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Abstract:  The development of autonomous vehicles (AVs) presents significant advancements and challenges 

in Human-Machine Interaction (HMI). HMI systems, which allow for seamless communication between 

humans and autonomous systems, are essential for ensuring the safety, efficiency, and user experience in AVs. 

This paper surveys the current state of HMI in autonomous vehicles, with a focus on the challenges associated 

with interface design, the role of artificial intelligence (AI) in enhancing these systems, and the ethical 

considerations surrounding AI-driven HMI. The objective is to identify key research gaps and future directions 

in the field, particularly in terms of safety, user engagement, and ethical transparency. Our findings show that 

while AI can greatly improve HMI systems by making them more adaptive and user-friendly, issues related to 

user trust, control, and the ethical implications of autonomous decision-making remain unresolved. Future 

research should focus on the development of transparent, adaptable, and inclusive interfaces that can cater to a 

broad range of users. 

 

Index Terms - Human-machine interface, autonomous vehicles, automated driving systems, performance 

reliability 
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I. INTRODUCTION 

The emergence of autonomous vehicles (AVs) is transforming the future of transportation, with promises of 

improved safety, reduced traffic congestion, and enhanced fuel efficiency. However, the development of AVs 

brings with it significant challenges, especially in how humans interact with these vehicles. Human-Machine 

Interaction (HMI) is a critical aspect of AVs that determines how drivers and passengers communicate with the 

vehicle's automated systems. 

In traditional vehicles, the driver is the sole operator, responsible for navigating the vehicle and making all 

critical decisions. In contrast, AVs operate under varying levels of autonomy, where HMI plays a significant 

role in relaying information, facilitating decision-making, and ensuring a smooth interaction between the user 

and the machine. As AV technology evolves, HMI must adapt to new challenges, including safety, user 

engagement, and ethical considerations. 

The primary aim of this paper is to explore the existing body of knowledge surrounding HMI in AVs, to 

highlight the challenges and opportunities in creating effective interfaces, and to outline future directions for 

research. This paper will review several key areas: the role of AI in HMI systems, challenges in user 

adaptation, and ethical concerns that arise in the design and operation of these systems. In doing so, we aim to 

provide a comprehensive understanding of the current state of HMI in AVs and the research gaps that remain 

to be addressed 

II. LITERATURE REVIEW 

2.1 Overview of Human-Machine Interaction in AVs 

Human-Machine Interaction (HMI) is a multidisciplinary field that involves the study and design of 

communication systems between humans and machines. In the context of autonomous vehicles, HMI systems 

are responsible for providing users with the necessary information to interact safely and effectively with the 

vehicle. These systems include visual displays, audio alerts, touch interfaces, and AI-driven assistants. 

The primary goal of HMI systems in AVs is to ensure that users can easily understand and interact with the 

vehicle's automated systems. This is especially important in semi-autonomous vehicles where the driver may 

be required to take control of the vehicle in certain situations. As AVs progress towards higher levels of 

autonomy, the role of HMI becomes even more critical in maintaining user engagement and trust.  

 

2.2 Key Challenges in HMI Design for AVs 

Several challenges have been identified in the design of HMI systems for AVs. These challenges are primarily 

related to the complexity of the systems, the need for clear communication between the vehicle and the user, 

and the potential for user disengagement. 

 

2.2.1 User Adaptation and Engagement 

One of the most significant challenges in HMI design is ensuring that users remain engaged with the vehicle's 

automated systems. Studies have shown that as vehicles become more autonomous, users tend to become less 

engaged, leading to slower reaction times in situations where the user is required to take control. This 

phenomenon, known as "automation complacency," is particularly concerning in semi-autonomous vehicles, 

where drivers may be expected to intervene at a moment's notice. 

HMI systems must be designed to keep users engaged and alert, even during periods of full autonomy. This can 

be achieved through the use of visual, auditory, and haptic feedback systems that provide the user with real -

time information about the vehicle's status and the surrounding environment. For example, adaptive displays 

that adjust their level of detail based on the user's level of engagement can help ensure that the user remains 

aware of the vehicle's actions. 

