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ABSTRACT: (250 or fewer words)  

The rapid growth of on-vehicle multi-sensor inputs along with off-vehicle data streams provides an opportunity for 

innovation in real-time decision making. The development of new advanced sensors is not sufficient enough without 

the utilization of enhanced signal processing techniques such as the data fusion methods. Multi-sensor data fusion 

(MSDF) is the process of combining or integrating measured or preprocessed data or information originating from 

different active or passive sensors. Besides the combination of sensors towards an automotive multi-sensor system, 

complex signal processing and sensor data fusion strategies are of remarkable importance for the availability and 

robustness of the overall system. As vehicles become autonomous with personal data platform concepts such as 

intelligent agents and hypervisors are critical for a robust foundation.  A lean design becomes the spring-board for 

introducing future connectivity and mobility features in a scalable manner. In this project, we aim to develop and 

explore state-of-art data fusion techniques for decision making for automotive applications. Specifically we will 

combine the benefits offered by car’s increased connectivity (e.g. internet, cloud services) with on-vehicle sensor 

information for providing detailed information about the state of the car and the environment. 

 

 

PROBLEM: 

 

Modern cars employ hundreds of sensors and electronic systems in order to obtain situational and environmental 

information (road grade, vehicle state, driver response) used to improve the drivers experience in performance, 

safety or convenience. Beyond the growth in tradition signals there is and will be a rapid growth in connectivity 

related information such as autonomous intelligent agents. Cars can utilize information from the internet, GPS, 

cloud services, other vehicles, and agents all in solitude for the most part. Data provided by these sources are 

affected by some level of impreciseness as well as uncertainty in the measurements including subjectivity or 

controversy.   The situation increases in complexity with growth in new nodes (data sources) and thus corresponding 

explosion in data to be processed. For that reason, data fusion strategies are of remarkable importance for the 

availability and robustness of the overall system. 

 

The automotive industry is always perusing avenues to improve driver safety.  The advancement in technology 

regarding road and environment conditions provides an avenue for investing the data fusion related to traction 

control and the coefficient-of-friction.  The friction between the tires of the car and the road determines the 

maximum acceleration, and more importantly the minimum stopping distance.  A focus on the traditional and non-

traditional sensors and data to estimate road slipperiness is a new area of investigation. Electronic control systems, 

like anti-lock braking system (ABS), participate in the vehicle control only when the maximum friction is exceeded. 

Future safety systems such as collision mitigation and vehicle-to-vehicle applications would benefit from a more 

continuous friction estimation system. As of today, a continuous estimation of road friction in the vehicles has not 

been solved.   Stability systems (e.g. ABS) provide a good momentary estimation of the friction but this estimation 

is not valid if the conditions change.   For example, coefficient-of-friction is affected by the type of tiers, the road 

condition and type, the weather, objects on the road (water, ice etc.), temperature, driver state, type of the car, 

weight, etc. 

 



With the increasing number of information sources available in today's cars, estimation of friction coefficient is a 

challenge. Besides using only on-vehicle information, the car can also utilize information obtained by different 

sources (e.g. other vehicles, internet, historical data etc.). The proposed project aims at merging direct estimations 

with information from multiple on vehicle sensors as well as environmental information (other cars, internet) and 

employ efficient data fusion techniques. The innovative aspects of the project are many-fold:  

1. Multi-sensor data fusion techniques will explore static and dynamic changes both on the vehicle and 

received from the environment. Specifically, the project will explore how these changes affect the decisions 

and the state of the smart car when some information is not available or when the environment changes 

rapidly (sensor/application failure, internet connectivity error etc.). 

2. Employ reflective and deliberative information gathering. By being deliberative, an agent intentionally and 

selectively chooses how to gather information. By being reflective, an agent self-evaluates its informational 

needs and performance in order to understand its needs. 

3. The estimation of friction coefficient will be used as a use case. Specifically the project will investigate  

how the estimation of coefficient of friction depends and varies on different information sources (sensors, 

vehicle-to-vehicle, information from cloud, historical data); 

4. Propose an MSDF framework for fusing data from different types of sensors and inputs. Explore adaptive 

learning (historical data) methodologies and compare data and model driven techniques. 

 

 

RATIONALE: 

Sensor data fusion plays an important role in current and future smart cars. The development of new advanced 

sensors is not sufficient enough without the utilization of enhanced signal processing techniques such as the data 

fusion methods. A stand-alone sensor cannot overcome certain physical limitations as for example the limited range 

and the field of view. Therefore combining information coming from different sensors broadens the area around the 

vehicle covered by sensors and increases the reliability of the whole system in case of sensor failure.  

