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Abstract
Autonomous vehicles are one of the most advanced applications of embedded systems in
the modern era. These vehicles rely on a complex integration of sensors, processors,
communication modules and control units that operate together in real time. Embedded
systems serve as the brain of autonomous vehicles, enabling perception, decision-
making, navigation and control without human intervention. This paper reviews the role
of embedded systems in autonomous vehicles, major hardware and software components,
design challenges, real-time processing requirements, communication protocols, and
safety concerns. The study also discusses how artificial intelligence, machine learning,
and edge computing are integrated into embedded platforms to achieve efficient vehicle
automation. Limitations such as power consumption, cybersecurity risks, and reliability
issues are also discussed. The paper provides an overview of current technologies and

future directions in embedded automotive systems.
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1. Introduction

Autonomous vehicles, also known as self-driving cars, represent a significant transformation
in transportation systems. These vehicles are capable of sensing their environment, processing
information, and taking decisions without human involvement. This complex functionality is
made possible due to embedded systems which are integrated into every part of the vehicle.
An embedded system is a combination of hardware and software designed to perform dedicated

functions. In autonomous vehicles, these systems handle sensor data acquisition, processing,
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decision algorithms, vehicle control, and communication with external networks. Unlike
traditional vehicles, autonomous vehicles depend heavily on electronics and computation
rather than mechanical operations.

Embedded systems in autonomous vehicles must operate under strict real-time constraints, high
reliability, and safety standards. The failure of such systems may result in serious accidents.

Therefore, the design of these systems requires careful planning, testing, and optimization.

2. Architecture of Embedded Systems in Autonomous Vehicles

Embedded systems in autonomous vehicles (AVs) are specialized computing platforms
designed to manage sensing, perception, decision-making, and actuation in real-time. The
architecture is hierarchical, modular, and optimized for reliability, safety, and low-latency
performance. The typical architecture can be described in four main layers, supported by

communication and software subsystems.

2.1 Perception Layer (Sensing and Data Acquisition)
The perception layer is responsible for collecting real-world data about the vehicle’s
surroundings. It converts physical phenomena into digital signals that the vehicle can process.
Key Components:
e Sensors:
o LiDAR — Provides 3D spatial mapping by measuring distances with laser
pulses.
o Radar — Detects object speed and distance; robust in adverse weather.
o Cameras — Visual input for lane detection, traffic signs, and object recognition.
o Ultrasonic Sensors — Short-range detection for parking and low-speed
maneuvers.
o GPS & IMU (Inertial Measurement Unit) — Provide position, velocity, and
orientation data.
e Sensor Fusion:
o Integrates data from multiple sensors to generate a coherent environmental
representation.
o Reduces uncertainty and increases reliability for downstream algorithms.

e Embedded Processing Hardware:

25 Page 24-37 © MANTECH PUBLICATIONS 2021. All Rights Reserved



Journal of Embedded Systems & Its Applications
MANIECH

Publications Volume 6 Issue 1, January-June 2021

o Microcontrollers (MCUs), Digital Signal Processors (DSPs), and FPGA-based
modules.
o Handles high-speed signal processing for real-time perception.

Objective: Generate accurate, real-time understanding of the vehicle’s environment.

2.2 Decision-Making Layer (Perception, Localization, and Planning)
The decision-making layer interprets sensor data to make driving decisions.
Functions:
o Perception Algorithms:
o Object detection and classification (vehicles, pedestrians, obstacles)
o Lane and road edge detection
o Traffic light and sign recognition
o Localization:
o Combines GPS, IMU, and high-definition maps to precisely locate the vehicle.
o SLAM (Simultaneous Localization and Mapping) is used for unknown or
dynamic environments.
o Path Planning and Trajectory Generation:
o Computes safe and efficient driving paths.
o Optimizes trajectory considering vehicle dynamics and traffic rules.
o Decision-Making Logic:
o Al-based or hybrid rule-based systems determine maneuvers: lane changes,
turns, stops, or emergency braking.
e Embedded Computing Hardware:
o High-performance processors and SoCs (e.g., NVIDIA Drive AGX, Intel
Mobileye)
o Often includes GPUs for deep learning inference
Objective: Make safe and efficient real-time driving decisions based on environmental

perception.

