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Abstract
This thesis presents a technology and method for classifying and
characterizing different road conditions such as dry asphalt and asphalt
covered with water, ice and snow. The method uses light sources of different
wavelengths to illuminate the road surface and a detector to measure the
reflected light from the road surfaces. Dependent on how the surface have
absorbed, scattered and polarized the light it is shown that it is possible to
classify different road conditions. However, knowing what substrate that is
on the asphalt is not enough to make good road grip estimations. Hence, by
applying a radiative transfer model and estimate parameters such as the
porosity, roughness and depth of the substrate it is possible to get more
information that could improve a road grip estimate. Such investigations
were carried out both in a laboratory environment and on actual roads.
The technology here presented shows potential for classifying and
characterizing different road conditions. Statistics shows that many traffic
accidents with fatal outcome can be related to slippery road conditions. The
most hazardous road conditions are the ones that are hard for the driver to
detect and that appear suddenly on the road. If information of such slippery
road conditions could be measured, it would benefit all road users. Such
information could be incorporated in vehicles to inform the driver and as
information to safety applications such as the electronic stability program
(ESP), anti-lock brake system (ABS) or the traction control system (TCS).
The information could also benefit road maintenance to let them know where
and when, for example, they need to sand. Another benefit could be that
drivers could plan their routes depending on the prevailing road conditions,
avoiding roads with slippery road conditions.
iii

Since there are a number of prototypes and ideas how to estimate the road
grip, it is important that different methods are evaluated and tested in the
same way. Hence, this thesis includes test methods and metrics to verify the
various systems and investigate the weaknesses and strengths of the
technologies. This is also carried out for the technology presented in this
thesis.
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Part I
Summary
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1 Introduction
With the Swedish governments goal of zero tolerance for accidents that prove
fatal [1], a system for the recognition of icy and frosty road condition
becomes more important. Statistics from accidents show that slippery road
conditions often are the cause of accidents [2]. Incorporating a system that
estimates the friction in front of the vehicle could decrease these accidents.
This information could be presented locally as information for both the driver
and for systems in the vehicle that are incorporated to help the driver.
Examples of such systems are the electronic stability program (ESP), antilock brake system (ABS) or the traction control system (TCS). The idea is
that the system should classify the road condition before the vehicle passes
the surface and send the friction information to the system. As an example
the TCS could get the information that it is a slippery road condition ahead
and reduce the power to the wheel before it loses traction. Alternatively, the
information could be used in a global system sending the information to other
drivers or to a server were the information could be presented on a map.
Road maintenance crews could then use this information.
A sensor that recognizes the road condition ahead of the car, as a preview
sensor, needs to work fast and accurately. This can be accomplished by using
light as a measuring method, which results in a non-contact sensor with a fast
response time. It has been shown in literature that infrared spectroscopy can
be used to measure thin films of water [3], ice and snow on the asphalt.
References [4-6] show that in the near infrared wavelength spectrum water,
ice and snow have spectra that are distinguishable. Combined with the fact
that the four road conditions also have different physical form there exists
general properties that can be used in a preview sensor. There are already

3

4

several prototypes for classification of road conditions using different
techniques. All those techniques are based on changes in the reflected light
when the conditions alter. One sensor uses a TV-camera system combined
with image processing [7]. The method is tested for dry and wet asphalt
where the fact that the water polarizes the light is utilized. Another technique
where the ratio of incoming and reflected light (albedo) is measured with two
pyrometers makes it possible to classify altering road conditions, this is due
to modulation of the ratio for changing road conditions [8]. This technique
needs additional illumination during night time to work properly which
makes it a more complicated method. A third, and the technique that is
investigated in this thesis, is based on laser diodes of two wavelengths and a
photo detector [9].

These two wavelengths are chosen because the

differences in absorption between water, ice and snow are specifically large
in those spectral bands and that cheap off-the-shelf laser diodes are available
of these two frequencies. Except these techniques polarized light can be used
to determine the thickness of water/ice films on a diffuse surface [10], this is
not yet tested for road condition classification.
Ice and Snow can have large differences in friction value depending on the
roughness, depth and porosity of the surfaces. Non-contact sensors only
classify the road conditions, this classification is then translated into a
averaged tabulated friction value for that specific road condition causing
large errors in the road friction estimation. Remote sensing to measure soil
surface reflectance has been used frequently and at many locations across
relatively large areas. It has been a subject for research in several years [11].
By observing spectral variations at all possible illumination and sensor view
angles of a particular target, water content and surface roughness of the soil
can be deduced by readily convert bi-directional soil spectral reflectance
models to such measurements [12-14]. By implementing this spectral
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reflectance model on road condition measurements to characterize the
roughness, porosity and depth of the different road conditions it could
enhance the road friction estimation.
The objective of this thesis is to investigate and clarify physical properties
that make it possible to classify different road conditions using near infrared
light. The three main properties that affect how a surface will reflect light is
absorption, reflection and refraction as well as single and multiple scattering
aspects. The absorption affects reflection, refraction and scattering. Hence,
we start in Section 2 to discuss the absorption coefficient and the wavelength
dependence of that parameter and thereafter discuss reflection, refraction and
polarization. Next, in Section 3 the radiative transfer theory is derived and
the directional spectral reflectance model stated. Section 4 describes the test
set-ups for both laboratory and vehicle measurements. In Section 5 the
classification algorithms are stated and discussed and finally the results are
presented in Section 6. The summary of the thesis is concluded with a
discussion of possible future work in Section 7.
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2 Optical properties
In illuminating a slab of a material with light the appearance of the slab will
depend on the physical properties of that slab, i.e. how it scatters light. The
physical properties that mainly influence the scattering is the electric
permittivity (߳), the magnetic permeability (μ) and the density (ȡ) variations
throughout the material. In this investigation no magnetic materials have
been investigated, hence the magnetic permeability μ=1. Another property is
how the material is illuminated, what kind of illumination source
(polarization, wavelength, etc.) and at what angles the illumination is carried
out. In the following subsections, the optical properties that affect the
scattered light will be discussed in more detail.

