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ABSTRACT
There is a great need to develop systems that can continuously provide correct
information about road surface status depending on the prevailing weather
conditions. This will minimize accidents and optimize transportation. In this thesis
different methods for the determination of the road surface status have been
studied and analyzed, and suggestions of new technology are proposed.
Information about the road surface status is obtained traditionally from various
sensors mounted directly in the road surface. This information must then be
analyzed to create automated warning systems for road users and road
maintenance personnel. The purpose of this thesis is to investigate how existing
technologies can be used to obtain a more accurate description of the current road
conditions. Another purpose is also to investigate how existing technologies can be
used to obtain a more accurate description of the current road conditions.
Furthermore, the aim is to develop non-contact technologies able to determine and
classify road conditions over a larger area, since there is no system available today
that can identify differences in road surface status in the wheel tracks and between
the wheel tracks.
Literature studies have been carried out to find the latest state of the art
research and technology, and the research work is mainly based on empirical
studies. A large part of the research has involved planning and setting up
laboratory experiments to test and verify hypotheses that have emerged from the
literature studies. Initially a few traditional road-mounted sensors were analyzed
regarding their ability to determine the road conditions and the impact on their
measured values when the sensors were exposed to contamination agents such as
glycol and oil. Furthermore, non-contact methods for determining the status of the
road surface have been studied. Images from cameras working in the visible range,
together data from the Swedish Transportation Administration road weather
stations, have been used to develop computerized road status classification models
that can distinguish between a dry, wet, icy and snowy surface. Field observations
have also been performed to get the ground truth for developing these models. In
order to improve the ability to accurately distinguish between different surface
statuses, measurement systems involving sensors working in the Near-Infrared
(NIR) range have been utilized. In this thesis a new imaging method for
determining road conditions with NIR camera technology is developed and
described. This method was tested in a field study performed during the winter
2013-2014 with successful results.
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The results show that some traditional sensors could be used even with future
user-friendly de-icing chemicals. The findings from using visual camera systems
and meteorological parameters to determine the road status showed that they
provide previously unknown information about road conditions. It was discovered
that certain road conditions such as black ice is not always detectable using this
technology. Therefore, research was performed that utilized the NIR region where
it proved to be possible to detect and distinguish different road conditions, such as
black ice. NIR camera technology was introduced in the research since the aim of
the thesis was to find a method that provides information on the status of the road
over a larger area. The results show that if several images taken in different
spectral bands are analyzed with the support of advanced computer models, it is
possible to distinguish between a dry, wet, icy and snowy surface. This resulted in
the development of a NIR camera system that can distinguish between different
surface statuses. Finally, two of these prototype systems for road condition
classification were evaluated. These systems were installed at E14 on both sides of
the border between Sweden and Norway. The results of these field tests show that
this new road status classification, based on NIR imaging spectral analysis,
provides new information about the status of the road surface, compared to what
can be obtained from existing measurement systems, particularly for detecting
differences in and between the wheel tracks.
Keywords: road condition, NIR, infrared, remote sensing, signal processing,
classifiers
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SAMMANDRAG
Det finns ett stort behov av att skapa system som löpande kan ge aktuell
information om vägytans status beroende på vilket väderförhållande som råder.
Detta för att minimera olyckor samt för att optimera transporter. I denna
avhandling studeras och analyseras olika metoder för bestämning av vägytans
status och det ges också förslag på ny teknik. Information om vägytans status
erhålls traditionellt från olika sensorer som monterats direkt i vägen. Denna
information måste sedan analyseras för att skapa automatiserade varningssystem
för trafikanter och väg- underhållspersonal. Syftet med avhandlingen är dels att
undersöka hur befintlig teknik kan utnyttjas för att få en mer korrekt beskrivning
av aktuellt väglag. Syftet är också att utveckla nya tekniker för att beröringsfritt
kunna bestämma och klassificera väglaget över en större yta, eftersom det idag
saknas system som kan identifiera skillnader i vägytans status för hjulspår och
mellan hjulspår.
Avhandlingen baseras i huvudsak på empiriska studier. I inledningen till varje
del av forskningsarbetet har litteraturstudier genomförts för att hitta de senaste
forskningsresultaten. En stor del av forskningen har sedan handlat om att planera
och genomföra experiment i laboratoriemiljö och senare även i verklig miljö.
Inledningsvis studeras i avhandlingen ett antal traditionella vägmonterade
sensorer och i resultaten analyseras förmågan att bestämma väglag och hur de
påverkas av på vägytan förekommande ämnen som glykol och olja.
Fortsättningsvis behandlar avhandlingen beröringsfria metoder för att bestämma
vägytans status. I avhandlingen har traditionell kamerateknologi och mätdata från
Trafikverkets mätstationer använts tillsammans med datormodeller i syfte att
utveckla en metod som kan bestämma förhållandena på vägytan. För att göra detta
har datorbaserade klassificeringsmodeller utvecklats som talar om ifall vägen är
torr, våt, isig eller snöig. Som underlag för dessa klassificeringsmodeller har
fältobservationer genomförts för att manuellt bestämma väglaget. För att kunna
förbättra möjligheten att korrekt kunna särskilja ytans status har mätsystem som
involverar sensorer känsliga inom nära infraröda området (NIR) använts. I
avhandlingen utvecklas och beskrivs framtagandet av en ny, avbildande, metod
för att bestämma väglaget med NIR kamerateknologi. Metoden testades genom en
fältstudie under vintern 2013-2014 med framgångsrika resultat.
Resultaten visar att vissa traditionella sensorer kan användas även om vägytan
har behandlats med framtida miljövänliga fryspunktsnedsättande kemikalier.
Avhandlingens resultat visar också att kamerateknologi, som är känslig i det
synliga ljusspektrat, kan användas tillsammans med meteorologiska parametrar,
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för att erhålla information om vägytans status, som tidigare mätinstrument inte
kunnat ge. Det upptäcktes dock att vissa vägförhållanden som t.ex. klaris inte alltid
kunde upptäckas med denna teknologi. I den fortsatta forskningen utnyttjades
därför NIR området varvid det visade sig möjligt att detektera och särskilja
väglagsförhållanden, som t.ex. klaris. Eftersom syftet med avhandlingen har varit
att hitta en metod som ger information om vägens status över en större yta har NIR
kamerateknologi använts i forskningsarbetet. Resultaten visar att om flera bilder
som tagits för olika spektralband analyseras med stöd av avancerade
datormodeller är det möjligt att särskilja en torr, våt, isig och snöig yta. Detta
resulterade i utvecklingen av ett NIR-kamerasystem som kan särskilja ytans status.
Avslutningsvis
utvärderades
två
av
dessa
prototypsystem
för
väglagsklassificering. Systemen installerades vid E14 på båda sidor om gränsen
mellan Sverige och Norge. Resultaten från dessa fälttester visar att detta nya
väglagsklassificeringssystem, baserat på NIR kamerateknik och spektralanalys, ger
ny information om vägytans status, jämfört med vad som kan fås från dagens
mätsystem, speciellt när det gäller att detektera skillnader i och mellan hjulspåren.
Nyckelord: väglag, NIR, infraröd, beröringsfria sensorer, signalbehandling,
klassificerare
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INTRODUCTION

1.1 Background
There is a need to improve winter road maintenance in order to minimize
accidents and to optimize transport. Many serious accidents occur every winter as
a result of the prevailing road condition [1-3]. Society needs an effective transport
system that can ship goods and people during the whole year. During the years,
many support systems have been developed that improve the winter road
conditions. One of the most important systems for improving winter road
conditions is the Road Weather Information Systems (RWIS) [4]. RWIS is in use in
most of the northern countries. It has been found that RWIS has saved society
many lives and a lot of money since it came into use in the early 1980s [2, 5].
A RWIS system consists of a monitoring central and several field stations. The
monitoring central regularly contacts the field stations to retrieve data, and the
retrieved data is stored and processed at the monitoring central. The early field
systems had meteorological sensors installed closed to the road surface and could
thus provide information about temperature, humidity, and wind speeds. The
development of RWIS has led to the integration of road temperature sensors,
precipitation sensors, road status sensors, and in recent years also camera systems.
The field stations are normally located at spots first reaching critical road weather
during weather changes, and data from these field stations is the trigger for
carrying out necessary road maintenance, such as spreading salt or sand. Thus, it is
crucial to have a well functioning and correct monitoring RWIS system as both
road maintenance and traffic warnings are initiated based on RWIS data.

1.2 Problem description and overall research question
Current sensors and systems used to determine road conditions have proved to
have difficulties determining road conditions such as the presence of ice or frost at
temperatures around zero degrees Celsius. Occasions when a wet and salted road
surface is exposed to sudden temperature drops are also difficult to monitor with
existing sensor technology. The problem is to determine the presence of ice and
frost on the road surface, and whether a wet road surface is about to freeze or not.
Untreated icy road surfaces and the sudden and unexpected freezing of a wet road
surface cause severe traffic conditions which may lead to fatal accidents [6].
The incentive to carry out this research is my conviction that the current road
condition status determination methods can be improved. Hence, the overall
corresponding research question is how to get additional knowledge about the
road condition using existing equipment and by introducing new remote
sensing and surface area covering imaging technology (RQ). Here, road condition
status means the winter road condition, for example if the road is dry or covered
1

by water, ice or snow. The improvement of road status detection can be achieved
by using road mounted technology and visual cameras in new ways, and by the
development of new sensors, systems and methods.

1.3 Main contributions








Existing RWIS data together with visual camera images can be used to
automatically determine the overall road condition situation. This is a vast
improvement compared to the existing system solution where images are
only used for manual observation of the road condition.
By combining infrared thermal sensors with existing RWIS data additional
knowledge about the road surface status can be gained, compared to what
is known today, because thermal sensors provide the skin temperature of
the surface, and existing systems provide the pavement temperature at 2
mm depth.
By utilizing NIR imaging, spectral analysis, and learning computer
classifiers, it is possible to determine the road condition of an area of the
road surface. This provides new previously unknown information about
the road surface status and can, for example, provide information about
differences in wheel tracks and between wheel tracks.
The industrial contribution is the finding of a suitable NIR sensor
technology and a suitable system setup that is cost-effective enough to get
a road condition imaging product available on the market. The research
has led to a patent application of this technology [7].

1.4 Thesis outline
The scientific approach is positivistic, which is a consequence of the research
being within natural sciences. Real-world conditions, facts, logical conclusions and
evidences are thus the basis of this research. The problem addressed is sensor
monitoring capabilities and sensor technologies that can be used to remotely and
automatically classify road conditions.
This thesis describes how existing and new technology can be used to improve
the detection of road conditions. Existing technology includes RWIS sensors and
systems together with visual camera systems. The new technology investigated in
this research is advanced learning computer models and IR sensors and cameras.
How existing RWIS data and camera images can be used together to classify road
conditions is examined. Furthermore, additional information about the road
surface status is obtained by using infrared thermal sensors, where both the usage
of thermal detectors and cameras have been evaluated. A new non-contact NIR
imaging technology for road status classification of each pixel in the NIR images is
also proposed. This method involves the use of spectral image analysis together
with learning computer models for classifying individual regions of a supervised
2

area of a road section. The conclusion is that a novel and cost-effective spectral
imaging system for surface condition monitoring can be developed. The research
work flow is shown in Figure 1.

Investigate pavement mounted road status sensors. How do these sensors handle road
environment conditions and can they detect road freezing point for environmentfriendly substances? (RQ1)

Use existing RWIS data and camera images in image analysis and learning computer
models. Can RWIS images together with RWIS data be used to classify road
conditions? (RQ2)

Investigate IR spectral bands for regions suitable for surface status classification. Is it
possible to improve knowledge about road conditions by utilizing infrared sensors
and imaging techniques? (RQ3)

Investigate the NIR band for road
condition
classification.
Which
wavelength bands are most suitable
for road condition classification?
(RQ4)

Test the capabilities of the thermal
imaging wavelength band for road
status determination. How can
thermal imaging be used to gain
knowledge
about
the
road
condition? (RQ3 and RQ4)

Develop learning computer models
using selected spectral regions. Is it
possible
to
develop
learning
classifiers based on spectral images?
(RQ5 and RQ6)

Investigate how to develop a
commercial NIR imaging road status
classification system. Is it possible to
develop a cost-effective NIR imaging
road condition monitoring system?
(RQ7)

Figure 1

The research work flow and the related research questions (RQ1 to RQ7). The
research questions are further defined in chapters 3.1 to 3.6.

