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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
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• 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.
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The truck is equipped with factory installed ABS, ESC and ACC systems. It also supports
a number of applications developed in different PReVENT subprojects. These
applications are:

• Active Lane Keeping Support
• Collision Mitigation by Braking

• Start Inhibit
• Curve Speed Warning

• Lane Change Assistance

• All Around Warning

This vehicle is similar to the demonstrator vehicle used in SAFESPOT project, which
develops and demonstrates co-operative applications and exchange of driving critical
information between road users. It is planned that SAFESPOT implements a subset of
FRICTION system to their vehicle, and utilises it in Gothenburg demonstration at the end
of 2009.
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PART 2 – System

4 Key sensor technologies

4.1 Overview on measuring road conditions

Technology for observing road parameters and the tyre-road contact has figured a topic in
a number of projects internationally - both EU-funded and others. The existing systems
and prototypes can be divided in:

• Fixed road-side monitoring systems (road segment specific),
• Road monitoring with probe vehicles (floating car data),
• Environmental sensors,

• In-vehicle sensors for vehicle control systems and

• Tyre sensors and tyre modelling.

Fixed road-side monitoring systems: Fixed road-side weather monitoring stations are
mainly for winter maintenance management, supervision, planning and optimization.
There are road weather stations with different sensors (e.g. temperature, wind speed,
surface water depth) and weather cameras based on visual information.

A weather warning system for drivers of heavy vehicles based on mobile phone
positioning was introduced in Finland in 2005. The warning system is based on already
existing road weather services, weather radars, weather cameras and road weather
stations. With mobile phone positioning and mobile phone network, weather information
and warnings can be delivered for the drivers entering the critical area [7]. Other weather
monitoring systems have been developed in Japan (http://www.koshindenki.com/en/) and
in Norway (http://www.oceanor.no) to name a few.

Road monitoring with probe vehicles: Probe vehicles are used to automatically gather
road condition information while driving in the traffic flow. Existing systems usually
employ public transport. The collected information is transmitted to processing centres
and the processed information (e.g. weather alerts) is then distributed to other road users.

Finnra's (Finnish National Road Administration) new mobile road condition monitoring
system utilizes buses on regular routes to gather information about driving conditions.
The monitoring equipment measures air temperature and humidity, tyre-road friction,
road surface temperature and GPS coordinates. The friction measurement is based on a
fifth wheel. The information - also images are transmitted in real time to Finnra’s road
weather monitoring system via GSM. [8]

Environmental sensors: Optical,  acoustic,  ultrasonic  and  radio  frequency  based
environmental sensors utilize changes in the reflectance, polarization and absorption
properties of the road surface. Naturally vehicle rain sensors and outdoor temperature

http://www.koshindenki.com/en/
http://www.oceanor.no
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sensors can be used in determining weather conditions. The environmental sensors can
not be used for direct force measurement, but can detect road conditions.

The results of the research called "Discrimination of the road condition toward
understanding of vehicle driving environments" showed that the road condition
discrimination accuracy could be improved by using additional knowledge such as
information regarding snowfall, rainfall, and the time-related continuity of the change in
road conditions, since the road condition does not change suddenly without any cause. [9]

In-vehicle sensors for vehicle control systems: In-vehicle sensors monitoring vehicle state
provide information about the driving state of the vehicle such as lock-up of wheels and
vehicle's position on the intended trajectory. These sensors measure changes caused by
impaired friction and not directly road conditions, and are not capable of predicting
friction ahead. Several studies were checked during the Friction project and especially
the ones based on lateral friction measurements were chosen as a start.

A  Swedish  company,  NIRA  Dynamics  AB,  has  commercialized  RFI  (Road  Friction
Indicator) that alerts for slippery road conditions by monitoring the available tyre-road
friction. RFI primarily provides information to the driver, but it can also be configured to
deliver friction information to other vehicle components in order to enhance their
performance. RFI is a purely software-based system that uses existing ABS sensors and
advanced signal processing algorithms to monitor the tyre-road friction.

"The estimation of tyre-road friction by tyre rotational vibration model" required only
ABS's wheel speed sensors. The measurement was based on the fact that the resonance
characteristics of wheel angular velocity vary by tyre-road friction. The presented method
could detect changes in friction during normal driving. The weakness of this system is
that the resonance characteristics change when braking, accelerating or cornering, and the
method can not be used then. This method could detect friction changes and derive some
road condition categories, but not to estimate the actual friction value. The method has
been patented by Toyota in 2004 [10]. VTT tested this patent approach during the project
but was not able to reproduce the vibration results.

Tyre sensors: During  the  past  few years,  tyre  sensors  have  figured  a  topic  for  R&D to
estimate tyre-road contact. First prototypes have been demonstrated. Mathematical tyre
models are being developed and used together with force and acceleration sensors to
estimate friction coefficient (µ), aquaplaning, tyre pressures etc. Today, only early
laboratory prototypes of advanced tyre sensors with limited performance exist.  These
include a magnetic side wall torsion sensor by Continental, a Darmstadt position sensor
based on a magnet and Hall sensor, a SAW (Surface Acoustic Wave) sensor by Siemens
and the APOLLO project prototype used also in Friction project. Basic sensor
technologies that are used in future development of intelligent tyre/wheel systems are
acoustic, optical, vibrating, radio technology and deformation sensors. In the APOLLO
project, tyre deformation sensors were seen as the most promising technology
constructing the intelligent tyre system with batteryless power generation, wireless data
transfer and tyre integration.

A state of the art review performed in the project suggested the following conclusions
concerning the use friction information for advanced driver support systems:
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• The importance of tyre-road contact information for enhanced driver assistance is
widely recognized.

• A number of activities to develop a system for determining friction and/or road
slipperiness are underway.

• Previous studies have been successful in classifying road conditions roughly and
detecting friction changes when certain conditions (driving situations and
environmental conditions) are fulfilled.

• It seems evident that using one sensor-approach is not successful in determining
friction and/or road slipperiness with sufficient accuracy to benefit vehicle control.

• Performance of a number of vehicle control systems could be enhanced by means of
classified friction or road slipperiness information.

• Drivers, infrastructure owners & other external systems and co-operative driving could
benefit from friction information.

• Current Integrated Projects for ADAS and co-operative systems need information on
road slipperiness in order to demonstrate more convincingly the benefits of the
applications under development.

• The number of relevant patents in the field is not yet large, and these patents do not
include systems using multiple sensor approach (other than multiple vehicle state
sensors) to determine friction or road slipperiness.

4.2 Sensors used in the development

The principle of sensor use in the Friction project was about combining the information
from vehicle dynamics sensors, tyre-based sensors "looking under the car" and forward-
looking sensors monitoring the road surface. The project targets sensor clustering that
yields tyre-road friction with a minimum number of sensors. Most of the sensors used for
friction  estimation  were  either  commercially  available  or  prototypes  of  upcoming
sensors. New sensor development wasn’t a main goal, but it cannot be fully avoided in
friction research and some works tasks concentrated also on future sensors.

Concerning environmental sensors, the project had:

• Road Eye, a laser/infrared spectroscopy based sensor developed by Optical Sensors
company

• IBEO’s laserscanners (types Lux and Alasca)

• VTT’s prototype stereo camera measuring polarization differences

• VTT’s research equipment for radar studies (whether standard vehicle radars could be
used to detect road conditions)

• standard road and air temperature sensors

As reference sensors the project also used a Correvit ground speed camera for its
accuracy, and commercial infrared cameras in development of the VTT’s camera
prototype.
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The vehicle dynamics sensors were commercial sensors already existing in the project’s
development and demonstration vehicles, including wheel speed measurement sensors,
inertial measurement units (for accelerations and rotations), brake pressure, steering angle
etc. The requirements are up to the selected vehicle feature fusion algorithms.

The tyre sensor was an upgraded version of APOLLO prototype; an optical position
sensor that is capable of providing information on the motion and deformation of the
inner liner of the tyre.

The following gives a more detailed description of the main sensors and achieved
performance.

4.2.1 Road Eye

Different surfaces and materials scatter and absorb electromagnetic radiation differently.
By illuminating a surface and measuring the reflected electromagnetic radiation,
classification of different road conditions is possible due to the alteration of the radiation.
Especially the different absorption of infrared wavelengths by water and ice (Figure 18)
has been found useful to detect different road conditions.

Figure 18 Spectral response for dry, wet icy and snowy asphalt [11].

This technique is implemented in the Road Eye sensor (Figure 19. Swedish patent nr
9904665-8) optical sensor for short distance (500-1500 mm) classification of road
conditions for vehicle use.
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Figure 19 Road Eye sensor. The dimensions of casing are 51*53*45 mm.

The sensor is developed by a small Swedish company, Optical Sensors
(http://www.opticalsensors.se/). It has been previously investigated in big road research
projects like the IVSS project www.ivss.se and is one of the most interesting
environmental sensors currently. The sensor detects ice on the road and it also indicates
water films but with a lower sensitivity. Ice film that gives a clear indication is typically
0.5 mm or thicker, compared to a water film thickness giving the same indication of
about 2 mm or thicker.

The sensor is constructed of two laser diodes and a photo diode combined with focusing
optics. The two laser diodes, of wavelength 1320 and 1570 nm (infrared wavelengths),
are used for illumination of the road. A focusing optic in front of the diodes produces an
illumination spot on the road surface around 10 mm. The active illumination, i.e. the laser
diodes, ensures the sensor’s insensitivity to surrounding illumination and generates the
same result independent if there is night or day. The Road Eye sensor output is an
intensity measurement for each wavelength, respectively (λ1 and λ2). By plotting the
measurements in a plane with the two wavelengths as axis each measurement can be
represented by a magnitude and an argument as:
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The difference in both magnitude and argument for different road condition makes
classification possible. In Figure 20 a classification is depicted for a measurement done
on a test track with the four road conditions dry asphalt, water, ice and snow, each
measurement depicted by a marker, the coloured polygons representing the classification
boundaries for each road condition. Note that the water and ice marker are rather close
together, hence the classification of water and ice is difficult.

http://www.opticalsensors.se/).
http://www.ivss.se
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Figure 20 Classification boundaries depicted in a plane with the two wavelengths as axes.

Due to the construction of laser diodes, the light emitted from the semi conductors is
linearly polarized i.e. the electromagnetic waves only fluctuate in one direction
perpendicular to the direction of propagation. When electromagnetic radiation (light) is
reflected against a surface the polarization of the incident wave is affected due to the
structure and medium. Recent investigations show that to better distinguish ice and water,
the polarization should be perpendicular (S-) to the incident angle, i.e. S-polarized. To
improve its classification, an improved version of Road-Eye sensor is being developed,
where both diodes are S-polarised.

4.2.2 IBEO ALASCA and LUX

The Laserscanner system utilises the ´time-of-flight´-method as a measurement principle.
A semiconductor laser diode emits light pulses of a few nanoseconds duration. The light
reflected by an object enters a highly sensitive optoelectronic receiving unit within the
sensor. The travel time of the laser light between the sensor and the object provides a
measure for the distance of the object.

A laser rangefinder is extended to a Laserscanner when its sensing beam is guided over a
rotating mirror (Figure 21). With the scanning principle a dynamic description of the
environment of a vehicle can be generated whose contour groups are derived from the
laser distance data.
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Figure 21 Laserscanner ALASCA with schematic drawing of 4-layer laser beam.

The technical specifications of ALASCA are a measurement range of up to 200 m, a scan
frequency of up to 40 Hz, horizontal scan angle of up to 240° with a resolution down to
0.25°. The vertical beam width measures 3.2° split into 4 channels which are processed in
parallel to compensate for pitching of the vehicle.

During the friction project we started to use a smaller upgrade of the laserscanner, called
LUX. In the Figure 22 the LUX is right next to the licence plate. Also the housing of
Road Eye and reference sensor Correvit are displayed.

Figure 22 Laser scanner LUX attached to ika Audi.
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IBEO AS developed the Laserscanner ALASCA under the requirement to simultaneously
support the ADAS applications Stop & Go, Automatic Emergency Brake, Pre-Crash,
Pedestrian Protection, and Lane Departure Warning. These applications require accurate
detection of moving and static objects in the environment of vehicle. The acquisition of
information about weather conditions is not a major requirement for those applications;
instead they demand robustness against adverse weather conditions like rain, snow and
fog.