2.3 Control Layer (Vehicle Actuation)
The control layer translates high-level decisions into physical vehicle actions through
actuators.

Components:
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e Actuators:
o Throttle/Engine Control: Regulates speed.
o Brake Control: Automated braking for safety.
o Steering Control: Enables lane keeping, turning, and path following.
o Suspension and Stability Systems: Enhance vehicle stability and ride comfort.
e Control Algorithms:
o PID Controllers for basic speed and steering adjustments.
o Model Predictive Control (MPC) for trajectory optimization while respecting
vehicle dynamics.
o Redundant fail-safe mechanisms to maintain operation in case of component
failure.
o Embedded Hardware:
o Real-time ECUs (Electronic Control Units) ensuring low-latency execution.

Objective: Convert planned maneuvers into accurate, smooth, and safe vehicle movements.

2.4 Communication Layer (Intra-Vehicle and V2X)
The communication layer ensures reliable data exchange within the vehicle and with external
systems.
Intra-Vehicle Communication:
e CAN Bus (Controller Area Network): Low-latency signaling between ECUs.
o Ethernet: High-bandwidth communication for cameras and LIDAR data streams.
Vehicle-to-Everything (V2X) Communication:
e V2V (Vehicle-to-Vehicle): Sharing traffic and hazard information with other vehicles.
e V2I (Vehicle-to-Infrastructure): Interaction with traffic signals and roadside units.
e V2C (Vehicle-to-Cloud): Cloud-based map updates, Al model upgrades, and remote
diagnostics.
Objective: Enable synchronized decision-making, situational awareness, and collaborative
driving.
The architecture of embedded systems in autonomous vehicles can be divided into three major

layers:
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Layer Function Examples
Perception ) Cameras, LiDAR, Radar, Ultrasonic
Collect data from environment
Layer sensors
Processing Data processing and decision||
. Microcontrollers, GPUs, Al processors

Layer making

) . Steering control, braking system, motor
Control Layer ||Actuation and vehicle movement |

contro

3. Hardware Components of Embedded Systems in Autonomous Vehicles

The hardware architecture of autonomous vehicles (AVs) forms the backbone of their

embedded systems. It is responsible for acquiring, processing, and acting upon data in real

time to ensure safe, efficient, and autonomous operation. The key components can be classified

into sensors, processors, communication modules, and actuators.

3.1 Sensors

Sensors serve as the primary interface between the vehicle and its environment. They collect

raw data that is crucial for perception, localization, and decision-making. Each sensor type has

specific strengths and limitations, and sensor fusion is used to improve reliability and accuracy.

e LiDAR (Light Detection and Ranging):

o

@)

o
¢ Radar
O
O
o
e Camer

o

o

Uses laser pulses to create detailed 3D maps of the surroundings.

Provides high-resolution spatial data, enabling precise object detection and

distance measurement.

Often mounted on the roof or bumper for 360° coverage.

(Radio Detection and Ranging):

Uses radio waves to detect objects and their relative speed.

Effective in adverse weather conditions such as rain, fog, or dust.

Commonly used for adaptive cruise

as:

control and collision avoidance.

Capture visual data for lane detection, traffic sign recognition, and object

classification.

High-definition cameras provide color, texture, and shape information.
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o Typically supplemented by computer vision and Al algorithms for
interpretation.
o Ultrasonic Sensors:
o Short-range sensors that detect nearby obstacles.
o Widely used for parking assistance and low-speed maneuvers.
o Can sense objects that are difficult for LIDAR or cameras to detect at close
range.
e GPS (Global Positioning System):
o Provides geolocation coordinates and velocity.
o Combined with IMUs (Inertial Measurement Units) for accurate localization
and vehicle orientation.
o Critical for navigation, mapping, and path planning.
Summary: Sensors collectively form the perception system of AVs, enabling the vehicle to

build a reliable digital representation of its environment.