 

2.2.2 Safety and Control Transitions 

A critical aspect of HMI in AVs is ensuring a smooth transition of control between the vehicle and the user. In 

semi-autonomous vehicles, the user may be required to take control in situations where the vehicle's automated 

systems are unable to operate safely. HMI systems must provide clear and timely alerts to the user in these 

situations, allowing them to take control quickly and safely. 

However, research has shown that many current HMI systems fail to provide adequate warning to users when 

a transition of control is required. This can lead to dangerous situations where the user is unprepared to take 

control of the vehicle. To address this issue, HMI systems must be designed to provide more intuitive and 

proactive alerts that give the user sufficient time to react. 
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2.2.3 Designing for Diverse User Groups 

HMI systems in AVs must be designed to accommodate a wide range of users, including those with different 

levels of technical expertise, age groups, and physical abilities. This presents a significant challenge, as a one-

size-fits-all approach may not be effective for all users. 

Recent studies have emphasized the importance of designing user-centric interfaces that are intuitive and easy 

to use, even for individuals with limited technical knowledge. This involves simplifying the interface, providing 

clear instructions, and allowing for customization based on the user's preferences. Additionally, inclusive design 

practices should be employed to ensure that the HMI systems are accessible to users with disabilities.  

 

2.3 The Role of AI in Enhancing HMI Systems 

Artificial intelligence (AI) has emerged as a key technology in enhancing HMI systems for AVs. AI can be 

used to create more adaptive and personalized interfaces that respond to the user's driving habits, preferences, 

and emotional state. By leveraging machine learning algorithms, AI-driven HMI systems can analyse data from 

the vehicle's sensors and the user's inputs to optimize the interaction experience. 

 

2.3.1 Adaptive Interfaces 

AI-powered HMI systems have the ability to create adaptive interfaces that change based on the user's behaviour 

and the vehicle's environment. For example, an AI system can detect when the user is becoming disengaged 

and adjust the interface to provide more detailed information about the vehicle's status. Similarly, the system 

can simplify the interface during routine driving situations to reduce cognitive load. 

Adaptive interfaces can also be personalized based on the user's preferences. For example, AI can learn the 

user's preferred driving style and adjust the vehicle's behaviour accordingly. This can help create a more 

comfortable and satisfying driving experience, while also ensuring that the user remains engaged. 

 

2.3.2 AI-Driven Assistants 

Another application of AI in HMI systems is the use of AI-driven virtual assistants. These assistants can provide 

the user with real-time information about the vehicle's actions, suggest optimal routes, and even handle routine 

tasks such as adjusting the temperature or setting navigation destinations. By automating these tasks, AI-driven 

assistants can reduce the user's cognitive load and allow them to focus on more critical aspects of driving.  

However, there are concerns about the over-reliance on AI-driven assistants. While these systems can enhance 

convenience, they may also lead to a decrease in user engagement and situational awareness. This highlights 

the need for HMI systems that strike a balance between automation and user control. 

 

2.4 Ethical and Safety Considerations 

As AI becomes more integrated into HMI systems, ethical and safety concerns become increasingly important. 

The use of AI in safety-critical systems, such as AVs, raises questions about transparency, accountability, and 

the allocation of responsibility in the event of an accident. 

 

 

2.4.1 Transparency in AI-Driven Decision Making 

One of the primary ethical concerns associated with AI-driven HMI systems is the lack of transparency in 

decision-making processes. In many cases, the algorithms used by AI systems are opaque, making it difficult 

for users to understand why the vehicle is taking certain actions. This can lead to distrust and unease, especially 

in situations where the user feels that the vehicle's actions are not aligned with their expectations.  

To address this issue, researchers have called for the development of AI systems that provide more transparency 

in their decision-making processes. This could be achieved through the use of explainable AI (XAI) techniques, 

which provide users with clear and understandable explanations of the vehicle's actions. 