This robustness has been achieved by the implementation of a multi target capability.
With this feature ALASCA discriminates between targets like raindrops and snowflakes
and targets which belong to objects on the road. Up to now measurements on these
precipitation related targets like raindrops or snowflakes as well as on additional
atmospheric disturbances like fog have been removed by software filtering and discarded
in the subsequent data evaluation procedures. However measurements on this kind of
targets exist and can be evaluated by an enhanced signal processing as in the Friction
project.

The following Figure 23 shows a visualisation of a laser scanner measurement recorded
during snow conditions. Visualised are the raw measurements. Each dot represents the
distance of a backscattered laser pulse. No objects have been present in this scene thus all
measurement points are due to measurements taken on falling snow flakes.

Figure 23 Visualisation of a laser scanner measurement of a snowfall.
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The snow density, respectively the amount of precipitation can be related to the number
and the distribution of measurements in a defined area of the laser scanners field of view.
This field of view reaches up to 12 m in front of the device, thus foresighted
measurements on oncoming conditions are possible. Similar results are found for
measurement during rain conditions. The detection of snowfall and rain was presented in
the development vehicle.

4.2.2.1 Evaluation of the real ground movement

Another relevant issue for the determination of tyre road friction is the measurement of
the real ground movement. Any ego motion analysis based on vehicle sensors evaluating
the wheel speed can only determine the correct vehicle movement in the absence of
wheel slip. However, wheel slip must occur during every movement which transmits
forces via the tyre road contact patch. The situation becomes worse in “non defined
driving manoeuvres”, when the vehicle becomes unstable and starts to skid on the road.
Here the slip values reaches 100 and the ego motion can not properly be evaluated with
standard vehicle models based on wheel speed sensors.

The information about the real ground movement alone is quite helpful for Vehicle
Stability Control System, especially in the critical scenarios when the vehicle becomes
unstable and the driving manoeuvre tends to become undefined. With knowledge about
the real ground movement the actual “friction used” value can be determined together
with additional information about the vehicle mass and the normal forces on the tyre.

The approach for the real ground movement evaluation is based on the determination of
the virtual movement of static objects in the laserscanner’s field of view. The virtual
movement of stationary objects in the environment is equivalent to the ego motion of the
vehicle in it.

The algorithm for the ego movement evaluation can be divided in two main blocks:

• Discriminate static from dynamic objects
• Evaluate the virtual movement of the static objects

The Figure 24 presents detection of dynamic and stationary objects. The true ground
speed calculations are then made by averaging movement values from detected stationary
objects. The estimate isn’t available continuously, as static objects may not be detected in
some situations.
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stationary objects dynamic objectsstationary objects dynamic objects

Figure 24 Detection of stationary and dynamic objects.

4.2.3 IcOR Polarization Camera Prototype

VTT developed the IcOR polarization camera prototype (Figure 25) in Friction and
Safespot projects running simultaneously. The Friction application was dedicated to in-
vehicle environment whereas the Safespot equipment is part of the co-operative
infrastructure monitoring platform. The methodology was for major parts the same but in
the Friction system more attention was paid to size of the device and adaptation
capability to varying environmental conditions.

Figure 25 IcOR polarization camera prototype based on camera body by Videre Design.
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In the early phases of Friction, measurements were made in Ivalo with a commercial
infrared camera (by Xenics), which is sensitive in short wavelength band (900–1700 nm),
and narrow band pass filters. The results showed enough potential to continue with the
camera development. However, the existing cameras, which operate above 900 nm, were
identified to be too expensive to in-vehicle environment. Therefore, an alternative
approach was selected and the current version is based on a stereo camera body by
Videre Design and additional polarization filters. The actual camera system contains low
cost silicon detectors which limit the usable bandwidth below 950 nm.

IcOR is technically able to detect ice approx. up to 50 m in front of the vehicle, which
provides the driver or vehicle some time to react to changing conditions. However,
during the field measurements only 25 m range was used.

The system does not include any dedicated illumination system. It relies on ambient
illumination from external light sources in order to keep the hardware costs low. Since
the Friction system is an on-board driver support system, the illumination level in a
visible band is usually sufficient for the camera when driving. Therefore, the camera
system is dedicated to visible spectrum instead of near-infrared to which many
automotive camera systems are adapted.

However, when no other light source than the car’s own headlights are available, the
performance drops. If the sensor would be required to work as a stand-alone system, the
lighting could be re-considered. However, as most environmental sensors, also IcOR
works best only when its output is combined with other information sources from other
applications. IcOR is designed keeping the other camera-based ADAS applications such
as lane keeping in mind; single sensing devices should always serve as many applications
as possible. If a vehicle has an application requiring an onboard camera, IcOR system
might be implementable with reasonable cost.

The IcOR system includes two different analysis methods:

• Polarisation difference

• Granularity estimation.

The polarization measurement principle is displayed in Figure 26. Light reflection from a
mirror-like surface (ice or a wet patch) reduces the amount of vertically polarized light
compared to the horizontal plane [12]. The ice reflectance factor in the 800 nm band is 85
% [13]. The reduction is partially due to light being refractive on an ice surface but
mostly due to a missing horizontal polarization component. Therefore, when comparing
the relative difference between horizontal and vertical polarization planes (R=Ih-Iv), and
ignoring absolute intensity levels, ice or water reflectance causes an “abnormal” change.
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Figure 26 The IcOR system measurement principle bases on suppression of vertical light
polarisation when reflecting from mirror like road surface. In addition,

graininess analysis is implemented to distinguish icy and wet road.

Graininess analysis has previously been used to analyse paintings [14]. The same
methodology makes it possible to distinguish road conditions since hypothetically an icy
road is smoother than snow or asphalt, which typically forms a granular surface. The key
idea  is  to  perform  low-pass  filtering  for  an  image,  which  makes  it  more  blurry.
Calculating the contrast difference of the original and low-pass filtered images provides
information on “the small elements” in the picture.

The Volvo FH12 vehicle was instrumented with the IcOR and the Road Eye system for
testing. In the Figure 27 the truck is approaching icy road surface, then passing to wet.
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Figure 27 A sample of IcOR images from the test run with Volvo FH12 in Arjeplog.

The test track of Figure 27 was used to verify the performance of IcOR and Road Eye
sensor systems. Typical test run consisted of 0…8s snow (marked yellow), 8.25…16.5s
ice (marked red), and the rest was wet (marked blue) except for a short period of dry
asphalt (marked black). Both IcOR and Road Eye results are presented in Figure 28. As
can be seen, both IcOR and Road Eye respond well to changes in the road surface. The
benefit of Road Eye is that it has shorter response time than IcOR system. As can be seen
from the curves, Road Eye can classify a small patch of dry asphalt within the wet asphalt
sector where IcOR misses it.
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Figure 28 IcOR (red line) and Road Eye (black line) results from Arjeplog, Sweden.

Due to the resemblance in measuring techniques the response from the two systems
converges but there are some pros and cons in both methods: the Road Eye has a fast
response time and therefore it is good at classifying fast changes, although it covers only
for  a  small  path  just  in  front  of  the  vehicle.  The  IcOR  system  has  the  advantage  of
measuring over the whole lane, further in front of the vehicle, and being able to make a
granularity measurement. However, since it uses camera for detection it suffers from the
usual  problems  of  a  camera  system  such  as  dust  and  dirt.  Also  the  reflections  from
windscreen can affect the analysis result and cause errors in detection. Hence it is
important  to  properly  position  the  camera  and  set  the  borders  of  the  region  of  interest
(ROI) carefully.

According to the tests, the IcOR system is able to detect icy or wet road approx. within
70–80 % accuracy depending on environmental conditions. After the first tests in
Arjeplog, Sweden some further development was performed in order to adapt the system
to a passenger car. The new camera system was slightly more sensitive in low
illumination conditions, which was achieved with adapting the camera aperture according
to driving on evening.

The latest evaluation results support understanding which was already presumable
according to the first tests in Arjeplog. The polarisation analysis works fine to distinguish
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wet and icy road surface, and graininess is needed to recognise snowy road. However,
this does not exclude the fact that the performance level of the system degrades when
visibility is poor due to heavy rain or snowfall. In these conditions IcOR performance is
unreliable when considering driver warning, or collision mitigation etc. systems.
However, when fusing the IcOR output with the Road Eye, the combination is very close
to the requirements of the Friction system.

IcOR system has also the benefit that it can provide road surface quality from the whole
observation area as a 2 dimensional matrix, not just one overall classification. This
feature may become more valuable in the future, when applications like collision
avoidance may need more detailed understanding of friction distribution in front of the
vehicle.

A software tool running in a Windows laptop (Figure 30) was created for setting up the
camera, saving data and running the analysis. It broadcasts the confidences of ice, dry,
water and snow classification to a CAN network and captures the time stamp from CAN
in order to synchronise the sensing system.

Figure 29 IcOR software running in a Windows laptop.

4.2.4 Radar Research

Automotive radars could possibly be used also for detecting road conditions, such as low
friction  due  to  water,  ice  or  snow  on  road.  The  study  conducted  so  far  revealed  some
general ideas and methods based on microwave technology. These are described in
various patents but no commercially available sensor devices/prototypes have been
found.

Several studies on using automotive radars for road condition recognition have been
reported. Bistatic (transmitter and receiver are in different locations) scattering
measurements from different road surfaces in laboratory conditions are reported at 76
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GHz [15] and at 24 GHz [16]. The measurement results at both frequencies indicate that
it is possible to distinguish between two concrete roads with different roughness. The
authors state that moisture on road can be detected at 76 GHz. The results at 24 GHz
show that water, ice, snow and rime on road changes its scattering properties

Currently two frequency bands are allocated for automotive radars in Europe, 22 to 24
GHz band for short range (30 m) radars [17] and 76 to 77 GHz band for long range (150
m) radars [18]. The third band, 77 – 81 GHz, is being currently allocated by European
Telecommunications Standards Institute (ETSI) for short range (30 m) collision warning
automotive radars [19].

In Friction, the capabilities of a 24 GHz forward looking monostatic (transmitter and
receiver are in the same location) radar was studied as a detector of road surface
conditions. The findings are discussed in detail in [20] and a short overview is given in
the following.

4.2.4.1 Laboratory Experiments

Monostatic backscattering from an asphalt sample was first measured in laboratory with a
network analyzer (HP 8510) and a horn antenna mounted on a rotating arm for allowing
the backscattering measurements at different incidence angles (from 0° to 80° with  5°
increments). The measurement distance is 46 cm. Figure 30 shows a photograph of the
measurement setup

Figure 30 A photograph of the measurement setup. The measurement horn antenna, which is
mounted on the rotating arm, points towards the asphalt sample placed on the floor.

An  ice  layer  of  1  –  2  mm  was  made  by  first  cooling  the  asphalt  sample  with  liquid
nitrogen (-196°C) and then watering it. The temperature of the ice remained between
-5°…-15° during the experiments.

The measured backscattering coefficients at different incidence angles for dry, wet, and
icy  asphalt  at  24  GHz  are  shown  in  Figure  32  (vv-polarisation) and in Figure 33. (hh-
polarization).
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Figure 31 Measured backscattering coefficient for dry (dotted line), wet (dashed line) and icy
(solid line) asphalt at vv-polarization at 24 GHz.

Figure 32 Measured backscattering coefficient for dry (dotted line), wet (dashed line) and icy
(solid line) asphalt at hh-polarization at 24 GHz.

Water on asphalt seems to increase the backscattering coefficient close to normal
incident, as compared to dry asphalt. At larger incidence angles water slightly increases
the backscattering at vertical polarization whereas it decreases backscattering at
horizontal polarization. Ice does not change the backscattering coefficient at normal
incidence but increases it at both polarizations at larger incidence angles, as compared to
dry asphalt.
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In practice, absolute value of backscattering coefficient is not a suitable quantity for
identifying water or ice on asphalt. First of all, absolute backscattering coefficient
measurements are challenging with automotive radar since the target distance and
weather conditions affect the backscattered signal. In addition, incidence angle and
asphalt type, which are usually unknown parameters, also affect the backscattered signal.
The  effect  of  these  unknown  parameters  is  eliminated  by  computing  ratios  of
backscattered signals for different polarizations. The ratios of backscattering coefficients
at vv- and hh-polarizations (σvv/σhh) are shown in Figure 33.