3
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2

ROAD CONDITION MONITORING METHODS

2.1 Pavement embedded sensors
It was early discovered that there is a need to determine the freezing point of
the fluid on the road surface. Knowing the freezing point makes it possible to
estimate if the road is or will be slippery, and provides information about the
amount of de-icing chemicals that need to be spread [4]. Methods for testing and
evaluating pavement sensors have also been developed [8].
Among laboratory instruments the passive type of sensors measuring the
conductivity of the fluid are commonly used. These sensors do not give the
freezing point directly; rather they give the conductivity of water and salt
mixtures, which can be translated into a freezing point [9]. This method is accurate
when salt mixtures are clean. This passive method has thus been taken from the
laboratory out to the roadsides to measure the freezing point. The conductivity, κ,
is determined by measuring the electrolytic conductance under reference
conditions with a specified electrode surface area, A, and with the electrodes
spaced at a specified distance, d, as seen in (1).
(1)

The active pavement sensors detects the freezing point by cooling the surface
fluid until it freezes [10, 11]. This active method involves a thermo cooling element
that cools the surface liquid until it freezes, while observing the temperature of the
fluid while it is being cooled until it freezes [12]. Figure 2 shows a typical freezing
point curve.

5

Temperature, T
Tf

tf
Figure 2

Time, t [s]

A typical freezing point curve for water. Tf is the freezing point that occurs at
time tf. An active sensor will cool the fluid on the road surface until it freezes,
thus detecting the temperature Tf. The water will undergo a super cooled
state, where the T is below Tf, before it reaches time tf where it freezes to ice.

2.2 Road Weather Information System (RWIS)
Weather sensors commonly used for meteorological measurements at road
sides detect environment conditions in the same way as instruments used by
meteorological institutions. The difference is where the equipment is installed,
RWIS sensors and equipment are installed at the road side, usually at locations
where severe road conditions first occur in wintertime [13]. A common setup for
sensors in the Swedish RWIS systems can be found in Table 1.

6

TABLE 1
COMMON RWIS PARAMETERS
Variable
Description
AirTemp
Air temperature
AirHumidity Air humidity
AirDewPoint Air dew point
PrecCount
Precipitation count, number of particles
PrecSize
Precipitation particle size
SurfTemp1
Surface temperature
WindSpeed
Wind speed
WindSpeed10 Wind speed as last 10 minute average
WindSpeed30 Wind speed as last 30 minute average
WindSpeedMaxWind speed as maximum value of last 30 minutes
WindDir
Wind direction
RWIS systems are built up using meteorological sensors usually together with
sensors for determining the pavement status [4]. This implies that the RWIS
systems are installed near a road [13]. In addition to meteorological sensors, RWIS
usually contain at least a pavement temperature sensor, named SurfTemp1 in
Table 1. In well-equipped road weather monitoring stations, additional pavement
sensors and cameras are included.

2.3 Non-intrusive sensing of road surface
Non-intrusive sensing is obtained using camera systems, infrared sensors, and
radars for temperature measurements and surface condition classification.
Camera images have successfully been used together with different types of
computer models to determine the road condition [14-17]. These camera images
and computer models classify the whole image to a road condition.
Infrared temperature sensors have been examined regarding their ability to
provide information about the road condition [18, 19]. Today, infrared temperature
sensors are cost-effective enough to be installed as one of the sensors in RWIS to
determine the road temperature and road condition. Special versions of NIR
sensors have been made by some companies, which can determine the road
condition at a point on the road surface [20-22]. These sensors utilize NIR
illumination and one or more NIR detectors. These sensors measure and report the
road condition at a single point on the road surface. Some attempts have also been
made for multispectral imaging of ice [23].
A less common method used to determine road conditions is radar technology.
It has been found that it is possible to determine the road condition to some extent
using GHz radar technology [24-26]. At the time of writing this thesis, there is no
commercial radar detector available that can distinguish between road conditions.

7

2.4 Road condition forecasting
The reason behind developing RWIS was to obtain knowledge about the
prevailing road conditions and to forecast the probability of ice [27]. The road
condition forecasts are based on a combination of RWIS sensor data and
meteorological forecasts [28]. Additional efforts have been made to find knowledge
about the local climate surrounding the road surface [29]. It was found that local
conditions, such as height differences, shadows, bridges and other local differences
affect the road climate, and thus the road condition, for example the risk of icy
roads.

2.5 Related application areas
Other areas where ice and water detection is of interest are in avionics, where
icing can cause reduced flight characteristics or engine problems [30], space
technology, used to search for ice on other planets [31], climatology, where satellite
data is analyzed, for example when determining sea ice extent [32], the food
industry, to determine the quality of food [33], within medicine, for detection of
injuries [34], in forest and agriculture applications for crop monitoring and tree
species detection [35], and in the forest industry, to determine the amount of water
in boards and planks [36]. Research regarding spectral imaging using band pass
filters to reduce the computational power required for hyperspectral imaging
analysis has been successfully applied to a NIR spectral system used for ice
detection [37].
Vehicles today have sensors that monitor the wheel slip and vehicle movement,
and using this information driver assistant system prevents skidding [38]. In fourwheel-drive cars, systems have been designed that control the traction to wheels
that have the best grip, using wheel speed sensors and accelerometers [39].
Obtaining information about the road condition in front of the vehicle can be used
to optimize the anti-skidding and four-wheel-drive system.
Contactless road condition sensors are developed for installation on vehicles.
Research at Volvo Cars, together with Luleå University of Technology, aims to
develop a sensor that is cost-effective enough to be installed in commercial vehicles
[40, 41]. A commercial contactless mobile sensor is the Teconer RCM 411, which is
used by the Finnish and Norwegian road authorities for road condition estimation
[42]. Vaisala has a special version of their stationary sensor DSC111 that is said to
be used as a mobile unit [20]. Another contactless sensor is the Sensice detector that
can be used both stationary and as a mobile unit [43]. All of these sensors have
only one pixel measurement, thus it is necessary to install these sensors so that the
region of interest is covered. They can be installed either in the wheel tracks or
between the wheel tracks or in a combined region of a surface section. An area
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detector is more expensive than a single point sensor, but an area sensor would of
course provide valuable information about differences on a road surface section.

9
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3

METHOD

3.1 Embedded sensors
The research was initiated by investigating current best practices within
weather related road condition classification. The performance of existing road
mounted sensors was evaluated, using both traditional de-icing fluids and modern
sugar based de-icing chemicals. My research question is about the embedded
sensor performance when contaminated by common substances on the road and
if these sensors can be used together with more environmental friendly de-icing
substances (RQ1)

3.2 Image analysis and multivariate data analysis
The road mounted sensors have a limited detection area and they are
sometimes difficult to install due to the need of closing the lanes as it requires
work on the surface. This has led to the installation of camera systems at many
RWIS sites for surveillance of the road condition. In this research, it has been
investigated if retrieved images can be used to automatically determine the current
road condition. As previous research has been carried out on image analysis
regarding road condition classification [14-17], the research question is if existing
RWIS data together with existing images of the road surface can provide
information to classify the road condition (RQ2). The usage of both image
features and RWIS data is a new approach to determine road conditions. In order
to classify road image features and RWIS data to a road condition, Multivariate
Data Analysis has been used. The principle of this approach to classify road
conditions is described in Figure 3.
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Figure 3

Dry
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Icy
Snowy

RWIS data and image features are used together in a Multivariate Data
Analysis to classify road conditions.

3.3 Spectral analysis
Figure 4 shows the light spectra where our interest is focused on the visible and
infrared region. The visible region is interesting because we can see the differences
between a dry, wet, icy and snowy surface; the infrared region because previous
research has shown differences between how water and ice absorb infrared light
[44-47]. The infrared region (0.74 – 1000µm) is marked to the right of the visible
region (0.35-0.74 µm) in Figure 4. The infrared region is divided into several subregions, where our interest is focused towards the 1 – 2 µm region. Sometimes the
NIR region is considered to span from 0.7 to 7 µm, but in this research the NIR
region is defined as ranging between 0.74 - 2 µm. It can also be noted that the 8-14
µm region, LWIR, is used by infrared thermometers and thermal cameras
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Figure 4

The light spectra and commonly used infrared wavelength bands. The image
is from [48] and slightly modified in the infrared region.

As the visual spectra sometimes do not allow a clear discrimination between ice
and water, other spectral ranges should be investigated. The investigation of
surface condition detection capabilities in the IR spectra was limited to the
wavelength regions 0.9-2.3 µm (NIR) and 8-14 µm (LWIR) based on the literature
studies and availability of research equipment.
The LWIR region was examined using thermal sensors and a thermal camera.
Experiments were performed mainly in the field, because environmental effects
such as radiation and heat flow were supposed to affect the thermal readings from
the road surface, so that road conditions might be observable. Thus the research
question is if it is possible to improve knowledge about the road status using
infrared sensors and thermal cameras (RQ3).
Suitable instrumentation for spectral analysis was obtained and operated
according to the instructions from the manufacturers. The spectral analysis was
performed under laboratory conditions in order to get measurements that was
unaffected by environmental conditions. A special insulated cabinet was built, into
which a small water cooled surface was installed. This setup allowed performing
controlled measurements on a surface similar to what would be present on the
13

roadside but without the disturbance of traffic and ambient light. The research
question is thus which wavelength bands are best suited for remote surface
status classification (RQ4). The wavelength bands showing the most promising
capabilities for distinguishing between different road conditions were used as
guidelines for choosing optical band pass filters. These optical band pass filters
were then used to retrieve images covering different wavelength regions of the
same area. The images can then be used as input to computerized learning and
classification algorithms to develop road condition models.

3.4 Supervised learning and classification
In order to classify the road conditions from retrieved image data, advanced
computer modeling such as Neural Networks (NN), Support Vector Machines
(SVM), MultiVariate Data Analysis (MVDA) and K-Nearest Neighbours (KNN)
will be used. By using different methods such as NN, SVM, MVDA, and KNN,
which method is best suited for road condition classification can be evaluated. The
computer modeling is applied on data from both visual images and meteorological
data as well as infrared images.
Supervised learning is used here because we want to map known inputs to
known outputs when training classifiers to detect the different road conditions dry,
wet, icy, and snowy. If suitable spectral bands can be found in the spectral analysis
it leads to the research question whether it is possible to develop learning
classifiers for road condition classification based on spectral images (RQ5).
As several classifier methods were compared, a separate classifier for each
method and each road condition was developed. This implies that for a method
and a pixel several classifiers could have a high success rate at the same time,
meaning that the image pixel could be simultaneously classified as dry, wet, icy,
and snowy. This is a multiclass problem that needs to be addressed. Thus a
research question is if it is possible to find a suitable method for selecting one
road condition classifier result out of several conflicting classifier results (RQ6).

3.5 Multiclass resolving
A Bayesian Network will be developed that takes probabilities into account to
solve the multiclass problem, i.e. when several classifiers classify the same pixel to
different road conditions at the same time. The Bayesian Network will use
standard RWIS data as input to choose the most probable road condition. The
resolver can be described by an example; if the temperature is -10°C, there is a
higher probability of an icy surface than a wet surface. If the pixel is classified as
both icy and wet, it will be determined to be icy by the Bayesian multiclass
resolver.
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3.6 Cost-effective imaging road condition monitoring
A research question that has influenced the entire research has been the
possibility to develop a cost-effective imaging road condition monitoring system
(RQ7). What is meant by cost-effective is a system that is cheap enough to be
bought by road authorities to be installed at accident risk locations where road
conditions are difficult to monitor and address by road maintenance tasks. This
research question is addressed by investigating suitable technology for image chip
type and size, as well as the selection of method for wavelength filtering and
number of wavelength bands.
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4

ROAD MOUNTED SENSORS

Sensors are commonly installed in the road surface to determine the road
condition status. These sensors are of two main types; passive sensors, which
imply a conductivity measurement, and active sensors, where the fluid on the road
surface is cooled until freezing occurs, while the temperature is monitored. The
comparison is based on laboratory tests using one active and one passive type of
sensor. Research question RQ1 is formulated for these experiments.