2.1 Dispersion and absorption in an optical medium
When light travels through a vacuum, as for an example as a plane wave, the
propagation and attenuation of such a wave can be described by:





భ

ܷ ൌ ି ݁ܣమఈ௭ ݁ ିఉ௭ ǡ





ሺʹǤͳሻ

where U is the complex amplitude of the wave, A is the original envelope and
z is the direction in which the wave is propagating. The Į is the intensity
absorption coefficient describing the attenuation and ȕ is the rate of change of
the phase. These two parameters are given by the electric susceptibility
߯ ൌ ߯ ᇱ  ݅߯ԢԢ as:





ଵ

ߚ െ ݅ ߙ ൌ ݇ ඥͳ  ߯ ᇱ  ݅߯ԢԢǡ
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where ݇ is the wavenumber in free space. In this investigation the focus is
on intensity measures which is proportional to the complex amplitudeȁܷȁଶ .
The attenuation of the intensity is then given by:
ܫሺݖሻ ൌ ܫ ݁ ିఈ௭ 





ሺʹǤ͵ሻ

where z is the propagating distance in the medium and I0 is the intensity at
z=0. Eq. (2.3) is known as the Beer-Lamberts law. Often the absorption is
referred to as the imaginary part of the complex refractive index ñ, which is
related to electric permittivity and the susceptibility, as:



߳ ൌ ߳ ߳ ൌ ߳ ሺͳ  ߯ሻǡ



ሺʹǤͶሻ



݊ ൌ ξ߳ ൌ ඥͳ  ߯ ᇱ  ݅߯ԢԢǤ



ሺʹǤͷሻ

The real part n of ñ is related to the phase velocity of the wave in a medium
as:
ܿ ൌ ܿ Ȁ݊Ǥ 





ሺʹǤሻ

with c0 as the speed of light in vacuum. Notable is that in Eqs. (2.1-2.6)
dispersion has been neglected, i.e. there is no accounting for the wavelength
dependence of the absorption coefficient.
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Figure 2.1. The absorption coefficient of water and ice [5].

In Figure 2.1 the absorption coefficient for water and ice is shown [5]. The
absorption spectra shows that different wavelengths have different strength of
absorption, notable is the 100-fold disparity between ice and water at a
wavelength of 1.95 μm. This physical phenomenon is caused by resonance
frequencies on an atomic level.
When a material is illuminated by electromagnetic waves the atoms can react
in two ways depending on the energy of the incoming photon. Generally the
atom will scatter the light redirecting it without otherwise altering it. This
non-resonant scattering occurs when the incoming radiant energy is far away
from the resonance frequencies of the atom. When an atom in the lowest state
interacts with a photon whose energy is too small to cause a transition to a
higher excited state, the electromagnetic field drives the electronic cloud of
the atom into oscillation without any transition.
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Figure 2.2. The mechanical representation of an oscillator in an isotropic material where
the negatively charged shell is fastened to a stationary positive nucleus by identical
springs.

The vibration of the electron cloud is the same as the frequency of the
incident light. Once the electron cloud starts to vibrate with respect to the
positive nucleus, the system constitutes an oscillating dipole and will
immediately begin to radiate at the same frequency. The scattered light will
consist of a photon with the same energy as the incident photon but possibly
redirected in another direction.
The other way is if the photon’s energy matches that of one of the excited
states of the atom. The atom will then absorb the light and make a quantum
jump to that higher energy level. In solids and liquids, which are used in this
investigation, the atomic landscape is dense. For such an atomic landscape, it
is likely that the excitation energy will rapidly be transferred, via collision, to
random atomic motion, thermal energy, before a photon can be emitted. This
process is referred to as dissipative absorption. For a dense material the
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interaction will be stronger the closer the frequency of the incident light is to
an atomic resonance. This results in more energy absorption. It is this
mechanism that creates much of the visual appearance of matter and it is the
mechanism that makes it possible to characterize different materials using the
absorbing spectra. These mechanisms also state that the absorption
coefficient is dependent on frequencies (wavelengths) which with another
word is called dispersion.
It is often sufficient to describe light mater interaction using a simple classic
microscopic theory. This theory due to H.A. Lorentz [15] leads to a complex
susceptibility and provides an underlying rationale for the presence of
frequency dependent absorption and dispersion in an optical medium. In a
dielectric medium with a collection of resonant atoms, the dynamic relation
between the polarization density P(t) and the electric field E(t) can be
described by the linear second ordinary differential equation of the form:
ௗమ 
ௗ௧ మ

ߪ

ௗ
ௗ௧

 ߱ଶ ܲ ൌ ߱ଶ ߳ ߯ ܧ

(2.7)

where ߪǡ ߱ଶ and ߯ are constants and ߳ is the electric permittivity.
An equation of this form emerges when the motion of the bound charge
associated with a resonant atom is modeled phenomenologically as a classic
harmonic oscillator, in which the displacement of the charge x(t) and the
applied force are related by:
ௗమ ௫
ௗ௧ మ

ߪ

ௗ௫
ௗ௧

 ߱ଶ  ݔൌ

ி


(2.8)
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where m is the mass of the bound charge, ߱ ൌ ඥߢȀ݉ is its resonance
angular frequency, ț is the elastic constant of the restoring force and ı is the
damping coefficient.
nQ
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n Fn 

n
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Q

Figure 2.3 Refractive index n(Ȟ) and absorption coefficient Į(Ȟ)of a dielectric medium of
refractive index n0 containing a dilute concentration of atoms of resonance frequency Ȟ0.