 

2.4.2 Allocation of Responsibility 

Another ethical issue is the allocation of responsibility in the event of an accident involving an AV. When a 

human driver is in control, responsibility for an accident is typically assigned to the driver. However, in the 

case of fully autonomous vehicles, it is unclear who should be held accountable—the user, the vehicle's 

manufacturer, or the developers of the AI system. This raises complex legal and ethical questions that need to 

be addressed as AVs become more prevalent. 

HMI systems can play a role in mitigating these concerns by providing users with clear information about their 

role and responsibilities when using an autonomous vehicle. For example, the system could notify the user 

when they are required to take control, or provide feedback on the vehicle's performance in real time. 
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III. METHODOLOGY 

3.1 Scope and Conceptual Framework 

Electric autonomous vehicles have been regarded as the primary solution to many environmental and social 

issues in the automotive sector. These vehicles are equipped with multiple advanced technologies that allow 

them to recognize the environment they are operating in, and make decisions regarding the necessary action to 

ensure reliability for a proper driving experience. The most common sensors in AVs, as displayed in Figure 2 

are as follows: 

 Light Detection and Ranging (LiDAR): Provides high-resolution 3D mapping of the vehicle’s 

surroundings, aiding in object detection, localization, and navigation  

 Cameras: Used for visual perception, object detection, traffic signage recognition, lane detection, and 

pedestrian detection 

 Radar: Offers long-range detection capabilities, especially in adverse weather conditions, for detecting 

vehicles, pedestrians, and obstacles. 

 Ultrasonic Sensors: Assist in close-range object detection, particularly useful for parking assistance and 

manoeuvring in tight spaces. 

 Global Positioning System (GPS): Provides precise localization data, essential for navigation and route 

planning.  

 Inertial Measurement Unit (IMU): Measures vehicle motion and orientation, aiding in localization, 

steering, and stabilization.  

 Environmental: Including temperature, humidity, and barometric pressure sensors, to gather data about 

the vehicle’s surroundings for enhanced situational awareness 

 
figure 1. schematic of common sensors and actuators in an autonomous vehicle  

(a) exterior view, (b) interior view. 

 

 

3.2.1 Review Design and Selection Criteria 

In the identification stage, a comprehensive search of various types of publications including journal articles, 

conferences, and reviews, among others, was conducted using SCOPUS as the main research database. 

Specific keywords including ‘‘autonomous vehicles’’, ‘‘self-driving vehicles’’, ‘‘human machine 

interfaces’’, and ‘‘HMI’’, were used to ensure the study’s themes were related to the research topic. 

 

 

 

3.2.2 Selection 

Following identification, the screening process involved reviewing the titles and abstracts to exclude 

duplicates and irrelevant studies. The screening process ensured that the remaining studies met the inclusion 

criteria by focusing on their relevance to the topic and their contribution to understanding HMI technologies 

in autonomous vehicles. 

For determining eligibility, an assessment of the full texts of the screened articles was conducted. The criteria 

for eligibility included relevance to the development and application of HMI technologies in autonomous 

vehicles, a focus on interaction with users (including drivers, passengers, and pedestrians), studies published 
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between 2020 and the present to ensure the inclusion of recent advancements and trends, and the inclusion of 

empirical data, experimental methods, or comprehensive reviews related to HMIs in autonomous vehicles. 

Studies with descriptive elements of HMIs in the automotive sector with an emphasis on autonomous vehicles 

were the main objective of the selection process. This structured process ensured that the review was 

comprehensive and included high-quality studies that provide valuable insights into the state and challenges 

of HMI technologies in autonomous vehicles 

 

3.3 Data Collection 

The data collection involved gathering and categorizing research papers that addressed different aspects of 

HMI in autonomous vehicles. Each study was evaluated based on its contributions to understanding user 

adaptation, AI integration, and ethical challenges in HMI design. This helped identify patterns, gaps, and 

emerging trends in the literature. 

 

3.4 Analysis Framework 

The selected literature was analysed using a thematic approach. Key themes such as user adaptation, AI-

driven HMI innovations, safety, and ethics were identified and examined in detail. The analysis also focused 

on evaluating the effectiveness of current HMI designs and identifying areas for future improvement. 

