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ABSTRACT - Adverse weather conditions involving diminished visibility through rain,
snow, fog and reduced traction as a consequence of rainy, snowy, and icy surfaces have been
a major cause for traffic accidents throughout the EU in recent years. In conjunction with
deficient speed adjustments and improper headway control on the part of the driver, they
represent one of the chief causes for traffic accidents in Europe. Intelligent vehicle safety
systems (IVSS) have the potential to improve traffic safety. The purpose of this paper is to
summarize the state of the art of existing technologies and research for IVSS on the European
level and to draw conclusions on the remaining challenges. It will furthermore analyze how a
joint deployment of IVSS and paradigms such as car-to-car and car-to-infrastructure
communication can further improve the safety.

1. PROBLEM DESCRIPTION AND MOTIVATION

According to recent studies of the European Road Safety Observatory, road traffic accidents
annually claim about 43.000 lives and leave more than 1.8 million people injured. The
economical damage amounts to estimated costs of 160 billion Euros [1]. Adverse weather
conditions involving diminished visibility through rain, snow and fog, and reduced traction as
a consequence of wet, snowy, and icy surfaces have been major contributory factors to traffic
accidents throughout the EU. In conjunction with deficient speed adjustments and improper
headway control on the part of the driver, they represent one of the chief causes for traffic
accidents in Europe. Extreme weather conditions are responsible for 39% of all traffic
accidents in Germany [2]. On Swedish roads 25% of accidents occur on wet roads, 16% on
icy/snowy roads, 10% in rain, 6% in falling snow, 3% in haze/fog [3]. The accident risk on
slippery roads is up to nine times higher than on dry road surfaces [4]. While the rates for
other causes of accidents, e.g. drunk-driving, slowly decrease, the tendency for traffic
accidents in adverse weather conditions is growing. Young, inexperienced as well as old
drivers have the highest fatal accident risks during wintertime [5]. Truck drivers are also more
accident prone in winter conditions, compared to the average driver [6].

A Finnish study [7], comparing drivers’ estimations of the skidding level of the road surface
to information from road weather stations, concluded that the drivers had difficulties



estimating road slipperiness. About half the drivers rated the road surface as being very
slippery or slippery and about half as non-skidding or mostly non-skidding, independently of
whether the road surface actually was skidding or non-skidding. About 65% of the drivers
looked for information before the start of their trip and/or during the trip [7].

Intelligent vehicle safety systems (IVSS), being active (e.g. ESC, ABS) or passive (e.g.
airbags, passenger belts) or having a direct or indirect impact on the driving behaviour have
the potential to prevent accidents and mitigate the outcome of crashes [8]. IVSS can be
considered as a subset of advanced driver assistance systems (ADAS) that are particularly
concerned with the human safety. Even though there has been a lot of work been done with
respect to such 1VSSs especially in the focus of European research projects (e.g. Prevent [10],
SafeSpot, SRIS [11]), some of them still ongoing, their impact on the road safety in case of
hazardous weather conditions is still limited. This observation can be explained through the
high purchase costs of 1VSS [9] and the fact that only very few IVSSs consider the specific
needs that derive from adverse weather conditions, such as diminished visibility through
heavy rain, snow or fog and reduced traction. Situations like these require safety systems
which notify the driver about potential hazards, possibly complemented by active headway
and speed control systems.

For each driving situation there is a maximum speed value at which the driver can manage a
given task. Such “appropriate highest speed” values can be calculated theoretically for every
situation based on road friction, the slope of the road, curve radius and super-elevation. A
reasonable criterion to calculate “appropriate highest speed” values is that the driver must be
able to stop the vehicle within the same distance whether on wet and slippery roads or dry
roads. The starting point for this method is the stopping distance in normal conditions and at
the prevailing speed limit (presupposing that this is based on the road features) on a given
road. The speed level which gives the same stopping distance on both wet and dry roads is
between 82 and 92% (depending on the friction value) of the speeds on dry roads. On slippery
roads these are between 50% and 74% of the speeds on dry roads [3]. Estimations based on
Swedish accident data showed that if all drivers always adapt their speed to the prevailing
condition of slippery road surface, the number of corresponding injury accidents would
decrease by 30-85% depending on the type of road [3].