Figure 33 The ratio between the backscattering coefficients at vv- and hh-polarizations at 24 GHz.

Water does not have any effect on the ratio σvv/σhh at small incidence angles, whereas at
large incidence angles (50 - 80°) it is about 4 dB higher than for dry asphalt. On the other
hand, ice clearly increases σvv/σhh at small incidence angles but slightly decreases the
ratio at large incidence angles. The average decrease at large incidence angles is
approximately 1 dB, even though there occurs a slight increase at 70°. This is most likely
caused by the reflections due to non-ideal measurement setup. However, these results
suggest that water and ice change the backscattering properties of the asphalt in such a
way that they could be identified by comparing the ratio σvv/σhh at large incidence angles.

The laboratory experiments were also performed at 77 GHz, but the results at this
frequency were not as promising as those at 24 GHz.

4.2.4.2 Field Experiments

The promising results from the laboratory experiments motivated us to study 24 GHz
road condition recognition radar concept in two field experiments, one in winter and the
other in summer conditions.
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Test tracks for the winter test, each having different road condition, were prepared on a
cast-off runway of Ivalo airport, Finland. Road conditions studied were dry, icy, and
snowy asphalt. The asphalt was slurry sealed with 8 mm rock filling and it was quite
smooth as compared to normal asphalt coated roads as it was only slightly eroded. Ice
and snow were removed from the asphalt using chemicals that are used to keep runways
clear. These chemicals were brushed off from the asphalt, but it is possible that asphalt
contained some residuals that might have a small effect on its electrical properties.

The same equipment and measurement procedure were used as in the laboratory
experiments. The measurement equipment was installed in boot space of a van. The boot
space  of  the  van  was  heated  up  with  an  electric  heater  in  an  attempt  to  maintain  room
temperature required by the network analyzer. The measurement antennas were aligned
to point to the track from the opened back door of the van. The aperture of the opened
back door was thermally isolated with a sheet of cellular plastic. The test van with the
measurement equipment is shown in Figure 34.

Figure 34 The test van equipped with measurement equipment. The left picture shows the network
analyzer, measurement computer and the aggregate that were placed in the boot place

of the van. The right picture shows the measurement antennas that pointed
backwards from the back door of the van.

The backscattering properties of wet asphalt were studied in summer field experiments
conducted in a test track located in Nokia, Finland. The measurement setup was similar to
that used in winter experiments.
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4.2.4.3 Results

The measurement of backscattering ratios for different polarizations turned out to the best
method to detect low-friction spots. This kind of differential measurement enables to
eliminate or reduce the effects of most unknown parameters, such as measurement
distance, asphalt properties, weather conditions etc., which affect absolute backscattering
measurements.

Backscattering ratios of various polarizations for dry, wet, icy and snowy asphalt were
found to be sufficiently different for road condition recognition at 24 GHz. The effect of
water on the backscattering properties of asphalt was studied with experiments and with a
surface scattering model. According to laboratory and field experiments, water increases
the ratio σvv/σhh 3–9 dB at large incidence angles as compared to dry asphalt. The results
with the surface scattering model verify that water increases the ratio σvv/σhh. The
predicted change of 17 dB at 70° incidence, however, was larger than the measured one
(7 dB). A surface scattering model was also used to study how surface parameters affect
the  backscattering  properties  of  asphalt.  It  was  found  that  water  changes  the
backscattering properties of asphalt more than there may be differences caused by various
asphalt types. Therefore water can be reliably detected, see Figure 35 below.

Figure 35 24GHz backscattering ratios for dry and wet asphalt. The surfaces can be reliably
distinguished.

Backscattering properties of icy asphalt were studied with laboratory and field
experiments. Both experiments showed that relative backscattering is a good indicator in
road condition recognition. Contrary to water, ice decreases σvv/σhh by 1-2 dB compared
to  dry  asphalt.  Field  experiments  also  showed  that  normalised  cross-polarization
components, σvh/σhh and σhv/σhh, are 1–2 dB lower with icy asphalt than with dry asphalt.
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Snow  was  found  to  further  decrease  the  ratios σvv/σhh, σvh/σhh and σhv/σhh 1–2  dB  as
compared to icy asphalt, see Figure 36 below.

Figure 36 24GHz backscattering ratios for dry, icy and snowy asphalt. The surfaces are
distinguishable.

Road condition recognition radar needs to be able to measure backscattering for different
polarizations. Commercial automotive radars could be modified by adding a dual
polarized antenna with a switch in the transmitter or receiver side or both. In addition, it
should be constructed so that it can monitor alternatively the direction of motion, and
road surface by e.g. electronic beamforming etc. Power budget calculations showed that
using 24 GHz short range radar for road condition recognition is well feasible.

4.2.5 Conclusions of Environmental Sensors

During the project a need was seen for an improved classification and mapping of road
conditions to friction levels. Many factors affect friction on e.g. ice, like sunshine and
glossiness of the ice made by previous braking vehicles. Many of the factors are known
but their relationships and prioritisation of key variables for measurements is
complicated. This could be addressed in further EFF research.

Environmental sensor research has a lot of future potential in detecting the road
conditions. In the Friction project only a couple of promising approaches were tested.
The sensor readings generally give a good idea on friction levels and can be used as a
starting point in vehicle algorithms.
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The need to utilize current sensors to their fullest is evident in laser, camera and radar
development. More road conditions can be detected by modifying these sensors. This is
also a cost saving approach, since these sensors could then serve larger number of
applications, like collision mitigation or lane keeping. Also some sensor integration such
as integrating camera-like sensors measuring a wide area together with infrared
spectroscopy could combine the best of the two.

The sensing requirements could also be viewed from e.g. motorcyclists’ viewpoint; for
them small slippery patches like pit cover plates, road paintings and leaves are more
hazardous than for cars.

Figure 37 shows the coverage of environmental sensors studied in the Friction project.
The blank spots mark the areas where future work is found interesting.
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Figure 37 Environmental sensor coverage in the project. Yellow areas mark potentially interesting
future research.

4.2.6 APOLLO/FRICTI@N Tyre Sensor

This section discusses the optical displacement sensor as an approach for mechatronic
tyre to determine global tyre forces. The optical sensor was originally developed and
tested in Apollo project. The basic idea is to find a correlation between tyre carcass
deformations and global tyre forces. In order to measure the global tyre deformation the
optical deformation sensor was developed. This sensor is mainly intended for research
purposes, but it has potential as a product as well. The development stages of the optical
tyre sensor can be seen in Figure 38.
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Figure 38 Development of the optical tyre sensor from APOLLO to FRICTI@N.

4.2.6.1 Set-up of Optical Sensor

The sensor mainly consists of a PSD (Position Sensitive Diode) chip with an opposed
convex lens, a data transmission and power supply unit. These parts are clustered and
located directly inside the tyre on the rim. A diode is used as a light source and is glued to
the inner liner of the tyre (Figure 39). The distance between lens, PSD and diode defines
the focal distance of the lens.
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Figure 39 Left: static lateral tyre deformation. Center and right: set-up of a 3-axial optical sensor.

A relation between the movement of the light spot on the PSD chip and the current at the
four borders is used to determine the lateral and longitudinal movement of the diode and
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thus the specific point of the tyre contact patch. Also the distance between PSD and light
emitter can be measured, since the light intensity will increase when the inner liner comes
closer to the PSD chip, which in turn will result in an increasing overall current at the
borders of the chip. The lateral movement of the tyre contact patch at different lateral
forces is shown on the left of Figure 39.

A digital radio system is developed to transmit the measured data. The transmitter
includes four A/D-converter channels with preamplifiers and a resolution of 12 bit per
channel. The digitised data is summarized in a data package of 112 bit and is sent to the
receiver  at  433  MHz.  The  transmitter  includes  a  DC/DC-converter  to  supply  the
transmitter electronics as well as the sensor. The receiver translates the data protocol to
signals which are available at a CAN-Bus interface. The data is transmitted at a rate of
5.1 kHz (4 channels). The prototype is mounted on the rim and supplied by a LiIon-
accumulator [1].

Figure 40 Tyre sensor in Aachen tests. The box above is wireless power supply and receiver.
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4.2.6.2 Measurements and Results

Output of the optical sensor is the displacement of a point on the inner liner relative to the
rim (point where the IR-Diode is glued). A relationship between tyre deformation and
forces can be easily imagined (lateral force will result in lateral displacement; vertical
displacement is a result of wheel load change). Measurements of forces in each
coordinate direction (available from test rig) and displacement in the related direction can
be used to assess the linearity and the influence due to boundary conditions like tyre
inflation pressure.

Vertical signal

Figure 41 shows a comparison of the tyre sensor measurement and Finite Element
Method (FEM) simulation. The peak value is found to be linear to the vertical force.

Figure 41 Tyre sensor vertical movement with different wheel loads
(measurement on left, FEM on right).

Even if the vertical movement correlates well with the vertical force, in the final version
of  the  algorithms  it  is  ignored.  This  is  due  to  the  fact  that  LED  intensity  depends  on
temperature, supply voltage, and LED orientation angle. The final vertical force
estimation is based on the longitudinal movement signal, because it is almost independent
of these environmental factors.

Longitudinal signal

The longitudinal signal (Figure 42) carries a lot of information. The amplitude is
proportional to the contact length and it can be further exploited to estimate vertical force
[25].
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Figure 42 Longitudinal movement of the tyre with different loads
(Left: measurements, Right: FEM).

The longitudinal force shifts the longitudinal signal up- or downward, but amplitude is
maintained almost completely (Figure 43). Therefore the recursive mean value of the
longitudinal signal correlates with the longitudinal force [25].

Figure 43 shows the estimated tyre force comparison for the test rig measurement during
braking. The tyre force estimate is slightly underestimated in some sections and values
have some offset around zero forces, where only rolling resistance exists.

Figure 43 Longitudinal signal in braking (left) and tyre sensor force estimate compared to the test
rig measurement (right).
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The tyre sensor estimate and test rig measurement are compared in Figure 44. The tyre
sensor can estimate vertical forces very accurately if no simultaneous longitudinal force
exists - and with a compensating term also during braking.

Figure 44 Vertical force estimate from tyre sensor and test rig measurement.

Lateral signal

The lateral force is calculated from the lateral movement signal much the same way as
vertical force, except that the effects of rotational velocity have to be compensated. In
real-time calculation this was a major problem because of jitter, and therefore a recursive
mean value calculation had to be included. The lateral movement signal is shown in
Figure 45 on the left and the tyre sensor estimate and test rig measurement are compared
on the right.

Figure 45 Measured lateral displacement (left) and tyre forces for different slip angles.
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Aquaplaning

Aquaplaning severely hampers the interaction between the tyre and the road. In
aquaplaning the tyre contact patch can be roughly divided into 3 sections [21], see Figure
46 below. In zone A, the inertial effect of the water dominates and no contact between the
tyre and the road surface exists. In zone B, some rubber-road contact exists, but the
viscous effect of the water squeezing out from the contact area limits this area. Zone C
represents full wet road contact.

Figure 46 Three-zone concept.

Figure 47 shows the tyre sensor measurement in transition from dry tarmac to 8 mm deep
water pool. The left- and right-hand figures relate to the same data; only the view is
different. The elevation of the front part of the contact patch can be seen from the
increased distance between the LED and the unloaded radius. The signal also shifts
slightly towards smaller rotation angles, which can be seen on the right in the figure. The
drop in the peak values just before aquaplaning reveals the descent into the water pool,
aka reduced vertical tyre force. The most difficult task of real-time aquaplaning detection
is to distinguish wheel load deviation from the aquaplaning phenomenon. This can be
done e.g. by calculating the shift of the tyre loading area. However, this is also influenced
by longitudinal forces like braking, but with brake signal information, compensation may
be possible. More aquaplaning analysis can be found from [22].
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Figure 47 Tyre sensor measurement: dry tarmac rotations 0-61 and water 62Ÿ.

