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Executive summary

Drivers detect road conditions and they learn how to estimate maximum tyre-road
friction. However, most of today's vehicle systems don't—until the vehicle begins to slip.

Friction has a crucial role in driving, since all forces acting on a vehicle are put into
action via the friction forces between the tyre and the road, except for aerodynamic forces
and gravity. Unfortunately drivers often fail to estimate friction correctly and try
unrealistic manoeuvres. The consequence is loss of vehicle control. For London women,
the percentage of speed-related accidents was 31 %, of which misjudgement caused 64 %
[5]. Along with driver behaviour and alertness, friction is one of the remaining key
unknowns in the algorithms of future ADAS (Advanced Driver Assistance Systems) that
calculate the risk of collision, or safe speed. For example, if a Collision Mitigation
System assumes high friction, it will have poor performance on snow, since it will brake
too late.

Project FRICTI@N has focused on developing, demonstrating and verifying a system
that provides continuous sense of friction for vehicle applications. The goal has been to
offer new information for the vehicle systems to enable them to operate more accurately
especially in unusual road conditions. The main attention has been on the friction
conditions of paved roads like asphalt or concrete. Studied surface conditions are dry,
wet,  snowy  and  icy.  The  project  is  a  kind  of  continuation  to  the  previous  APOLLO
project, which focused only on tyre sensor development for friction estimation.

Sensor information is central for friction estimation, but for cost reasons the project
emphasis was on utilising existing or planned sensors in novel way. The sensors utilised
can be of type

chassis: steering wheel angle, steering torque, wheel velocities, xyz
acceleration, pitch, roll & yaw rate

environmental: air & road temperature, xy ground velocity, laser scanner, radar,
camera, laser spectroscopy

tyre: (currently a specific) tyre deformation sensor from previous APOLLO
project

The system can also tolerate missing sensors, so if one sensor gets damaged, the whole
FRICTION system does not halt; only its estimation accuracy decreases. The same
applies if the vehicle is equipped with only a subset of possible sensors; implementing
low cost systems is not too difficult.

The objectives of FRICTI@N project were:

• Create a model for on-board estimation of tyre-road friction

• Build a prototype system using a minimum number of sensors

• Verify the system benefits in selected vehicles

• Enhance the functionality of preventive and cooperative safety applications in parallel
running Integrated Projects (in practice with SAFESPOT).
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FRICTION system offers two friction values: Friction Used and Friction Potential (see
Figure 3). Friction Used tells how much friction your driving manoeuvres require.
Friction Potential is simply the maximum friction what your tyres can achieve on the
current road pavement. Also the certainty how well the system believes in given friction
values is provided, enabling other systems to judge how much they want to utilise this
information.

FRICTION system also provides an estimate of wheel slip, and road and weather
conditions: dry / wet / snowy / icy. If tyre sensors are present, then also tyre forces and
detection of early stages of aquaplaning can be offered.

The development was carried out by making a lot of tests in winter and summer
conditions utilising three vehicles: a Volvo FH12 truck, a Fiat Stilo which also includes a
prototype collision mitigation system, and Audi A6 made available by one research
participant, ika.

The main achievements of FRICTI@N were:

1. The project demonstrated a near-continuous estimation of friction potential in
changing road conditions, using sensor fusion and learning features. A careful
checking for data validity, changes in conditions and driving were used to provide a
reasonably valid estimate also in other conditions than high acceleration.

2. The project developed new sensing technology for classification of road conditions,
especially for detecting ice, snow and water. The sensors included a polarization
camera system, new features for radar, features for laserscanner to detect weather, and
improvements for Road Eye sensor.

3. Friction estimation practical benefits were demonstrated on collision mitigation
systems and driver warning including HMI considerations.

4. An intelligent truck tyre sensor was demonstrated and the state-of-the-art tyre sensor
from APOLLO project was further developed as a tool.

The project studied the benefits of friction estimation using a Collision Mitigation System
prototype from APALACI project. The distances of driver warning and brake activation
were compared with and without friction information. Tests confirmed further reduction
of crash energy in a meaningful range of driving situations and road conditions.

As in collision mitigation, the FRICTION system could provide an initial estimate of
current friction potential also for ABS and TCS, improving their operation during the
initial cycles while the optimal forces haven’t yet been measured.

Finally the project would like to state that the full FRICTION system can detect friction
in the conditions of the study as well as an alert human driver.
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PART 1 – Background and requirements

1 Introduction

1.1 Background

The European transport policy for 2010 set targets for road safety and introduction of
active safety systems for new vehicles. The FRICTI@N project supports the Intelligent
Car Initiative for the development and deployment of systems which help drivers prevent
or avoid traffic accidents. The objective of FRICTI@N project was to create an on-board
system for estimating tyre-road friction and road slipperiness. This information is to be
used to enhance the performance of integrated and co-operative safety systems like
collision mitigation, driver information and vehicle-to-vehicle communication
applications.