Information on the prevailing friction in adverse weather conditions therefore is of
fundamental importance for 1VSSs. However, there are no mature systems to support the
driver to estimate friction. Systems like ABS and ESC intervene when the maximum friction
is exceeded. 1VVSSs need input with more detailed information on friction level.

The rest of the paper is organized as follows: Chapter 2 gives an overview about
commercialized 1VSSs suitable for adverse weather conditions on the system level and
summarizes the most recent advancements in European research projects. Chapter 3 considers
IVSSs on the individual technology level. Chapter 4 finally gives the conclusions.

2. SYSTEM LEVEL DISCUSSION

IVSS, and in particular those for adverse weather conditions, can be classified as being
proactive or reactive and as having a direct or indirect impact on the vehicle or the driver
behaviour. Proactive systems anticipate the hazardous situation such as decreased visibility or
impending reduced traction as a consequence of snow, ice, fog or rain in advance and
engineer appropriate counter measures. A candidate for a proactive 1VSS in adverse weather
is a surface ice detection system [23]. In contrast to proactive systems, reactive systems
provide enhanced control or reduce the loss of control of the situation by optimizing traction
or vision. An example for a reactive IVSS is electronic stability control (ESC). A direct



impact on the driver or vehicle is given if the hazardous situation of the driver can be
mitigated as with ESC, ABS, and ice detection whereas IVSS with indirect impact try to
reduce the risk of hazardous situations e.g. by running at certain distances to traffic in the
same area such as with intelligent speed adaptation (ISA) or adaptive cruise control (ACC) or
by improving the vision of the driver as with night vision systems. Table 1 classifies the
various IVSS which qualifies for adverse weather conditions according these criteria.

Table 1 Classification of 1VSSs for adverse weather conditions

Reactive Proactive
Direct ESC, ABS Ice detection
Indirect Night vision systems ACC, ISA

2.1 Description of existing 1VSS for Adverse Weather Conditions

The purpose of ESC is detecting and minimizing skids as a consequence of reduced traction
e.g. on wet surfaces by using speed active sensors on each wheel and by engineering
individual wheel breaks to control under- and oversteering. ESC is often complemented by
anti-lock braking systems (ABS) and traction control systems. The antilock brakes are
triggered by a control unit which supervises sensors for steering wheel angle and vehicle
rotation in order to keep the intended direction of travel with the actual heading. According to
recent studies, ESC has the potential of reducing the number of fatalities by 17% through
minimizing the loss of control [13]. In the special case of adverse weather conditions
produced by ice or snow on the road surface this rate may even increase to 49.2%+-30.2%
[14]. The same investigation also revealed that ESC in combination with ABS increases
stopping distances on snow and gravel. It can be expected that a combination of ESC and
ABS together with proactive systems will have further positive impacts on the amount of
traffic accidents and fatalities.

Night vision systems (NVS) can be considered as reactive 1VSS with an indirect impact by
improving the driver perception in poor weather conditions. Whereas infrared NVSs are
implemented by infrared light sources which enhance the vision beyond the driver perception
and inform the driver about obstacles on the road infrastructure, thermographic systems use
cameras to capture thermal radiation of the object and display it to the driver. Infrared systems
have a limited sensing range of 150-200 m and do not work well in fog or rain.
Thermographic systems on the contrary extend the range to up to 300 m and work well in cold
conditions. The operation distance, however, requires further improvement to allow for better
driver reaction.

Autonomous cruise control (ACC) systems primarily use radar (radar detection and ranging)
or lidar (light detection and ranging) sensors to control the headway at which the car is
running to the traffic ahead. Whereas ACCs provide means for safely adjusting the headway
in respect to the observed weather conditions, laser sensors are known to perform poorly in
these conditions while radar sensors are quite expensive, and hence prevent from mass market
deployment.