 

Data fusion is not just an additive process. If successful, fusion should achieve improved accuracy (reduce the 

uncertainty of predicting the state or declaring the identity of the observed object) and more specific inferences than 

could be achieved using a single sensor alone. Multiple sensors can be arranged and configured in a certain manner 

to obtain the desired results in terms of sensor nodes or decision connectivity. The goal of this project is to obtain 

information from multiple and heterogeneous sensors and provide the necessary information to the car so as to have 

a clear image of the road conditions. For that reason, the use case that will be tested is the estimation of the 

coefficient of fraction. 

 

CURRENT SOLUTIONS: 
Data fusion is the process of combing information from a number of different sources to provide a robust and 

complete description of an environment or process of interest. Data fusion is of special significance in the 

automotive industry where a large amounts of data must be combined, fused and distilled to obtain information of 

appropriate quality and integrity on which decisions can be made. 

 

Regarding coefficient of friction, the estimation methods proposed in the literature are classified into “cause-based” 

and “effect-based” approaches. “Cause based” estimations have two potential advantages: (i) the friction coefficient 

of the road surface ahead of the vehicle may be detected, which enables preview and preemptive actions; and (ii) 

estimation is possible without physical excitation, and could work well even when the vehicle is not being driven. 

These methods, however, only detect one aspect of road conditions. Therefore, other factors that affect tire force 

generation, such as tire types and wear/pressure, hydroplaning and change in normal load on driven wheels, are not 

taken into account. “Effect based” methods usually deal with physical characteristics of the car such as tire tread, 

tire motion, vehicle motion etc. These methods are more complicated and they rely on an explicit realistic model of 

the underlying processes and are generally successful if the assumptions are plausible and the model holds. 

However, “effect based” methods may not always be the best choice, for example, when the underlying model of 

the signals or the medium in which they propagate is too complicated, varying rapidly, or simply unknown. 

 

Vision/Temperature Based Methods: 



 Methods: Solutions presented in [1], [2] and [3] analyzed the texture of road images taken by camera to 

classify possible road types. The basic concept of these works is that the image of a rough surface has a 

wider distribution of pixel luminance levels than the image of a smooth surface.  

 Problems: The performance of these vision-based methods is affected by the intensity and direction of light 

the reliability of the texture analysis deteriorates when the image is blurred by vehicle speed and vibration. 

Generally, vision information alone is not sufficient to estimate road conditions because many factors affect 

the road conditions which may not be easily discerned through this information exclusively. Therefore, 

when other pieces of information, such as sensors, weather conditions etc., are fused with vision information 

a more accurate estimate can be obtained. 

 

Tire Tread Based Methods: 

 Methods: Solutions presented in [4] Error! Reference source not found. and [5] estimated tire forces 

using tire carcass displacements measured by an LED sensor module. The measured signals were 

transmitted from the tires to the chassis through a wireless network. The displacement information was then 

processed and converted to tire force information that was being broadcasted through a CAN-bus. In [6], 

the authors use a sensor embedded in the tire and they present a  tire-road  friction  coefficient estimation  

algorithm  based  on  tire  lateral  deflection  obtained  from  lateral  acceleration. The  lateral  acceleration  

is  measured by wireless  3D  accelerometers  embedded  inside  the  tires.  

 Problems: It is difficult to use these methods for production vehicles because of both the costs involved and 

technical challenges in embedding strain sensors and related power, signal conditioning and communication 

devices in tires. Also, these methods use only measurements from the vehicle sensors and cannot be applied 

to steady state driving conditions. 

 

Wheel Dynamics Based Methods: 

 Methods: Authors in [7] and [8] presented a road friction estimation method using wheel rotational 

behavior. When traction forces are applied to wheels, the resulting wheel speed difference between driven 

and non-driven wheels varies by road surface conditions. Consequently, road friction can be estimated. The 

same concept can also be applied during braking. 

 Problems: The road friction estimation based on ABS/TCS excitations is generally inadequate due to 

controller intervention. 

 
Table 1 Comparison of several estimation approaches [12] 

Category Special Sensors 
Sensor 

reliability 
Vulnerability Cost References 

Vision/Temperature Optical/Temperature 
Need clear 

vision 
Snow, ice High [1][2][3] 

Tire tread Strain sensor - Sensor noise High [4][5] 

Wheel dynamic - - 

High 

frequency 

disturbances 

Low [7][8][9] 

Vehicle dynamics 

D-GPS 
Need line of 

sight 

Slow reaction 

in rapid 

changes 

Medium [10] 

Inertial - 
Not good 

performance 
Low [11] 

 

As it can be seen in Table 1, the coefficient of friction has been widely studied. However, each solution has its own 

limitations and assumptions and it is based on information provided by the vehicle. To the best of our knowledge, 

no work has combined information from external sources with on-vehicle sensors so as to further enhance the 

estimation of the traction of the car. Also, no research work has explored the impact of static and dynamic 

information sources for the estimation of the state of the car. 