 

3.5 Architecture of HMIs in Autonomous Vehicles  

The selected papers were classified according to the HMI architecture used in cars, specifically focusing on 

internal and external interfaces. The general architecture of HMIs in autonomous vehicles consists of an input 

channel and an output channel. The input channel can perceive inputs not solely from the drivers but also 

from passengers and external factors such as pedestrians, weather and road conditions, and other vehicles 

through the use of sensors, which can include visual technology, biometrics, etc. The output channel consists 

of extracting features from the input channel and communicating them internally to the users of the automated 

vehicle and externally to pedestrians. To better understand the specific roles and design challenges of HMIs, 

it is useful to distinguish them between internal and external interfaces. 

Internal interfaces focus on the interaction between the vehicle and its users, primarily the driver and 

passengers. These interfaces are responsible for providing information about the vehicle’s status, upcoming 

manoeuvres, and situational awareness. Effective internal HMIs ensure that drivers remain informed and 

engaged, reducing the risk of accidents and improving overall safety. They also enhance the user experience 

by integrating infotainment systems, navigation aids, and personalized settings. External interfaces, on the 

other hand, are designed to communicate the vehicle’s intentions to external entities such as pedestrians. 

These interfaces play a crucial role in ensuring the safety of vulnerable road users by providing clear and 

intuitive signals about the vehicle’s actions, such as stopping, turning, or yielding.  

By categorizing HMIs into internal and external interfaces, we can more effectively analyse and address the 

specific design challenges and opportunities associated with each type. This classification aligns with the 

main goals of this review, which are to present a comprehensive overview of HMI technologies, identify 

design challenges, and explore opportunities to improve user interaction with autonomous vehicles. 

 

 
figure 2. general architecture of interactions in autonomous vehicles. 
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IV. RESULTS AND DISCUSSION 
  

The survey identified several key trends and challenges in the development of HMI systems for autonomous 

vehicles: 

 

4.1 Experimental Platforms for HMI Design in Autonomous Vehicles 

Simulation and experimental platforms have been developed to test and evaluate design concept performance 

reliability for both internal and external HMIs. For internal HMIs, as shown in Figure 3, they range from the 

use of simple driving simulators, where a monitor is used for studying the driving style of a driver, to cabin 

simulators that emulate the interior of an autonomous vehicle. In a cabin simulator, the point of view is shown 

in front of the cabin’s windshield and different sensors inside the cabin are used to capture the passengers’ 

perception. 

Some of the parameters that are tested for internal HMI experiments include reaction times and take-over times, 

sometimes including additional details regarding the actions users do after taking control of the vehicle such as 

speed changes or gaze positions while driving. 

Experiments for external HMIs (eHMIs) are similar in the use of simulation platforms. In this case, there is a 

prevalent use of simple computer simulations to simulate pedestrians in crossing situations, however, there are 

cases where the use of technologies such as virtual reality can enhance the simulation to produce more reliable 

results 

External HMI experiments have had on-field tests with functional physical eHMI concepts for autonomous 

vehicles to evaluate their effectiveness under certain experimental conditions, primarily perceived safety and 

performance reliability from pedestrians 

 

 
figure 3. simulation cabin setup ‘‘compact 

simulator’’ manufactured by vi-grade for 

evaluating internal vehicle hmi 

 

4.2 AI-Driven HMI Systems 

As the level of automation increases, Artificial Intelligence (AI) technologies, in the form of Machine Learning 

(ML), need to be implemented, as the HMI should accurately diagnose the situation in order to know if it’s 

possible to switch between human and machine while driving the vehicle, as human override is still an option 

in high automation 

Some of the AI technologies used to reinforce the interaction between the user and the autonomous vehicle and 

their research interest in the last 5 years based on an additional SCOPUS search, are the following: 

 Natural Language Processing (NLP): AI will foster NLP integration allowing users to interact with the 

vehicle using voice commands, enabling hands-free operation for tasks such as navigation, entertainment 

control, and communication 

 Predictive analytics: AI methods can study user behaviour, preferences, and contextual data to anticipate 

user needs and proactively suggest actions or adjust vehicle settings to improve comfort, convenience, 

and safety.  