4.2.6.3 Potential of the APOLLO/FRICTI@N Tyre Sensor

The measurements with the optical sensor show a high potential to provide force
information. A linear approach did provide a high accuracy between actual forces
(verified with a measuring hub on a test rig) and post-processed sensor signals within the
considered force range. Simple equations came out to be sufficient to compensate the
considered parameters (e.g. different inflation pressure at wheel load variation).

The inflation pressure increases in normal driving so much, that it introduces a bias to the
tyre force estimate. Therefore the tyre pressure must be measured or estimated.

The signal of longitudinal movement carries most of the information. It reveals the
contact length and the longitudinal forces. Furthermore, it can detect similar differences
in aquaplaning to those presented in Figure 47 for the vertical movement. The
longitudinal forces cannot be accurately measured during ABS braking, since the
measurement rate is limited to one sample per rotation.

Vertical movement signal (intensity) is disturbed by LED alignment, temperature etc.
Despite the facts, these limitations (especially LED alignment) are characteristic only for
an optical sensor which requires a light source in the inner liner. There are many optical
devices which can measure distance without a light source in the object. This concept
would be more production-oriented than the sensor considered in this paper. The reliable
measurement of inner liner vertical movement would certainly allow at least dynamic
wheel load estimation and possibly also the detection of aquaplaning.

The lateral tyre force can be accurately estimated from the lateral movement signal. It
enables to estimate the vehicle slip angle accurately and rapidly, because the tyre force is
acting on the chassis in advance before accelerations and rotational velocities are
generated. The side slip estimator based on tyre sensor forces is one of the further

62

62

Descent to 8mm water pool
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activities. The lateral signal could also provide indications about the aligning moment of
the tyre, but no systematic studies have completed on this subject.

The possibility to measure friction potential with tyre sensors was studied with FEA
simulations  by  Nokian  Tyres.  Tread  pattern  “tests”  the  friction  potential  all  the  time  in
contact patch by contact deformation, but the deformation differences between different
friction potential levels are very small. In the inner liner, these differences are even
smaller and can not be measured with conventional sensors.

In the project’s friction estimation system, the main outputs used from the tyre sensors
were friction used, and aquaplaning onset for each tyre. The tyre sensors can provide
information in situations where one tyre is using more friction than the vehicle on
average. Also the effects of wind speed and road inclination, which may cause error for
vehicle sensors, do not disturb the tyre force calculations.

The  optical  tyre  sensor  has  been  an  excellent  research  tool  to  study  dynamic  tyre
behaviour. It is not intended to be a product, but resources have been allocated to study
what information is available if the deflections of the tyre carcass are known. In addition
to vehicle and tyre state estimation, it can be exploited in validating complex physical
tyre models such as FEM.

5 Friction processing

The data fusion approach in the project is based on the construction of several expert
systems; data interpretation and extraction of features is required before any fusion
algorithms can be performed on the data. An example of this is ice detection with a
camera. The identified features were fused with combinatorial logic, probabilities and
statistics.

In early phases of the project a neural network approach was unsuccessfully tested for a
relatively  large  data  set.  This  does  not  mean  there  is  no  room  for  such  methods,
especially now after the project when the sensor data has been processed further.
However, the project viewed the friction processing architecture first presented in chapter
3.1 as best suitable for the purpose and e.g. fulfilling the requirements for modularity.

This chapter presents an overview of the detailed architecture implementation, the
algorithms and results from VFF (vehicle) and EFF (environmental) feature fusion
modules, and the Decision Fusion approaches used. The TFF (tyre) algorithms are sensor
specific, and overviewed in chapter 4.2.6. The use of all these results is discussed from
fusion standpoint.
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5.1 MATLAB Simulink Implementation of Friction Processing Architecture

The realization of the architecture with Simulink for the demonstration vehicle, as
presented in Figure 48 and Figure 49, consisted of data acquisition and data gateway
running at 100 Hz and 200 Hz. The camera, laser and tyre sensor data have been already
pre-processed when entering the main friction processing. Friction processing cycle time
was 100 Hz.

Figure 48 Sensor inputs, and Friction Processing (see Figure 8) in a simple Simulink diagram.

Figure 49 Simulink realisation of the Fusion (VFF, EFF, TFF & Decision Fusion)
block of Figure 48.
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The VFF, EFF and TFF blocks (left side in the Figure 49) provide friction used and
friction potential estimates for Decision Fusion to combine. Additionally the figure shows
blocks for driving state analysis, aquaplaning information processing (part of Decision
Fusion level) and vehicle slip calculations based on VFF and TFF data (also at Decision
Fusion level). The architecture design presented in chapter 3.1 worked well in practice,
although the modularity aspects aren’t as evident in a single Simulink model. The EFF
and TFF blocks can however be disabled in the system, representing the cases when these
modules are not available.

5.2 VFF – Vehicle Feature Fusion

The friction estimation based on vehicle dynamics sensors has its fundamentals in the
fact that the vehicle dynamic response is strongly affected by the tyre-road friction
potential coefficient. This parameter affects the vehicle response in the non-linear range,
mainly  for  high  value  of  slip  and/or  tyre  slip  angle.  In  particular,  the  maximum
longitudinal and lateral acceleration can be considered roughly proportional to the
friction potential coefficient.

The following Figure 50 shows the relationship between the friction used and the tyre slip
on different road surfaces and different tyres in braking situations.
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Figure 50 Empirical relationship of tyre - road friction with different road surfaces and tyres [27].

The  algorithms  for  estimation  of  the  friction  potential  coefficient  are  based  on  the
comparison between the actual vehicle response, measured by vehicle sensors, and a
reference model, which depends on the friction coefficient.
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Two separate approaches for friction potential measurement, developed independently by
Continental Automotive GmbH and CRF are integrated in the VFF block shown in
Figure 51. The two separate approaches are ported in the FRICTION model as s-
functions. For this reason a fusion block, “Estimation decision” based on driving
situations was developed in order to merge the VFF friction information output of the two
estimation blocks.

Figure 51 Architecture of the VFF block

The inputs on the left side of the figure included lateral and longitudinal accelerations,
braking flag, braking pressure of each wheel, engine torque, individual wheel speeds,
yaw rate, steering wheel angle and steering torque.

Friction used was calculated by a separate algorithm using an estimate of air resistance,
and IMU-based (Inertial Measurement Unit) vehicle acceleration. Road bumps and errors
caused by vehicle pitch rate were filtered out. As a rough generalization, the friction used
for  the  total  vehicle  (as  a  lumped  mass,  optimal  4-wheel  drive)  is  almost  equal  to  the
acceleration of the vehicle divided by g, the gravitational constant.

Two slip ratio calculations were devised, one using IMU and wheel speeds, and the other
for true ground speed measured by a Correvit sensor (as a reference) and IBEO LUX.

VFF output consists of:

• Friction potential estimated value

• Friction potential quality flag (values: not valid, not updated, valid)

• Friction used estimated value

• Friction used quality flag (values: not valid, not updated, valid)
• Slip information is to be used in decision fusion.

5.2.1 Friction potential estimation based on vehicle lateral dynamics

The first approach for friction potential estimation used in VFF was designed by
Continental. It is based on vehicle lateral dynamics, i.e. it uses cornering to estimate
friction.

The model consists of two main parts: the vehicle lateral dynamic model (Model) and the
adaption estimation block (Friction estimator) shown below in Figure 52. The first part is
a common vehicle model with a tyre model to estimate the yaw rate, and the other part
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estimates the friction information based on the comparison between the yaw rate
estimated by the vehicle model and the one directly measured by yaw rate sensor. This
algorithm mainly uses in-vehicle standard sensors including longitudinal and lateral
accelerations, flag of the braking signal, wheel speeds, yaw rate and steering wheel angle.

Figure 52 Structure of Continental VFF algorithm in Matlab/Simulink.

In the approach the common two track vehicle model was employed with a specifically
parameterised Burckhardt tyre model. The car body and chassis are treated as a rigid
body.

The following Figure 53 illustrates the relationship between the lateral slip and used
lateral friction on different potential friction coefficients.
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Figure 53 Friction coefficient - tyre slip angle curve on different road surfaces

In this model the different steering angles for front wheels are modelled with two non-
linear fitting curves based on practical measurements. The influence of hysteresis effect
on the steering system and the real steering angles is linearly corrected by estimating tyre
slip angles. In addition, the gravitational influence of the longitudinal and lateral
accelerations due to the relative rotational movement between body and chassis are
compensated with constants defined by experience.

5.2.2 Friction estimation based on steering torque

The second approach used to estimate friction potential in VFF was designed by CRF.
The method is based on steering torque and relies on the evidence that the tyre self-
aligning moment characteristic shows non-linearity and saturation at lower values of side
slip angle than the lateral force characteristic, see Figure 54.
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Figure 54 Qualitative comparison of self aligning moment and lateral force characteristic
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This feature allows the estimation of friction potential at low values of side slip angle. On
the other hand this approach requires additional sensors in order to measure the overall
steering torque. This could be an important limitation, due to additional costs, for
traditional Hydraulic Power Assisted Steering (HPAS) systems. This problem is
overcome  by  the  spreading  of  Electric  Power  Assisted  Steering  (EPAS)  on  small  and
compact cars, since it has integrated steering torque sensors and an ECU to control the
output torque of the electrical actuator, thus providing the needed information.

The data measured by the "standard" vehicle sensors (vehicle speed, yaw rate, lateral
acceleration, steering wheel angle), plus the total steering torque (driver's torque plus
assist torque) are the input of a synthesis vehicle model that calculates a function of
estimated tyre forces and moments. The friction potential estimator compares this output
with the output of the reference model.

The estimation requires at least a small amount of side slip angle in order to detect a
difference between the measured and the reference input (Figure 55). For this reason the
friction potential estimator includes strategies to detect driving situations suitable for an
accurate estimation. The sensitivity of the reference model to the friction potential
coefficient is very low in the linear range (marked in the red ellipse in Figure 55. On the
contrary, in the green box region, there is high sensitivity to friction coefficient, and the
estimation becomes more reliable (provided of course that the reference model is
correct).
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Figure 55 The accuracy of friction estimation depends on the operating condition of the vehicle.

5.2.3 Driving situation based first phase fusion

The results show that the two algorithms complement each other. The fusion strategy
within the VFF block allows getting more reliable information from the different
approaches, according to the driving condition and the quality flags. For application
reliability and safety, the lowest calculated friction information for potential friction will
be used.

The VFF friction potential estimate works well on the Fiat Stilo and Audi platforms
during  high  lateral  dynamics.  The  CRF's  approach  needs  an  accurate  model  of  the
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steering system of the vehicle and was better suited for the Fiat Stilo, especially when
driving with low lateral dynamics.

5.3  EFF – Environmental Feature Fusion

The estimation of friction potential with environmental sensors bases on partner
experience and literature studies on how different road conditions affect tyre-road
friction. Generally the plausible friction levels vary a lot according to tyres and exact
conditions. A plausible range for wet asphalt is easily 0.4-0.9. For packed snow we might
expect 0.2-0.4, again depending on tyres. For ice, there are several types of ice; for
example sanded, frosty, dry and wet, ranging from 0.05 to around 0.25. Several factors
affect friction, such as water on ice. As stated in the conclusions of chapter 4, a more
accurate mapping of variables that affect friction vs. experienced friction levels is one
goal in future environmental sensor studies.

The Friction project concentrated mainly on estimating probabilities for water, ice and
snow on the road with different sensors. The laser scanner also provides probabilities for
rain and snowfall. Any number of road condition sensors can be used.

In the next phase of EFF processing, temperature measurements and friction used values
(from the VFF/TFF) are used in classifying and plausibility checking the sensor
measurements. For each measurement we also get a validity flag from the sensor
algorithms, and combined with experimental knowledge of the sensor’s most reliable
operation range, these form the weight factors.

The block diagram in Figure 56 shows how the different environmental sensors used in
Friction (the sensors were presented in chapter 4) provide probabilities for environmental
feature fusion.
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Figure 56 Block diagram of environmental friction estimation
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The fusion of detected environmental features to an estimate of the current friction
potential is performed in 3 main processing blocks:

1. Sensor measurements
First the probabilities for the current weather/road conditions and measurement validities
are generated in three independent blocks, each tied to the sensor devices.