 



This project will focus on multi-sensor data fusion techniques over a multi-agent system that has been designed to 

provide service flexibility for modern cars. Specifically, the tested use case will be the estimation of coefficient of 

friction. The differentiators of this project compared to all the aforementioned research works are: 

1. Gather and classify information from multiple sources (sensors, cameras, internet, historical data etc.) and 

extract data correlation regarding the environmental conditions and the state of the car. 

2. Study dynamic decisions and estimations when some information may not be available or when the 

environment changes rapidly (sensor/application failure, internet connectivity error etc.). 

3. Perform a study and comparison between data and model driven techniques 

4. Integrate information from other vehicles. For example, vehicle-to-vehicle distance with multiple inputs 

will be used as indicators of traction. A key challenge in exchanging information about friction between 

vehicles is that the friction potential is different for each vehicle and its tires. On dry asphalt the differences 

could be considered small, but in adverse weather conditions the performance differences between tires 

grow (especially winter tires vs. summer tires). 

5. Previous research works on deliberative and reflective agents have studied this field by using only 

theoretical analyses and empirical studies. The goal of the proposed project is to move towards real-world 

"smart" car application with specific requirements  

 

INADEQUACY: 

There are a number of issues that make data fusion a challenging task in the automotive domain. The majority of 

these issues arise from the data to be fused, imperfection and diversity of the sensor technologies, and the nature 

of the application environment as following: 

 

Data imperfection: data provided by sensors is always affected by some level of impreciseness as well as uncertainty 

in the measurements.  

 

Outliers and spurious data: the uncertainties in sensors arise not only from the impreciseness and noise in the 

measurements, but are also caused by the ambiguities and inconsistencies present in the environment, and from the 

inability to distinguish between them. 

 

Conflicting data: fusion of such data can be problematic especially when the fusion system is based on evidential 

belief reasoning. To avoid producing counter-intuitive results, any data fusion algorithm must treat highly 

conflicting data with special care. 

 

Data correlation: this issue is particularly important and common in distributed fusion settings as for example some 

sensor nodes are likely to be exposed to the same external noise biasing their measurements. If such data 

dependencies are not accounted for, the fusion algorithm, may suffer from over/under confidence in results. 

 

Static vs. dynamic phenomena: the phenomenon under observation may be time-invariant or varying with time. In 

the latter case, it may be necessary for the data fusion algorithm to incorporate a recent history of measurements 

into the fusion process. In particular, data freshness, i.e., how quickly data sources capture changes and update 

accordingly, plays a vital role in the automotive domain. 

 

 

PROPOSED SOLUTION: 

In this project, we couple the concept of multi-agent systems with data fusion techniques in order to develop a 

distributed adaptive and reliable decision making system for automotive applications.  

 

The advantages of a multi-agent system in a smart car are many-fold. Having multiple agents, it speeds up the car's 

operations by providing a method for parallel computation. Inputs from sensors and car diagnostics are performed 

faster. Reliability and robustness are a benefit too. Car control and services are sufficiently shared among different 

agents. Thus, the system can tolerate failures by one or more of the agents. However, the most important thing 

offered by agents is connectivity. The increased connectivity offered by autonomous intelligent agents provide more 

sources of information. For example additionally to the on-vehicle sensors, cars can utilize information from the 

internet, GPS, cloud services and other vehicles. In this project we propose an MSDF methodology for processing 



multi-sensor data from different types of sensors and information inputs. 

Specifically, the proposed methodology will: 

1. Collect data and inputs from on-vehicle sensors and environmental 

sources. Based on this input the project will provide information 

regarding the data correlation, it will perform data clustering and 

estimations. The employed use case is the estimation of friction 

coefficient. 

2. Merge direct estimations with information from multiple on vehicle 

sensors as well as environmental information (other cars, internet) 

and employ efficient data fusion techniques. 

3. Explore and address static and dynamic changes both on the vehicle 

and the environment. Specifically, the project will explore how these 

changes affect the decisions and the state of the smart car when some 

information is not available or when the environment changes rapidly 

(sensor/application failure, internet connectivity error etc.). 

4. Explore adaptive learning (historical data) methodologies and 

compare data and model driven techniques. 

 

 

 

Furthermore, the project will use the multi-agent system as the basis for co-operative vehicle-to-vehicle 

communication enhancing the accuracy and the exchange information between cars. The co-operative approach for 

improving traffic safety is based on communicating information and measurements between road users and also 

from and to other cars. The car’s own measurements will be supported by the communicated data, thus helping to 

disseminate warnings and traffic information, and bring situational awareness. However, as aforementioned, a key 

challenge in using friction, or general information, in vehicle-to-vehicle is that the friction potential is different for 

each vehicle and the information that it is sent may not be accurate for other cars. For that reason, the project will 

address this issue by employing data clustering techniques using information about tires, weather and position.  