3.2 Microcontrollers and Processors
Autonomous vehicles require high-performance computation to process large volumes of
sensor data in real-time and make split-second decisions.
e Microcontrollers (MCUs):
o Handle low-level, real-time tasks such as sensor data acquisition and actuator
control.
o Examples: ARM Cortex-M series.
o High-Performance Processors:
o Required for intensive tasks like image processing, deep learning inference, and
sensor fusion.
o Platforms include NVIDIA Drive AGX, Intel Mobileye, and Tesla Full Self-
Driving (FSD) computers.
o Enable real-time decision-making with Al and deep learning models.
e FPGAs (Field Programmable Gate Arrays):
o Provide hardware-level parallel processing for specific tasks, such as LIDAR
signal processing or Al inference.

o Offer flexibility to reconfigure hardware for different tasks or software updates.
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Key Consideration: Processors must balance speed, power consumption, and reliability,

often requiring a combination of CPUs, GPUs, and specialized accelerators.

3.3 Communication Modules
Communication modules are critical for data exchange within the vehicle and with external
systems, enabling collaborative and connected driving.
e Intra-Vehicle Communication:
o CAN (Controller Area Network): Low-latency communication for sending
control commands to actuators.
o Automotive Ethernet: High-bandwidth communication for transmitting
camera and LiDAR data between ECUs.
e Vehicle-to-Vehicle (V2V) Communication:
o Shares information about traffic conditions, hazards, or sudden braking with
nearby vehicles.
e Vehicle-to-Infrastructure (V2I) Communication:
o Communicates with traffic signals, smart roads, and other roadside units.
o Supports cooperative maneuvers, congestion management, and safer
navigation.
e Vehicle-to-Cloud (V2C):
o Allows cloud-based map updates, Al model deployment, and remote
diagnostics.
Summary: Communication modules ensure low-latency, high-reliability data exchange for

coordinated, intelligent decision-making.

3.4 Actuators
Actuators are the final execution units that convert electrical signals from the control system
into mechanical motion, enabling the vehicle to perform maneuvers.
e Steering Actuators:
o Control the turning of wheels for lane keeping, lane changes, and turning
maneuvers.

e Braking Actuators:
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o Enable automatic braking for collision avoidance, adaptive cruise control, and
emergency stops.
o Throttle/Acceleration Actuators:

o Regulate engine power to control vehicle speed.

e Other Actuators:
o Suspension actuators for ride comfort and stability control.
o Gear and transmission actuators for automated vehicle operation.
Key Consideration: Actuators must operate precisely and reliably, as any delay or

malfunction can directly impact vehicle safety.

4. Software Requirements in Embedded Automotive Systems
Embedded software is the brain of autonomous vehicles (AVs). It orchestrates the operation
of sensors, processors, communication modules, and actuators to enable safe, reliable, and
autonomous driving. Unlike general-purpose software, automotive embedded software must
meet stringent real-time, safety, and reliability requirements.
The software requirements can be broadly classified into functional and system-level

requirements.

4.1 Functional Requirements
Functional software modules in AVs handle perception, planning, and control tasks:
4.1.1 Sensor Data Fusion
e Purpose: Combine data from multiple sensors (LiDAR, radar, cameras, ultrasonic
sensors, GPS) to create a coherent model of the environment.
e Requirements:
o Real-time processing: Sensor data must be processed in milliseconds to enable
fast decision-making.
o Accuracy: Fusion algorithms must minimize noise and uncertainty.
o Examples of techniques:
o Kalman Filters and Extended Kalman Filters (EKF) for state estimation
o Bayesian filters for probabilistic sensor fusion

o Deep learning-based fusion for complex perception tasks
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4.1.2 Path Planning Algorithms
e Purpose: Determine safe and optimal trajectories for vehicle motion based on
environmental perception and traffic rules.
e Requirements:
o Dynamic planning: Must adapt to moving obstacles and changing traffic
conditions.
o Constraints handling: Vehicle dynamics, road geometry, and safety margins
must be considered.
o Example approaches:
o Graph-based methods (Dijkstra, A*) for route planning
o Sampling-based planners (RRT, PRM) for complex environments

o Model Predictive Control (MPC) for real-time trajectory optimization

4.1.3 Object Detection Using Al
e Purpose: Identify and classify objects in the vehicle’s environment such as pedestrians,
vehicles, cyclists, and traffic signs.

e Requirements:
o High accuracy: False positives and false negatives can cause accidents.
o Low latency: Detection must happen in real time.

e Typical methods:
o Convolutional Neural Networks (CNNs) for image-based object detection
o LiDAR point cloud processing using 3D deep learning
o Multi-modal AI combining radar, LIDAR, and camera data