In an earlier project, APOLLO [1], that pioneered intelligent tyre systems, tyre
deformation sensing was seen a promising technology to detect friction and aquaplaning.
The FRICTI@N project used the results and tyre sensors from the APOLLO project, but
concentrated purely on detecting friction instead of constructing intelligent tyres.

In a state of the art study that was carried out before the FRICTI@N project, it was seen
that no single sensor is currently able to estimate friction continuously in a moving
vehicle, especially when the active safety applications would require friction information
from tens of meters ahead of the vehicle. Several environmental sensor types seemed to
have potential for estimating road weather, and based on previous research it was known
that both tyre and vehicle sensors measuring forces and accelerations can be used
separately to estimate friction. Combining this sensor data started to look like the most
promising approach to provide information for various applications.

1.2 Motivation

Except for aerodynamic forces and gravity, all other significant forces acting on a typical
vehicle are put into action via the friction forces between the tyre and the road. But since
continuous in-vehicle friction measurement has been very difficult, the estimation of
friction has been the responsibility of the driver. Unfortunately drivers do not adapt their
behaviour sufficiently to prevailing or changing conditions. A Finnish saying goes that
every winter the drivers are caught by a surprise.

Young and inexperienced and old drivers have the highest fatal accident risks during
wintertime [4]. The overtaking accidents (indicating loss of control), head-on collisions
and accidents involving pedestrians currently cause a considerably higher percentage of
fatal accidents when comparing wintertime traffic with summertime. Truck drivers are
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also in more trouble in winter conditions, compared to the averages [2]. The risks have
been found similar in Finnish and Swedish data [3]. Lowering wintertime speed limits
has been used for several years in the Nordic countries, especially Finland, and this has
had a positive effect on traffic safety [2, 3].

A look at recent accident statistics from London shows that the driver misjudging the
correct speed for the conditions, e.g. failing to realize that wet road conditions increase
the likelihood of skidding, or misjudging the sharpness of a bend, is a major factor in
speed related accidents. For male drivers the speed-related accidents form 57 % of all at-
fault accidents and from these, 16 % was considered misjudgement. For women, the
percentage of speed-related accidents was smaller, 31 %, but from these, misjudgement
caused 64 %. [5]

Electronic control systems like ABS, ESC, etc. actively participate to the vehicle control,
when the maximum friction is exceeded. However, there is a need for more accurate and
incessant friction estimation system, which can provide high quality information for
existing (e.g. ABS, ESC) and future (collision mitigation, co-operative driving) systems.
The advance information would enable for example ABS to start braking with brake
pressure best suitable for the current friction level, making the early phases of braking
even more efficient by saving time to find the optimal braking.

Along with driver behaviour and alertness, friction is one of the remaining key unknowns
in the algorithms of future ADAS (Advanced Driver Assistance Systems) that calculate
the risk of collision or safe speed. For example Collision Mitigation Systems which brake
just before accident to slow down speed are less effective on snow if high friction is
assumed—they will brake too late. Friction must also be known when e.g. calculating the
acceleration for  a  vehicle  which is  joining to  the traffic  flow or  passing an intersection,
and always when estimating safety margins for driving.

1.3 Project Objectives

The overall objective of the FRICTI@N project  was to  “create an on-board system for
measuring and estimating friction and road slipperiness to enhance the performance of
integrated and cooperative safety systems”. More detailed objectives were to

• Create an innovative model for an on-board estimation and prediction of tyre-road
friction and road slipperiness.

• Build a prototype system of an intelligent low cost sensor clustering with a minimum
number of generic sensors.

• Verify the system benefits by means of selected vehicle applications using friction and
road slipperiness information.

• Enhance the functionality of preventive and cooperative safety systems applications in
parallel running and upcoming EU Integrated Projects (in practice with SAFESPOT).

It was seen important to utilise existing vehicle sensors as much as possible.
Additionally, the project aim was not to develop new applications—instead it aimed to
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provide more accurate friction information for other applications. The system could
operate like a signal “broker”, collecting and distributing friction and road weather
information. This idea is presented in Figure 1.

Figure 1 The context of FRICTI@N project. The project focus is marked red.

1.4 Tyre-road friction

The tyre-road friction is a complex phenomenon and several models have been created to
describe it. One way to discuss the effects is to divide the friction forces into hysteresis
and adhesion friction. Adhesion describes the friction by molecular attraction while
hysteresis describes friction by the interlocking of the rubber with the ground.