 

Another challenge is the high variance of friction even over short stretches of road. Actually, the coefficient of 

friction varies a lot even for small distances. However, continuous monitoring and information exchanging is not 

the solution as it will flood other vehicles with information that in many cases it is not even useful. Thus, when 

designing a data fusion methodology, it is important to determine how sophisticated the sensors and the agents' 

decision will be. To improve agent sensing and overall car performance, the project will employ reflective and 

deliberative information gathering by intelligent agent. By being deliberative, an agent intentionally and selectively 

chooses how to gather information. By being reflective, an agent self-evaluates its informational needs and 

performance in order to understand its needs and past sensing outcomes to best guide deliberative information 

gathering, as well as adapt and learn as it faces new decisions in an uncertain environment. Specifically, the 

proposed project will implement and evaluate Partially Observable Markov Decision Processes (POMDP) for 

reasoning under uncertainty. Previous research works have studied this field by using only theoretical analyses and 

empirical studies. The goal of the proposed project is to move towards real-world "smart" car application with 

specific requirements. 

 

 

NOVELTY: 

The innovative aspects of the project are many-fold:  

1. Multi-sensor data fusion techniques will explore static and dynamic changes both on the vehicle and the 

environment. Specifically, the project will explore how these changes affect the decisions and the state of 

the smart car when some information is not available or when the environment changes rapidly 

(sensor/application failure, internet connectivity error etc.). 

1. Employ reflective and deliberative information gathering. By being deliberative, an agent intentionally and 

selectively chooses how to gather information. By being reflective, an agent self-evaluates its informational 

needs and performance in order to understand its needs. Previous research works on deliberative and 

reflective agents have studied this field by using only theoretical analyses and empirical studies. The goal 

of the proposed project is to move towards real-world "smart" car application with specific requirements  



2. The estimation of friction coefficient will be used as a use case. Specifically the project will investigate  

how the estimation of coefficient of friction depends and varies on different information sources (sensors, 

vehicle-to-vehicle, information from cloud, historical data); 

3. Propose an MSDF framework for fusing data from different types of sensors and inputs. Explore adaptive 

learning (historical data) methodologies and compare data and model driven techniques. 

 

POTENTIAL BENEFITS TO INDUSTRY MEMBERS: 

The project will focus on the integration and analysis of information from multiple sensors including static and 

dynamic changes both on the vehicle and the environment. On top of that, these techniques will be employed over 

a multi-agent system especially designed for on-vehicle communication. The benefits for the member companies 

will be many-fold. Firstly, new techniques for real-time data fusion will be developed, tested and evaluated. Also, 

the use case for the proposed project is the estimation of coefficient of friction which is considered as one of the 

most important factors for modern cars. Furthermore, the concept of multi-sensor data fusion on top of a multi-

agent system will be evaluated. Last, improvements and new solutions for adaptive data fusion will be proposed, 

following the trends of a smart-car. 

 

DELIVERABLES: 

The proposed project deliverables will be as follows: 

1. Comprehensive report on the developed techniques including details about the implemented algorithms and 

tools. The report will also include the results regarding the selected use case. 

2. A simulation demo with a lot of different scenarios that cover a great variety of results from the selected 

use case. 

 

TIMELINE / MILESTONES (PER QUARTER): 

 Q1: Review of data fusion method and extraction of friction models. 

 Q2: Design and implementation of the data fusion techniques targeting coefficient of friction. 

 Q3: Evaluation of estimator performance in simulations. 

 Q4: Evaluation of the estimator performance with experimental data 

 

TECHNOLOGY TRANSFER: 

Technology transfer will be performed in the form of comprehensive reports regarding the developed data fusion 

techniques. 

 

BUDGET: 

The requested budget is $50,000. The budget will cover travel expenses for meetings, acquisition of necessary 

equipment and salaries (PI and participating graduate students under the supervision of the PI). 
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information sources increases the amount of data to be processed increases as well. For that reason, data fusion strategies 
are of remarkable importance for the availability and robustness of the overall system. With the increasing number of 
information sources available in today's cars, estimation of friction coefficient is a challenge. Besides using only on-vehicle 
information, the car can also utilize information obtained by different sources (e.g. other vehicles, internet). 

Rationale / Approach: In this project, we couple the concept of multi-agent systems with data fusion techniques in order 
to develop a distributed adaptive and reliable decision making system for automotive applications. This project will focus 
on multi-sensor data fusion techniques over a multi-agent system that has been designed to provide service flexibility for 
modern cars. The most important thing offered by agents is connectivity. The increased connectivity offered by 
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gathering; (iii) The estimation of friction coefficient will be used as a use case. Specifically the project will investigate how 
the estimation of coefficient of friction depends and varies on different information sources (sensors, vehicle-to-vehicle, 
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