4.1 Experiments and results
A passive surface status sensor and an active surface status sensor were tested
in the laboratory regarding their ability to give correct readings during
contaminations of glycol, alcohol and oil. Furthermore, an environmental de-icing
fluid containing sugar was tested with the sensors, see the results in Table 2, 3, 4,
and 5.
TABLE 2
PASSIVE SENSOR RESPONSE TO DIFFERENT
DILUTIONS OF SODIUM CHLORIDE IN TAP WATER.
Expected freezing point [°C]

Conductance [µS]

Dry

Sensor status

-

29.2

Distilled water

0

35.5

Tap water

0

77.0

Water with 1% NaCl

-0.7

102.2

Water with 2% NaCl

-1.4

108.0

Water with 10% NaCl

-6.6

133.0

TABLE 3
RESULTS FROM CONTAMINATION OF FLUID ON PASSIVE SENSOR.
Sensor status
Change in conductance from tap water to
tap water with 1 drop of glycol
Change in conductance from tap water to
tap water with 1 drop of ethylene alcohol
Change in conductance from tap water to
tap water with 1 drop of oil
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Conductance

Freezing point

change [µS]

change [°C]

-12.0

1.40

11.0

-1.29

46.0

-5.38

TABLE 4
ACTIVE SENSOR RESPONSE TO DIFFERENT
DILUTIONS OF SODIUM CHLORIDE IN TAP WATER.

Sensor status

Expected freezing point

Sensor reported freezing

[°C]

point [°C]

Dry

-

Dry

Tap water

0

-0.5

Tap water with 1% NaCl

-0.7

-1.8

Tap water with 2% NaCl

-1.4

-2.8

Tap water with 10% NaCl

-6.6

-8.6

TABLE 5
RESULTS FROM CONTAMINATION OF FLUID ON ACTIVE SENSOR.
Sensor status

Freezing point change [°C]

Change in freezing point from tap water to tap
water with 1 drop of glycol
Change in freezing point from tap water to tap
water with 1 drop of ethylene alcohol
Change in freezing point from tap water to tap
water with 1 drop of oil

-2.4
-1.9
-0.2

4.2 Discussion
The results show that both an active and a passive sensor measure freezing
points correctly when clean freezing point fluids are used. When the sensors were
contaminated with glycol, alcohol and oil, it can be seen that only the active sensor
shows correct readings. The active sensor also gives correct freezing point readings
when a sugar solution is used, while the passive sensor did not give a usable
freezing point value at all for this sugar solution. The advantage of road mounted
sensors is that they have a relatively acceptable price. The disadvantages are that
the sensors are sometimes difficult to install because traffic needs to be redirected,
they are exposed to traffic, and that they measure in a very small area. However,
obtaining knowledge about the surface condition covering a large area of the road
surface is desirable. The motivation for area coverage is, for example, when the
freezing point in wheel tracks may differ from the freezing point between the
wheel tracks. Such freezing point differences may lead to different road conditions
in the wheel tracks and between wheel tracks, which may be hazardous.
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4.3 Conclusions
When comparing the active and passive method it was found that the passive
sensors do not give correct freezing point values when contaminated with oil,
alcohol and glycol. Furthermore it was found that the active method can determine
freezing points of environment-friendly de-icing fluids based on sugar. These
fluids have no electrical conductivity, which makes it impossible to determine a
freezing point by using conductivity sensors. At the time of this study, using road
mounted sensors was the prevailing method to determine the freezing point and
the conclusion is that it is recommended to use active sensors for freezing point
measurements.
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5

VISIBLE IMAGING CLASSIFICATION

The hypothesis is that existing information available from RWIS sensors and
cameras can be combined and provide additional knowledge about the prevailing
road condition, which is formulated in RQ2. Computer models need to be
developed that can classify new RWIS data and corresponding road images to
information about the road condition. It is easy to understand that area coverage
can be obtained using cameras. Previous research has found that it is possible to
determine road conditions by using cameras and image analysis [14-16]. These
systems utilized a standard color or black and white camera that produced images
that were analyzed by an image processing software. The research presented here
extends previous research by adding standard RWIS data to computer models
using image features to classify road conditions. This means that models were
developed that used image features, meteorological parameters and information
about the road status, as seen in Table 6, to determine the prevailing road
condition.

5.1 Experiments and results
By performing Principal Component Analysis (PCA) on image features and
RWIS data it was found that the different road conditions dry, wet, snowy, and icy
were separated into groups, see Table 6 and Figure 5. In Paper II this PCA analysis
is described in detail. The road condition track is defined in Paper II and IV as a
snowy road with icy or wet wheel tracks. When it was found that road conditions
were grouped, a model was developed that could classify the input data to the
road conditions dry, wet, icy snowy, and tracks. The model was mainly developed
using MultiVariate Data Analysis (MVDA) and Partial Lease Squares (PLS), but a
Neural Network (NN) model was also developed to be used for comparison.
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TABLE 6
VARIABLES RETRIEVED DESCRIBING THE ROAD CONDITION
Variable
Description
AirTemp
Air temperature
AirHumidity Air humidity
AirDewPoint Air dew point
PrecCount
Precipitation count, number of particles
PrecSize
Precipitation particle size
SurfTemp1
Surface temperature
WindSpeed
Wind speed
WindSpeed10 Wind speed as last 10 minute average
WindSpeed30 Wind speed as last 30 minute average
WindSpeedMaxWind speed as maximum value of last 30 minutes
WindDir
Wind direction
WindDir10
Wind direction as last 10 minute average
Feature1
Image feature: median grayness of image
Feature2
Image feature: median gray of grayness of image
Feature3
Image feature: Laplace edge
Feature4
Image feature: Robert´s edge
Feature5
Image feature: long run vertical emphasis
Feature6
Image feature: short run vertical emphasis
Feature7
Image feature: grey level vertical distribution
Feature8
Image feature: run length vertical distribution
Feature9
Image feature: long run horizontal emphasis
Feature10
Image feature: short run horizontal emphasis
Feature11
Image feature: grey level horizontal distribution
Feature12
Image feature: run length horizontal distribution
Feature13
Image feature: difference to neighboring 4 pixels
Feature14
Image feature: difference to neighboring 8 pixels
D/N (Day)
Day signal from detector
D/N (Night)
Night signal from detector
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Figure 5

The PCA plot of components 1 and 2 shows a grouping of datasets describing
the road conditions as dry marked with a solid ellipse and wet marked with a
dashed ellipse. Datasets representing snowy are marked with a dotted ellipse.

5.2 Discussion

Figure 6
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WindDir
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The PCA analysis in Paper II provided the information that different road
conditions were grouped, and it was concluded in Paper IV that a model could be
developed that distinguishes between different road conditions. From a variable
importance evaluation it was found that all the retrieved values such as image
features and RWIS data in Table 6 were necessary for classification of the surface
condition, as they all had a value above 0.5 in Figure 6. The value 0.5 is chosen as a
rule of thumb.

A plot of the variable importance (VIP) for each factor. The variables with the
highest value contribute the most to the model. The variables are described in
Table 1. As no variable has a VIP value below 0.5, they can all be considered
to contribute to the model.
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The results from the model development using camera images and RWIS data,
as in Table 6, shows that it is possible to classify road conditions, as it shows a
success rate of near 90% for all road conditions, see Table 7. The low result for the
road condition tracks is not a serious error, because the incorrect classifications
were either icy or snowy instead of the correct road condition tracks. The reason
for the 100% success rate for some road conditions was that only a small amount,
approximately 20 datasets for each road condition, was available with fully
verified road conditions. The success rate is supposed to decrease when a larger
dataset, preferably with hundreds or thousands of each different road condition
situation, is analyzed and classified.
TABLE 7
PLS CLASSIFICATION RESULTS COMPARED
WITH A NEURAL NETWORK
Modelled road condition,
percentage of correct
classifications
Observed
road
condition
Dry
Icy
Snowy
Tracks
Wet

New PLS model

NN

100 %
91 %
95 %
20 %
95 %

91 %
100 %
100%
74 %
100 %

None of the variables in Table 6 should be omitted as they are all above the rule
of thumb value of 0.5. However, it should be investigated if some of the similar
values, such as wind speed, could be omitted without comprising the quality of the
classifier. The Tracks classification is hard even for an observer to classify, as tracks
is very similar to the conditions Ice or Snow. Therefore, the road condition Tracks
should be removed from the list of road conditions in future research.

5.3 Conclusions
Based on Table 2 it was concluded that by using manual observations together
with RWIS data an objective evaluation of road conditions could be done. When
examining the results it was also found that on some occasions the classification
using image and RWIS data had failed. One of the situations when the system
failed was when the road temperature was around 0 degrees Celsius and the road
was either wet or frozen. The RWIS data could not provide information on
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whether the road was icy or wet. When using information combining RWIS data
and image data, it was still not possible to determine if the road was wet or icy.
This is understandable as the images from a wet and icy surface looks the same in
the visual spectra. However, a useful road condition classification system must be
able to distinguish between a wet and an icy surface. It can be concluded that data
from the visual spectra is not enough; additional information is required in order
to be able to distinguish between a surface covered with water and a surface
covered with ice.
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6

INFRARED SPECTRAL REGIONS

As the visual spectra was found to not provide enough information to
distinguish between certain road conditions, such as a wet and black ice surface,
literature studies [44-47] and the availability of experimental equipment led to the
examination of the NIR (0.9 - 2.3µm) and LWIR (8 - 14 µm) region. This is the
background of the formulation of RQ4. Figure 4 shows the light spectra where the
visual and IR spectra are extended. The hypothesis is that some wavelength
regions could be found that may be used to distinguish between a dry, wet, icy,
and snowy surface.

6.1 Experiments and results
Our hypothesis, as stated in RQ3, was that a thermal camera could show if the
road was about to freeze. This hypothesis was examined in a field installation
performed at Myggsjön where a RWIS field station with a visual camera was
installed, see Figure 7.

Figure 7

Sensor installation framework pole in Myggsjön, located between Borlänge
and Ludvika, with road weather sensors and cameras. At the top of the
framework pole a visual camera and a thermal camera is mounted. The air
temperature and humidity sensor is located in the middle of the mast.
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Data from this site was collected during an entire winter season, and the data
was standard RWIS parameters as in Table 1, visual camera images and infrared
camera images. As a substantial amount of data was logged there was a need for
local logging of data. Therefore a ruggedized field computer was installed that
could be contacted remotely to ensure that the system was working. Data was then
collected manually on site by downloading the data to a USB memory attached to
the logging computer or by transferring data through a local network to a cableconnected PC at the site. Our hypothesis, that the thermal camera would provide
information on whether the road was freezing or not, was unfortunately rejected
by the results achieved. But it was found that the thermal camera provided
information about the skin road temperature, which, used together with the road
temperature at 2 mm depth, indicates changes in road conditions. Parts of the
camera image was used for temperature measurement, see Figure 8. When
comparing the IR temperature and the 2 mm ground temperature it was found that
there was a time lag of less than one minute during dry and stable road conditions
between the two sensor types. During snowy and icy conditions there was a time
lag of approximately 140 minutes and during wet and snowy conditions there was
a time lag of approximately 17 minutes. When using a ground sensor at 2 mm
depth and an IR thermal sensor to measure the skin temperature, it was found that
they could give a much better understanding of the heat flux from the road surface
than what was known. Differences between the temperature measured with the IR
sensor and the ground temperature at 2 mm depth could also be used to estimate
the road surface conditions to some extent.