2. Probability fusion
In a probability fusion block the separate probability values for water, ice and snow (and
rain/snowfall, increasing the probabilities of water or snow detection) are combined to
classify the road conditions. In addition to the validity flags provided by the sensors, VFF
friction used, vehicle slip and air and road temperatures are used in checking the
plausibility of the detection.

Temperature plausibility checks are performed on the sensor given probabilities of ice,
snow and water by multiplying them with temperature based factors. For example, if air
temperature  is  colder  than  -5  °C,  only  snowfall  is  expected  from  rain  sensor.  If  the
temperature is higher than +5 °C, rain is expected. Between the two temperatures, both
detections gain plausibility with a ramp function. Road conditions are checked in a
similar way, e.g. ice detection gains plausibility under road temperature of +10 °C but not
above it.

3. Learning over time
EFF holds a mapping feature, EFF Friction Database, that records measured friction
potential values (from VFF/TFF) together with corresponding EFF environmental
conditions. This database is updated while driving and it gradually learns the best
matches between sensor readings and friction potential. The limited scope of
environmental sensors naturally limits the classification accuracy—the system learns
around 100 different cases—but the system is easily able to narrow down e.g. the range
of friction levels of what we can generally expect on snow with the vehicle and its tyres.
This functionality also enables us to quickly learn e.g. if we’re using summer tyres in
winter conditions and therefore our expected friction on ice is dangerously low.

The database is updated when a reasonably high slip is detected and the friction potential
estimate is valid. Several measurements are required to gradually change the expected
friction potential in the road conditions (or rather: in the case of such sensor detections).

The learning feature enables us to

• start work on more accurate road weather vs. friction potential classification

• develop exchange of road weather information in co-operative applications where the
effect of tyres can be normalized

• measure the effects of worn tyres and the experienced friction after changing tyres.

The Figure 57 presents the idea of using either static friction level classifications from
literature  or  the  EFF  DB  as  the  output  from  EFF.  If  the  map  doesn’t  yet  contain  a
recorded value for the exact sensor readings, an average friction value is given based on
the road weather classification (e.g. packed snow).
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Figure 57 Simplified model of probability fusion and learning functionality (database) in EFF

The learning functionality provided promising results on test track. In the following
figure it’s used to improve friction classification for an artificially wetted surface on
Aachen track. It saves a new estimate when friction potential measurement is reliable.

Figure 58 Friction potential detection by learning. Expected friction level 0.3
(watered synthetic cover), vehicle speed 20 km/h.
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Besides of expected friction potential, the EFF outputs road weather classes (e.g. wet ice
at best, a classification that is made from the probabilities of ice, snow and water from
different sensors). The EFF also provides information on how far front is the friction
measurement from. The area where the friction measurement is from should be combined
with vehicle trajectory, but this was not fully implemented during the project.

5.4  TFF – Tyre Feature Fusion

The TFF module has been mainly discussed in this document as a single sensor, in
chapter 4.2.6.

It was designed to be an optional module in the friction estimation and many of its
outputs, like aquaplaning, only go through a simple check in the fusion, or are provided
directly as outputs.

TFF provides tyre forces, friction used, aquaplaning, slip and wheel load. Many of these
values can be used to improve VFF estimations. In VFF however the main development
goals were in current production vehicles, not having a tyre sensor yet, and only some
fusion approaches were tested.

The main application from the fusion perspective was the output for friction used, where
the information of even a single tyre using a high friction, is valuable. When activated,
TFF can assist the fusion by “testing” the friction levels more often and more accurately
than the VFF acceleration-based measurements. VFF also provides friction for the left
and right side of the vehicle, giving applications more accurate information than the VFF
average;  during  the  project  the  VFF  outputs  were  mostly  for  the  whole  vehicle.  This
detection for each tyre separately can also be integrated with EFF camera view for more
accurate map of the surroundings.

5.5 Decision Fusion

Decision fusion combines the friction used and friction potential values from the three
feature fusion blocks. It also introduces µ-slip curve based rough classifications for
estimated friction levels and plausibility checks. This classification utilizes measured
friction used and slip ratio to determine which road conditions and friction levels are
plausible. For example ice is not plausible when friction used is very high, e.g. 0.6. On
the other hand, dry asphalt is likely when friction used is over 0.6 and slip is under 5 %.

The main inputs for decision fusion (Figure 57) are
1. EFF’s estimate on road type and friction potential
2. Friction used and potential from VFF
3. TFF’s friction used for each tyre
4. Slip ratio, calculated in VFF and TFF.
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Figure 59 Simplified model of decision fusion block

EFF road condition classification is compared with µ–slip measurements as a final check
for road condition output. Slip ratio based road classification is also an input for friction
potential fusion.

VFF friction potential is used as a final output from the system when the measurement is
valid and passes plausibility checks. Otherwise EFF measurements and earlier valid
measurements are combined as a best guess for current friction potential. This means for
example that if we used a lot of friction in a curve, this estimate is considered valid for a
while longer, if environmental values are still the same. However, the validities of EFF
and old measurements drop with travelled distance and generally are considered less
reliable than VFF’s valid measurements.

Environmental sensors can provide measurements nearly continuously and therefore
easily end up dominating the friction potential fusion (we detect ice, we expect low
friction…). An error in EFF measurements could badly affect the system. Therefore
finding a fitting balance between continuous and discontinuous measurements is
important for the fusion and giving safe estimates. EFF measurements and slip-based
estimates can mostly be used to set reasonable boundaries for friction due to their lower
accuracy and reliability compared to VFF.

Friction used (measured with acceleration sensors in VFF) is a continuous measurement
and a fact for the system. It has several error sources, mainly from used sensors and their
noise, road bumps, vehicle pitch and roll angle during manoeuvres, wind speed and force
distribution between tyres. However, when filtering is used to remove peaks from
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gravitational  component  caused  e.g.  by  road  bumps,  the  errors  can  be  generally
considered small (e.g. 5 %). The estimate is the backbone of fusion calculations.

Finally, abrupt changes are sought from friction values to detect dangerous locations and
trigger warnings.

Figure 60 and Figure 61 present examples of friction estimation, especially EFF and VFF
fusion.  The  first  data  shows  that  when  friction  used  first  exceeds  0.3,  the  VFF  based
friction potential calculation produces an estimate of friction potential 1.0 (dry asphalt or
very good grip). When VFF measurement is valid, the output for friction potential is 1.0,
otherwise the output is the EFF classification (no learning feature has been used) 0.85.
VFF overcomes the EFF estimate, being generally more accurate.

The validity calculations can be best seen from the lowest part of the figure, where the
validity drops when no recent measurement is available from VFF and the calculation has
to rely on EFF values only.
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Figure 60 Normal driving on asphalt. System reset has been made and no previous information is
available.

The following data is captured while accelerating and cornering on partially wet asphalt.
Also the EFF learning functionality is in use and this improves the operation.
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Figure 61 Example of EFF and VFF fusion. Acceleration and cornering on partially wet asphalt.

The EFF classification for the surface (several types are learned even for dry) changes to
include even values near 1.1. A clear drop in the potential is visible near 55 seconds,
when the vehicle moves on wetted asphalt. The high friction potential near 30 seconds
comes from friction used and this is where EFF learns new values for the classification.
The VFF friction potential estimate is available often due to heavy acceleration. However
the acceleration on wet segment wasn’t high enough for VFF to update its estimate.

More test results can be found from Chapter 7.5.
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6 System integration

This chapter presents details of the Friction system integration to the passenger and truck
demonstrator vehicles. The application and Human-Machine Interface (HMI) approaches
are discussed for both vehicles.

6.1 Commercial vehicle demonstrator

A  Volvo  FH12  460  4x2  High  Tractor  was  chosen  as  the  commercial  vehicle
demonstrator. The aims were to provide support for projects dealing with co-operative
systems, test the tyre sensor in a truck and to develop the existing driver warning systems
further.

The truck is used for several experimental projects and therefore contains several
dedicated experimental CAN buses and rapid prototype units. Figure 62 below outlines
the already existing CAN buses and RPUs. A FRICTION Gateway RPU (xPC) was
added  as  the  processing  platform  for  the  VFF,  EFF  and  TFF.  Connected  to  the
FRICTION Gateway RPU there is a dedicated CAN bus that contains the relevant
sensors. The tyre sensor receiver ECU is connected to a secondary RPU, which calculates
the tyre forces in real time.

Figure 62 Truck Demonstrator Experimental Electronic Architecture

The FRICTION algorithm was implemented using ANSI-C. The main algorithms
developed with MATLAB Simulink for the development vehicle (Audi) were ported to
the truck xPC environment.
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The friction sensors installed to the truck were the Road Eye, tyre sensor, IcOR, LUX and
an Inertial Measurement Unit (IMU) by Continental. The tyre sensor installation will be
presented as it’s different to the other demonstrator or development vehicles.

6.1.1 Truck Tyre Sensor

For the optical tyre sensor a new rim design was needed as all previous optical tyres
sensors had been adapted for car rim and tyres. One obstacle was that for truck rims it
was not possible to use dividable rims as was the case for e.g. in the APOLLO project.
Another problem was the physical size of a truck tyre compared to a car tyre. In a truck
tyre, the PSD will physically be at a greater distance from the LED, which leads to less
optical power and a weaker signal.

In order to overcome these hurdles it was decided to manufacture a new rim for the truck.
By making a hole in the rim and welding a flange in to it, it was possible to install the
LED through that hole, after the tyre was mounted. It also made possible to make a
sensor module in order to decrease the distance between the LED and the PSD.

A special sensor module was designed. The sensor module can be quickly removed and
reinstalled without special tools.

Figure 63 Sensor module installation to the truck test rim
(1. rim, 2 flange joint welded to the rim, 3. sensor module 5. sealing O-ring)

The tyre is installed before the sensor module and the LED is glued into the inner liner of
the  tyre.  The  LED  is  powered  with  wires  from  the  sensor  module.  In  addition  to  the
sensor module, a magnetic pick-up sensor is installed on the inner edge of rim. The
magnet is installed on the suspension to indicate the upright position of the sensor. This
enables very accurate information on the sensor rotation angle and the data is certainly on
the same time axis as the actual tyre sensor data, due to same signal path.
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Additionally, the antenna box with the receiver also needed to be installed on the truck
(Figure 64). This was a bit cumbersome because it was difficult to find the spot, where a
minimum number of data transfer errors occurred regardless of the position of the wheel.

Figure 64 Installation of the antenna box to the truck.

6.1.2 HMI

There are a few issues which affect the HMI design. First of all, a starting point for the
design was that the friction potential isn’t available continuously, but only when the
algorithms consider the information valid. Near to the project end this assumption was
questioned as the system was able to provide an estimate more as a continuous value.

For the development of the experimental HMI, an interview was carried out with
professional truck drivers. A common view amongst the drivers was that the “black ice”
(slippery asphalt) is the most annoying condition. If there’s no ice or snow on the road
the driver doesn’t slow down because of what he sees.

Many drivers view the temperature as a very good help, especially when the weather
changes fast. They rely on the road temperature and make their own adjustments
according to their experience.

The most common way for the drivers to receive information about the road conditions is
by calling colleagues. “A driver never trusts any systems” they say. They will never stop
calling each other because that’s the most reliable information but a warning might be a
good complement.

Many drivers are afraid to be smothered with information from additional warning
systems. When it comes to presentation they all prefer a big simple symbol, and maybe a
voice message. Sometimes it is hard to read, that’s why a symbol is easier to interpret
fast. It’s important that the system doesn’t lead to an increased risk taking.

The HMI approach implemented included two icons (Figure 65): an informative (orange-
yellow) and a warning (red with triangle).
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Figure 65 HMI designs for demonstrations in Volvo truck.

These icons need to be tested by more users to verify their appearance. Since the icons
are shown in the display behind the steering wheel and are quite small, a sound could be
added to catch the driver’s attention.

A driver’s sight in daylight is better than the Road Eye, so an “Information icon” may be
unnecessary. At night, on the other hand, and when using the IcOR camera or other
environmental sensor with a longer range, it can be a useful addition. Possibly there
should be day/night modes.

When driving a snowy road the friction potential will be low all the time and the
information icon would basically lose its significance. Therefore the friction system
output about a sudden change in friction level should be used more in winter conditions
Also the HMI design used in Fiat Stilo demonstrator, which will be presented next, might
be usable in winter conditions.