Substituting E(t)= RE{E0 exp(iȦt)} and P(t)=RE{P0 exp(iȦt)} into Eq.(2.7)
gives:
ሺെ߱ଶ  ݅ߪ߱  ߱ଶ ሻܲ ൌ ߱ଶ ߳ ߯  ܧǤ

ሺʹǤͻሻ

Relating the Eq. (2.9) to the relationܲ ൌ ߳ ߯ሺȞሻ ܧand substituting ߱ ൌ ʹߨߥ,
we can write the frequency-dependent susceptibility as:

߯ሺߥሻ ൌ ߯

ఔబమ
మ
మ
ఔబ ିఔ ାఔ௱ఔ

ǡ



where ߥ ൌ ߱ Ȁʹߨ is the resonance frequency and ȟߥ ൌ ߪȀʹߨ and

ሺʹǤͳͲሻ
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ሺʹǤͳͳሻ

where e is the electronic charge and N is the number of atoms per unit
volume of the medium. Often the behavior of ߯ሺߥሻ is of particular intrest in
the vicinity of the resonance frequency. In this region, we may use the
approximation ሺȞଶ െ Ȟଶ ሻ ൎ ʹߥ ሺȞ െ Ȟሻ in the real part of the denominator of
Eq. (2.10) and replace ߥ with ߥ0 in the imaginary part thereof obtaining for
the imaginary and real part of ߯ሺߥ̱ߥ ሻǣ
ఔబ ௱ఔ

߯ ᇱᇱ ሺߥሻ ൎ െ߯
߯Ԣሺߥሻ ൎ ʹ

ଵ

ఔିఔబ
௱ఔ

ǡ 

ሺʹǤͳʹሻ



ሺʹǤͳ͵ሻ

೩ഌ మ
ሺఔబ ିఔሻమ ାቀ ቁ 
మ

ସ

߯ԢԢሺߥሻǡ 

which can be related to the absorption coefficient and the refractive index as:
ଶగఔ

ߙሺߥሻ ൎ െሺ

బ

݊ሺߥሻ ൎ ݊ 

ܿ ሻ߯ԢԢሺߥሻ

ఞᇱሺఔሻ
ଶబ







ሺʹǤͳͶሻ



ሺʹǤͳͷሻ

for resonant atoms embedded in a non-dispersive host media of refractive
index n0. The absorption coefficient and the refractive index is plotted against
frequency in Figure 2.3. Notable is that when Ȟ is much less than the
resonance frequency Ȟ0 only the real part of the refractive index ñ affect the
propagating wave and in the case when Ȟ is much larger than Ȟ0 the refractive
index will go to n0. In a medium with multiple resonances (i=1, 2, 3, …) the
susceptibility is approximately given by a sum of terms for the frequencies
far away from the resonances frequencies. Using the relation between the
refractive index and the real susceptibility (n2=1+Ȥ) the dependence of n on
frequency and wavelength can be written as:
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ǡ
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known as the Sellmeier equation [16].

2.2 Reflection of a surface
When a smooth surface is illuminated by a plane wave of light the atoms are
stimulated across the interface. These radiate and reradiate almost
continuously a stream of photons, thereby giving rise to both a reflected and a
transmitted wave. Because the wavelength is so much greater than the
separation between the atoms, the wavelengths emitted advance together and
add constructively in two directions. The result is two well defined waves,
one reflected and one transmitted. The existence of these two waves can be
demonstrated from the boundary condition at a surface of discontinuity [17].
For a smooth surface the waves are bound to act after the laws of reflection
and refraction and the amplitudes follows the Fresnel formulas. From the two
laws it follows that the angles and amplitudes of the reflected and the
refracted waves are dependent of the angle and polarization of the incident
wave, as well as the refraction index of the two mediums.
From a more mathematical point of view a plane wave propagating in the
direction specified by the unit vector s(i) is completely determined when the
time behavior at one particular point in space is known. If F (t) represents the
time behavior at one point, the time behavior at another point whose position
vector relative the first point is r is given by:







 §¨ t 
©

(r  s) ·
¸ Ǥ
c ¹



ሺʹǤͳሻ
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At the boundary between two homogenous materials of different optical
properties, the time variation of the second field will be the same as that of
the incident primary field. If s(r) and s(t) are unit vectors in the direction of
propagation for the reflected and transmitted waves at a point r on the
boundary plane z=0 we can write the arguments of the three waves as:





t

(r  s ( i ) )
c1

t

(r  s ( r ) )
c1

t

(r  s (t ) )
ǡ
c2



ሺʹǤͳͺሻ

Figure 2.4. Refraction and reflection of a plane wave. Plane of incidence.

where c1 and c2 being the velocities of propagation in the two materials. This
implies that the phase of the waves should be equal at the boundary, which is
known as phase matching. More explicitly with r { x, y, 0:





s x(i )
c1

s x( r )
c1

s x(t )
,
c2

s (yi )

s (yr )

s (yt )

c1

c1

c2

.