28

-2,0°C
-2
-3
-4

AR03

-5

AR02
AR01

-6
-7
-7,5°C

1,7°C

0
AR03

-2
AR02
AR01

-4

-5,7°C

Figure 8

IR camera detection areas are shown in the picture to the left. From these
areas it was possible to determine the temperature in wheel tracks (AR01) and
in between wheel tracks (AR02). AR03 defines the driving area. A car caught
on the IR camera image is shown on the bottom picture, and it was found that
these cars could be identified as outliers.

As thermal imaging did not provide information on the presence of water, ice
and snow on the road surface, other infrared regions were investigated. From
literature studies it was found that water is absorbed in a variety of infrared
wavelength regions [47]. The thermal camera used in Paper III operates within the
infrared region 8-14 µm where water absorption and thus also atmospheric
absorption is low. This is good for thermal measurements as water and moisture in
the air will not disturb thermal measurements. By using the infrared region 1-2 µm
where there is some high infrared absorption peaks, it might be possible to find
differences in how water, ice and snow absorb infrared light. It should then be
possible to use these absorption differences to distinguish between different road
conditions.
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In order to perform laboratory measurements, a laboratory surface with cooling
capabilities was made, see Figure 9. In order to keep ice and snow on the surface
frozen, this laboratory surface was cooled using a liquid cooler that pumped low
temperature water through the aluminum housing of the laboratory surface. The
laboratory surface was made up by an epoxy material that had similar light
absorption as asphalt. The epoxy surface had a color similar to that of asphalt and
it was also sand blasted to get a structure appearing similar to asphalt. At 20 cm
distance this structure was similar to asphalt from a 10 m distance. The cooling
liquid temperature could be lowered down to approximately -5 degrees Celsius
which allowed water to freeze on the surface and snow to stay frozen. The
detectors and a halogen searchlight were located approximately 20 cm from the
surface at an angle of approximately 45 degrees towards the surface. The sand
blasted epoxy looked similar to asphalt in the visual spectra and it was also similar
to asphalt in the NIR region, see Figure 10. As can be seen, there is only a small
deviation between them. This difference should also be suppressed as the
differences of the absorption levels are used instead of the absolute values in the
analysis and for model development.
Detectors

and

illuminator

Cooling liquid inlet

Figure 9

Cooling liquid outlet

The research unit setup where an epoxy surface was molded onto an
aluminum cabinet.
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Figure 10

A comparison of absorption between an asphalt surface and the epoxy surface
used in laboratory experiments.

Casselgren [49] had found that water, ice, and snow have different absorption
in the wavelength region 1000-1700 nm. It was decided that Casselgren’s
measurements should be reproduced here by performing spectral measurements
on a dry, wet, snowy, and icy surface. Knowledge of differences of spectral
absorption for a dry, wet, icy, and snowy surface should provide detailed
information about suitable spectral regions to be used for road condition
classification. Therefore, two spectrometers from Akzo Nobel were rented that
made it possible for to perform absorption measurements in the spectral region 900
– 2238 nm. The spectrometer equipment used is shown in Table 8.
TABLE 8
NIR SPECTROMETERS USED FOR LABORATORY TESTS
Spectrometer
part
Detector head
Spectrometer
electronics
Spectrometer
electronics

Type

Operating
wavelength range
[nm]

CASCONIR ELE2007-20

N/A

NIR256-1.7T1-USB2/3.125/50m

900-1700

NIR-256-2.2T2-USB2/5/50m/1092-2238nm

1092-2238

The extended range spectrometer had a much noisier signal than the standard
spectrometer. The noise levels were determined by performing a dark and a
reference measurement. The dark measurement is performed with no light
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entering the sensor detector head, and the reference measurement is performed by
measuring the spectral response on an internal reference surface in the sensor
head. The results from the dark and reference measurements can be seen in Figure
11 and Figure 12 for the standard and extended spectrometer. These measurements
show significant differences in noise in the sensor signals, in fact, the extended
spectrometer is approximately 100 times noisier than the standard spectrometer.
However, an increase in noise is expected on extended spectral range InGaAs
detectors [50].

Figure 11

The dark reference measurements of the spectrometers used. Note the big
difference in scale between the two graphs. The left figure shows the standard
spectrometer and the right figure shows the extended range spectrometer.
These figures show that the extended range spectrometer has a lot more noise
than the standard spectrometer.
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Figure 12

Reference signal measurements of the spectrometers used. The left figure
shows the standard spectrometer and the right figure shows the extended
range spectrometer. These figures, again, show that the extended range
spectrometer has a lot more noise than the standard spectrometer.

The laboratory setup consisted of spectrometer units and a sensor head unit, as
seen in Table 8, which included a 50W halogen illumination. The sensor head was
oriented at a distance of approximately 20 cm from and at 45 degrees towards a
cooled surface that was kept either, dry, wet, icy, or snowy. The laboratory surface
was placed in an insulated cabinet in order to ensure that the microclimate just
above the surface was kept just below zero degrees Celsius, see Figure 13. It was
discovered that the 50W halogen lamp of the spectrometer sensor head emitted a
lot of heat energy, in fact it emitted so much energy that within a few seconds it
started to melt the frozen ice and snow on the cooled laboratory surface. This was a
huge problem because the spectrometer will mainly detect the absorption at the
skin of the surface, which will be water because of the melting caused by the
halogen lamp. This problem was solved by using a precision XY stage where the
spectrometer head was mounted. The spectrometer head could then be moving
continuously while the spectrometer measurements were performed. This XY stage
was shipped with dll files that could be used in a C++ program to control the linear
stage. Thus, a C++ program was developed to control the XY stage so that it could
move the spectrometer head over a dry, wet, icy, or snowy surface while
performing the spectrometer measurements. It was also verified that the insulation
walls made of Styrofoam did not affect the spectrometer readings. The results from
the spectrometer measurements show that a dry, wet, snowy, and icy surface have
different absorption of IR light, see Figures 14 and 15.
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Figure 13

The laboratory setup with cooled epoxy surface covered by ice and snow. The
spectrometer sensor head is mounted on a XY translation board that allowed
the sensor head to move over the surface.
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Figure 14

Spectral response from a surface that was either dry or wet, or covered by ice,
or snow. In the figure, differences between the absorption of different surface
conditions can be seen. The wavelength regions with the largest differences
are to be used to discriminate between these surface conditions, and the
selected regions are marked with λ1, λ2, λ3 and λ4.

Figure 15

Spectral response from a surface that was dry or wet, or covered by ice or
snow. These curves were obtained using an extended range spectrometer. The
small peak at approximately 1690 nm is probably due to an internal error in
one of the sensor pixels of the spectrometer sensor.
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6.2 Discusson
The road condition is often based on surface temperature monitored by sensors
installed in the road surface. This study has revealed that the temperature readings
from IR thermal sensors, operating in the wavelength region 8-14 µm, and surfacemounted sensors differ significantly, especially during snowy and icy road
conditions. The temperature curves and heat flow curves show that both the
absolute temperature readings and the temperature derivatives differ between
thermal sensors and surface-mounted probes.
Figure 14 and Figure 15 shows that water, ice, and snow has obvious
differences in absorption of infrared in the region 900-2238 nm. This is important
information that could be used to discriminate between the different surface
conditions. Unfortunately, the imaging systems used and developed in this
research operate within the wavelength range 900-1700 nm, which is why
wavelength regions outside this window will be omitted for the rest of the research
in this thesis utilizing imaging sensors.

6.3 Conclusions
The recommendation from this study was that infrared thermometers should
not replace in-situ road mounted sensors. The infrared sensors should instead be a
complement to existing RWIS installations thus providing additional knowledge
about the road surface status. It was also concluded that freezing point information
could not be retrieved using thermal detectors and cameras. The conclusion was
thus that thermal imaging could not be used as a single method for discriminating
between different road conditions. However, it was found that thermal sensors
provide information about road condition status changes.
The results from the spectrometer readings in the region 900-1700 nm indicate
that it is possible to discriminate dry, wet, icy, and snowy surfaces from each other
by examining the absorption of IR lights in specific regions. The most important
regions were found to be where the different surface conditions dry, wet, icy, and
snowy have the highest absorption level discrepancy between them. The selection
of wavelength regions was also affected by the possibility to obtain suitable
spectral filters and by NIR imaging detectors and common commercial NIR
cameras operating in the wavelength region 900-1700 nm. Thus, the regions λ1, λ2,
λ3 and λ4 were selected as the most suitable for future road condition classification.
The suitable wavelengths for road condition discrimination are presented in Table
9; they are also shown in Figure 14.
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TABLE 9
SPECTRAL REGIONS SELECTED FOR NIR IMAGE RETRIEVAL
Acronym

Wavelength region [nm]

λ1

1240-1360

λ2

1350-1450

λ3

1490-1575

λ4

1615-2215

The type of sensors to be used for the wavelength regions in Table 9 should be
of InGaAs type, because filtered Si sensors and CMOS image chips can only
operate up to 1400 nm [51].
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7

MULTISPECTRAL INFRARED IMAGING AND
CLASSIFICATION

The spectral analysis answered RQ4, thus determining which wavelength
regions that could be used for remote surface status classification. A novel road
condition system should involve an imaging system, which is why the
development of a spectral imaging system was examined. The following research
involves RQ5, which implies the work to develop a learning classifier based on
such spectral images. As one model will be developed for each road condition, two
or more classifiers could classify one pixel to different road conditions at the same
time. This multiclass problem needs to be solved in order to obtain a useful road
condition classification system and also to find an answer to RQ6.

7.1 Experiments and results
The first test of discriminating between dry, wet, icy, and snowy surfaces was
done using infrared detectors. The laboratory setup contained the infrared
detectors in Table 10 and a laboratory surface as seen in Figure 9. Even though
spectral filters as seen in Table 9 were acquired, it was decided to use the whole
sensitive spectra of the sensors for the first tests, because this gave a higher signal
to noise ratio compared to using a small spectral window.
TABLE 10
INFRARED DETECTORS USED FOR LABORATORY TESTS
Detector specifications
Hamamatsu
IR detectors

Detector
type

Operating
wavelength
range [nm]

Peak
wavelength
[nm]

S1223

Si

320-1100

960

G8370-03

InGaAs

900-1700

1550

G5852-23

InGaAs

900-2100

1950
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Detector 960 nm
Detector 1550 nm
Detector 1950 nm

4.5

output

4
3.5
3

Detector
[V]

2.5
2

1.5
1
0.5
0

Surface
condition

Figure 16
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Dry

100
Wet

150

200
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300

Black ice Thick ice Wet Snow Cold Snow

Sample number

Responses from the three detectors when detecting the reflection from
halogen light transmitted onto the laboratory surface in Figure 9. The first
samples, named Dark, are measured without illumination, and the others
were measured when the surface was illuminated

The results in Figure 16 showed that it was possible to distinguish between
dry, wet, icy, and snowy surfaces. Similar research was carried out by Casselgren
[49]. Casselgren’s aim was to detect road conditions by utilizing NIR detectors and
a NIR laser. However, the research presented here focuses on finding a method to
depict the status of the road surface over a larger area. Thus, the research was
oriented towards finding a NIR imaging method that could be useful for
determining the surface conditions using NIR image detectors instead of single
point NIR detectors. One immediate problem that arises with an imaging system
was how to illuminate a large area. It was concluded that a laser was not a suitable
method to be used for illumination, as lasers are expensive and laser light may
generate levels of infrared illumination that could damage human eyes. However,
it was found that a halogen illuminator gives radiation in wide spectra from 400
nm to 2500 nm, and so should be an appropriate illumination source, see Figure 17.
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A typical spectral intensity response from a halogen lamp [52]. A halogen
lamp emits enough IR light in the NIR region 1000-1700 nm to be used as a
cost-effective illuminator for NIR imaging purposes.

Figure 18

The FLIR SC2500-NIR camera. This camera operates in the wavelength region
900-1700 nm and has a removable plate where filters can be mounted.