2.2 Summary of the State of the Art in IVVSS for Adverse Weather Conditions

The development of 1VSS has made significant process in recent years and multiple systems
which have been implemented as part of European funded research activities are at the verge
of hitting the market. Most of these systems are primarily concerned with the passenger and
vehicle safety and only few of them have addressed the complexity under adverse weather
conditions.




SEFS - SEFS (Sensor data fusion for automotive safety systems) is an ongoing activity
funded by the IVVSS Programme in Sweden. Its primary vision is to implement an active
safety system exploiting sensor data fusion to reduce cost, system complexity and number of
components involved. SEFS utilizes information from all the available sensors in the vehicle
and the surrounding environments to improve the driver’s safety.

The Integrated Project IP-PReVENT (Preventive and Active Safety Applications) followed a
similar, though broader idea as SEFS and contributed to road safety by developing and
demonstrating preventive safety applications and technologies. The preventive safety
applications help drivers to avoid or mitigate accidents through the use of in-vehicle systems
while taking the driver’s state into account.

As subprojects to PReVENT, WILLWARN (Wireless Local Danger Warning) and
SASPENCE targeted safety-of-life applications by developing new concepts for safe speed
and safe following procedures. WILLWARN developed a communication-based system that
extends the driver's horizonand warns about dangerous situations ahead. Thus, the
WILLWARN system provides drivers the opportunity to adapt the vehicle speed and inter-
vehicle distance early, leading to a higher situational awareness of potential unforeseen
danger. WILLWARN is a representative of an active 1VSS with indirect impact. SASPENCE
developed and evaluated an innovative system to perform a reliable and comfortable safe
speed and safe distance concept, which helps drivers to avoid dangerous situations related to
excessive speed or too little headway.

The IVSS project SRIS covered the development of a real-time slippery road information
system. It envisioned means for drivers to adjust their driving according to prevailing road
conditions through expanded road information in user-friendly devices and applications. The
SRIS system collects information from existing in-vehicle sensors about the road condition
(ESC, ABS) and other useful information (temperature, windshield wipers, etc.). The
information is transmitted to a central database. In combination with weather information
from road weather stations improved information about the road condition can be provided. In
this way, SRIS combines a reactive IVSS with a direct impact with an active IVSS with
indirect impact.

3. INTELLIGENT VEHICLE SAFETY SYSTEMS FOR ADVERSE WEATHER
CONDITIONS AT THE TECHNOLOGY LEVEL

Research work done in European projects showed that vehicle information as well as
environment information received from sensors can give estimations about weather and road
conditions. By exploiting this information, current systems such as ABS, ESC and
sophisticated 1VSSs like ACC act more precise. In addition, the functionality of upcoming
preventive and cooperative safety system applications can be enhanced in several ways. For
example, atmospheric and weather conditions are essential features to be considered for
computing safe speed and safe distance [15], and therefore important in terms of collision
mitigation and collision avoidance.

An increasing number of passenger cars get equipped with several 1VSSs to increase safety
and comfort for drivers and passengers. In 2009, according to statistics from [16], 72 % of all
available car model ranges in Germany offered ESC as standard equipment. Given that
systems like ESC require information about the vehicles state, they come with a large variety
of different sensors for yaw rate, lateral acceleration, wheel speed and steering wheel angle



[17]. Data from vehicle dynamic sensors or environmental sensors could be used to detect
weather conditions and estimate tire-road friction levels.

The hope of future advanced driver assistance systems lies on the exploitation of sensors
which perceive the vehicle’s environment. At present, vehicle environment perception is done
by radar, lidar, cameras, ultrasonic and digital maps in conjunction with GNSSs (Global
Navigation Satellite System). Modern 1VVSSs like ACC brought these kinds of technologies to
series development. Initial research work in this area shows that environment sensors can also
be used for weather estimation [8].