ሺʹǤͳͻሻ
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The plane specified by s(i) and the normal to the boundary is called the plane
of incidence. Eq. (2.19) shows that both s(r) and s(t) lie in this plane. Taking
the plane of incidence as the x, z-plane and denoting the angles which s(i), s(r)
and s(t) make with Oz by Ti, Tr and Tt, respectively we get (se Figure 2.4):





s x(i )
s x( r )
s x(t )

sin și , s (yr )
sin ș r , s (yr )
sin șt , s (yr )

0, s z(i )
0, s z( r )
0, s z(t )

cos și , ½
°
cos ș r ,¾ 
cos șt . °¿



ሺʹǤʹͲሻ

The first set in Eq. (2.19) gives, on substituting from Eq. (2.20) and just
match the phases with each other:





sin și
c1

sin ș r
c1

sin șt
c2

Ǥ 



ሺʹǤʹͳሻ





ሺʹǤʹʹሻ

Using Eq. 2.6 we retrieve:





sin și
sin șt

c1
c2

n2
.
n1

The relation sinTi/sinTt=n2/n1, together with the statement that the refracted
wave normal s(t) in the plane of incidence constitute the law of refraction or
Snell’s law. When the reflected wave is reflected back in the same medium as
the incident wave see Eq. (2.19) the refractive indexes become equal, n1=n2.
Since s(r) is in the plane of incidence the law of refraction becomes the law of
reflection.
So far, we have not considered the amplitudes of the reflected and
transmitted waves. Consider two homogeneous and isotropic materials both
of zero conductivity, hence perfectly transparent. Their magnetic
permeabilities are therefore almost unity and accordingly we take P1=P2=1.
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Further we set A to be the complex amplitude of the electric vector of the
incident field with its phase equal to a constant part and variable part. Each
vector can now be resolved in parallel components, denoted by subscript ||,
and perpendicular components, with subscript A, to the plane of incidence.
See Figure 2.4 for positive directions.
The boundary conditions n12u( E(2) – E(1) ) = 0 and n12u( H(2) – H(1) ) = 4 S Ƶ/c
states that across the boundary the tangential components of E and H should
be continuous [17]. Hence, across the boundaries, we must have:





E x(i )  E ( rx) E x(t ) , E y(i )  E ( ry) E y(t ) , ½°
¾
H x(i )  H ( rx) H x( t ) , H y( i )  H ( ry) H y(t ) .°¿



ሺʹǤʹ͵ሻ

By using Eq. (2.23) in combination with the fact that each vector can be
resolved in parallel and perpendicular components and the fact that cosTr =
cos (S-Ti) = -cosTi, the four relations:





cos și ( A||  R|| ) cos șt T|| , ½
°
AA  RA TA ,
°
¾
n1 cos și ( AA  RA ) n2 cos șt TA ,°
°¿
n1 ( A||  R|| ) n2T||.



ሺʹǤʹͶሻ

are obtained. By solving the Eqs. (2.24) for the transmitted and reflected
wave we get the so called Fresnel formulae as:
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T||





TA
R||
RA

2n1 cos și
n2 cos și  n1 cos șt
2n1 cos și
n2 cos și  n1 cos șt
n2 cos și  n1 cos șt
n2 cos și  n1 cos șt
n2 cos și  n1 cos șt
n2 cos și  n1 cos șt

½
A|| , °
°
AA , °
°
¾
A|| , °
°
°
AA .°
¿



ሺʹǤʹͷሻ

These formulas show that the reflected and transmitted light is dependent on
the angle of incidence and refraction of the light and the refraction indexes
for the material. Note that no restrictions have been put on any of the
variables in Eq. (2.25) to be real. The condition that these formulae apply is
on a plane wave incident on a plane boundary between two homogenous
isotropic materials. In the case of this research, the light is incident from air
on the asphalt or on the water/ice/snow. The Fresnel formulae don’t
correspond to the real situation except for water and clear ice, but serve
merely as a rule of thumb. The more realistic and complicated situation
indicated by Figure 2.7 of surface and volume scattering is outlined in the
next subsection.
Eq. (2.25) shows that unpolarized light can be polarized through reflection. In
the last part of this subsection, we shift focus from the complex amplitudes to
the intensity, as this is the parameter we are able to measure. Traditionally
polarization is divided into two orthogonal components the parallel (|| or P)
and the perpendicular (A or S) directions to the plane of incidence.
For a change in polarization should occur at refraction, the refraction needs to
take place between an isotopic and an anisotropic medium (a crystals). The
key principle that governs the refraction of waves for this configuration is
that the wavefronts of the incident and refractive waves must be matched at
the boundary. Because the anisotropic medium supports two modes with
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distinct phase velocities an incident wave gives rise to two refractive waves
with different directions and different polarizations. The effect is known as
double refraction. An example is water and ice that are the same molecules
but when the ice freezes it gets a crystal like structure which leads to different
changes in the polarizations of the reflected light. The reflected light could
also change in polarization due to multiple scattering within the material.
This happens when the incident light gets scattered several times in the
material. An example of such a material is snow that depolarizes the
illumination totally.
From a more theoretical point of view, the Fresnel equations (see Eq. 2.25)
can be applied, at a surface, for the polarized case. In this case, we investigate
the intensity as this is the property we are measuring. To examine how the
energy of the incident field is divided between the two secondary fields we
start with the light intensity that is given by (assuming P=1):