 Situational awareness: By integrating data from on board sensors, cameras, and external sources, AI can 

provide contextual awareness to the vehicle interface, enabling adaptive responses to changing driving 

conditions, traffic situations, and user requirements. 

 Personalization: AI-powered personalization features can tailor the vehicle interface to individual user 

preferences, including screen layouts, menu structures, and content recommendations, improving the 

overall user experience.  

figure 4. on-field experimental 

autonomous vehicle platform to evaluate 

hmi elements 
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 Cognitive load monitoring: AI algorithms can monitor the cognitive load of the driver and passengers 

by analyzing factors such as gaze, facial expressions, and physiological signals, providing feedback or 

assistance to reduce distractions and ensure safe driving. 

 Predictive Maintenance: AI-powered predictive main tenance systems can monitor vehicle performance 

data in real-time, detect potential problems before they escalate, and recommend preventative 

maintenance actions to optimize vehicle reliability and lifespan  

4.3 Standards and Regulations for Autonomous Vehicles HMIs 

Currently, as far as the authors have researched, there are no official standards that focus on guidelines for the 

design of both types of HMIs in autonomous vehicles. 

Existing standards related to HMI design in autonomous vehicles come from the International Organization for 

Standardization (ISO). For instance, ISO 26262 specifies functional safety requirements for automotive 

systems, including HMI components, to mitigate risks associated with malfunctions and failures. ISO 15005 

focuses on the ergonomics of human-system interaction in vehicles, addressing HMI design principles, display 

legibility, and user interface considerations. ISO 9241 covers human centered design principles for interactive 

systems, including HMI interfaces, emphasizing usability, accessibility, and user experience 

On the other hand, the SAE has proposed the following standards: SAE J3016 defines levels of driving 

automation and terminology for autonomous vehicle systems, including HMI functionalities, and SAEJ2395 

specifies guidelines for vehicle user interfaces to ensure safe and intuitive interaction with automated driving 

systems 

 
figure 5. guidelines for hmi design in autonomous vehicles 
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4.4 Specific application of autonomous vehicles HMIs 

 

1. Personal: Currently, most of the personal use automated vehicles are at an SAE level of automation between 

2 and 3, some examples include the Mercedes E Class, Tesla Model S, Volvo V90, BMW 7 series, and VW 

Passat, each with their own approach at monitoring and displaying internal and external information to their 

users through an interface. Research regarding HMI design involves analyzing these platforms’ interface 

design through the proposed transparency assessment method to estimate their understandability to identify 

critical elements of their HMIs that make users comfortable and knowledgeable of the systems 

2. Commercial: Autonomous vehicles have begun to provide commercial applications for users, one of these 

examples relies on using them for providing transportation services. Some examples include Uber cars with 

their XC90 and Fusion platforms and Google Car with their Prius platform, whose sensor setups offer 

autonomous transportation services with SAE level4 automation capabilities, and their interface design have 

the objective of providing navigation and environmental information to their users. Another commercial use 

of autonomous vehicles involves delivery applications, where delivery robots provide delivery services from 

a warehouse to a customer’s living place. Research in HMI technologies for these robots involves the use of 

external interfaces for the robot to indicate its navigational intent to pedestrians through text and lights, 

presenting information about its context 

3. Military: Autonomous vehicles have many uses in military applications, including surveillance, inspection, 

logistics, and combat, among others which all need a network-based security application to integrate the 

required sources and services to function properly. The design of proper interfaces for this application poses 

a challenge due to the increasing complexity and required tasks of the vehicles, which need much more 

computational resources not only for sensing and processing environmental information but also for 

coordination with additional vehicles that are deployed simultaneously. One example is the deployment of 

unmanned autonomous systems such as robotic plat forms like UAVs, UUVs, or UGVs, whose human 

operators have had the challenge of using the real-time data obtained by these platforms to make decisions, 

and their interfaces should be able to anticipate disturbances while monitoring performance and responding 

to threats to ensure safety. 