6.2 FRICTION-APALACI application

The main goal of the Fiat Stilo demonstrator vehicle was to develop and demonstrate an
integrated FRICTION-ADAS system. The friction estimation system on this vehicle is
based on standard on-board sensors and the ADAS is a collision mitigation system
developed in the PReVENT subproject APALACI on the same car.

The objective of APALACI was to enhance the driver’s capability to mitigate or fully
avoid collisions with forward vehicles (rear-end collision) and pedestrians. The project
developed a safety system for pre-crash and collision mitigation, including innovative
and robust sensor fusion techniques. The vehicle and its sensors are shown in Figure 66
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Figure 66 Fiat Stilo PReVENT demonstrator vehicle with sensor locations. Red are the APALACI
specific sensors and green are the LATERAL SAFE project specific sensors

A quantitative analysis, based on a full vehicle model, including a Front Collision
Warning and Mitigation by Braking, allows evaluating the benefit of the integration with
a friction estimation system, using objective performance parameters. The analysis
considers scenarios derived from studies carried during APALACI. A significant
reduction of crash energy may be achieved on low friction condition with a friction
estimation system.

Having friction information it is possible to calculate the correct maximum vehicle
deceleration, to evaluate vehicle braking capabilities and consequently to modify the
intervention of the system. Under low friction conditions the space required for braking
increases and the system intervention has to be appropriately anticipated: the driver
should be alerted in advance, through a warning, for starting a braking manoeuvre in
order to reduce the consequences.

Therefore the system can be considered an extension of Collision Warning function.
Consequently it needs information about ranges to forward vehicles, vehicle speeds, road
slipperiness, driver commands and driver actions.

The friction information about current potential friction is provided also influences the
Collision Mitigation by Braking (CMbB) control strategy. For the CMbB function the
following sensors are used to monitor the frontal area close to the vehicle:

• a digital monocular grey level CMOS camera installed in the driver compartment
behind the central mirror in the windscreen
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• two medium range radars positioned behind a bumper with low attenuation to
microwaves in the radars operational frequency range.

When the system, detecting the scenario in front of the vehicle, determines a possible
hazardous condition and estimates that the driver hasn’t an adequate opportunity to avoid
the hazard and contemporarily the appropriate criteria are met, the control algorithm
assesses that a collision is imminent. Based upon this assessment, the control strategy
activates  vehicle  brakes  to  mitigate  its  severity  or  to  avoid  a  collision  according  to
circumstances.

6.2.3 HMI

The estimated friction values, for the Fiat Stilo demonstrator, are calculated by the VFF
algorithms only and made available on the vehicle network.

The application provides the following information to the driver, on an LCD:

• the estimated FRICTION USED, overall: a unique value for the whole vehicle, not for
each wheel.

• the estimated FRICTION POTENTIAL, based on the VFF module
• the estimated FRICTION AVAILABLE, i.e. the difference between the estimated

FRICTION POTENTIAL and the current FRICTION USED.

This information is synthesized in a four-colour bar graph, see Figure 70. A variable
length bar is made up of two variable and differently colored adjacent parts, the first one
(usually blue) representing the FRICTION USED and the second one (green yellow or
red according to warning strategies) representing the FRICTION AVAILABLE. The
right end of the latter represents the FRICTION POTENTIAL.
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Figure 67 A bar graph presenting friction information in Fiat Stilo

A value 1.0 could possibly be used as a maximum for the HMI, as in cases higher than
that the driver information should likely show that we’re using “all” friction available.

The bar graph provides the driver a straightforward graphical representation about how
much friction the car is using and how much is available. The information can be
understood with a quick glance.

When the friction used is very low, the bar graph is almost completely green. When the
friction used get higher, the bar graph becomes more and more red. The same happens if
a reduction of the friction potential occurs. The Figure 68 shows the bar on the
information display.
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Figure 68 FRICTION information display in Fiat Stilo.

7 Validation

This chapter gives an overview of the validation steps performed and the main test
sessions during the project.

The test procedure comprised the following steps:
1. Set up vehicle models
2. Definition of relevant driving situations for real world measurements
3. Real world driving tests
4. Measurement database for offline tests and algorithm development
5. Validation of outputs in offline testing, parameter setup
6. Real world driving tests

7.1 Simulation models

First  full  vehicle  models  of  the  passenger  cars  were  set  up  for  simulation.  By  using
parameterized vehicle models the expected levels of e.g. acceleration and measurable
friction used can be evaluated. This virtual pre-testing allows a definition of the relevant
driving manoeuvres that have to be performed to get a useful database for offline tests
and further simulations.
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The simulation model for the development vehicle is an implemented full vehicle model
of an Audi A6 for the MATLAB Simulink environment. All relevant parameters for the
driving dynamics have been identified (Figure 69 shows ika test benches for identifying
vehicle parameters) and implemented in the model as look-up tables. The simulation
model allows the adjustment of vehicle parameters such as weight and mass distribution.
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moments of inertia

center of gravity

body mass

x

y

z

x

y
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Figure 69 Determination of vehicle mass and inertia parameters

The model for the passenger car demonstrator was set up by CRF for offline testing of the
advanced vehicle controller system described in chapter 6. The model is used in Simulink
environment and it is a 15 degrees of freedom dynamic model, with rigid body,
suspension kinematics and compliance and king-pin geometry described by functional
characteristics, braking system and driveline. The model interface is shown in Figure 70.

• Steering system model for feeling command reproduction and for steering wheel free
manoeuvres simulations, 1dof

• Parametric driver model for closed loop manoeuvres, i.e. ISO lane change.
• Simulation and post processing of CRF and ISO standard manoeuvres for handling,

steering feel and ride comfort
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Figure 70 Interactive model interface

The model has specialized subsystems in order to integrate active system models:

• It uses Pacejka Magic Formula [23] tyre model for steady and transient behaviour
• Elasto-kinematics functional map for variation of toe, camber, wheel track and wheel

base  as  function  of  tyre  force  (Fx,  Fy Fz and Mz), vertical displacement and steering
wheel angle

7.2 Choice of the driving manoeuvres

Based on the simulation results and the knowledge of interesting driving manoeuvres for
the algorithm generation, many different tests were found useful. For the vehicle sensor
based algorithms a strict differentiation between longitudinal and lateral acceleration is
needed to distinguish the influence and the levels of reaction. For this reason, steady state
manoeuvres for lateral acceleration like steady state cornering with increased speed or
increased  steering  wheel  angle  or  steady  states  were  performed.  For  longitudinal
investigations accelerating and braking manoeuvres are needed with different levels of
brake force. In these measurements locking tyres helps to figure out the maximum level
of friction. The Figure 71 compiles some of the first manoeuvres that were planned.
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Figure 71 First defined manoeuvres to be performed on test tracks

These manoeuvres had to be performed on different surfaces at different friction levels.
The following figure shows an extract of the final test plan for Aachen summer tests:

Figure 72 Extract of one test plan

After the catalogue of relevant driving situations was set, first real world measurements
with the development vehicle were executed in winter conditions on a test ground in
Ivalo, Finland. Several test sessions followed and some of the most important are
described in the following.
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7.3 Winter tests

The first winter tests were performed in Ivalo, Finland, February 2007. The track offers a
long and broad snow covered track, an ice circle and a µ- transition track, where an
asphalt track is behind an icy track followed by a snowy field. This enables quick friction
level changes in short distance. The snow track provides a friction level of 0.4 with
winter tyres. The ice track provides a friction level of 0.2 and the asphalt track from 0.8
to 1.0. The Ivalo tests were carried out with ika Audi, Figure 73.

Figure 73 Left: Tests with Audi in Ivalo, Finland. Right: Tests with Fiat in Sweden.

The test was essential for setting up the development vehicle with all sensors integrated.
A database was collected with information of the weather conditions, driving
manoeuvres, sensor set-up, speed, tyres etc. This database was later used for offline
algorithm development until additional new data was collected during the next winter.
Separate measurements were carried out with Fiat Stilo in Sweden, Figure 73.

The main environmental sensor tests were carried out in Arjeplog, Sweden, March 2008
with the VTEC truck. Arjeplog had also prepared tracks suitable for µ- transition tests.
The truck was driven from Gothenbug to Arjeplog recording massive amounts of data
especially for Road Eye, IcOR camera and laserscanner algorithm validation. Special
tests were carried out at the Arjeplog site, see Figure 74.



Final Report  -  Public 93 (116)

FRICTION_FinalReport.doc

Figure 74 VTEC truck in Arjeplog tests. The track has snow, ice, wet and dry sections, Figure 28.

7.4 Summer tests

The main summer testing was performed on the ika test track which is located in Aachen,
Germany (Figure 75). The surface is asphalt, and the track can be watered artificially. To
reduce the friction level nearly to the level of ice, a synthetic coverage is available. This
coverage can be watered which leads to a very low friction level. With these different
means the available friction levels can be 0.2 … 1.2.

dry wet

wet on plastic film wet on plastic film

Figure 75 Different conditions on the Aachen test track
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To study optical sensor further, also night-time testing was performed. Figure 76 shows
an example of “black ice” detection studies in early October morning, using a baking tray
full of frozen ice. (The sensor detected ice reliably, but the fusion algorithm was
suspicious due to the contradicting temperature readings.)

Figure 76 Left: Night test of environmental sensors including ice detection. Aachen, Germany.
Right: TKK running aquaplaning tests in Nokia, Finland.

Other summer tests were also carried out:

• Testing VFF algorithm, new sensor verification in La Mandria by CRF, spring 2008.
• Aquaplaning tests in Nokia, Finland by TKK, summer 2008. Figure 76
• Collision Mitigation performance in low friction conditions (using watered basalt) in

Hällered, Sweden by VTEC, May 2008. Figure 77
• Tests  for  matching  APALACI  Collision  Mitigation  system  with  FRICTION  VFF

system in Vizzola, Italy by CRF and MM, October 2008. Figure 77

Some tests suffered from the shortage of snow and special low-friction surfaces were
used.

Figure 77 Left: VTEC tests in Hällered, Sweden. Right: CRF and MM tests in Vizzola, Italy.
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7.5 Algorithm testing

The project developed the friction estimation algorithms using MATLAB Simulink and
data collected in driving tests described above. The simulated runs were mostly 5–30
seconds and therefore also real world driving of longer periods was occasionally used to
test the development assumptions, and to get hands-on feedback. Also real driving tests
pointed out problems e.g. in data filtering algorithms causing severe input lag and guided
to select different filtering methods.

The algorithm was also tested for robustness against false detections: in a driving test
lasting 2 minutes on dry asphalt road, using low acceleration only (under 0.4, normal
driving), the environmental sensors were able to classify the road surface 94 % of the
time (rest of the time a historical classification is maintained). VFF lateral acceleration
based estimate was available 5.3 % of the time. In this type of simple tests the algorithms
provided practically no false detections.

The  following  (Figure  78)  is  an  example  of  a  steady  state  cornering  manoeuvre
performed with the Fiat Stilo. The expected friction level is ɛ=1.0 which is being
estimated by VFF friction potential algorithms (described in chapter 5.2.1 and 5.2.2) very
well. The results show that both algorithms need a lateral acceleration of more than 3
m/s2. Due to the fact that the two algorithms are based on different physical aspects the
behaviour is a bit different in different situations. The tests show that if one algorithm is
more precise, the other one is faster.
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Figure 78 Offline simulation based on CRF Stilo data, steady state cornering. Development phase.

In  Decision  Fusion  testing,  first  the  outputs  from  single  systems  were  compared  to
measured references (braking tests for the surfaces) from the test area. Then the driving
conditions and other conditions were identified where the output is most reliable or
should be simply discarded. Based on the separate tests, weight factors were decided for
fusion and other parameters were set.
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PART 3 – Results

8 Project results

The project demonstrated a friction estimation system based on sensor data fusion from
three types of sensors: environmental, vehicle and tyre. The system is modular, consisting
of

Data Gateway, adapted to the vehicle

• Decision Fusion handling input from the feature fusion modules
• VFF Vehicle Feature Fusion estimating friction based on vehicle dynamics sensors

• EFF Environmental Feature Fusion estimating friction and road conditions based on a
number of environmental sensors

• TFF Tyre Feature Fusion refining information from experimental tyre sensors
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Figure 79 Friction Processing Architecture

The EFF and TFF are optional modules but considerably improve the system
performance. The Data Gateway, Decision Fusion and VFF are always required.