4.1.4 Decision-Making Logic
e Purpose: Make driving decisions based on sensor input, predicted trajectories of
objects, and traffic rules.
e Requirements:
o Deterministic behavior: The system must make predictable decisions under all
conditions.
o Fail-safe operation: The system should default to safe maneuvers in case of
uncertainty.

o Example tasks:
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o Lane changing, merging, overtaking
o Emergency braking and obstacle avoidance

o Negotiation with other vehicles using V2V communication

4.2 System-Level Requirements
4.2.1 Real-Time Operating Systems (RTOS)
e Purpose: Ensure software tasks are executed within strict timing constraints.
e Requirements:
o Deterministic scheduling: Tasks like sensor acquisition, object detection, and
actuator control must meet hard deadlines.
o Task prioritization: Critical safety functions are executed before non-critical
functions.
o Fault tolerance: RTOS must handle exceptions without system crashes.
o Examples of automotive RTOS:
o QNX Neutrino
o AUTOSAR OS (Adaptive/Classic)

o FreeRTOS for embedded microcontrollers

4.2.2 Middleware and Frameworks
e Purpose: Provide modularity, abstraction, and communication between software
components.
o Examples:
o ROS (Robot Operating System): Commonly used in prototyping and research,
supports modular nodes and message passing.
o AUTOSAR Adaptive/Classic: Standardized platform for automotive software,
ensuring portability and reliability.

4.2.3 Safety and Security Requirements
e Embedded software must comply with ISO 26262 (functional safety) and
cybersecurity standards.
e Features include:
o Watchdog timers and error detection mechanisms

o Redundant execution of critical tasks
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o Secure communication protocols for V2V and V2I interfaces

5. Role of Artificial Intelligence and Machine Learning
Machine learning models are embedded into vehicle processors for:
e Image recognition
e Lane detection
o Pedestrian detection
o Traffic sign recognition
e Obstacle avoidance

These models are trained using large datasets and deployed on embedded GPUs.

6. Real-Time Processing and Constraints
Autonomous vehicles require millisecond level decision making. Delay in processing can cause
accidents. Therefore:

e Low latency processors are used.

o Parallel computing is implemented.

e Edge computing reduces dependency on cloud.

7. Communication Protocols Used

Protocol Application

CAN (Controller Area Network) Communication between ECUs
LIN Low speed communication
FlexRay High speed data exchange
Ethernet Large data transmission

V2X External communication

8. Safety and Reliability Considerations

Safety is a primary concern. Standards like ISO 26262 are followed.
o Fault tolerance
e Redundancy in sensors

e Backup power systems
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e Continuous diagnostics

9. Cybersecurity Issues

Autonomous vehicles are connected to networks and hence vulnerable to cyber attacks.
e Data encryption is required.
e Secure boot mechanisms.

o Intrusion detection systems.

10. Challenges in Embedded Systems for Autonomous Vehicles
e High power consumption
e Heat generation
e Complex hardware integration
e Cost of sensors

e Testing and validation difficulties

11. Applications of Embedded Systems in Autonomous Vehicles

Application Description

Adaptive Cruise Control Maintains speed automatically
Automatic Parking Self parking feature

Collision Avoidance Prevents accidents

Lane Keeping Assist Maintains lane position
Traffic Sign Recognition Detects road signs

12. Future Trends
e Integration of 5G technology
e More powerful edge processors
e Improved Al chips
o Better battery efficiency

e Smart city integration
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13. Figure: Embedded System Flow in Autonomous Vehicle

14. Discussion

Embedded systems are the backbone of autonomous vehicles. Without real time processing,
sensor fusion, and reliable communication, vehicle automation is not possible. The
development in semiconductor technology and Al has made this progress faster. Still, many

issues like cybersecurity, power management and system complexity need further research.

15. Conclusion

Autonomous vehicles are a revolutionary outcome of embedded system advancements. The
integration of sensors, processors, Al algorithms and communication networks makes these
vehicles intelligent and independent. Although challenges exist in terms of safety, power
efficiency, and cost, continuous research is improving the technology. Embedded systems will

continue to evolve and play a critical role in the future of transportation.
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