3.1 Estimation of weather conditions using vehicle information

Conclusions on weather conditions can be drawn implicitly from ego vehicle information
about vehicle dynamics and the state of certain driver-controlled assistance systems, such as
windshield wipers and fog lights. The research on weather and mainly friction estimation
using vehicle information has been addressed within the IVSS projects RFE (Road Friction
Estimation), SRIS and within the project FRICTION, including the application in SAFESPOT
and APALACI.

RFE investigated the possibilities for estimating tire-road friction by using different
estimation approaches. The first approach used the self-aligning torque of tires when they are
subjected to lateral forces. This torque was measured with additional steering gear sensors.
Since this self-aligning torque based road friction estimation requires lateral forces of around
0.3g before a reliable estimate of the friction can be obtained, it can only be applied in special
situations with enough force excitation like cornering. The second solution only used existing
sensor signals on a modern car, namely the wheel speeds, the engine torque and rotation speed
[18]. In the latter case the algorithm provided reliable estimation results instantly at
acceleration on straight-line driving when utilizing 20-50 % of the available friction [19].

The SRIS project (see Section 2.2) was performed within the traffic safety part of the IVSS.
In SRIS vehicles sent data on road conditions from existing sensors to a central database. This
includes information from ABS and ESC intervention events, temperature and windshield
wipers along with associated GNSS positions which are collected at a central point. The
information is combined with weather information from road weather stations. As a result,
SRIS showed increased possibilities to identify severe road conditions in contrast to solutions
that utilize road weather stations only [20].

RFE similar approaches for vehicle information-based friction estimation have been
developed in the PReVENT FRICTION project. Two complementing algorithms for friction
detection were developed. The first algorithm estimated the yaw rate based on common
vehicle and tire models and validated the result with the one directly measured by a yaw rate
sensor. The algorithm therefore used in-vehicle standard sensors, including longitudinal and
lateral accelerations, braking signal, wheel speed, yaw rate and steering wheel angle. The
second algorithm estimated the friction, based on steering torque, similar to the techniques
mentioned in the RFE project. The friction estimate worked well during high lateral dynamics
with the first algorithm and low lateral dynamics for the second algorithm [8]. Again, the
validation showed a minimum lateral acceleration for this type of friction estimate of 3 m/s°.
In addition to standard vehicle information a novel tire sensor, was evaluated. The basic idea
was to find a correlation between tire carcass deformations and global tire forces. The lateral
and longitudinal movement of an IR-diode, glued to the inner liner of the tire, is determined,
and thus the specific point of the tire contact patch. The tire sensor technology allows
recognizing aquaplaning situations [8].



In WILLWARN (see Section 2.2), two types of hazards, mainly influenced by weather
conditions, have been addressed: reduced friction and reduced visibility. A simple friction
estimation algorithm has been developed. It uses longitudinal and lateral acceleration as well
as slip control events in turn and acceleration situations during ESC/ABS/TCS intervention.
To detect reduced visibility the state of lights (front/rear fog lights and high beam), wipers,
rain sensor and temperature were used [21]. The reduced visibility detection therefore relies
on human activation of certain vehicle components.

3.2 Estimation of weather conditions based on environment perception

Since vehicle information only allows an implicit estimation of environmental weather
conditions, they do not necessarily achieve required performance levels. Further types of
sensors need to be investigated that offer a direct environment perception in a large field of
view.

In the RFE project, a sensor technology for road surface analysis has been investigated. The
optical Road Eye sensor unit was used. It was based on optical techniques measuring and
analyzing infrared light that is reflected from the road’s surface ahead of the vehicle in short
distance (500-1500 mm) at different wavelengths. Laboratory tests showed that the Road Eye
sensor is able to discriminate between a road surface that is dry, covered with ice or with
snow. Following this classification procedure an estimation of friction was obtained from a
database of probable values. From several test runs in winter conditions on prepared test
tracks the “hit rate”, defined as the percentage of the estimates where the measured reference
friction was within the friction range obtained from the Road Eye classification, was only
60% [19]. The road surface classification achieved good results, except for wet surfaces.

