexpected situations, such as obstacles or lane shifts, by analyzing how
well it can adapt its steering commands under different conditions.

Real-world testing is crucial to verifying that the model can handle edge cases and unpredictable events. As the CNN model encounters new scenarios
during real-world testing, its ability to interpret complex visual cues and execute precise steering maneuvers without manual intervention underscores the
potential of end-to-end deep learning for autonomous driving.

Implementation of Lane Detection Algorithm for Self-Driving Cars

Lane detection is a foundational component in the development of self-driving cars, enabling the vehicle to understand and stay within its lane on the
road. This capability is achieved using computer vision techniques, which are critical for real-time lane recognition, particularly in varied lighting and
weather conditions. By leveraging computer vision, a self-driving car can interpret visual data to detect lane lines, which serves as the basis for path
planning and control.

The lane detection algorithm primarily relies on machine learning and convolutional neural networks (CNNSs), but it also integrates multiple aspects of
computer vision, sensor fusion, and path planning. These elements work in tandem to provide the vehicle with a comprehensive understanding of its
driving environment, allowing it to make accurate steering decisions.

Importance of Computer Vision in Autonomous Driving

In the context of autonomous driving, computer vision facilitates the recognition and analysis of key features in the environment. Through advanced
image processing and machine learning algorithms, computer vision can identify, classify, and track objects and patterns such as lane lines, traffic signals,
pedestrians, and obstacles. The main task in lane detection is to distinguish lane boundaries from other road elements. To accomplish this, the algorithm
identifies edges and contrasts within the road images, making lane lines distinguishable and trackable.

Computer vision techniques such as edge detection, color segmentation, and perspective transformation are employed to enhance the visibility of lane
lines. The implementation of these techniques enables the self-driving car to understand the structure of the road, detect lane boundaries, and maintain
proper lane alignment. This step is critical, as it enables the car to adjust its steering to remain within the lane and provides essential input for the vehicle’s
path planning module.

Lane Detection Using OpenCV

The OpenCV (Open Source Computer Vision) library in Python is a widely used tool for image processing in lane detection. OpenCV provides various
functions to manipulate images and detect features such as edges, shapes, and colors, making it suitable for lane detection in autonomous driving systems.
Below are the key steps involved in implementing a lane detection algorithm using OpenCV:

1.  Grayscale Conversion: To reduce computational complexity, the first step is to convert the input image to grayscale. Lane lines are typically
high-contrast features, making them visible in a grayscale image without the need for color information. Grayscale conversion simplifies
subsequent processing steps, as it reduces the image data from three color channels to one intensity channel.

2. Gaussian Blur: To reduce noise and smooth the image, a Gaussian blur is applied. This step is essential for minimizing the impact of small
artifacts or irregularities in the image that could interfere with edge detection.

3. Edge Detection: Canny edge detection is a popular technique used to identify the edges in an image. In lane detection, edges correspond to
the boundaries of lane lines. By applying Canny edge detection to the grayscale, blurred image, the algorithm highlights the lane line
boundaries, making it easier to distinguish them from other elements in the scene.
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4. Region of Interest (ROI) Masking: In many cases, only a portion of the image (e.g., the lower half of the frame) contains useful information
for lane detection. The region of interest (ROI) is masked to exclude areas that do not contain lane lines, such as the sky or other cars in the
distance. This focused processing reduces noise and improves accuracy.

5. Hough Line Transform: The Hough Line Transform algorithm detects lines within an image by finding points that form straight lines. In
lane detection, Hough Transform identifies lane lines as a series of points that form continuous paths. These points are then converted into
lines, which represent the left and right lane boundaries.

6. Overlaying Lane Lines on the Original Image: Once the lane lines are detected, they are overlaid on the original image to provide a visual
indication of the detected path. This final output helps the car’s control system to make steering adjustments based on the lane’s orientation.

Challenges in Lane Detection

Several challenges arise in implementing lane detection in real-world driving conditions. Lane lines may be obscured due to shadows, road wear, and
various weather conditions, which can make detection unreliable. Furthermore, sharp turns, merging lanes, and intersections introduce complexity, as the
lane boundaries may change or temporarily disappear. Variations in road surfaces, such as gravel or construction zones, also affect lane visibility.