When characterizing the force transfer properties of a vehicle tyre, these two types of
rubber-road friction work together. Adhesion friction is mainly responsible for tyre grip
on dry roads while hysteresis friction assures tyre grip on wet roads. The force transfer
between the tyre and the road is directly connected to a certain slip condition of the
rolling tyre (Figure 2).

This slip state describes the point of operation. Low slip quantities mean that there is
mainly adhesive friction force transfer between tyre and road. At very high slip values,
mainly sliding friction is responsible for generating tyre forces.

Besides the effects described, there are other parameters that influence the force transfer
behaviour and therefore the friction coefficient. They can be classified into four main
categories: tyre related parameters, the current driving status, road surface related
parameters and the current road condition. To estimate the friction available, all these
parameters have to be taken into account by a friction determination system.
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Figure 2 Friction characteristics of a typical tyre [6].

The project has used the following terminology in measuring different types of friction:

1. Friction used – the tyre-road forces that are currently used and can be felt as the
acceleration of the vehicle

2. Friction available – the remaining potential to use higher forces

3. Friction potential – the maximum tyre-road friction that can be used. On dry asphalt,
this is typically 1.0 meaning 1 g maximum acceleration with standard tyres. The
value is greatly dependent on tyres used and road conditions.

Figure 3 gives a graphical explanation of these terms:

ɛ = Fx / Fy

Friction
potential

Friction available

Friction used

current
slip

critical
slip

Tyre slip

Current operating
point of the tyre

Figure 3 Explanation of Friction potential, Friction used and Friction available.
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1.4.1 Strategies and concepts to determine tyre-road friction

Up to now there have been several approaches to determine the tyre-road friction.
Depending on the kind of friction (“used”, “potential”, “available” or “friction ahead”),
different approaches can be chosen to determine friction. Friction used is mainly
determined by using standard vehicle based driving dynamics sensors like those already
available for ABS or ESC systems. Using these online measurements of the vehicle
motion to support a real-time capable vehicle dynamics calculation model, the current
“friction used” can be estimated quite precisely. Wind speed, weight and force
distribution on tyres and the road inclination may induce some error.

The “friction potential” is a value that can not be measured directly because it is a
theoretical value that is not available if it is not turned into “friction used”. When friction
used becomes high enough, friction potential can be estimated from tyre and vehicle
models and behaviour. But for example environmental sensors can never truly test the
potential since the potential exists between a tyre and the road.

However, being aware of the environmental parameters that influence the friction value,
estimation can be done. The most common approach is to detect water, ice or snow
coverage by sensors. Also the knowledge of surface type and micro texture can be used to
estimate the grip level.

To get information about the friction values ahead, also co-operative systems that
communicate information between road users can be considered.

Figure 4 gives an overview of some possible friction measuring methods that have been
investigated since now.

Figure 4 Methods for friction estimation [6].

Without co-operative systems or environmental sensing, the measurements from on-
board sensors are limited to provide information about current friction, wheels locking or
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e.g. vehicle’s movement along a trajectory. These sensors measure only changes caused
by impaired friction and not directly road conditions. Sometimes processing the data can
take time and the friction measurements are actually past values. Clearly the
measurements from vehicle state do not predict the friction ahead. However, when this
information is combined with environmental sensors measuring e.g. that the conditions
stay the same or fall in some other category, current and past measurements can be used
in classifying the road ahead.

In co-operative applications, the main problem in exchanging friction information is the
high dependency of tyres used. On dry asphalt the differences between tyres could be
considered rather small, but in adverse weather conditions the performance differences
grow between tyres. Generally only road weather information is transferred between
systems or known indicators/values where there’s an attempt to normalize the effect of
the tyre. In Friction project a historic learning feature was used where tyre performance
on different surface types was recorded.

2 User needs and requirements

Through a review of accident statistics it has become clear that adverse road conditions
are often an important cause for road accidents. By some it is argued that road condition
is one of the most significant parameters causing the loss of driving control.

CARE  is  a  community  database  on  road  accidents  resulting  in  death  or  injury.  CARE
comprises detailed data on individual accidents as collected by the member states. In the
annual statistical report from 2004, statistics over fatal accident is described with respect
to the weather conditions. In Figure 5 the weather conditions are grouped into only three
major  groups,  dry,  rain  or  snow  and  other.  This  shows  the  relation  between  dry  and
adverse conditions and it can be seen that a noteworthy share of accidents take place in
low friction conditions, facing a high risk of aquaplaning or slippery roads.

Some accidents could most evidently be prevented by an intelligent friction system and
the detection of low friction is of great interest when trying to increase traffic safety.

The key users of the friction estimation system were considered to be:

• Direct driver information systems

• Vehicle Dynamic Control Systems

• Advanced Driver Assistance Systems

• External communication applications

For each of these categories different functions, systems or applications can be identified
which can benefit from tyre-road-friction information.
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Figure 5 Accidents grouped by weather conditions.