The project demonstrated friction potential (maximum available level) estimation during
lateral acceleration exceeding 0.3 G, using vehicle dynamics sensors. This enables
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friction potential estimation in normal driving, when cornering, with an error of
approximately ±0.15, depending on several factors such as the acceleration used and the
vehicle parameters known. The used friction can be constantly estimated with a higher
accuracy as an average for the vehicle, but e.g. road bumps cause momentary errors to be
filtered out. When tyre sensors are used, the estimation becomes accurate also for single
tyres.

In winter conditions the low friction causes the tyres to slip often in normal driving and
the friction potential is often “tested” even without dangerous sliding. This is a historic
input that is used in decision fusion.

Using environmental sensors providing a continuous estimate of the road conditions and
surface classification (dry, wet, ice, slushy etc), the friction estimation can be extended to
near-continuous. This estimation is based on human-like learning of friction levels for
road condition categories. Also it’s based on maintaining a previous measurement (of
high forces or slippage) as an estimate while environmental sensors detect no changes in
road conditions.

The project demonstrated advanced optical and radar systems for environmental sensing
and considerable advancements in using this information for friction estimation.

The tyre sensor coming from a previous project APOLLO and further improved during
this project, provided accurate tyre forces to improve VFF measurements such as friction
used, wheel load and slip. Additionally it was used to calculate the risk of aquaplaning.

The demonstrators have not yet been tested extensively on different surfaces (mainly on
asphalt and not on earth roads), but during normal driving in test areas the friction
estimation system maintains a correct value, with an error of approximately 0.15, to the
friction measured to be available on the surfaces. During the teaching phase of the EFF
Friction table, which is used to match the actual tyre performance to the environmental
detections, the estimation errors can be larger as the system does not yet know the
performance of the tyre. During a minute of driving, there are some seconds when the
estimation is not valid and therefore is unavailable.

The strengths and weaknesses of the system are in environmental sensing: the sensors
demonstrated can not yet predict road conditions from far away. Only distances between
1–25 meters were covered during the research and field tests. However, the far-reaching
potential of IcOR and radar were not really tested. Also the classification is inadequate
considering gravel roads, wet leaves on the pavement, pit cover plates etc, which are
important for motorcycles.

The project built three demonstration systems:

• Development platform on ika’s Audi A6 presenting the all sensors and modules
• Demonstration platform on CRF’s Fiat Stilo presenting the operation of VFF module

and ADAS integration, especially with a Collision Mitigation application (APALACI)

• Demonstration platform on VTEC’s Volvo FH12 truck presenting tyre sensors, HMI
applications and collaboration with co-operative application project SAFESPOT.
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8.1 Deliverables

The project generated the following deliverables:

Table 5 Deliverable list

Deliverable
No1

Deliverable title
(Responsible WP)

Due
month
2

Nature

3

Dissemination
level
4

1 Project presentation (WP1) 1 R PU

2 Project website (WP8) 2 O PU

3 Dissemination Plan (WP8) 4 R PU

4 User needs, application scenarios and functional
requirements (WP2) 10 R PU

5 Specifications and system architecture (WP3) 13 R RE

6 Validation plan for evaluation, verification and
demonstration activities (WP3) 14 R PU

7 Report on full vehicle simulation model, and
simulation results (WP7) 27 D RE

8 Report  on  sensors,  functional  specifications  of
algorithms, and benchmark system (WP4+WP5) 31 R RE

9 Description of commercial vehicle demonstration
system (WP6) 33 D PU

10 Description of passenger car demonstration
system (WP6) 33 D PU

11
Validation report summarising the major
simulation, testing and demonstration results
and comparing them to the requirements (WP7)

34 R PU

12 Technology implementation plan, 'TIP' (WP8) 35 R CO

13 Final Report (WP1) 35 R PU

1 Deliverable numbers in order of delivery dates: D1 – Dn
2 Month in which the deliverables will be available. Month 0 marking the start of the project, and all delivery dates
being relative to this start date.
3 Please indicate the nature of the deliverable using one of the following codes:

R = Report
P = Prototype
D = Demonstrator
O = Other

4 Please indicate the dissemination level using one of the following codes:
PU = Public
PP = Restricted to other programme participants (including the Commission Services).
RE = Restricted to a group specified by the consortium (including the Commission Services).
CO = Confidential, only for members of the consortium (including the Commission Services).
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8.2 Dissemination

Table 6 Summary of dissemination in the project.

Dates Type Type of audience
Countries
addressed

Size of
audience

Part-
ner

27.02.06 Project web-site Any Global VTT
13.09.06 Feature Article in ITS

International Magazine
Industry & Road
Authorities

Global VTT

09.-11.
10. 06

Conference
Aachen Automotive Colloq.

Research /industry Germany /
Global

1800 IKA

22.-27.
10. 06

Conference
FISITA Automotive Congress

Research /industry Japan /
Global

1000 IKA

10.-
11.01.07

Conference
Transportforum

Road operators,
industry &
research

Sweden &
Nordic

Countries

1500 VTT

13-
15.03.07

Exhibition
Tire Technology Expo 2007

Automotive
industry and
research

Europe 1000 TKK

12.09.07 Media release General public Finland VTT
17.-
20.09.07

Exhibition
Participation with one booth
to PReVENT Exhibition

Automotive
industry and
research

Europe 550 VTT

26.-
28.09.07

Conference
3rd Annual Conference
Intelligent Tire Technology

Research and
industry

Europe 200 TKK

12.-14.
02.08

Conference:
27th Winter Road Congress

Industry and road
maintenance
authorities

Finland 200 VTT

24.-28.
03.08

VTEC internal Tech show Industry research Sweden VTEC

06.-08.
10. 08

Conference
Whole session; 3 papers
Aachen Automotive Colloq.

Research and
industry

Germany /
Global

1800 All

21.-22.10.
08

Conference
Intelligent Tire Tech.

Research and
industry

Germany /
Global

TKK

28.-30.10.
08

Conference
EU Microwave week

Research and
industry

Netherlands/
EU

VTT

17.11.08 Feature Article in ITS
International Magazine

Industry & Road
Authorities

Global VTT

02.09 Conference
Tire Technology Conference

Research and
industry

Germany/
Global

250 TKK,
CRF

09.09 Conference
ITS Stockholm 2009

Research and
industry

Global VTT

06.07 Publication:
Vehicle System Dynamics/
Tyre sensor

Research and
industry

Global TKK
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8.3 Validation results

Experiences from driving tests in Aachen, October 08, with the development vehicle,
showed the potential in EFF Friction Database (described in chapter 5.3 paragraph “3.
Learning over time”) which learned to classify the main surface types in a short run and
then suggest the accurate friction level for each surface. After the learning feature was in
operation, the error between the actual reference friction potential and the system
estimate remained smaller than 0.15 at most times. In the tests, occasional errors in slip
calculation first presented problems, but even in those cases the algorithm returned to a
reasonable estimate in a couple of seconds. The calculation was later improved, but
generally it’s not likely to be able to produce a friction potential estimate truly
continuously. This is due to the shortcomings of the environmental sensing and different
friction variations under the vehicle. However, even with strict settings for detection
validity, the system seems to nearly always be able to produce friction to be used as a
starting value.

The project timetable limited appropriate amount of validation tests in winter conditions.

The FRICTION system was compared to the requirements defined in the deliverable D4.
The use cases are mentioned according to the user needs of a series production system.

The requirements are separated into for groups:

• Functional requirements (FCN), describe the general output of the system

• Interface requirements (IF), describe the interfaces to the sensors and application
systems

• Performance requirements (PERF), describe the technical output of the system

• Operational requirements (OPER), describe the technical environment needed for
operation

01.08 Publication:
Vehicle systems modelling and
testing/
Tyre sensor aquaplaning

Research and
industry

Global TKK

08 Publication:
IEEE Transactions ITS/
Road Condition Recognition
using 24GHz Automotive Radar

Research and
industry

Global VTT

08 Publication:
IEEE Transactions ITS/
Road surface classification
using different methods of
polarized light

Research and
industry

Global VTEC
&
VTT
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Within this project a system is setup to gain the knowledge of friction detection.
Therefore some use cases and derived requirements are chosen that the demonstration
system has to fulfil. The requirements are derived from the following use cases:

• UC A1: Friction level indication

o During non critical friction conditions information about the friction conditions is
provided on request.

• UC A2: Friction level warning

o During critical friction conditions a warning is sent.

• UC A3: Information on the current friction used

o Providing estimated values of the current friction used.

• UC D1: Information on vehicle slip angle

o Providing estimated values of vehicle slip angle.

From these Use cases the following requirements are derived for the demonstration
system:

• FNC_1:Enable configuration of friction available thresholds

o The system must enable configuration of friction available thresholds

• FNC_2: Determine the rate and polarity of changes in friction available value

o The system must determine the rate and polarity of changes in friction available
value.

• FNC_3: Determine current friction used

o The system must be able to determine the current friction used

• FNC_4: Determine current friction available

o The system must be able to determine the current friction available

• FNC_5: Predict upcoming maximum friction available

o The system must be able to predict the upcoming maximum friction available

• FNC_12: Determine vehicle slip angle

o The system must be able to determine the vehicle slip angle

• FNC_18: Tag information on quality to the output data

o The system must tag information on the quality of the taken measurement to the
output data.

• IF_1: Compliancy with typical automotive communication standards

o The communication interface should be compliant with typical automotive
communication standards such as ISO11898, LIN.

• IF_2: Input flexibility
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o The system provides an interface to sensors such as in-vehicle sensors,
environmental sensors and tyre sensors.

• PERF _3: Speed requirement for Driver information systems

o If data is to be useful for Driver information systems the update rate must be <1 s.

• PERF _4: Speed requirement for ADAS systems

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

• PERF _10: Modularity

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

• PERF _12: Configurable sensor setup

o 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.

• OPER_4: Power environment

o The system must operate on 12 V/ 24 V power.

According to the mentioned requirements above, all realized solutions for the three cars
are listed in the following figure:
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Requirement Fiat Stilo Volvo truck IKA Audi

FNC_1

FNC_2

FNC_3

FNC_4

Friction available is
determined in the VFF
module

FNC_5 no prediction

FNC_12

Vehicle slip angle is
detected by VFF module
and validated by correvit
sensor

FNC_18

IF_1

IF_2
No further sensors can be
added

PERF _3

PERF _4

PERF _10

PERF _12
No further sensors can be
added

OPER_4

Further sensors can be adde, configuration is needed in
datagateway and EFF module

All systems run at 12/24V

The value is delivered with an resolution of 0.1 and adapted to the last measured
value

Further sensor data can be delivered to the friction
system datagateway by CAN bus

Data calculation and delivery runs at 100Hz

Data calculation and delivery runs at 100Hz

All systems are realised in development environment, implementation of further
fuctions can be done

prediction of friction available based on environmental
sensors

Vehicle slip angle is detected by VFF module

Every module and the the signal fusion deliver quality flags

All systems communicate via CAN bus

solution in demonstrator

System setup by parameter file

Friction used is determined in the VFF module

Friction available is determined in the VFF, TFF and
EFF module

Figure 80 FRICTION system requirements and their fulfilment [28]

In Figure 80 the found solutions for each requirement are summarized. It can be stated
that all requirements are satisfied and the developed friction system operates as expected.
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8.4 Achievements

The project contributed to the state of the art mainly in these 4 fields:

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 low acceleration conditions.

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, and new features for radar and laserscanner for detecting weather and
improvements for Road Eye. This information was used in learning an improving
classification of road conditions and is a base for future work.

3. The practical benefits of friction estimation 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 research and validation tool.

8.5 Meeting the objectives

The friction phenomena has not become any easier to measure accurately, but the project
reached reasonable estimation levels sometimes surpassing the driver’s understanding of
the road conditions. The driver can estimate the friction far ahead of the vehicle better
than the vehicle, but the vehicle often can estimate more accurately the current friction
potential and especially the current friction used.

The project objectives and their fulfilment:

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

⇒ The performance of the created model and its parameters has been proven with
demonstrations.