To address these challenges, lane detection algorithms may incorporate additional techniques, such as adaptive thresholding for varying lighting
conditions and model-based approaches to account for changes in lane curvature. Additionally, sensor fusion with LiDAR or radar data can enhance
robustness by supplementing visual information when lane markings are not clearly visible.

Integrating Lane Detection with Control and Path Planning

Lane detection is just one part of the larger self-driving pipeline. Once the lane lines are detected, the information is fed into the control and path planning
modules. The control module uses the detected lane information to adjust steering, speed, and other driving parameters, keeping the car centered in its
lane. Path planning algorithms further ensure that the vehicle can anticipate upcoming turns or lane changes, ensuring a smooth and safe driving
experience.

To enable seamless integration, lane detection outputs are typically processed in real-time and provided as inputs to other parts of the autonomous driving
system. For instance, the detected lane position and orientation inform the steering control, helping the car maintain its position within the lane. In more
complex implementations, the path planning module may leverage detected lane data to generate trajectories that optimize for safety, comfort, and
efficiency.

Design and Implementation of Lane Detection Algorithm for Self-Driving Cars

The lane detection algorithm is a vital component in the autonomous driving stack, responsible for identifying lane boundaries and guiding the vehicle
along a safe trajectory. Lane detection is typically implemented using a series of image processing steps, focusing on detecting lane lines by identifying
high-contrast areas and unique features within road images. This section provides an overview of the essential steps involved in designing and
implementing a lane detection algorithm, from initial image capture to feature extraction and lane line marking.

Step 1: Edge Detection

Edge detection is the foundational step in lane detection, enabling the identification of boundaries where there are sharp intensity changes in the image.
This process is crucial for distinguishing lane lines from other elements in the road scene, such as vehicles, signs, or environmental objects. Key steps in
the edge detection process include:

. Grayscale Conversion: The first task is to convert the image from color to grayscale, reducing it from three channels (RGB) to one. Grayscale
conversion simplifies the data by focusing on intensity values, which enhances the algorithm’s ability to identify edges based on brightness
contrasts without the distraction of color information.

e  Gaussian Blur: The grayscale image is then subjected to Gaussian blurring, which reduces noise and smooths the image. By applying a
Gaussian kernel, this technique helps eliminate small artifacts and makes the detection of continuous edges, like lane lines, more consistent.

e  Canny Edge Detection: Canny edge detection is one of the most effective algorithms for detecting edges in an image. It works by identifying
regions with abrupt intensity changes, highlighting potential lane boundaries. In lane detection, Canny edge detection is used to create a binary
image where the edges of the lane lines are represented as white lines on a black background.

Step 2: Feature Detection
Feature detection allows the algorithm to recognize lane lines by distinguishing them from other structures in the image. The lane detection algorithm
computes essential information from the image, identifying specific features that indicate the presence of lane boundaries.

. Region Masking: Since lane lines are usually found on the lower half of an image in the region where the road is visible, region masking is
applied to focus on areas that likely contain lane lines. This process involves creating a region of interest (ROI) and masking out sections of
the image that are irrelevant, such as the sky or roadside objects. This focused approach minimizes distractions and improves detection
accuracy.

e  Color Selection: Lane lines are often white or yellow, and selecting these colors can enhance detection accuracy. By isolating these colors
within the ROI, the algorithm focuses on areas likely to contain lane lines. For example, applying a threshold filter to capture white or yellow
pixels allows the algorithm to narrow down lane locations effectively.

Step 3: Hough Line Transform
After edge detection and region masking, the next step is to convert detected edges into continuous lines that represent the lane boundaries. The Hough
Line Transform algorithm is ideal for this task, as it finds lines in a binary image by identifying points that form a continuous path.
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. Identifying Lane Lines with Hough Transform: The Hough Line Transform algorithm maps points in the image space to lines in the Hough
space, where clusters of points form the lane lines. By setting a threshold to identify lines, the Hough transform detects and connects points
that represent lane boundaries, creating a set of lines that correspond to the left and right lanes.

. Filtering Lines: Not all detected lines are lane boundaries, so additional filtering is applied to identify only the lines within the expected angle
and position ranges for lane lines. This refinement helps the algorithm differentiate lane lines from other linear features, like road cracks or
shadows, which may have been picked up by the edge detector.