2.1 Driver Information

Drivers are generally good at interpreting actions of other road users, like a pedestrian
looking like wanting to cross a road, their own driving performance and also road
weather conditions. Computers and sensor systems on the other hand excel at measuring
distances, speeds and vehicle state, persistently. In some situations the vehicle can correct
and warn about errors made by the driver.

The driver may for example be surprised of sudden changes in friction or have trouble
estimating the vehicle behaviour and remaining friction potential during hard manoeuvres
such as heavy cornering on a wet road. Most northern drivers have experience on driving
on ice and snow, but even in the north, the most slippery conditions can not be tested and
learned often. Computer assistance can help when the driver has not enough experience
from certain weather conditions.

The human machine interface (HMI) gives a possibility to provide friction information
directly to the driver. This could be achieved by a display message containing a certain
friction level or a warning icon. A warning sound could be used if the friction level falls
suddenly. However, it was considered during the project, that friction information is as or
even more likely to be part of other applications than to be displayed directly. One reason
for this is trying to limit the total amount of driver information and the driver becoming
overloaded.
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Friction can be used e.g. in applications measuring and warning about safe margins,
collisions, intersection safety and curve speed. Basically a warning would be given when
the risk is high.

The road weather and friction levels can also be used as general information for the
driver. In this type of applications even momentary errors in friction estimation would not
matter as much as with intrusive warning systems. This is naturally up to the HMI design
and user acceptance issues.

Due to the varying nature of friction, the tuning of some applications may cause
problems: For example in curve speed warning the vehicle trajectory can vary a lot within
tens of meters and so can friction. The capabilities of environmental perception also drop
with distance. When driving close to the limits, almost sliding, and there’s patches of ice,
snow and dry alternating, calculating safe trajectory becomes difficult and a large safety
margin is required. High risk level and clear speeding cases are however easy to point
out.

2.2 Vehicle Dynamic Control

Modern passenger cars are equipped with several vehicle dynamics stability control
systems. These systems control the transmitted tyre forces which depend on the slip ratio
between the tyre and the road. The most important control systems for driving dynamics
and driving safety are:

• Tyre slip control systems:
o Antilock Braking System (ABS)
o Traction Control System (TCS) or Anti-Skid Control (ASC)

• Electronic Stability Control (ESC)

ABS, TCS and ESC already contain friction estimation algorithms and generally their
performance is difficult to improve. A better approach is to provide these systems an
initial  friction value,  and therefore aiding the operation in  their  first  cycles.  ABS would
benefit on ice by not braking too hard in the beginning. TCS could similarly limit
excessive acceleration, especially when switching gears.

A friction estimation system might also improve ESC algorithms by providing more
accurate information about the forces and friction in each tyre. However, the main benefit
of friction estimation system is considered to be preventing dangerous manoeuvres rather
than later helping to correct them, see next chapter.

2.3 Advanced Driver Assistance Systems

The control algorithms of ADAS often have to be based on the capability of the vehicle
to change the driving state within a given driving situation. This is evident in systems
such as Adaptive Cruise Control (ACC). The ACC keeps the driving speed at a constant
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level until sensors detect an obstacle in front of the car. The system then adapts the speed
so that the distance between the car and the obstacle in front stays constant. If the
obstacle disappears, the system increases the driving speed to the level set before. The
aim is to keep a safe distance to the traffic in front of the car to be able to brake safely at
any time.

If friction information would be available, the braking distance could be calculated more
precisely. Figure 6 describes the connection between the braking distance and the friction
coefficient.

Prediction of braking distance for stationary obstacle
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Figure 6 ACC - Prediction of minimum braking distance.

The braking distance (S) of a vehicle can be calculated by the velocity (v) and the
maximum friction available (µ). Therefore besides the speed, the most influencing
parameter on the braking distance is the maximum friction available (µ).

In comparison to former cruise control systems the ACC does not only control the engine
torque but also activates the brakes of the vehicle. This enables another ADAS
application, the automated emergency braking or Collision Mitigation System. While the
first ACC systems gave a warning to the driver if the distance between the car and an
obstacle was too small, latest versions are able to perform an automated emergency
braking.

The automated emergency braking and CMS are allowed to do an emergency braking on
its own when a collision is detected. The system will decelerate the car using the
maximum braking force available.

If friction is simply a constant high value in the system, the system will start braking too
late.  Friction measurement  would help these systems to reach their  full  potential  also in
adverse weather conditions.
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A continuation of collision mitigation systems would be collision avoidance systems,
avoiding the collision also by also automatically steering the vehicle. Due to the risks of
vehicle taking wrong action, mainly because of shortcomings in environmental sensing
and machine capabilities to interpret situations and human behaviour, this is currently
regarded more as a research topic. The escape radius calculations are however active
already in collision mitigation, measuring the distances and angles where the collision
can no longer be avoided. A simplification of this calculation is presented in Figure 7:

Prediction of distance for steering manoeuvre (simple model)
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Figure 7 Collision avoidance by steering actuation.