In order to test the hypothesis of developing an imaging system for surface
status detection it was necessary to obtain a commercial NIR camera. Fortunately,
it was possible to borrow a FLIR SC2500-NIR camera for some initial tests, see
Figure 18. This camera operates in the wavelength region 0.9-1.7 µm, and it is
possible to add filters in front of the image detector. This camera made it possible
to perform some initial field tests with a halogen illuminator and wavelength
filters. At this stage, some of the filters in Table 9 had not been received, which is
why a 1081-1151 nm filter was used instead of the 1350-1450 filter specified in
Table 9. It was discovered that the manual method of replacing optical filters in the
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SC2500 camera was impractical, if not impossible, to use for field tests. But the
initial tests showed that it was possible to find differences between a wet and icy
road surface that was not visible to human eyes. Figure 19 shows an image where
the laboratory surface was manually covered by snow, water, and salt mixture as
well as pure water. Figure 19 show that water, ice, and snow have different
absorption in different wavelength bands. Image a was taken with a 1081-1151 nm
band pass filter. Image b was taken with a 1260-1340 nm filter. Image c was taken
with a 1490-1575 nm filter and image d was taken with a 1615-2280 nm filter.
For the few days the FLIR SC2500-NIR camera was available, another field test
was performed on an asphalt road surface where two 55W halogen searchlights
were used for illumination. The camera and illuminator were set to a distance of
approximately 4 meters from the surface being observed, and at a 45 degree angle.
The initially dry road surface was manually covered by snow, ice, and salt-mixed
water. As the temperature was below 0 degrees Celsius, the region covered by
pure water froze to ice. It was confirmed that the pure water had frozen to ice and
that the water and salt mixture was still wet by feeling the road surface with bare
hands. From the NIR images taken with different filters it could be seen that the
dry, wet, icy, and snowy surfaces were slightly different, see Figure 20. The images
in Figure 20 were taken using different band pass wavelength filters. Image a was
taken with a 1081-1151 nm band pass filter. Image b was taken with a 1260-1340
nm filter. Image c was taken with a 1490-1575 nm filter and image d was taken
with a 1615-2280 nm filter. It can be seen that water, ice, and snow have different
absorption in different wavelength bands, and in particular in the bottom left
figure it can be seen that icy and wet surfaces have different absorption. The
images were retrieved at the location Gevsjön 2012-03-30 23:02, where the surface
temperature was -0.5° Celsius and the air temperature was -4.3° Celsius. The
temperature readings were taken from a RWIS field station located at the same
place.
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Some of the first images taken with a FLIR SC2500-NIR 900-1700 nm camera
using different band pass wavelength filters.
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Field tests using a FLIR SC2500-NIR 900-1700 nm camera and two 55w
halogen searchlights.

As it was shown that differences between dry, wet, icy, and snowy surfaces
could be found, it was necessary to find a suitable method to classify these road
conditions. Different computer methods for classifying road conditions were thus
investigated. An idea was to use artificial intelligence methods for the
development of classification models. Therefore, a method utilizing Neural
Network (NN) was used, which made it possible to train a classifier to detect
different conditions. Half of the data was used for training and the other half was
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used for testing. The very first methods using these classification methods are
shown in Figure 21. Figure 21 shows that it is possible to detect road conditions
using an NIR camera and intelligent learning computer models. The left image in
Figure 21 shows a picture from the 1081-1151 wavelength band. The right picture
shows results from a computer model that has been trained to detect ice. The
detected ice is marked with dark red spots in the right image. The images were
retrieved at the location Gevsjön 2012-03-30 23:02, where the surface temperature
was -0.5° Celsius and the air temperature was -4.3° Celsius

Snow

Figure 21

Wet

Ice

Initial field classification results using images from a FLIR SC2500-NIR 9001700 nm camera using different band pass wavelength filters.

Financing was granted to acquire an NIR camera to be used for further
research. Further research involved testing different wavelength regions, collecting
field data as NIR images and developing classification models. As the previously
used FLIR SC2500 camera was found to be impractical to use for field tests due to
difficulties in manually exchanging the filters, a FLIR SC71000 camera was
obtained, see Figure 22. This camera had the same image detector as the FLIR
SC2500 camera, but the FLIR SC7100 was also equipped with a four position filter
wheel. The filter wheel position could be changed by software commands making
effective field image retrieval possible.
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Figure 22

The FLIR SC7100 NIR camera used for image retrieval. This camera is
sensitive within the wavelength band 900-1700 nm and has a built in four
position filter wheel. The camera has an Ethernet connection, which is used to
control the camera functions. Image retrieval and the selection of filter can
thus be done remotely.

The FLIR SC7100 was installed together with a FLIR A320 thermal camera and
an Axis 221 network camera on the top of a car roof, see Figure 23. The cameras
were connected to a small network that was built in the car, connecting three
cameras and a computer. The computer was installed on a special mount that
allowed the driver of the car to easily access the computer located at the passenger
side of the car compartment. The three cameras were handled using their
individual software applications. The axis camera was handled by a web browser
with an integrated applet that allowed images to be captured to disk. The thermal
camera used special FLIR software to capture individual thermal images. The NIR
camera was also handled using FLIR software called Altair. This software included
functions for managing the rotating filter wheel. The setup described here allowed
driving to different places and collecting images without having to do any manual
adjustment of the cameras, other than mounting and rotating a polarizing filter
wheel on the NIR camera. The Axis camera was used to collect reference images
that described the conditions as can be seen by human eyes. The thermal camera
was used to see if thermal image data provided any additional information about
the road conditions. The Axis camera provided very good documentation of each
data collection occasion, but the thermal image provided little or no information at
all. In cloudy conditions with very varying road conditions, such as dry and ice, it
was found that the thermal camera did not provide any information at all; the
temperature of the road surface covered by ice and snow had the same
temperature as dry sections. But if the conditions were sunny or if there was a lot
of traffic on the road, differences were seen on the thermal images. This
information could be used, as described in Paper III, to determine differences in
road conditions. Images from the three cameras were retrieved and stored on the
computer hard drive, and a hand-written protocol was used to describe where the
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images were taken and what the road status was at these locations. A small sketch
was also made in this protocol of what the surface looked like, for example if the
road tracks were icy and the rest of the road snowy.

Figure 23

The FLIR SC7100 NIR camera, a FLIR A320 thermal camera and an Axis 221
color network camera was installed on a car roof together with two 55 W
halogen illuminators.

Before the first prototypes of the low resolution camera system was functional,
field tests were performed with the FLIR SC7100 NIR camera mounted on a car
roof rack according to Figure 23. The halogen lamp switch and image retrieval was
operated from inside the car, which means that it was not necessary to go outside
the car to change optical filters or switch the illumination on and off. Images of
different road condition situations were collected at different times and at different
locations during the winter 2012-2013. The data from the retrieved images needed
to be analyzed and used in such a way that it was possible to develop models that
were able to classify new images to road condition images. This classification
method means that the input data for each pixel is to be classified as one of the
surface status conditions dry, wet, icy, or snowy. The input data for each pixel is
the intensity values for each wavelength band, λ1, λ2, λ3 and λ4. The input data is
then used to train a classifier. When the classifier is trained, it is verified by
verification data using cross validation. From the validation step it is possible to
determine the performance of the classifier before it is applied on new test data
retrieved from other images separated from the training and validation set.
In order to minimize the influence of background illumination and other light
disturbances, intensity ratios such as in (2) are used for training, validation, and
testing, instead of absolute intensity values.

46

(2)

The intensity ratios in (2) were used in a Principal Component Analysis (PCA)
to examine the presence of correlation structures within the data. A PCA analysis
of the image data retrieved from the FLIR SC7100 revealed that there are
correlation structures indicating that it should be possible to build a model for
surface status classification. These results were achieved both from laboratory
measurements and from field measurements, as seen in Figure 24 and 25, where
plots from using the first three principal components are shown. The noise in the
field data was removed by developing a method involving a KNN search, where
data points were considered to be outliers if they did not have 10 neighbors within
a distance specified as the standard deviation of each road condition class group.

Figure 24

PCA plot of the first three components from laboratory data. The different
surface conditions are grouped in separated clusters.
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Figure 25

PCA plot of the first three components from field data. It can be seen that the
field data is much more spread out than the laboratory data, and that there
are many sub-groupings for each surface condition.

The model was developed by utilizing different methods for training and
classification. In this research the classification methods K-Nearest Neighbors
(KNN), Neural Networks (NN), Support Vector Machines (SVM), Partial Least
Squares (PLS) and Discriminant Analysis (DA) were used as well as a simple
Minimum Distance (MD) method. The methods NN, SVM, PLS, and DA require a
training phase, where known inputs are mapped towards known outputs. The
training phase aims to develop a trained classifier that can take new input data and
classify it to one of the pre-determined output classes. The experimental method is
shown in Figure 26.
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Figure 26

The experimental method used for training, validation and testing of different
classifiers. The performance of the classifiers is defined by their success rate,
P.

The KNN method is an old but well performing classifier that chooses the
resulting class by finding the k nearest neighbors of the same class. KNN does not
require training; instead the method searches the whole dataset for all classification
occasions. The MD method is simply a method where limits for the input variables
are set to define a specific output. The KNN method achieved the best success rates
for the different models and the result is shown in Figure 27. The title in Figure 27
indicates a true road surface condition. Each bar shows how well each of the
models is able to detect the true road condition. The bar for the model detecting the
same road condition as true road condition is green, which corresponds to the
values in Table IX. The classification results from models detecting a road
condition different from the true road condition are red. Each plot also contains a
bar indicating the amount of unclassified data and a bar indicating the amount of
conflicting classifications, i.e. data that was classified as a surface status by two or
more models.
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Figure 27

Classification results in percent from field test data using KNN classifier
models.

The solution to the multiclass problem was the introduction of Bayesian
Networks. They took into account the current road condition by looking at the
road temperature, recent dew point history and recent precipitation history to find
a probability value for a road condition to be present. Baye’s Theorem relates
current belief to prior belief as in (3). P(A) is the probability for A to happen, P(B) is
the probability for B to happen, P(A|B) is the probability for A to happen taking B
into account, P(B|A) is the probability for B to happen taking A into account.
(3)
Some problem areas are easily understood when discussing probabilities rather
than investigating many individual sensor values. Therefore, Bayesian Networks
have been used to solve various problems involving probabilities [53-55]. In this
case the probabilities for different road weather parameter values are used to find
the probability for the different road conditions dry, wet, icy, and snowy being
present.
The Bayesian Network in Figure 28 is used to solve the multiclass problem seen
in the conflicting bar of Figure 27. On each occasion when images were retrieved, a
probability for the different road conditions dry, wet, icy, and snowy was
calculated. These resulting probabilities from the Bayesian Network (BN) were
finally used in a utility function that selected one of the conflicting road conditions
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with the highest probability of being present. From the results in Paper VII, Table
1, it can be seen that when applying the Bayesian Conflict resolver all conflicting
classifications were resolved. Another way of illustrating the results from using the
Bayesian Network resolver is by looking at an individual image with conflicting
road conditions, see Figure 29.
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The Bayesian Network used to solve the problem when two or more
classifiers classify the same pixel to different road conditions. This Bayesian
Network will give a probability value for each road condition. A utility
function is used as a final step to select the classified road condition with the
highest probability.
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Figure 29

These images show a 64x64 pixel section of a road surface. The left image has
yellow areas where conflicting road conditions have been discovered, i.e.
when two or more classifiers have classified the same pixel to different road
conditions. When applying the Bayesian Network resolver and a utility
function it can be seen in the right figure that the conflicting, i.e. yellow, areas
are removed and set to what seems to be a probable road condition state.