Step 4: Overlaying Lane Lines on the Original Image
Once the lane lines are detected, they are drawn onto the original image. This overlay provides a visual representation of the lanes, giving the self-driving
car the information it needs to make steering adjustments based on the lane’s curvature and position.

e  Drawing the Lane: The detected lane lines are visualized by overlaying colored lines onto the original image, highlighting the lane boundaries.
This visualization allows the autonomous driving system to "see" the lane, providing input for the vehicle’s path planning and control modules.

Step 5: Handling Challenging Scenarios
Real-world driving conditions introduce various challenges for lane detection. Factors like rain, snow, shadows, and worn lane lines can interfere with
detection accuracy. To address these issues, several enhancements can be incorporated:

e  Adaptive Thresholding: By dynamically adjusting the threshold values used in color selection and edge detection, the algorithm can adapt
to varying lighting conditions. This adjustment helps improve detection accuracy in environments with inconsistent brightness, such as tunnels
or shaded areas.

. Lane Curvature and Slope Filtering: Roads often curve, and lane lines may appear at different angles depending on the car’s position. The
lane detection algorithm uses slope filtering to classify lines as left or right lane markers. In curved sections, the algorithm calculates the radius
of curvature to ensure that the detected lanes match the road’s path.

. Sensor Fusion: While lane detection primarily relies on visual data, integrating sensor data from LiDAR or radar can enhance accuracy,
especially in cases where lane lines are temporarily obscured. Sensor fusion provides additional context for the vehicle, helping it maintain
lane position even when visual cues are unreliable.

Lane Detection Algorithm Flow

The lane detection algorithm can be summarized in the following steps:
1. Image Preprocessing: Capture road images and convert to grayscale.
Edge Detection: Apply Gaussian blur and Canny edge detection to emphasize lane edges.
Region Masking: Focus on the region of interest containing the lane.
Color Selection and Hough Transform: Filter for lane colors and apply Hough Line Transform to detect lines.
Overlay Detected Lines: Draw detected lanes on the original image for visualization.

a bk~ wn

MIT Autonomous Vehicle Technology Study :

The MIT Autonomous Vehicle Technology (MIT-AVT) study focuses on collecting extensive real-world driving data through images and high-quality
video to aid in developing deep learning-based internal and external observation systems. This research aims to gain insights into how humans interact
with vehicle automation technology while identifying ways to improve automation adoption factors that can save lives. The study outlines the design,
data collection hardware, data processing, and computer vision algorithms currently employed to extract actionable knowledge from the data.

To achieve these objectives, the MIT team instrumented various Tesla Model S and Model X vehicles, Volvo S90 vehicles, Range Rover Evoque, and
Cadillac CT6 vehicles for data collection over an extended period. Inside each vehicle, three cameras capture different aspects of the driver and the
external environment: one monitors the driver's face for eye tracking and emotional state, another observes the driver's body and hand positions, and a
third captures the forward-facing view to assess road characteristics. These cameras study driver behavior and interactions with automation.

The MIT-AVT study emphasizes the collection of large amounts of naturalistic driving data. All three cameras connect to the RIDER (Real-time
Intelligent Driving Environment Recording system), which integrates all cameras, sensors, and GPS onto a single board computer running a custom
version of Linux. This system offloads data to a solid-state drive for processing using computer vision and deep learning algorithms.

By employing advanced embedded systems programming, software engineering, data processing, distributed computing, computer vision, and deep
learning techniques, the MIT-AVT study seeks to provide insights into human and autonomous vehicle interactions within a rapidly evolving
transportation system. This work showcases the methodology behind the MIT-AVT study, aiming to inspire the next generation of naturalistic driving
research. A key principle of this study is leveraging computer vision and deep learning to automatically extract patterns of human interaction with various
levels of autonomous vehicle technology.

Learning Affordance for Direct Perception Autonomous Driving

There are two primary paradigms for self-driving: the mediated perception approach, which detects interesting objects in images and computes driving
commands based on those detections, and the behavior reflex approach, which maps input images directly to driving actions. A third paradigm proposed
in this paper is direct perception. This approach provides a small number of key perception indicators that directly relate to the affordance of a road or
traffic state for driving.

For demonstration purposes, a deep Convolutional Neural Network is employed, having recorded 12 hours of human driving in a video game. The model
shows proficiency in driving a car within a diverse set of virtual environments. It is built on a state-of-the-art deep Convolutional Neural Network
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framework to automatically learn image features for estimating driving-affordance indicators. The training involves a human driver playing a car racing
video game (TORCS) for 12 hours while capturing screenshots and corresponding labels. The collected data is then utilized to train a model estimating
affordance in a supervised learning manner.