In calculating location and future movement of other road users is something where
friction i.e. maximum acceleration is used. These movements are usually calculated quite
conservatively  using  large  margins,  ensuring  that  collisions  would  not  happen.  Friction
information can be used to make these calculations closer to truth. Granted, the behaviour
of other road users is naturally a bigger unknown than their maximum acceleration. In the
future, co-operative applications may provide some help to those calculations.

2.4 Co-operative applications

There is ongoing development concerning the distribution of online data like traffic
information, local weather information or warning of dangerous road conditions. Two
communication methods are to be considered.

The first method is the vehicle-to-vehicle (V2V) communication. One scenario could be
that  a  car  detects  bad  road  conditions  or  a  traffic  jam  at  one  section  of  a  road.  The
communication systems could send this information to the following cars to make the
drivers aware of the dangerous situation.
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The second method is defined as vehicle-to–infrastructure (V2I) communication. In this
case the information is picked up by an individual car and transferred to the
infrastructure. The infrastructure could process the data and deliver it to other road users
or radio stations. An infrastructural system would be able to control traffic signs, provide
data for traffic management or inform authorities about road surfaces.

Both communication methods could possibly deliver friction data and help in developing
a “friction map” for short time updates.

2.4.1 V2V

Vehicle-to-vehicle applications are often improved versions of stand-alone ADAS, where
e.g. safety margin calculation is improved with information from other vehicles. Friction
estimation here serves as extra information that can be broadcasted. The main problem is
being  able  to  transmit  information  in  a  form  that  can  be  used,  as  tyre-road  friction  is
different for each tyre and trajectory. Generally only road weather information, warnings
of dangerous spots and average levels of friction can be broadcasted. But improving this
information is being studied: environmental information could possibly be normalized
using tyre-road friction history under similar conditions.

The main applications from FRICTI@N project perspective could be classified into:

Safety Margin: Using a cooperative systems approach it will be possible to calculate and
suggest safety margins to the driver. The dynamic capabilities of the vehicle, road
conditions, driver status and a dynamic map including other road users will be used in the
calculations. The safety margin calculation can be used in enhanced ACC, collision
mitigation systems, calculating safe distance to the vehicle in front, intersection safety
and curve speed warning.

Local Danger Warning: Local warnings are sent to other vehicles in case of a danger, e.g.
accident, breakdown, stop in a dangerous place, fire or bad road weather conditions.
Warning of a slippery road segment should include environmental measurements,
measured friction, coordinates, road segment ID and time. The information could be
shown on a navigator screen for example.

Visibility Enhancer and Information Quality: To improve the range, quality and
reliability of road weather information in other vehicles and their applications

2.4.2 V2I

Vehicle-to-infrastructure applications are a clear example of using friction measurement
systems as part of probe vehicle concepts. The main purpose is to collect information of
dangerous locations and statistical friction information to be processed further. The main
applications could be divided into:

Real time weather information: Vehicle systems will collect and transmit real time
weather information to all road users and to road operators’ and public authorities’ traffic
information servers. The information can be used by vehicle safety applications in the
receiving vehicle.
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Long distance road weather information: Potential methods to present statistical road
information to driver

Warnings and road departure prevention in a black spot: Coordinates and classification
of a black spot that caused problems

Curve speed warning based on statistical friction information: The curve speed warning
application aids the driver in choosing appropriate speed using information from roadside
united located ahead. On-board information is used to determine if the driver needs to be
alerted.

2.5 Requirements

The different use cases present a lot of requirements for a friction system. In early phases
of the project the following requirements were listed as high importance:

Functional:

• Determine the rate and polarity of changes in friction available value

• Determine current friction used
• Determine current friction available

• Predict upcoming maximum friction available
• Determine vehicle slip angle

• Tag information on quality to the output data
• The system should enable configuration of friction available thresholds (to set up

warnings)

Communication interface:

• Compliancy with typical automotive communication standards
• Input flexibility. The system provides an interface to sensors such as in-vehicle

sensors, environmental sensors and tyre sensors.

Performance requirements:

• Speed requirement for Driver information systems. If data is to be useful for driver
information systems the update rate must be <1 s.

• Speed requirement  for  ADAS systems.  If  data  is  to  be useful  for  ADAS systems the
update rate must be <100ms.

• The system must be modular and new functions should be easy to add.