4. Agricultural: Multi-purpose autonomous vehicles are being deployed in agricultural environments to 

automate harvesting operations. Their adoption relies on their ability to be able to operate safely and avoid 

accidents, which is why research is focused on designing interfaces so that workers in the area can interact 

with the vehicle through the use of natural language, gestures, and portable devices for monitoring 

 

4.5 Discussion 

The findings from this survey highlight several areas for improvement in HMI systems for autonomous vehicles. 

Adaptive interfaces offer promising solutions for keeping users engaged, but they need to be designed to prevent 

over-reliance on automation. Additionally, AI systems must be more transparent in their decision-making 

processes to build user trust. Ethical concerns, particularly regarding responsibility in the event of accidents, 

will require interdisciplinary research and the development of legal frameworks to ensure accountability.  

5.1 User-Centric HMI Design 

The implementation of biometric technologies in HMIs is another significant area of development. These 

technologies monitor driver conditions during vehicle operation, generating alerts when needed and ensuring 

the decision-making process is not compromised by the vehicle’s condition or external factors. For example, 

eye-tracking systems can detect driver drowsiness, while heart rate monitors can identify stress levels, ensuring 

timely alerts and interventions to maintain safety. 

5.2 Addressing Challenges 

Currently, there are several challenges involved with the implementation of HMI technologies in autonomous 

vehicles, one of the most relevant is the lack of development of specific standardized protocols and regulations 

regarding these technologies. This lack of standards can cause difficulties and present obstacles to the 

implementation of developing technologies into a relatively new market such as autonomous vehicles. For 

instance, without standardized HMI protocols, a user familiar with one vehicle’s interface might struggle with 

another, reducing confidence and slowing the adoption of autonomous vehicles.  
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The development of standards tailored to HMIs for autonomous vehicles would help designers ensure 

consistency between designs so that users from different autonomous vehicle platforms can obtain familiar 

experiences within the vehicle. This would minimize the learning curve of interacting with the vehicle, such as 

the scenario where autonomous vehicles are used as a service for transportation by multiple companies, 

improving confidence and motivating the adoption of autonomous platforms. The creation of standards would 

also facilitate the interoperability between components of different manufacturers, which would allow for better 

integration and compatibility in this type of system. Standardization would also allow regulatory bodies to 

define minimum requirements and performance indexes for HMIs, reducing the risk of accidents and user errors.  

 

Another relevant challenge lies in the availability of appropriate validation platforms for testing HMI designs. 

Researchers often resort to computer simulations and simulation cabins to test internal interfaces, which provide 

a controlled environment but may not reflect the complexities of real-life interactions. For example, simulation 

cabins like the VI-grade simulator can recreate the interior of an autonomous vehicle and project virtual test 

roads, but they might not capture the full range of user reactions seen in actual driving conditions. For external 

interfaces, virtual reality technology has been used to immerse test subjects in the role of pedestrians, providing 

better immersion and inter active environments. However, these simulations still have limitations in replicating 

real-life conditions dynamically. 

 

V. CONCLUSION 

 

This project covers the fundamentals of machine learning, along with data processing and modeling 

algorithms, applied to forecasting sales across various Big Mart retail locations. It demonstrates the relationships 

between various attributes and reveals that a medium-sized store location achieved the highest sales, suggesting 

that similar patterns could be adopted by other stores to boost their performance. By incorporating multiple 

variables and factors, sales predictions can be enhanced both creatively and successfully. The accuracy of these 

predictions is crucial for such systems and can be greatly improved by increasing the number of parameters 

considered. Additionally, optimizing how sub-models operate can further enhance the system's effectiveness. 

Since accurate sales predictions are directly linked to profitability, Big Marts focus on precision to prevent any 

financial losses. 

 

In this project, we developed a model utilizing techniques like XG Boost, linear regression, and random forest, 

and evaluated its performance using the Big Mart 2013 dataset to forecast the product sales for individual outlets. 

Our experimental results show that our approach delivers better accuracy compared to other methods like 

decision trees and ridge regression. Moreover, Power BI was used for visualizing the selected data to gain 

valuable insights. In conclusion, our system provides accurate and reliable global sales predictions, making it 

unique and impactful. 
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