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

⇒ This goal was met constructing a modular system which can operate even with
standard vehicle sensors, although the performance is greatly improved by adding
environmental sensors. Tyre sensors will further improve the performance. The
developed system architecture applied well to all three demo vehicles.
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3. Verify the system benefits by means of selected vehicle applications using
friction and road slipperiness information.

⇒ The benefits of friction estimation has been documented in summer and winter
conditions, and demonstrated with ADAS application Collision Mitigation
System and some driver warning systems.

4. Enhance the functionality of preventive and cooperative safety systems
applications in parallel running and upcoming Integrated Projects.

⇒ The friction estimation system has built on the Collision Mitigation development
carried out in PReVENT subprojects APALACI and COMPOSE. A FRICTION
subsystem will also be used installed on a Volvo truck in the Gothenburg demo of
SAFESPOT project.

9 Conclusions

9.1 Friction sensing and estimation

The VFF module can easily be seen as a continuation for friction sensing approach dating
back to ABS, ESC etc. When these applications could really detect the friction only after
some sliding took place, VFF can estimate friction potential already when the vehicle is
under medium level acceleration. We believe that future VFF development should focus
on more accurate friction potential estimation when acceleration is in the range of 0.1 G
by utilising sensors in chassis, power transmission, suspension and steering. Theoretically
it would be nice to be able to be able to estimate friction when driving straight at constant
speed, but this may be too challenging for VFF in the foreseeable future.

EFF will become more cost effective in the future, since the utilisation of environment
perception sensors onboard is increasing due to applications like ACC, Collision
Mitigation, Lane Departure Warning, etc. Important benefit of EFF is that friction can be
estimated in situations which are impossible for VFF, like when the vehicle is driving
straight with constant velocity. Another benefit of EFF is that friction information is
provided before the vehicle is on the measured location, so the chassis control system has
somewhat more time to react to possible surprises. The limitation of environmental
sensors is that they can only classify what the surface is—the friction value is based on
classification, which is improved by gradual learning. The future research should
therefore focus on improving the capabilities of sensors to provide better friction
information, improved algorithms to utilise these new sensor features, and more versatile
surface classification including also loose gravel, wet leaves, etc.

TFF is logically the best source for tyre-road friction information. However, it is
technically a very challenging environment: At speeds around 250 km/h the acceleration
of the tyre inner liner may exceeds 2000 G when it touches the ground. Also the wireless
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sensor signal transmission from the tyre to the chassis has to be widely standardised and
accepted in order to enable any tyre to be placed under any vehicle. The sensor
construction used in this project is a research instrument and not suitable for serial
production. The long term future research should focus on side slip estimator based on
tyre sensor forces, better understanding of the physical tyre-road interaction, and
measurable physical quantities in the tyre that provide good information for friction
estimation. This research should go hand in hand with improving tyre simulation models,
and utilise many kind of tyre sensors.

9.2 Friction algorithm

The friction processing combines several measurements based on the measurement
validities and phenomena type. The inputs are first processed in vehicle, environmental
and tyre feature fusion modules: VFF, EFF and TFF.

In VFF two separate approaches, developed independently by Continental Automotive
GmbH and CRF, are integrated. The Continental's model compares yaw rate, estimated
by a common vehicle model using a tyre model, with measurements from a yaw rate
sensor. The CRF approach is based on tyre self-aligning moment characteristics. This
feature allows getting a friction potential estimate at low values of side slip angle.

Environmental Feature Fusion (EFF) uses four sensor sources which are intended to
detect the momentary state of the road surface: Road Eye, IBEO laser, polarization
camera and temperature measurements. First the probabilities for the current road-
weather conditions are generated in independent blocks. In a probability fusion block the
resulting probabilities for water, ice and snow are mapped to a combined “potential
friction” value. Environmental sensing can provide measurements nearly continuously
and therefore they easily end up dominating the friction potential fusion.

The decision fusion predicts friction much like a human does; based on cumulated
experience and by testing the friction levels during acceleration, cornering and other
situations where the potential can be measured. It continuously gives an estimate of
expected friction potential. An almost continuous estimate was achieved during testing,
which changed according to the road conditions.

During hard driving manoeuvres such as cornering, and in suddenly changing conditions,
the system can give a very accurate friction estimates compared to most human drivers;
especially the Friction Available during braking or cornering can be very accurately
estimated.

The weaknesses and strengths of this system are in environmental sensing. The
environmental measurements combined with vehicle sensors can at best surpass the
human experience of friction and vehicle behaviour. However, the current algorithms and
sensors have difficulties when there is a snowy road where only the tyre tracks are free of
snow. In this situation the friction can vary a lot within centimetres, and depends heavily
on drivers steering manoeuvres. This might create frequent low friction warnings thus
irritating the driver. This situation is could be a future development issue of HMI;
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repeated snow-related warnings could be reduced, if the driving has been continuing
steadily.

Due to the main attention of the project, the system hasn’t practically been tested on
gravel roads or e.g. in the presence of leaves or sand on asphalt. The required further
development lies mainly in the area of environmental sensors and EFF algorithm.

9.3 The potential of improved sense of friction

The benefits of a friction estimation system are clear especially in driver warning systems
calculating safety margins, and in self-acting safety systems like collision avoidance. As
environmental sensing becomes a more common feature in vehicles, the project
recommends implementing sensors which could simultaneously detect changes in road
conditions. The project demonstrated these functionalities with a laserscanner, Road Eye
sensor, radar and camera. When combining information from vehicle and environmental
sensors, the accuracy of friction estimation is believed to be high enough to make drivers
feel confident with it.

The fastest development is currently seen in the field of environmental sensing to detect
road conditions. More accurate classifications for road conditions will be needed, and the
exact effect of key indicators for friction (such as the water depth and structure of ice),
should be better linked with experimental friction measurements. Friction detection with
environmental sensors has the benefit that it is not dependent on vehicle acceleration,
road inclination or (in trucks) axle configuration.

The outputs of a friction estimation system should to be used to their full extent in ADAS
and this requires dissemination of the project results and a wider understanding of the
different aspects of friction.

Having a camera-type of image (e.g. a map of 100x100 cells) of friction potential around
the vehicle also enables more detailed ADAS algorithms, e.g. collision avoidance
algorithms which take into account that the road may have very different friction in
different areas of the lane: In winter time many roads may have clear asphalt tracks, but
only 40 cm wide – outside these tracks one often finds snow or ice. In traditional
collision avoidance algorithms the friction level is static. Implementing a collision
avoidance system based on variable friction makes the algorithm development more
challenging. The state of the art in collision avoidance algorithms can barely handle
moving objects and are very limited with a sliding vehicle.

Friction has been one of the key unknowns for fully autonomous vehicles, along with
road user behaviour, and the project demonstrated some first approaches for continuous
friction estimation.



Final Report  -  Public 109 (116)

FRICTION_FinalReport.doc

10 Impacts of FRICTION system

Figure 1 shows how the project efforts serve vehicle systems, drivers and finally the
society. The project benefits have to be considered by judging the impact of the
FRICTION system to these ‘end users’. Without field operational tests the impact can be
estimated reliably only at vehicle systems level, therefore the chapters below discuss
FRICTION impact only to slip control systems, collision mitigation etc applications, and
safety margin estimation.

10.1 Slip control systems

Systems like ABS, ESC and TCS activate after some slip has taken place. Since the
vehicle ‘tests’ the friction potential all the time these systems operate, these systems can
very quickly match their operation to different friction levels, even when the friction
potential changes.

Usually the initial operating parameters have been selected for typical driving conditions,
reducing the accuracy during the first cycles in slippery conditions. FRICTION system
can improve their performance by providing them the current friction potential, thus
enabling more correct initial operating parameters.

Therefore  the  impact  of  FRICTION  system  to  ABS,  ESC  and  TCS  kind  of  systems  is
small, and concentrates on conditions where the friction is low, or the friction distribution
below tyres is unconventional.

10.2 Collision mitigation and avoidance applications

Collision  Mitigation  Systems  (CMS),  Automatic  Emergency  Braking  (AEB),  and
Collision Avoidance Systems (CAS) become active, when a collision with a detected
obstacle is near or has become unavoidable.

These systems have to anticipate the collision, and therefore they need to know the
effective friction coefficient to decide when to warn the driver and start braking.
However, the current systems do not have online estimation of friction potential; usually
they have one fixed friction parameter, selected for typical driving conditions.

The  impact  of  FRICTION  system  to  CMS  is  biggest  in  low  friction  conditions.  An
illustrative parameter to measure the reduction of impact is Crash Energy Index:
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where
VR = relative velocity between vehicles when colliding
NEV = not equipped vehicle, that is the vehicle without friction estimation
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EV = equipped vehicle, that is the vehicle with friction estimation

As a result of tests performed with different speeds and surfaces, the biggest impact of
FRICTION system (largest reduction of CEI between different collision mitigation
systems) takes place when colliding with a stationary obstacle in very low friction
conditions [28], see Figure 81. Especially when friction is 0.2, CEI at low speeds is
between 60 to 80 %, demonstrating considerable reduction of crash energy.

Crash Energy Index with Friction Estimation at different speed, test with stationary object
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Figure 81 Collision with stationary object – CEI at different speeds, friction coefficient 0.5 and 0.2

The small reduction of CEI for same friction potential when speed increases is due to the
fact that collision mitigation systems rather reduce a certain amount of speed than a fixed
amount of energy (where speed is squared). Also, the lower the friction potential, the
larger  the  relative  CEI  between  a  collision  mitigation  system with  no  friction  and  with
friction estimation, at same speeds.

As another and sometimes a simpler way of showing the improvement, the following
figure gives an example of impact speed reduction and different distances of warning and
brake activation for tested APALACI system with and without friction estimation.



Final Report  -  Public 111 (116)

FRICTION_FinalReport.doc

Initial host vehicle speed : 40 km/h
Initial obstacle speed: 0 km/h
Nominal friction coefficient: 0.5

APALACI FRICTION+APALACI

Host vehicle Impact Speed (km/h) 28.13 25.31

Distance at warning activation (m) 10.35 15.12

Distance at Brake activation (m) 7.46 11.87

Crash Energy Index: 19 %

Figure 82 Collision with stationary object – initial host vehicle speed 40 km/h, nominal friction
coefficient 0.5

Collision with a moving obstacle was studied assuming that an ego vehicle is following a
target vehicle at safe distance using the same speed. Suddenly the target vehicle starts to
brake, and the ego vehicle collides with it [28]. FRICTION system has strong impact at
30 km/h, when the CEI is between 70–80 %, but at higher speeds the CEI is less drastic -
10–30 %.

Crash Energy Index with friction estimation at different speed, test with moving obstacle
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Figure 83 Collision with moving obstacle – CEI at different initial speeds and road friction
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10.3 Safety margin estimation applications

Curve Speed Warning (CSW), Safe Distance (SD) Adaptive Cruise Control (ACC) and
Intersection Safety applications warn and support the driver. Since these systems perform
the better the more they can anticipate, they all can function more reliably if the friction
coefficient is made available to them. However, since FRICTI@N project studied more
Collision Mitigation kind of applications, its impacts to other applications were not
simulated.

Perhaps the most illustrative parameter to measure the FRICTION impacts to CSW or
lane control applications is the maximum wheel slip angle (both front and rear wheels)
instead  of  CEI.  Maximum  wheel  slip  angle  tends  to  correlate  well  with  the  chance  of
drifting  out  of  lane,  either  out  of  road  or  to  the  lane  of  oncoming  traffic.  Since  no
simulations were carried out, this claim cannot be proved. However, logically it makes
sense that a vehicle, which knows the road curvature and friction could calculate the
maximum speed it can safely use.

FRICTION system impacts to SD and ACC applications might be similar to FRICTION
impacts to collision mitigation with moving obstacle in CMS systems, see Figure 83,
since the possible rear collision scenarios do not differ very much.

Anticipation is very important in Intersection Safety, since ego vehicle must be able to
know whether it is capable of accelerating, braking or turning in the current traffic
situation. It is believed (though no evidence can be shown) that estimation whether a
vehicle is able to perform manoeuvres like crossing an intersection or joining to the
traffic flow would benefit from reliable friction information. Further studies in this area
will be carried out in Intersafe2 project funded by EC.
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