• The system must support different sensors configurations with different resulting
performance. Although a minimum number of sensors will be required to be able to
produce the system output.
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3 Specifications and architecture

This section gives an overview about the system hardware and software architecture. It
has been used in all three development and demonstrator vehicles of the project.
Modularity has been of high importance to be able to support different sensor
configurations and different levels of price and functionality.

3.1 Friction Processing Architecture

The friction processing model (Figure 8) is based on sensor data fusion from various
sources:

• environmental sensors (e.g. camera)
• vehicle sensors (e.g. accelerometers, wheel speed)

• dedicated tyre sensors (based on Apollo project).

The sensor signals are gathered within the input Data Gateway, which provides them to
three independent friction feature fusion modules: environmental (EFF), vehicle (VFF)
and tyre (TFF).
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Figure 8 Friction Processing Architecture
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The data gateway takes care of two main data conversions:

• receiving all necessary vehicle specific messages (including also confidential/’hidden’
ones) from the vehicle network, and converting them to specified signal types within
given range (Table 2). If the FRICTION system is a subset of the full system, not all
Table 2 information is available.

• receiving outputs of Friction Processing algorithm, and converting them to vehicle
specific messages (Table 4). If the FRICTION system is a subset of the full system,
not all messages can be generated.

The data gateway is intended to be the only interface which has to be updated for
different car models and applications. The system parameters, final and intermediate
outputs can all be accessed from the data gateway. This enables also the feature fusion
modules to utilize results from other modules.

The purpose of the three feature fusion modules is to analyze and combine data coming
from sensors in their category. For example the environmental feature fusion module
(EFF) calculates an initial probability for ice on the road based on camera and
temperature readings. VFF provides processed information based on sensors measuring
the vehicle state. It gives out for example friction used based on acceleration
measurements. The TFF module processes information from tyre sensors, providing e.g.
the risk for aquaplaning.

The main outputs of each friction estimation module are

• the actual friction used (not valid for EFF)
• the maximum friction potential

• the upcoming friction (valid only for EFF, which is looking forward)
• validity of the information

• additional information of road conditions, and vehicle & tyre status.

The output is dependent on the modules’ capability and available sensors. All friction
values out of the feature fusion modules are tagged with quality information. In addition,
the type of error distribution should be available for fusion.

The friction measurements and additional outputs of the feature fusion modules are
combined in the Decision Fusion module, which provides the final system outputs. A
more detailed overview is given in chapter 5, Friction Processing.

3.2 Network Architecture

The project used a network architecture (Figure 9) of vehicles used for experimental
purposes. This means using dedicated buses in order to avoid interference with normal
vehicle functions. A Rapid Prototyping Unit (RPU) collects information from sensors and
performs the calculations.
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Figure 9 Experimental vehicle network architecture

A description of network communication specification is given in the following table:

Table 1 Network Classes.

Network
class

Description Specifications

Class 1 Vehicle normal production buses
(high and low speed CAN)

Only normal production signals utilised
in FRICTION system are specified

Class 2 New buses for experimental
activities other than FRICTION

Only experimental signals utilised in
FRICTION system are specified

Class 3 A dedicated FRICTION bus
(high speed)

All signals are specified

The project used two dSPACE AutoBoxes as the RPUs, the other being reserved for tyre
analysis for the sake of development simplicity. The tyre sensor system needs particular
care due to the nature of data coming from it. The system is made up by a receiver unit
for each wheel (Figure 10). The outputs are available on dedicated point-to-point high
speed (1 Mbps) CAN Buses. Such buses are completely saturated and cannot be directly
connected to the FRICTION Bus. For that reason a secondary Rapid Prototyping Unit
was used in order to pre-process the signals.
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Figure 10 Tyre sensor system

3.3 System Inputs

The system inputs are mainly raw sensor data. Separate pre-processing was used for tyre,
camera and laser measurements, due to the amount of sensor information. Most input
signals are CAN messages, read from the CAN buses (class 1, 2, 3).

The friction processing RPU provides dedicated input connections for signals that are not
available on the CAN bus.

The provisional sensor inputs are listed in the following table:
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Table 2 Inputs to the Friction system

Used
by

Input sensor signals Corresponding
signal name Unit V

F
F

E
F

F

T
F

F

Remarks

steering wheel angle delta rad x  x
longitudinal acceleration ax m.s-2 x   x
lateral acceleration ay m.s-2 x   x
vertical acceleration az m.s-2 x
pitch rate pitchRate rad.s-1 x
roll rate rollRate rad.s-1 x
yaw rate yawRate rad.s-1 x   x
wheel velocity vWheelij m.s-1 x  x one for each wheel
brake pressure pBrakeij Pa x  x one for each wheel
brake signal brakeSignal Boolean x   1 bit
engine torque MEngine N.m x   x
steering torque MSteering N.m x
Vertical force Fz_ij N   x ij – see below table
Lateral force Fy_ij N   x ij – see below table
Rotational velocity vel_tyre_sensor_ij 1/s   x ij – see below table
Risk of aquaplaning aquaplaning_ij %   x 0% none; 100% full
Tyre estim. Friction potential myy_tyre_sensor_ij -   x ij – see below table
Air temperature airTemperature °C  x
Road temperature roadTemperature °C  x
Precipitation_density (Laser) precDensityAl -  x