I

S

~
S

c0
İE2
4ʌ

cn 2
E Ǥ
4ʌ



ሺʹǤʹሻ

where c is the speed of light, H is the dielectric constant and E is the incident
electrical field. Therefore, the amount of energy in the primary wave that is
incident on a unit area of the boundary per second can be written as:





J (i )

S (i ) cos și

cn1 2
A cos și ǡ
4ʌ



ሺʹǤʹሻ

where n1 is the refractive index of the matter from which the wave is incident
and A is the complex amplitude of the wave. The energies of the reflected and
transmitted wave leaving a unit area of the boundary per second can be given
by a similar expression:
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J (r )

S ( r ) cos ș r

J (t )

S ( t ) cos șt

cn1 2
½
R cos ș r ,°
4ʌ
¾
cn2 2
T cos șt . °
4ʌ
¿



ሺʹǤʹͺሻ

where R is the complex amplitude of the reflected wave, T is the complex
amplitude of the transmitted wave and n2 is the refractive index of the second
medium. From these expressions the ratios:





R

J (r )
J (i )

R
A

2
2

 T

J (t )
J (i )

n2 cos ș t T

2

n1 cos ș i A

2

ǡ

ሺʹǤʹͻሻ

can be calculated that are called the reflectivity and the transmissivity,
respectively. It can be verified, in agreement with the law of conservation of
energy, that:







R  T 1.  



ሺʹǤ͵Ͳሻ

In an absorbing material R+T<1 and all light will not be reflected or
transmissed. Some will be converted to heat in the material. The reflectivity
and transmissivity depend on the polarization of the incident wave. They may
be expressed in terms of the reflectivity and transmissivity associated with
polarizations in the parallel and perpendicular directions, respectively. Let Ȗi
be the angle that the E vector of the incident wave makes with the plane of
incidence. Then:


Let:



A||

A cos J i ,

AA

A sin J i . 



ሺʹǤ͵ͳሻ

21



J ||(i )



J A(i )

2
cn1
A|| cos și
4ʌ
cn1
2
AA cos și
4ʌ

½
J (i ) cos 2 J i , °
¾
J (i ) sin 2 J i ,°
¿
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and



J ||( r )
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2
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4ʌ
¾
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2
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4ʌ
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Then:

R
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J ||( r )  J A( r )
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J

(i )
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cos 2 J i 
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R || cos 2 Įi  R A sin 2 J i , 

ሺʹǤ͵Ͷሻ

where:

R ||




RA

J ||( r )

R||

J ||( i )

A||

J A( r )
J A( i )

RA
AA

2
2
2
2

½
tan 2 (și  șt ) °
,
tan 2 (și  șt ) °°
¾
sin 2 (și  șt ) °
.°
sin 2 (și  șt ) °
¿



ሺʹǤ͵ͷሻ

The angle Tt is the angle of transmission and is given by Snell’s law in Eq.
(2.22).
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Figure 2.5. Reflection coefficient based on inclination angle for perpendicular and
parallel polarized light for water and ice for the wavelength 1300 nm and the refractive
indexes ñice=1.296+i*1.24*10-5 and ñwater=1.321+i*1.117*10-5.

The result R|| and RA calculated in Eq. (2.35) is plotted for the inclination
angle 0Û-90Û in Figure 2.5 for ice and snow respectively for the wavelength
1300

nm

and

the

refractive

indices

ñice=1.296+i*1.24*10-5

and

ñwater=1.321+i*1.117*10-5. This plot shows that if a surface covered with
water or ice is illuminated with linearly polarized light (P or S-polarized)
only and you want to measure the backscattered light. The polarization of the
illumination should be perpendicular (P) polarized and the inclination angle
should be around 50Û. Hence, for that polarization all of the light will be
transmitted into the medium making the probability of getting as much light
as possibly in the backscattered angle as high as possibly. This angle where
all of the P-polarized light will enter the medium is called the Brewster angle.
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The difference between measuring with unpolarized light compared with
polarized is that in the unpolarized case the intensities measured is both R||
and RA from Eq. (2.35). However, in the polarized case only one of the
components is measured at the time. This effect is utilized in Paper B as a
means to distinguish a thin layer of ice from water.

2.3 Diffuse and specular reflection and volume
scattering

Figure 2.6. Diffuse and specular reflection of the rough surface of asphalt and the asphalt
covered with water.

The laws and formulae that have been derived in the previous subsections are
all applicable for a perfectly smooth surface, in reality there are no perfectly
smooth surfaces. Nevertheless, the calculations above can be applied to nonsmooth surfaces as well to get an idea of the physics behind the scattering of
light. There are two extremes of reflections; specular and diffuse. The
reflection described in the previous section with the perfectly smooth surface
is called specular reflection. The other extreme is diffuse reflection, which is
when a ray of light is split up and redirected in all directions because of the
roughness of the surface. For both these reflections the polarization will be
almost sustained. To get a change in polarization the light needs to penetrate
the material and experience volume scattering, this will be explained later in
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this chapter. As Figure 2.6 illustrates, most surfaces are a combination of the
two extremes. The different reflections can be used for classification of a
surface as in this case a road condition. Asphalt have a rough surface and
reflect the light diffusely, but when it rains the rough surface gets filled with
water as in Figure 2.6 b) and the reflection changes from a diffuse to a more
specular reflection, this also applies to ice. Snow on the other hand is also
water, but in a different phase and thus has other reflection characteristics.
This is because the snow consists of many small snowflakes that by so called
multiple or volume scattering makes the light reflect in all directions.
Because of its rough microstructure snow is also distinguished by not being
opaque as both water and ice, especially for wavelengths over 1450 nm.