7.2 Discussion
The results shown in Figure 16 indicated that it is possible to discriminate
between dry, wet, icy, and snowy surfaces. Even if it seems that a wet and black ice
surface have similar sensor responses, it was found that the distance between the
data clusters for each surface condition was more than 40 times larger than the
largest data cluster sizes.
From the images retrieved from the car-mounted FLIR SC7100 NIR camera it
was possible to train learning classifiers to discriminate between different road
conditions. The performance of the classifiers was evaluated by using a dataset of
images that was separated from the dataset used in the training phase. From the
data collected using the FLIR SC7100 camera it was found that the KNN and SVM
method performed the best. As seen Figure 25 it is difficult to determine the road
condition by investigating to which group a new point belongs, as there are many
sub-groupings. This result also explains why the MD method fails; many-sub
groupings cause the MD regions for different surface conditions to overlap.
Furthermore, the sub-groups explain why a KNN model works well; it simply tries
to find the nearest group in the whole dataset.
There was a need to remove outliers from the field data because individual data
points were spread out all over the data space. These randomly spread points
could cause problems when developing a classifier. The noise in the data is
probably due to optical effects in the lens system. In the captured infrared images
dark areas at the edges of the images could be seen. These areas are probably
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caused by vignetting, an optical phenomenon assumed to cause the outliers. Other
environmental issues such as ambient light, solar position, shadows etc. could also
cause some of the outliers.
The results from the field tests using the KNN classifier can be seen in Figure
27, and the results from the other classifiers can be found in Paper VI.
The Bayesian Network presented here has only a few input nodes. More RWIS
data parameters could be taken into account as well, such as forecasts and local
climate conditions, in order to improve and optimize the Bayesian Network.

7.3 Conclusions
The conclusion was that by performing a spectral analysis of the road surface
light reflections using advanced computer models, it is possible to determine the
road condition at individual pixels of an image. However, it was discovered that a
pixel could be classified as two or more road conditions at the same time, which is
indicated by the conflicting bar in Figure 27. This is denoted as a multiclass
problem, which arises because an individual classifier was developed for each road
condition class. This problem had to be solved, and a solution utilizing Bayesian
Networks was suggested.
It was found that a suitable Bayesian Network using RWIS data as input nodes
could solve the multiclass problem that arises when two or more classifiers give
the same output for the same pixel. Thus conflicting classifications are resolved
using a Bayesian Network resolver.
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8

A COST-EFFECTIVE MULTISPECTRAL IMAGING SYSTEM

It has been shown that it is possible to use multispectral imaging and learning
computer models to successfully classify road conditions. The cost for such a
system using available commercial NIR cameras and necessary accessories would
be extremely high. Therefore, there is a need to look into how a cost-effective
infrared imaging road condition classification could be constructed, which is RQ7.
In order to fully answer RQ7 there is a need to make a final test to examine if the
research could be deployed in a system setup similar to a final commercial system.
This field test involved two prototypes of a cost-effective NIR imaging system as
described above.

8.1 Experiments and results
The results from the first tests using the FLIR SC7100 camera together with
computer models to classify road conditions showed that it would be possible to
find a method that could be utilized for road side installations. In order for a
system to be deployable at the road sides, it needs to be cost-effective. This means
that the price of a NIR road condition classifying system must be at a level where it
is attractive for road authorities to invest in such monitoring systems. Our initial
correspondence with the road authorities when using the FLIR SC7100 camera
made us understand that the pricing for a commercial camera was too high for a
system to be constructed using these products. This means that it was necessary to
look into the details of electronic components. It was found that the cost-driven
factor in NIR cameras is the NIR imaging chip built with InGaAs technology. One
way of reducing the cost would be to use CMOS sensors with wedge filters that
together make a cost-effective NIR sensitive camera chip [56]. Unfortunately, the
technology utilizing CMOS does not cover the whole wavelength region between
1000-1700 nm that we are interested in. This means that the InGaAs chip
technology must be investigated further. It was found that the NIR imaging chip
prices were almost linearly determined based on the amount of pixels. This
information made us look into the electronics market trying to find a low
resolution image sensor to be used for the development of a cost-effective NIR
camera. It was found that Hamamatsu had a NIR camera chip with 64x64 pixels,
with product identity G11097-0606. This image chip also had a reasonable price
level, which is why it was decided that a project to develop a camera should be
started. This camera project was soon organized as a successful student project,
[57].
The student project described above succeeded in developing an adaption
board for the Hamamatsu 64x64 NIR image sensor [57]. This adaption board was
connected to an Atlys FPGA evaluation board where images from the detector
could be retrieved by using a USB connection to a computer. The prototype 64x64
55

NIR camera was used in the laboratory, as seen in Figure 30, to find out if it was
possible to distinguish between different road conditions.

Figure 30

Adaption circuit board developed at Mid Sweden University using the
Hamamatsu 64x64 pixel NIR sensor mounted on an aluminum frame with a
KOWA LM8JC lens.

The prototype camera needed a suitable camera lens, and there are special NIR
camera lenses on the market. These NIR optimized lenses were found to be
expensive, costing approximately EUR 2,500, which was unacceptable for a costeffective prototype. Luckily, normal glass has a relatively good transmission of
NIR light; finding commercial standard lenses that had an acceptable transmission
of NIR light could be expected. These assumptions lead to acquiring a KOWA
LM8JC standard video lens. This lens was examined for its transmission
capabilities and was found to have an acceptable transmission of NIR light, see
Figure 31. The price level for such a lens is approximately EUR 150, which is one
step forward towards the development of a cost-effective system. The prototype
camera equipped with a KOWA lens and mounting equipment for different
wavelength filters was installed in the laboratory, as can be seen in Figure 30.
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Figure 31

Transmission of light through a KOWA LM8JC lens. This lens has a
transmission of more than 60% in the wavelength region 1000-1700 nm that
we are interested in.

Before measurements were carried out on dry, wet, icy, and snowy surfaces, a
saturation test was done. This saturation tests showed that the image sensor was
not saturated when images were retrieved with different wavelength filters and on
different surface conditions, see Figure 32. These figures show that data is spread
out all over the x-axis, which indicates that the sensor operates within its dynamic
range. A saturated sensor would have all data close to 0 or close to the max value
of the x-axis, 16384. The saturation test images in Figure 32 were retrieved from
different surface conditions. The figures show that the sensor does not become
saturated during these surface status measurements.
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Saturation test of the cost-effective 64x64 NIR sensor using wavelength filters
according to Table 9.
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The camera prototype was not suitable for field tests, as it contained open
electronic circuit boards with temporary connectors. Another company had
expressed an interest in my research, to develop it to a commercial unit. They
developed an adapter card for the Hamamatsu 64x64 pixel NIR sensor that was
connected on top of a custom designed Atmel processor card, thus abandoning our
research at Mid Sweden University where we used an FPGA circuitry for image
retrieval. The reason for using FPGA was mainly high speed purposes and low
power applications, and for this low resolution NIR camera neither low power
consumption or high speed video was of immediate importance. Using a standard
microprocessor construction for the camera unit is much more flexible and easier
to integrate than an FPGA camera solution. The new low resolution image sensor
card and processor unit was integrated on a filter wheel, see Figure 33.

Figure 33

The first version of a prototype system integrating the Hamamatsu 64x64 low
resolution image sensor. The image sensor is mounted on a computer board
with an Atmel microcontroller. This computer board with image sensor is
mounted on a rotating filter wheel onto which a KOWA lens is attached.

The cost driven factors in a NIR imaging system needs to be identified before a
cost-effective prototype can be developed. Previously, it was found that image
sensors operating in the wavelength spectrum 1-2 µm are expensive and that the
number of pixels is directly related to the price level. Therefore, the 64x64 pixel
sensor used for developing the first laboratory prototypes was used to develop the
first field prototypes. Even though a low resolution image sensor has a lower price
than a high resolution sensor, the low resolution sensors are still expensive
compared to image sensors operating in the visible spectra. The cost of the image
sensor led to the decision to use a filter wheel with different wavelength filters,
polarizing filters and only one image sensor, instead of several image sensors with
individual filters. The FPGA circuitry developed at Mid Sweden University for
image retrieval was not used in the field prototypes, because there was a need for a
more standardized computer solution that should be able to handle other i/o
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functions and also host a web server. Therefore, the NIR camera circuit board was
mounted on an ARM based embedded computer system. This ARM computer
hosted a web server that made images available by connecting the computer board
to a personal computer running a web browser. In addition, the computer board
was responsible for managing the automatic rotating of the filter wheel and
shutting the halogen searchlight on and off during image retrieval. The electronics
for the first field prototypes was installed in an aluminum cabinet as seen in Figure
34.

Figure 34

An image of the first field prototypes without the covering lid. The filter
wheel holds the image sensor and image retrieval electronics, and
microcontroller installed at the back side. Other parts is the electronics for the
filter wheel rotation, transformer for power supply and a small heating
element to keep the system ice-free and in operation at cold temperatures.
These field systems will be installed at the roadside with an environment
temperature down to -35° Celsius.

The field test involves two field prototypes of the cost-effective NIR camera
described above. These cameras were installed at RWIS field stations at the
roadside of E14 in Sweden and Norway close to the border between the countries.
The local meteorological data from the RWIS field stations at these locations were
also retrieved to be used for future evaluation of the system performance and
model development. It was found in previous research that the more data that was
available the more accurate road condition models could be developed. Therefore,
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a permanent system that continuously retrieves data should be able to provide a
lot of data to be used for developing and testing road condition models.
The illumination source for the two installation locations in Figures 35 and 36
was a 500W halogen searchlight. This searchlight was equipped with a filter that
only allowed IR light to be emitted from the searchlight. The searchlight was
installed on top of the NIR camera prototype housing, see Figure 37.
Close to the NIR camera prototypes, each site was also equipped with a SONY
CH180 video camera that captured visual still images for every NIR image
retrieval cycle. Images retrieved by the SONY CH180 camera were taken when the
halogen search light was switched on. This solution made it possible for the SONY
CH180 camera to take advantage of the halogen illumination already installed. The
image retrieval sequence can be seen in Figure 38.
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Figure 35

Installation of sensors on a RWIS field station in Gevsjön, Sweden, called Site
1.

Figure 36

Installation of sensors on a RWIS field station in Teveldalen, Norway, called
Site 2.
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Figure 37

Installation of sensors on an RWIS field station. The prototype NIR camera is
encapsulated in an aluminum box. A 500W halogen searchlight was installed
on top of the stainless steel snow shield for the NIR camera. On the side of the
NIR camera unit, a SONY CH180 video camera was installed that captured
visual images of the road surface at the same time as NIR images were
retrieved.
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Figure 38

Image retrieval flow chart used to develop software to retrieve images from
an NIR camera and visual cameras installed at the field locations. A lot of
safety checks must be done on a remote sensor system.
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In addition to the measurements of RWIS data, visual images and NIR images,
friction measurements were performed. The purpose of the friction measurements
was to investigate if the NIR system measurements could be used to estimate the
friction values, see the friction equipment in Figure 39.

Figure 39

Friction equipment, ROAR, used by Norwegian Public Roads, which
measures road status and road friction.

Data was retrieved during the winter season, from 2013-10-16 to 2014-04-30. A
total of 14217 NIR images were retrieved together with RWIS data and visual
images during this period. This data was divided into training data for the
development of KNN road condition models and test data to test the developed
models. As previous research had found the KNN method to be one of the most
successful methods for classifying road conditions, KNN was the only method
considered in this evaluation.
When investigating the raw data from the retrieved NIR images, it was found
that there were almost no outliers in the data, see Figure 40. This can be compared
to the field data collected using the FLIR SC7100 camera, which contained a lot of
outliers that had to be removed. Thus, the field data retrieved from the NIR
prototypes did not need any pre-treatment to remove outliers.
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Figure 40

Results from the PCA analysis of data retrieved from field test. The plot
shows data from different road conditions grouped and plotted against the
first three principal component axes. It can be seen that the road conditions
are well grouped and that they are separated. It can also be seen that there are
many sub-groupings for each road condition. Another promising result from
the field tests was the lack of noise in the data.