During testing, at each time step, the trained model takes a driving scene image from the game and estimates the affordance indicators for driving. In both
testing and training, traffic is configured with several pre-programmed Al cars on the road. This representation leverages a deep CNN algorithm to
estimate affordance for driving actions rather than analyzing entire scenes as in mediated perception approaches or blindly mapping images to driving
commands as in behavior reflex approaches. Experiments indicate that this approach performs well in both virtual and real environments.

Research Preliminaries

This chapter introduces essential concepts related to self-driving cars, including machine learning, neural networks, deep neural networks, and
convolutional neural networks.

Machine Learning :

Machine learning involves using algorithms to analyze data, learn from it, and make predictions. Unlike traditional programming, where tasks like driving
a car or recognizing speech require complex code, machine learning algorithms adapt through experience. These algorithms interact with their
environment, identifying patterns and making predictions to achieve specific outcomes.
Machine learning methods are broadly divided into two types: supervised and unsupervised learning. Supervised learning is one of the most common
techniques, using labeled data to guide the algorithm toward specific conclusions. This approach helps models recognize patterns and apply them in
analytical tasks.
In contrast, unsupervised learning occurs without labeled data. Here, the algorithm identifies patterns, similarities, and differences within the data
independently, making decisions based on these observations.
Neural Networks
Neural networks have gained prominence in artificial intelligence over the past few decades. Inspired by biological neural networks, they mimic how
humans learn. The simplest neural network structure, the perceptron, functions similarly to a biological neuron, receiving inputs and processing them to
produce outputs.
Artificial neural networks consist of layers: input layers, hidden layers, and output layers. Each layer is designed to process data, gradually refining it to
achieve the final output.
Deep Neural Networks
For complex data analysis, deep neural networks (DNNs) are employed, containing multiple hidden layers. These layers provide DNNs with the capacity
to learn intricate patterns and relationships within the data, making them well-suited for complex applications like image and speech recognition.
Convolutional Neural Networks
Convolutional neural networks (CNNs) are a specialized type of neural network architecture for deep learning. They are particularly effective at analyzing
visual data and are widely used in image-based applications. CNNs excel at extracting distinctive features from images, making them invaluable for tasks
like object recognition and classification.
The convolutional layer is the primary feature extractor in CNNSs. It preserves spatial relationships in the data by applying filters to small sections of the
input. For example, different filters can be applied to detect edges or blur specific areas, depending on the task requirements. Rectified Linear Unit (ReLU)
is typically used to introduce nonlinearity, enhancing the network’s learning ability.
Pooling layers reduce the number of parameters by downsampling the feature maps, retaining essential information while decreasing computational
demands. Various pooling methods, such as max pooling, average pooling, and sum pooling, simplify the data further by focusing on the most prominent
features.
The final layers in a CNN architecture are often fully connected layers, where the data is flattened into a vector format. This format enables the model to
categorize outputs with maximum probability, making final predictions based on the learned features.
Model Evaluation
Model evaluation is a critical step in assessing the performance and reliability of the trained model, focusing on how well the model generalizes to unseen
data. Model evaluation primarily involves calculating metrics like accuracy and loss on a separate validation or test set, allowing an objective measurement
of the model's predictive power.

e  Accuracy: Accuracy measures the proportion of correct predictions out of the total predictions. This metric gives an insight into how well the

model performs in predicting lane positions or steering directions.
®  Loss: Loss quantifies the error between the model’s predicted output and the true output. Lower loss values indicate that the model's predictions
are closer to the actual values, signifying a better model fit.