Ground Truth vehicle
Velocity_x (Laser)

vehicleVelocityGroundTru
thX m/s  x

Optional.  IMU  or  a
separate ground speed
camera can be used

Ground Truth vehicle
Velocity_y (Laser)

vehicleVelocityGroundTru
thY

m/s  x

Ground Truth vehicle
Velocity_x, confidence (Laser)

vehicleVelocityGroundTru
thXConf

%  x

Ground Truth vehicle
Velocity_y, confidence (Laser)

vehicleVelocityGroundTru
thYConf

%  x

Wavelength1_Intensity -  xRoad Eye sensor based on
spectroscopy Wavelength2_Intensity -  x

Data to be processed in
EFF

icePolarization %  x
0: Dry;  1: Icy
4: Wet;  7: N/A

Camera system based on light
polarization plane differences

icfePolarization_conf  x

Accuracy level
 0: 100 - 80%
 1:   80 - 60%
 2:   60 - 40%
 3:   40 - 20%
 4:   20 -   0%
 5: not updated *
 6: not valid

roadCondNIR -  x
Optional.
0:Dry; 1:Icy, 2:Snowy;
3:Slushy; 4:Wet;  7: N/A

Camera system based on light
intensity in 1200-1600 nm
wavelengths, result and
confidence roadCondNIR_conf %  x  confidence
vehicle velocity vVehicle m.s-1  x
Tyre pressure pTyre Pa x   x

ij ∈ {00=FL, 01=FR, 10=RL, 11=RR} If more complex indexing is needed, use ISO 11992-2  ch. 5.4.2.10.
* The value could not be reliably estimated. The output will be the last valid value.
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3.3.1 Parameters

The system also needs as input some parameters. These are typically values describing
the car geometry, mechanics, wheels etc., and tuneable values for the algorithmic
(thresholds, factors...).

The following table shows an example of required parameters for the VFF subsystem.

Table 3 Some required system parameters.

Some system parameters Unit

sampling time s

static wheel radius of front axle m
static wheel radius of rear axle m
moment of inertia of the wheels of the front axle kg.m2

moment of inertia of the wheels of the rear axle kg.m2

distance centre of gravity - front axle m
distance centre of gravity - rear axle m
wheel track of the front axle m
wheel track of the rear axle m
total mass of the vehicle kg

height of the centre of gravity in chassis system m
moment of inertia of the car around its z-axis kg.m2

...

3.4 System Outputs

The  system  must  deliver  the  friction  estimated  by  the  algorithm  and  additional
information concerning weather, road and tyre condition. The system outputs are listed in
Table 4.
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Table 4 Outputs of the Friction processing

RangeOutput type Signal Unit
min max

Remarks

estimated friction used Friction_used - 0 1.6 if TFF is active, each tyre
gets a separate value

estimated friction available Friction_avail - 0 1.6
predicted upcoming max.
friction available

Friction_pred - 0 1.6

estimated friction used
validity

Friction_used_valid - 0 6 Accuracy level
0: 100 - 80%
1:   80 - 60%
2:   60 - 40%
3:   40 - 20%
4:   20 -   0%
5: not updated *
6: not valid

estimated friction available
validity

Friction_avail_valid - 0 6 Accuracy level
0: 100 - 80%
1:   80 - 60%
2:   60 - 40%
3:   40 - 20%
4:   20 -   0%
5: not updated *
6: not valid

estimated friction predicted
validity

Friction_pred_valid - 0 6 Accuracy level
0: 100 - 80%
1:   80 - 60%
2:   60 - 40%
3:   40 - 20%
4:   20 -   0%
5: not updated *
6: not valid

time to reach friction
predicted

Friction_pred_offset ms 0 60000

estimated friction available
position

Friction_avail_pos - 0 3 0: left side;  1: right side
3: overall vehicle

vehicle slip ratio Vehicle_slip % 0 100 lumped value for the whole
vehicle

weather condition Weather_cond - 0 7 0: Rain;  1: Snow,
2: Fog;  7: N/A

road condition Road_cond - 0 7 0:  Dry;   1:  Icy,   2:  Snowy;
3: Slushy,  4: Wet;  7: N/A

tyre force - vertical Tyreforce_vert_ij * N 0 8000 ij – see below table
tyre force - lateral Tyreforce_lat_ij * N -8000 8000 ij – see below table
risk of aquaplaning Aquaplaning - 0 7 Stage of aquaplaning