The training and validation data was used for cross validation using different
models. The results can be found in Table 11, showing that KNN behaves best.
Thus, it was concluded that KNN should be used for further analysis in the field
case study. As KNN does not require training, the training phase merely involved
storing the data in a large array to be used on new image data for classification of
road conditions.
A typical image showing the results of the road condition imaging classification
is shown in Figure 41. Figure 41 shows a black and night image of a road section
taken with a standard infrared surveillance camera. The classified road conditions
are showed on an overlaid color image.
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TABLE 11
CLASSIFIER SUCCESS RATE USING CROSS VALIDATION OF TRAINING DATA
Model
True road
condition

KNN
%

NN
%

PLS
%

Discriminant
analysis
%

SVM
%

Dry

99.82

98.45

79.92

79.75

81.99

Wet

99.92

97.95

67.68

86.05

79.81

Ice

97.52

93.61

71.39

75.66

75.47

Snow

97.66

95.67

86.40

91.46

75.78

Figure 41

An image showing results from the NIR imaging road status classification
system. This image shows that the model has found many different road
conditions, which are marked with different colors as in the legend. The
classification image is overlaid on a black and white night image.

One of the most important data that should be found by an imaging road
condition system is differences in road condition in wheel tracks and between
wheel tracks. When investigating such differences during the winter season at the
two sites, it was found that there were many occasions where it had been dry in the
wheel tracks and slippery between the wheel tracks, see Figure 42. This could
cause serious accidents when overtaking if drivers are not aware of the prevailing
hazardous road condition.
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Figure 42

A typical winter road condition where the road is dry or wet in wheel tracks
and snowy or icy between the wheel tracks. Such road conditions are
hazardous for drivers and can cause serious accidents when, for example,
overtaking. Detecting this type of road condition by automatic road weather
stations is desirable.

TABLE 12
ROAD CONDITIONS IN AND BETWEEN WHEEL TRACKS
Percentage dry or wet
in wheel tracks

70
70
70
70
70
70
80
80
80
80
80
80
90
90
90
90
90
90

Percentage ice or
snow
between wheel
tracks
40
50
60
70
80
90
40
50
60
70
80
90
40
50
60
70
80
90
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Occasions at
Site 1

Occasions at
Site 2

69
50
35
22
14
2
46
33
21
15
11
1
23
17
10
7
5
0

86
62
47
33
24
12
75
52
38
27
19
11
60
41
30
23
16
8

Table 12 shows the conditions found where there were differences of various
percentages of road conditions in the wheel tracks and between the wheel tracks.
For example, the first line in Table 12 states that if at least 70% of the area of the
wheel tracks is dry or wet and at least 40% of the area of between the wheel tracks
is icy or snowy, then 69 occasions at Site 1 and 86 occasions at Site 2 with such road
status conditions were found.
An aim was to find a correlation between friction and the classified road
conditions. Unfortunately, only a small part of friction data could be used for this
analysis, which is why Figure 43 only gives an indication of these friction
correlations.
0,5

Friction (µ)

Dry
0,4

Wet

R² = 0,5245

0,3

Icy
R² = 0,127
R² = 0,1235
R² = 0,1738

0,2

Snowy
Dry

0,1

Wet

0
0

20

40

60

80

100

Road condition percentage [%]
Figure 43

120

Icy
Snowy

Correlation between friction measurements from the ROAR system and road
conditions classified using the NIR camera prototype. The results show that a
dry road has high friction and that the more ice there is the lower the friction.

8.2 Discussion
It was found that the NIR chip is the cost driving factor for NIR cameras.
Furthermore, the number of pixels is almost linearly dependent on the price level
of NIR image chips. Thus, the smaller the NIR chip the lower cost of the chip.
According to suppliers it may be cost-effective to make a special order of NIR chips
with optimized number of pixels instead of using standard NIR image chips. In
order to get a real-time camera, one NIR chip is needed for each spectral region.
This will of course increase the price of such a camera substantially, which is why
it is even more important to optimize the image chip pixel count. Hopefully the
price of NIR image chips will decrease in the future, but at the moment the price
decrease has slowed down. A reason for prices to drop further is the number of
applications increasing, providing a reason for more cost-effective production lines
to be developed.
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It is assumed that the absence of outliers in the data from the field prototypes is
because the image sensor is very small compared to the lens being used, which
suppresses optical phenomena, such as vignettning, which could lead to intensity
irregularities in the images.
Only KNN was considered in this study because it was previously found to
provide the most successful models for classifying road conditions. If real-time
performance of the classifiers is desired, a time deterministic classification model
should be selected, such as SVM or NN.
An aim was to find a correlation between road conditions and friction
measured with the ROAR friction meter. However, an obvious correlation was not
found, as seen in Figure 43. The reason for the absence of correlation could be due
to that ROAR measures using a friction wheel, and this friction wheel can only
pass in the wheel tracks or between the wheel tracks. This results in ROAR only
measuring the friction on a part of the road surface. The NIR imaging system
covers a much larger road section than what is covered by ROAR, which implies
that a good correlation between the two is difficult to achieve. The only surface
conditions that may give correct correlations between ROAR and the NIR imaging
system is when the road surface has a uniform road condition. When there is a
uniform road condition it is enough to measure a small part of the road, which is
what ROAR measures, to get a friction value that is representative for the whole
road area section. When taking this situation into account, it can be concluded that
the only correlation values that should be evaluated is when the road condition
percentage in Figure 43 is large, say above 80 percent. When looking at correlation
values for road condition percentages above 80 percent, it can be seen that a dry
road has high friction and wet, icy, and snowy surfaces have low friction values.
However, these correlation values need to be verified using more field data.

8.3 Conclusions
It was concluded that it is possible to develop a cost-effective NIR imaging
system based on a low resolution InGaAs image chip. The NIR image chip used in
this research gave acceptable image quality and fulfilled the needs of a road
condition imaging system.
The conclusion from the field tests is that an imaging NIR camera system
provides valuable information about the road status, which it has not been possible
to obtain with previous systems, such as differences in road conditions in wheel
tracks and between wheel tracks. The usage of such systems is as input for road
maintenance tasks, and it can also be used to initiate warnings to road users that
the road conditions are hazardous. Another advantage of using the NIR spectral is
that is works during both day and night time without emitting light that may
disturb traffic. Furthermore, the use of a non-contact NIR imaging system makes
installation much easier compared to pavement -mounted surface status systems.
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9

SUMMARY OF PUBLICATIONS

The research papers, identified as numbers I to VIII, are related to RWIS
equipment, as seen in Figure 44. The following sections summarize the research
presented in the papers.
Wind speed and
direction
II, IV- Camera and
searchlight

Precipitation sensor

III- Thermal camera
V, VI, VII - New IR road status camera
III - IR thermal detector

Road surface is dry, wet,
icy or snowy
I- Freezing point sensor

Figure 44

Antenna
Air temperature
and humidity
Field computer box

Surface temperature
sensor

An image of a Road Weather Information System (RWIS) field station
equipped with additional sensors. This system is the basis for the research
presented here. The road surface conditions are simplified to either dry, wet,
icy, or snowy. The research papers are linked with the sensors and systems
according to the numbers in the figure. Paper I is about freezing point sensors
mounted in the road surface, Paper II and IV is about using camera images
together with weather data from the other meteorological sensors at a site to
determine the road conditions, Paper III is about the use of infrared thermal
sensors and cameras for getting additional knowledge about the road
condition, Paper V,VI and VII are about the development of a novel NIR
imaging system including hardware and software computer models for
determining the road condition. Paper VIII describes the results from a field
study of the developed NIR imaging system from Paper VI and Paper VII.

9.1 Paper I, Road status sensors – a comparison of active and
passive sensors
It is common to monitor the road status by sensors installed in the road surface.
A pavement temperature sensor is installed at almost every RWIS installation site.
In addition to the temperature sensor, road mounted status sensors are sometimes
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used. These road status sensors provide information about the presence of water or
snow on the sensor and in this group of road status sensors we also have freezing
point detectors. The freezing point detection is crucial as the freezing point
temperature indicates the need for additional anti-icing tasks that prevent the road
fluid from freezing to ice. The two main types of pavement-mounted freezing
point sensors have been evaluated in this thesis; the result answers RQ1; only
active sensors can measure the correct freezing point of a fluid contaminated by
oil, glycol and alcohol. An active sensor can also measure freezing points of
environmental anti-freezing fluids based on sugar.

9.2 Paper II, Road condition discrimination using weather data
and camera Images
The road condition is usually determined by road maintenance personnel by
visual inspections. It is therefore obvious to investigate if camera images can be
used to automatically determine the road condition. Some previous work has been
done in this area, which is why this research focuses on combining image features
retrieved by existing RWIS camera systems with meteorological data from RWIS
field stations located at the same spot as the camera systems. Meteorological data
and camera images are available on most of the sites where an updated and more
accurate road condition monitoring system is desirable.
Thus, by using meteorological data and camera images together it should be
possible to find out more about the road status condition than what is known
today. The research in this thesis shows how such an imaging analysis system
could be used and what results can be expected. This research partly answers RQ2;
images and weather data could be used for road condition classification.

9.3 Paper III, Infrared thermometry in winter road maintenance
The use of camera images together with RWIS data has shown promising
results regarding the ability to determine the road condition. But in order to
improve the ability to accurately detect hazardous road conditions, such as black
ice, new technologies must be applied. As the part of the pavement facing the sky
is used by vehicles, knowledge of the so called skin temperature of the surface
should provide additional information about the road condition compared to the
traditional temperature sensors installed at a small depth in the pavement. This
skin temperature can be detected by thermal cameras and thermal detectors. As the
global interest for remote sensing technologies has increased in recent years, it is
also of interest to find out if it is possible to remotely determine the road condition
of an area section of the road. This implies the usage of infrared camera techniques.
In the research presented here, both thermal detectors and thermal cameras have
been used to find correlations between road conditions and skin temperatures. It
has thus been shown in this paper that changes in road condition status can be
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detected using infrared thermal sensors and cameras, which was formulated in
RQ3.

9.4 Paper IV, Classification of road conditions from camera
images and weather data
By using the results from Paper II showing that road conditions were grouped
based on RWIS sensor data and image features, how a road condition classification
model can be developed can be described. A PLS model was developed and
evaluated. It was also compared to a NN classifier where it was found that both
models give accurate classification of the road conditions dry, wet, icy, and snowy
as an overall measure of a site where data from RWIS and camera features was
used. This paper follows the research in Paper II, and here models have been
developed for road status classification. RQ2 has been answered in the way that it
is possible to some extent to classify road conditions, but the issue of
differentiating between water and black ice has to be paid special attention in the
future.

9.5 Paper V, Remote sensor for winter road surface status
detection
A remote sensor setup utilizing NIR InGaAs detectors was evaluated. It was
found that by using wide range detectors with different spectral sensitivities, it is
possible to discriminate between different road conditions. It is even possible to
distinguish between a surface covered by black ice and a wet surface, which is
impossible using visual cameras and RWIS data. This paper answers RQ3 and
RQ4, as the infrared region can be utilized to successfully classify road conditions.

9.6 Paper VI, Road surface status classification using spectral
analysis of NIR camera images
This paper is the most comprehensive paper of this thesis. It involves spectral
analysis of reflected light from a dry, wet, icy, and snowy surface. The spectral
analysis provided information about suitable spectral regions to be used to
develop models for road status classification, thus answering RQ4. Advanced
computer models that can classify individual pixels as dry, wet, icy or snowy have
been developed and compared. Both laboratory tests as well as field tests have
been performed in order to complete this study. It was found that it is possible to
classify road conditions using NIR spectral imaging and learning classifiers, which
provides an answer to RQ5. It was found that the best classification system is when
one classifier for each road condition type is used. However, this could lead to
troublesome situations when two or more classifiers classify an image pixel to
different road conditions at the same time, which is RQ6. During this problem
discussion, the underlying factors determining the road condition were found to
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involve probabilities. Therefore, a method that can take advantage of probability
measures is desired in Paper VII.