Further environment perception sensors have been investigated within the FRICTION project.
The project mainly concentrated on sensors which can supply classification probabilities of
weather and road conditions. Friction estimation is derived from this classification and based
on different studies on how different road conditions affect tire-road friction. Additional
environmental sensors investigated in FRICTION were laser scanner, a polarization camera
prototype (called IcOR) and radar technology. Laser scanners utilize the lidar time-of-flight
method as a measurement principle and perform angular range scans. The sensing beam is for
example guided over a rotating mirror. Laser scanner, such as the IBEO AS ALASCA and
LUX are capable of multi target detection. With this feature, laser scanners are able to
discriminate between targets like raindrops, snowflakes, fog and objects on the road. Thus,
laser scanner can provide probabilities for rain and snowfall as weather conditions [8].

Another sensor used in FRICTION was the ICOR polarization camera. It makes use of
differences in polarization effects at light reflection from mirror-like surfaces (ice or a wet
patch). The amount of vertically polarized light compared to the horizontal plane reduces. The
analysis was extended by a granularity estimation that detects smooth surfaces like ice or
more granular surfaces such as snow or asphalt. However, the system does not include any
dedicated illumination system, but relies on ambient illumination from external light sources.
The IcOR system was able to detect icy or wet road approx. within 70-80 % accuracy
depending in environmental conditions. The system is able to detect ice approx. up to 50 min
front of the vehicle [8].

A study of radar technology for road surface condition detection was also carried out in
FRICTION. Measurements from a 24 GHz forward looking monostatic radar were recorded at
both laboratory and field experiments. The experiments illustrated that relative backscattering
is a good indicator for radar based road condition recognition. The results look promising, but
further experiments and evaluations need to be applied. Current automotive radars could be



modified by adding a dual polarized antenna and electronic modifications [8]. The provision
of reliable friction estimates was tested in [12] and reached an availability of approximately
90% of driving time. The tests were limited to asphalt roads and a few road conditions and
research work should continue to be able to cover various conditions.

4. CONCLUSIONS

Today, adverse weather conditions are one of the main contributory factors to traffic
accidents. Car drivers have difficulties in estimating the road surface slipperiness and
therefore to adapt their speed accordingly. If drivers would always adapt their speed to
prevailing conditions of slippery road surfaces, the number of injury accidents could be
decreased considerably. Intelligent Vehicle Safety Systems can assist drivers in critical
situations and prevent accidents or mitigate their outcome. Largely unnoticed is that currently
only very few systems are able to recognize weather conditions, while information on the
prevailing friction, for example, is of fundamental importance for IVSSs. Thus, most of the
current systems, being active or passive, do not consider adverse weather conditions in their
acting behavior. Even though the impact of current IVSS in adverse weather conditions is
positive, it is still limited.

Recent research projects on the European level showed, that by using only on-board vehicle
sensors from ABS and ESC systems, the tire-road friction can be estimated at least in certain
normal driving situations. However, the accuracy and availability is limited. By integrating
new sensor technologies for environment perception, such as radar, lidar and camera systems,
and fusing the data of all sensor types, these properties can significantly be improved. In
addition to that, new sensor technologies allow an estimation of visibility and detection of
situations like aquaplaning.

More research is needed on the development and adaption of sensor technologies for adverse
weather conditions and the fusion of sensor data to detect and estimate weather conditions
properly. The cooperative driving paradigm and use of Car2X communication therefore will
be essential in future research projects. The influence of adverse weather conditions and
adoption of this information in current and future 1IVSS must further be analyzed. On the part
of the driver more investigation regarding HMI solutions respecting adverse weather
conditions is necessary. To choose appropriate warning and acting strategies accurate
positioning and the upcoming Galileo GNSS also need to be in focus of future research work.
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