To visualize the model's performance over time, accuracy and loss are plotted against each epoch during training. These plots help to track the model's
learning progress and identify any signs of overfitting or underfitting. If accuracy plateaus or decreases while loss continues to decrease, it may indicate
that the model is overfitting to the training data. Evaluating the model's accuracy and loss on the validation set after each epoch also helps determine the
optimal stopping point, where the model achieves the best balance between accuracy and generalization.
Training and Testing of Data
The process of training and testing the CNN model involves separating data into training and testing sets and feeding it through the model in multiple
stages to optimize its accuracy in real-world conditions.
Training Process
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In this research, approximately 70% of the dataset is used for training, while the remaining 30% is reserved for testing. Supervised learning is employed,
where each training data instance is labeled with the appropriate steering direction: Right, Left, or Forward.
The CNN model architecture consists of 15 hidden layers, optimized for feature extraction and learning. These layers are:
1. Convolutional Layers: These layers apply filters across the image, capturing visual features like edges, colors, and textures. Convolutional
layers are essential in processing image data, as they detect spatial hierarchies in pixel values.
2. Max Pooling Layers: Max pooling down-samples the feature maps, reducing the spatial size and focusing on prominent features, which helps
in reducing computational complexity and preventing overfitting.
3. Flatten Layer: This layer converts the 2D feature maps into a 1D array, preparing the data for the fully connected layers.
4.  Fully Connected Layers: These layers consolidate the learned features to make final predictions. The fully connected layers serve as the
decision-making portion of the model, associating learned features with the specified labels (Right, Left, Forward).
Loss Function and Optimizer: The model uses categorical cross-entropy as the loss function, which calculates the difference between predicted and
actual class probabilities. To minimize this loss, the Adam optimizer with a learning rate of 0.001 is employed. The Adam optimizer is an adaptive
learning rate optimization algorithm, commonly used in CNNs for its efficiency in handling sparse gradients.
Testing Process
Once trained, the model is tested with a separate test dataset containing new images that the CNN has never seen. This ensures that the model's
performance is assessed on data not used during training, providing a measure of its generalization ability.
In the testing phase:
e  Prediction: For each test image, the model predicts the lane direction, i.e., whether the car should steer Right, Left, or continue Forward.
e  Evaluation: The predictions are then compared to the actual labels to determine accuracy, giving a measure of the model's performance on
unseen data.
Testing ensures the model’s robustness, indicating how well it might perform in real-world scenarios, where variations in road conditions and lighting
can significantly affect input images. By repeatedly iterating between training and testing, adjusting parameters, and refining the model architecture, the
CNN model is fine-tuned to handle these complexities with optimal accuracy.
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Conclusion :

This research began with the goal of training deep learning models to perform effectively on a controlled track and then extending that performance
across different tracks to improve real-world adaptability. Initially, models were fine-tuned through iterative parameter adjustments to achieve optimal
performance on Track_1. However, when the same models were tested on Track_2, they performed poorly. This indicated that the model was overfitting
to Track_1 and lacked the generalization needed for diverse environments.

To address this, image augmentation and pre-processing techniques were introduced. These methods create variations in the training images, simulating
different driving conditions such as varying lighting, road textures, or angles. Image augmentation increases the diversity of the dataset, helping the model
learn to detect essential features even under varied conditions, making it more robust and effective in generalizing to unfamiliar tracks.

The architecture of the model leverages Convolutional Neural Networks (CNNSs) for spatial feature extraction, capturing essential information like lane
boundaries and road edges, which are crucial for steering and lane-following tasks. To capture temporal dependencies between frames, Recurrent Neural
Networks (RNNs) are introduced. These are especially useful for handling sequential data, such as a series of road images, as they can recognize patterns
over time, aiding in decision-making based on prior frames rather than on single images alone. This CNN-RNN combination is ideal for a real-time
autonomous system, balancing computational efficiency with high-performance feature extraction.

Interestingly, replacing recurrent layers with pooling layers is another approach worth exploring. While pooling layers are commonly used in CNNSs to
reduce dimensionality and capture key information, they can lead to some loss of details, which could be crucial for certain driving scenarios. Recurrent
layers, on the other hand, preserve the sequence of features over time, potentially leading to more context-aware models. Future researchs could
experiment with this substitution to enhance the model's ability to retain critical information without significantly increasing computational demands.
An innovative aspect of this research is the combination of both real-world datasets and simulated data for model training. Simulation environments offer
control over conditions and can provide large-scale data efficiently, but they may lack the nuances of real-world complexity. Real-world data, on the
other hand, includes naturally occurring variations and is invaluable for testing the model’s robustness under real conditions. This dual approach—training
in a simulator and generalizing to real-world data (or vice versa)—allows the model to learn fundamental driving principles in a controlled setting before
facing the unpredictability of real-world scenarios.

This research aligns with ongoing experimental developments in autonomous vehicle technology, contributing meaningful insights and potential
advancements in real-time generalization for self-driving cars. By combining robust data augmentation, innovative architecture, and real-world testing,
the research builds a solid foundation for future research in generalizable self-driving models
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