9.7 Paper VII, Road condition imaging – model development
The main contribution of this study is a Bayesian Network that has been
evaluated during a field study. The purpose of the Bayesian Network is to act as a
conflict resolver when several classifiers have classified the same pixel to different
road status conditions at the same time. It was found that a Bayesian Network
utilizing RWIS sensor data could resolve all conflicting classifications, thus
answering RQ6, which emerged when working on Paper VI.

9.8 Paper VIII, Road condition imaging – case study
The final work described in this thesis involves a field evaluation of the
developed imaging road status system performance. The field evaluation should
give answers to the research questions if it is possible to develop a cost-effective
road condition system and if such a system provides previously unknown
information about the road surface. Especially the ability to detect road condition
differences in wheel tracks and between wheel tracks must be considered. The
evaluation will be based on measurements from the winter season 2013-2014. The
aim of this research field test is to find out how well these new techniques behave
in real-world conditions where there are harsh winter conditions, traffic induced
road conditions, shading and other light effects cause by the sun. The successful
results from the field tests answers RQ7; it is possible to develop a cost-effective
imaging road condition classification system.
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9.9 Author contribution
TABLE 13
AUTHOR CONTRIBUTION
Paper #

Main Author

Co-Authors

Contributions

I

Patrik Jonsson

-

The whole research was carried out by the
author

II

Patrik Jonsson

-

The data was collected by Combitech. The rest of
the research work was carried out by the author

III

Patrik Jonsson

Mats Riehm

The RWIS data was collected by Combitech. The
infrared image retrieval and infrared image
analysis was performed by Patrik Jonsson. The
sections using infrared thermometers was done
by co-author Mats Riehm

IV

Patrik Jonsson

-

Data was collected by Combitech. The research
and writing was carried out by the author

V

Patrik Jonsson

-

The whole research was carried out by the
author

VI

Patrik Jonsson

Johan Casselgren

Patrik Jonsson carried out the data collection,

Benny Thörnberg

analysis and the main research. The other
authors supported the writing and readability of
the paper

VII

Patrik Jonsson

Torgeir Vaa

The field installation was carried out by

Felix Dobslaw

Combitech and the Norwegian Public Roads

Benny Thörnberg

Administration.

The

research

work

and

development of the Bayesian Network was
carried out by Patrik Jonsson. Felix Doblaw was
helpful in the discussion on developing the
Bayesian Network. Support in writing the paper
and proofreading was done by all authors
VIII

Patrik Jonsson

Torgeir Vaa

The data analysis was a collaboration between

Jörgen Bogren

Patrik Jonsson and Torgeir Vaa. Jörgen Bogren

Benny Thörnberg

and

Benny

Thörnberg

proofreading the paper
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10 THESIS SUMMARY
10.1 Discussion
The thesis aims to find sensors and methods to gain a better understanding of
road surface conditions. Existing methods utilize pavement-mounted sensors and
single point road condition sensors. However, the goal of this research has been to
find a non-contact method of depicting a part of the road surface. Visual camera
technologies as well as IR cameras have been utilized in this research to find an
appropriate spectral region that makes it possible to determine road conditions.
Intelligent computer classifiers have been developed that are able to classify
individual pixels of a road image as dry, wet, icy, or snowy. Multi-classification
problems, when several models have classified different road conditions to the
same pixel at the same time, have been solved by introducing probability
reasoning utilizing Bayesian Networks for the differentiation of different road
conditions based on environmental parameters.
The research has involved theoretical studies, laboratory studies, and field tests.
This approach meant avoiding experiments that were already performed by other
researchers. The results and achievements available has thus been the basis for our
additional research. It was discovered that previous research papers, in the area of
surface status classification using NIR technology, was almost nonexistent.
However, useful research was carried out by Casselgren [58], and some of the
experiments performed by Casselgren were repeated here in a similar setup to
ensure that this research was on the right path. The first parts of this research was
carried out by me, and consequently I had no one with whom to discuss the details
of the experimental methods or results. The way of finding a suitable remote
sensing method involved a literature study of previous research. The findings in
previous research led us to use the 1-2 µm wavelength region, but it would have
been interesting to perform a spectral analysis of the whole infrared spectra,
between 1–12 µm, regarding the absorption of infrared light for water, ice, and
snow. There might be other regions than the 1-2 µm region that could be used for
road condition classification, even though it might be difficult to develop a costeffective system using these wavelength bands.
Here optical filters were used to mask out selected spectral regions. Optical
filters are a relatively cheap and it is an easy way of masking out a few wavelength
bands, but if more spectral regions or variable spectral regions are of interest an
adjustable filter should be used. Some examples of these adjustable filters are the
Fabry-Perot interferometer [59] and Acousto-Optical Tunable Filter (ATOF) [60].
Unfortunately the budget for this research did not allow for acquiring such tunable
filters, why a filter wheel was used instead. The filter wheel construction also had a
reasonable price to be used for developing a cost effective system.
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The light source used for NIR imaging has been of a standard halogen lamp
type. Most of the halogen lamps emit light in the infrared region that are of interest
here, but additional effort could have been made to examine an optimized light
source. It was later found that the halogen light power used for our spectral
regions was only about 60W of the total 500W halogen lamp input power. This
means that a lot of energy is wasted during image retrieval. An optimized light
source might give better classification results while at the same time decrease the
system power consumption. A low power consumption is required if the system
should be installed at locations where there is no grid power.
I find it necessary to further comment the results in Figure 43. This figure shows
correlation between road conditions detected by the NIR imaging system and
friction values collected using the ROAR friction meter. It was mentioned that the
ROAR system only measures a small portion of the road surface while the NIR
imaging system measures a whole area section. This will obviously cause the
correlation to be weak. It can furthermore be the case that using only one of the
detected road conditions at a time causes this weak correlation. Instead of such
univariate analysis, all of the road conditions, or maybe even the raw data from the
spectral images, should be used in a multivariate analysis for correlating NIR data
against the ROAR measurements. Such an approach together with only selecting
the part of the road that has been covered by the ROAR sensor might give useful
correlation information between friction measurements and NIR spectral data.
The most effective research was carried out halfway through this work when
prosperous contacts with researchers and other companies were established.
Cooperation and common efforts have clearly improved the progress and quality
of this research. My personal conviction is that cooperation with other researchers,
universities and companies makes it possible to achieve results faster and more
effectively than if the research is carried out by individual researchers.

10.2 Conclusions
The research has concluded that it should be possible to use pavement installed
active sensors in the future, even if de-icing solutions not containing salt are used,
which answered the first research question (RQ1). It was also found that it is
possible to obtain additional knowledge about the road surface using existing
RWIS data together with camera images operating in the visual spectra, which
answered the second research question (RQ2). Thermal imaging can be used as a
method to gain additional information about the road condition, and especially
changes in the road condition as thermal sensors monitor the skin temperature.
Furthermore, the research has shown that by utilizing specific regions of the NIR
spectra it is possible to classify individual regions of an image using advanced
computer models. The research results from using thermal imaging sensors and
the results from the spectrometer analysis answered the third (RQ3) and fourth
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(RQ4) research questions regarding the possibility of utilizing the infrared region
for road condition classification. By applying the results from the spectrometer
readings, a method for classifying road conditions using information from
different spectral regions was developed. The input data from spectral images was
used together with learning classifiers to develop models that could classify
individual pixels as different road conditions, which answered RQ5. As one
classifier for each road condition was developed, these classifiers were found to be
able to simultaneously classify a specific pixel to different road conditions. This
problem was defined as RQ6, which was answered by introducing Bayesian
Networks that use probabilities to select one of the classified road conditions.
Finally, Figure 45 shows a product resulting from the research. The presence of
this sensor on the market answers the last research question (RQ7), which was if it
is possible to develop a cost-effective road condition imaging sensor that can
determine road conditions and classify individual areas of the road surface. The
technology behind the sensor was used to apply for a European Union patent [7].
The developed method provides new information about the road condition as it
covers an area section with individual classification of each pixel of the area
depicted. There are NIR sensors on the market that can classify road conditions,
but these sensors are of a single pixel type and consequently unable to provide
information on differences in road conditions in and between wheel tracks. Thus,
the research presented here provides new knowledge about the road condition,
information that cannot be retrieved using the technology available today. The
overall research question (RQ) is answered by the research questions discussed
above, and the resulting NIR road condition camera shown in Figure 45 is also
evidence of the research question having received a positive answer.
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Figure 45

An image of the final NIR camera road condition sensor. This sensor is
developed based on the research results described in this paper.

10.3 Future research
The reason for the many sub-groupings of road conditions should be
investigated. Perhaps the sub-groups provide information about the moisture
content of the wet, icy, or snowy surface; this needs to be investigated.
As road condition classification depends on many factors, many of which is not
taken into account by the classifiers, the usage of probabilities by utilizing Bayesian
Networks should be investigated further. As an example, the Bayesian Network
should increase the probability for a dry and wet road during the summer months
and increase the probabilities for an icy and snowy road during the winter months.
Weather prognosis information with information about rain should also increase
the probability for wet surface conditions and so on.
One idea is for future research to extend the wavelength region for images
taken to be used for road condition classification. Images taken in the visual
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spectra could also be included in the evaluation to get a wide spectral range
coverage. But it is still the NIR region that seems most interesting for road
condition classification. Especially the wavelength region around 1900 nm would
be interesting to investigate further as water and ice has a strong absorption in this
region. Furthermore, there seems to be image sensors available in this wavelength
region at a reasonable cost for research purposes. It would also be very interesting
to have tunable filters, for example a Fabry-Perot interferometer [59] or an
Acousto-Optical Tunable Filter (ATOF) [60], for laboratory experiments.
Unfortunately these filters are very expensive, which is why special attention
needs to be paid to the financing of such equipment. A tunable filter would allow
investigating any specific region, which may lead to finding even better
wavelength regions to be used to detect ice and snow.
One drawback of the system described in this research is that several images
need to be taken with different filters placed in a rotating filter wheel. This image
retrieval process takes time, thus requiring the object being observed to be
stationary. Furthermore, the calculation of the road condition is also done by a
computer, which is not fast enough to be used for real-time calculations. If a realtime system is to be developed, the necessary images of different wavelength
regions need to be taken in parallel, which means that several image sensors and
corresponding filters need to be in operation at the same time. Furthermore, the
computer needs to be replaced by FPGA circuitry that has the classification
algorithms implemented in such a way that the classifications can be done within a
deterministic time, such as a few clock cycles.
Another idea is to utilize the technology as a scanning unit, where inline image
detectors are used. By using several units in parallel together with high
performance FPGA circuitry, it should be possible to find a system that is capable
of performing real-time classification of surface statuses. Such a scanning device
could be used on wind turbines to find ice build up on turbine blades or to find the
humidity content in boards and planks at wood industries. A scanning unit would
also be useful for mobile road status classification and could be installed on mobile
friction monitoring vehicles.
In my research, I have focused on detecting ice and classifying road conditions
using spectral analysis in the 1-2 µm region, but it would also be possible to detect
other surface statuses and other substances by looking at other wavelength
regions. The characteristic wavelength regions need to be defined for other surface
statuses, which may lead to that other infrared regions being more suitable.
The method developed here to detect ice using multispectral imaging has also
been applied to detect ice on wind turbine blades. An initial test of ice detection on
a part of a wind power blade showed results, as seen in Figure 46. It should be
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possible to develop this result further for automatic ice detection systems for wind
power mills and aircrafts.
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The top image shows a piece of a wind turbine blade. This blade was covered
with parts of water, ice, and snow on a cloudy winter day, with temperatures
at -3° Celsius. The bottom image shows the same blade with regions colored
according to classification results from a multispectral imaging and
classification process.

The low price of high quality and megapixel visual cameras makes it possible to
perform analysis of the structure of the surface. In this research some tests of
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graininess analysis using cameras operating in the visual wavelength region was
done with successful results, as described in [17]. By using many mega pixel
cameras and perhaps also stereo cameras, information about the structure of the
road surface could be obtained. Such information combined with multispectral
NIR classification results would provide additional value to the measurements.
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