0: 100 - 80%
1:   80 - 60%
2:   60 - 40%
3:   40 - 20%
4:   20 -   0%
7:   N/A

possibility of aquaplaning
position

Aquaplaning_pos - 0 3 0: left side;  1: right side
3: overall vehicle

abrupt change Abrupt_change - false true post-processed according to
thresholds

under threshold Under_threshold - false true post-processed according to
thresholds

ij ∈ {00=FL, 01=FR, 10=RL, 11=RR} If more complex indexing is needed, use ISO 11992-2  ch. 5.4.2.10.
* The friction value could not be reliably estimated. The output will be the last valid friction value.
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3.5 Demonstrator vehicles

The project demonstrated the performance and applicability of the Friction system with
three different vehicles, each focusing on slightly different aspects. The passenger vehicle
demonstrator, Fiat Stilo, focuses on minimum sensor system configuration, using VFF /
vehicle sensors only. Commercial vehicle demonstrator, Volvo FH12 truck, has a larger
configuration, and main focus is on co-operative applications in collaboration with EU
projects SAFESPOT and CVIS. The main work was done on ika’s development vehicle
Audi A6, presenting the widest set of sensors that can be used to estimate friction.

3.5.2 Development vehicle - ika Audi

This vehicle, owned by Institut für Kraftfahrzeuge Aachen, has been an important
research tool, and also a development environment, where new sensors and workable
algorithms are accumulated during the project. The extra instrumentation (Figure 11) is
integrated out of sight under the furnishings. The vehicle features are summarised below:

• Audi A6 4.2l, 220kW, passive 4WD
• Air springs at the rear axle to reduce driving behaviour changes caused by load

variations

• ABS / ESC brake system

• Hydraulic power steering with variable hydraulic steering torque support (open
interface)

• Active steering with variable steering ratio (not utilised by this project)

• Dedicated CAN-bus interface (not vehicle-CAN) available on dSpace Autobox

• Sensors for individual brake pressure at each wheel

• Prepared for easy installation of new sensors
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Figure 11 Instrumentation of the ika Audi A6.

The car is not allowed to be driven on public roads, so its use for development purposes
has to take place on closed proving grounds.

To use the car as development platform a validated vehicle simulation model is available
in MATLAB Simulink. Using this tool driving manoeuvres can be simulated before real
tests are done and measured data can be re-run and used in simulations offline.

Figure 12 shows Audi in Ivalo tests 2007, and Figure 13 in Aachen tests 2008.
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Figure 12 The ika Audi equipped with sensors running a test program in Ivalo, Lapland, Finland.

Figure 13 ika Audi in wet track tests in Aachen, Germany.
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3.5.3 Passenger vehicle demonstrator - Fiat Stilo

The Fiat Stilo used in the project (Figure 14) is owned by one of the project partners
Centro Ricerche FIAT S.C.p.A. It was used as a passenger vehicle demonstrator.

Figure 14 Passenger vehicle demonstrator Fiat Stilo.

The vehicle is equipped with a collision warning and mitigation system developed in the
subproject APALACI of the PReVENT integrated EU project. The system prevents low
speed accidents involving pedestrians by monitoring the frontal area close to the vehicle.
More generally, it mitigates the severity of unavoidable collisions, by significantly
reducing the kinetic impact energy and improving the control of restraint systems to
enhance the protection of passengers.

The success of collision mitigation depends heavily on tyre-road friction coefficient. The
Friction system can add accuracy and quality to collision mitigation systems, especially
under changing and low friction conditions.

The Fiat Stilo is equipped with the following conventional sensors:

• Wheel speed (x4)

• Lateral acceleration
• Yaw rate



Final Report  -  Public 35 (116)

FRICTION_FinalReport.doc

• Longitudinal acceleration
• Steering wheel angle

• Steering wheel torque (EPS)
• Steering column torque (EPS)

Figure 15 The instrumentation of the CRF Fiat Stilo.

3.5.4 Commercial vehicle demonstrator - Volvo FH12 truck

The truck demonstrator used in the project was a Volvo FH12 (Figure 16) owned by
Volvo Technology Corporation. In addition to the conventional sensors, a number of
environmental sensors are mounted on the truck:

• 1 long range forward looking radar
• 2 short ranged forward looking radars

• 1 FIR camera
• 1 camera for the blind spot in front of the truck
• 1 camera for the blind spot to the right of the truck

• 1 lane tracker camera
• 1 laser scanner (225 deg FOV)

• 1 Road Eye sensor prototype for road surface classification
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Figure 16 The control system architecture of the Volvo FH12 demonstrator vehicle.

Figure 17 Volvo FH12 running winter tests 2008 in Arjeplog, Sweden.




































































































































