Figure 2.7. The physical model of light incident on asphalt covered with a medium.

The specular and diffuse reflections are two examples of surface scattering.
As shown in Figure 2.7 some of the light will penetrate into the material and
travel through it. Depending on the material composition, the light will more
or less interact with the material. If the material is a dielectric containing a
dense random set of tiny dielectric inhomogeneities, as every material in this
case does, the light entering the material will if the particle density is
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sufficiently high, be scattered in all directions within the material due to
multiple scattering. This will make incident rays of light travel along paths of
different lengths before exiting the material. At each scattering location, there
is generally also a finite probability of absorption, where the energy is
transformed to heat. Because of the random redirections of each light ray
within the object, the multiple scattering will also depolarize the illumination.
In the present study, water and clear ice are examples of a smooth surface
exhibiting specular reflection. A rough icy surface is an example of a diffuse
surface provided its roughness is larger than the wavelength of the light used
(typically 2 μm). Snow and asphalt are also examples of volume scatterers.
Pollutions, cracks and voids within the different phases of water will also
result in volume scattering. Volume scattering is hence expected to be the
dominant mechanism for the situation described in this thesis.
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3 Light scattering model
The optical properties in Section 2 describe the reflectance of a smooth
homogeneous slab of material. To describe an isotropic and irregular surface
as asphalt consisting of large irregular particles, we need to first understand
how the light propagates through the material and what other properties
affect the reflections. Secondly, this model needs to be adjusted so that
important properties can be estimated from such a model in combination with
actual measurements. In this section the radiative transfer theory is described
which is the base for the directional spectral reflectance model used for
parameter estimations in Papers C and D.

3.1 Radiative transfer theory
Illuminating the surface of a material will attenuate and redirect the incident
radiation by absorption, emission and scattering. The aim of this section is to
derive the basic equations describing this radiative transfer. Because of high
frequency of time-harmonic oscillations, optical instrumentations cannot
measure the electric and magnetic fields associated with the incident and
scattered waves. Therefore, the analysis of a radiated wave requires us to
consider the radiant energy (dE) in a specified frequency interval (Ȟ, Ȟ+dȞ)
that is impinging on a certain area element (da) with a specified angle (dș)
over a certain time (dt). This energy is expressed in terms of the intensity by:
ܧఔ ൌ ܫఔ ܿݐ݀ߠ݀ܽ݀ߥ݀ߴ ݏǡ

(3.1)

where ࢡ is the angle which the direction considered makes with the outward
normal to da. In both astrophysical and road condition classification contexts
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stratified parallel planes in which the physical properties are invariant over
the plane are of great interest. Hence, we can write:
ܫఔ ൌ ܫఔ ሺݖǡ ߴǡ ߮Ǣ ݐሻǡ

(3.2)

where z denotes the height measured normal to the plane of stratification and
the ࢡ and ĳ are the polar and azimuth angles, respectively.
z
Θ

Figure 3.1. The positive direction of the z-axis and the Ĭ angle.

As Eq. (3.1) gives the energy in a specific direction for a certain frequency
interval, the net flow in all directions are given by:





గ

ଶగ

ߨܨఔ ൌ   ܫఔ ሺߴǡ ߮ሻ ߮݀ߴ݀ߴ ݏܿ ߴ ݊݅ݏǤ

ሺ3.͵ሻ

As FȞ has been defined, it depends on the direction of the outward normal to
the elementary surface across which the flow of radiant energy has been
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considered. However, this dependence of the flux on the direction is simple
and is of the nature of a vector. A pencil of radiation propagating through a
medium will be attenuated by the interaction with the matter. Therefore, the
intensity IȞ will become IȞ+dIȞ after traversing the depth ds in the direction of
its propagation, where dIȞ can be written as:





݀ܫఔ ൌ െߢఔ ߩܫఔ ݀ݏǤ





ሺ3.Ͷሻ

The țȞ defines the mass absorption of the matter including both scattering and
absorption for the radiation of frequency Ȟ and ȡ is the density of the
material. The țȞ and ȡ together are proportional to ߙ in Section 2.1. The
energy lost from a pencil of light traversing through a medium can both be
scattered and absorbed, but some of the lost energy may reappear as scattered
light in a different direction.

Hence, we will distinguish between true

absorption and scattering, where truly absorbed light represents a
transformation of radiation into other forms of energy or as radiation of other
frequencies. By introducing a phase function p(cosĬ) the angular distribution
of the scattered radiation can be formulated quantitatively, such that:





ߢఔ ሺܿ߆ ݏሻ

ௗఏᇲ
ସగ

݀݉݀ߥ݀ߠǡ



ሺ3.ͷሻ

gives the rate at which energy is being scattered into an element of the solid
angle dș´ and in a direction inclined at an angle Ĭ to the direction of
incidence (see Figure 3.1) of a pencil of radiation on an element of mass dm.
Reformulating Eq. (3.5) the rate of lost energy from an incident pencil of
light due to scattering is:





ߢఔ ܫఔ ݀݉݀ߥ݀ߠ  ሺܿ߆ ݏሻ

ௗఏᇲ
ସగ

Ǥ



ሺ3.ሻ
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If the normalized phase function is unity:





 ሺܿ߆ ݏሻ

ௗఏᇲ
ସగ

ൌ ͳǡ





ሺ3.ሻ

the scattering is conservative and if Pሺ  ȣሻis constant the scattering is
isotropic. In general it can be assumed that the phase function can be
expended as a series of Legendre polynomials of the form:



ሺܿ߆ ݏሻ ൌ σஶ
ୀଵ ߸ ܲ ሺܿ߆ ݏሻǡ





ሺ3.ͺሻ

where the ߸ l‘s are constants. In practice, the series on the right-hand side is a
terminating one with only a finite number of terms.
For the general case, there are both scattering and true absorption. Therefore,
the total loss of energy must be less than Eq. (3.6) and accordingly:





 ሺܿ߆ ݏሻ

ௗఏᇲ
ସగ

ൌ ߸  ͳǤ



ሺ3.ͻሻ

By defining ߸ 0 in this way it represents the fraction of light lost from a
pencil of light due to scattering , while (1- ߸ 0) represents the remaining
fraction which has been transformed into other forms of energy or radiation
of other wavelengths.
The emission energy rate scattered into the pencil of radiation in the direction
considered (ࢡ´,ĳ´) from the incident angle (ࢡ,ĳ) can be described by:

݆ఔ ሺߴǡ ߮ሻ ൌ ߢఔ

ଵ గ ଶగ
  ሺߴǡ ߮ǡ ߴԢǡ ߮Ԣሻܫఔ ሺߴԢǡ ߮Ԣሻ ߴ ݊݅ݏԢ ݀ߴ ᇱ ݀߮ԢǤ
ସగ  

ሺ3.ͳͲሻ
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where p(ࢡ, ĳ, ࢡ´, ĳ´) denotes the phase function for the angle between the
directions specified. In the radiative transfer theory, the emission (jȞ) and the
mass absorption (țȞ) coefficient plays an important role. The ratio of the two
parameters is called the source function:





Աఔ ൌ

ഌ
ഌ

Ǥ 





ሺ3.ͳͳሻ

By combining Eqs. (3.10) and (3.11) the source function becomes:

Աఔ ሺߴǡ ߮ሻ ൌ

ଵ గ ଶగ
  ሺߴǡ ߮ǡ ߴԢǡ ߮Ԣሻܫఔ ሺߴԢǡ ߮Ԣሻ ߴ ݊݅ݏԢ ݀ߴ ᇱ ݀߮ ᇱ Ǥ
ସగ  

ሺ3.ͳʹሻ

From the definition of intensity, it is now possible to derive the equation of
radiative transfer, characterized by the mass absorption and the emission.
Hence, consider a small cylindrical element (see Figure 3.1) with height ds
and a cross section da in the medium. The difference in radiant energy
between the two cylinder ends is then given by:



ௗூߥ



ௗ௦

݀ݐ݀ߠ݀ܽ݀ߥ݀ݏǡ





ሺ3.ͳ͵ሻ

for the frequency interval (Ȟ,Ȟ+dȞ) during the time dt crossing the two faces
normally. The amount of absorbed radiation is:





ߢఔ ߩ݀ ݏൈ ܫఔ ݀ߥ݀ܽ݀ߠ݀ݐǡ

ሺ3.ͳͶሻ

while the amount emitted is:





݆ఔ ߩ݀ܽ݀ݐ݀ߠ݀ߥ݀ݏǤ





ሺ3.ͳͷሻ

Summing up the gains and losses in the pencil of radiation during its
propagation through the cylindrical element (Eqs. (3.13-3.15)), one obtains:
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ௗூഘ
ௗ௦

ൌ െߢఠ ߩܫఠ  ݆ఠ ߩǤ 



ሺ3.ͳሻ

In terms of the source function Աɋ it is possible to rewrite Eq. (3.16) in the
form:





െ

ௗூഌ
ഌ ఘௗ௦

ൌ ܫఔ െ Աఔ Ǥ





ሺ3.ͳሻ

This is the equation of transfer [18].
For plane parallel problems the equation can be written as:





ߦ

ௗூഌ ሺఛǡకǡఝሻ
ௗఛ

ൌ ܫఔ ሺ߬ǡ ߦǡ ߮ሻ െ Աఔ ሺ߬ǡ ߦǡ ߮ሻǡ

ሺ3.ͳͺሻ

where ȟ=cos ࢡ and Ĳ is the normal optical thickness defined as:





ஶ

߬ ൌ ௭ ߢߩ ݀ݖǡ





ሺ3.ͳͻሻ

where z is the distance normal to the plane of stratification ( see Figure 3.1).
Of course the optical thickness is dependent on the frequency but in the
following discussion the suffix Ȟ is suppressed. No ambiguity is likely to
arise of this. Focusing on diffuse reflection and transmission, a general
remark is how to distinguish between reduced incident radiation and diffused
radiation. The reduced incident radiation defined as:





ߨି ݁ܨఛȀకబ ǡ 





ሺ3.ʹͲሻ

which is the radiation that penetrates to a level Ĳ without suffering any
scattering or absorption process. The diffuse radiation is defined as the
radiation that has arisen in consequence of one or more scattering processes.
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With this distinction between the two fields, it is possible from Eqs. (3.12),
(3.18) and (3.20) to write the transfer of radiation for diffuse reflection and
transmission as:

ߦ

ௗூሺఛǡకǡఝሻ

ଵ

െ ݁ܨ

ௗఛ
ഓ
ି

ସ

బ

ൌ ܫሺ߬ǡ ߦǡ ߮ሻ െ

ଵ ାଵ ଶగ
  ሺߦǡ ߮Ǣ ߦ ᇱ ǡ ߮ᇱ ሻܫሺ߬ǡ ߦ ᇱ ǡ ߮ ᇱ ሻ݀ߦ ᇱ ݀߮ᇱ
ସగ ିଵ 

 ሺߦǡ ߮Ǣ െߦ ǡ ߮ ሻǤ







െ

ሺ3.ʹͳሻ

For isotropic scattering and with an albedo ߸ 0, the radiation field will have
axial symmetry, also for the problem of diffuse reflection and transmission,
and the appropriate Eq. is [18]:

ߦ

ௗூሺఛǡకሻ
ௗఛ

ଵ

ାଵ

ଵ

ൌ ܫሺ߬ǡ ߦǡ ߮ሻ  െ  ߸ ିଵ ܫሺ߬ǡ ߦ ᇱ ሻ݀ߦ ᇱ െ ߸ ି ݁ܨఛȀకబ Ǥ
ଶ

ସ

ሺ3.ʹʹሻ

This is the is the fundamental equation considered for our problem.
ଵ

Moreover, െ ߸ ݁ܨ
ସ

ିఛൗ
కబ

describes the reduced incident radiation that

penetrates to a level z without having suffered any scattering or absorption.
The diffused scattered radiation is represented by the term ܫሺ߬ǡ ߦǡ ߮ሻ െ
ଵ
ଶ

ାଵ

߸ ିଵ ܫሺ߬ǡ ߦ ᇱ ሻ݀ߦԢ.
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3.2 Directional spectral reflectance model
Specular reflection

Illumination direction
and backward reflection
z
e

Measuring
direction

g'
g
z=0
s

dV

i

φ

Figure 3.2 Explanation to angles and depth to the directional reflectance model.

The result from Subsection 3.1, the change of radiation penetrating a
dispersed particulate medium, is summarized in Eq. (3.22). This equation can
be rewritten as [12]:



ௗூሺǡఎሻ
ௗ௦

ൌ െܫܧሺݎǡ ߟሻ  ସగ ܫሺݎǡ ߟ ᇱ ሻܩሺߟᇱ ǡ ߟሻ݀ߟԢǡ 

͵Ǥʹ͵

where ds is a path length parallel to Ș making an angle Ȣ with the z-axis.
Moreover, –EI(r,Ș) describes the reduced incident radiation which penetrates
to a level z without having suffered any scattering or absorption and the
diffused scattered radiation is represented by the term ସగ ܫሺݎǡ ߟԢሻܩሺߟᇱ ǡ ߟሻ݀ߟԢ.
The E in Eq. (3.23) is the extinction coefficient of the medium and G(Ș,ȘԢ) is
the differential volume scattering coefficient which describes the probability
that a photon traveling in direction ȘԢ will be scattered into direction Ș.
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Next, consider a volume element, dV, located along a line of sight of a
detector where this line intercepts the z-axis below z=0, see Figure 3.2. This
volume element will be illuminated by both the collimated light (C) and by
diffuse light (D), which is scattered one or more times by surrounding
particles. Then the intensity scattered by the particles in dV toward the
detector is given by:



݀ ܫҧ ൌ ସగሾܥሺݖǡ ߟᇱ ሻ  ܦሺݖǡ ߟԢሻሿܩሺߟ ᇱ ǡ ߟሻܸ݀

ௗ
ோమ

݀ߟԢǡ

͵ǤʹͶ

where da is the sensitive area of the detector and R is the distance from the
detector to the volume element dV. Rewriting the Eq. (3.24) and inserting the
scattering albedo ߸ it becomes:



݀ ܫҧ ൌ

ధబ
ସగ

ቄସగሾܥሺݖǡ ߟᇱ ሻ  ܦሺݖǡ ߟԢሻሿܲሺ݃ሻ݀ߟԢቅ ܽ݀ߥܴ݀݀ܧǡ

͵Ǥʹͷ

where ܲሺ݃ሻ ൌ ͶߨܩȀܵ is the average phase function of particles where G is
as previously, S is the scattering coefficient of the medium and ݀ߥ is the solid
angle about the detection angle. This light is attenuated by a factor ݁

ா௭ൗ
క

by

particles lying above the volume element along the line of sight. Thus the
radiance reaching the detector is:







 ܫҧ ൌ ܫௌҧ  ܫெҧ ǡ



͵Ǥʹ

ா௭ൗ ா
క ݀ݖǡ
క

͵Ǥʹ

where ܫௌҧ is the singly scattered radiance:
ܫҧ ௌ ൌ

ధబ



 ቂܥ ሺݖǡ ߟ ᇱ ሻܲሺ݃ሻ݀ߟԢቃ ݁
ସగ ିஶ ସగ

and ܫெҧ is the multiply scattered radiance:
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ధబ

 ܫҧ ெ ൌ

 ቂܦ ሺݖǡ ߟ ᇱ ሻܲሺ݃ሻ݀ߟԢቃ ݁
ସగ ିஶ ସగ

ா௭ൗ ா
క ݀ݖǤ
క

͵Ǥʹͺ

The Eqs. (3.27) and (3.28) can then be calculated and rewritten as:



 ܫҧ ௌ ൌ

షభ
షభ
ா
ధబ 
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ఛൗ ௗఛ
క ൌ
క

ሾܪሺߦ ሻܪሺߦሻ െ ͳሿǤ



͵Ǥ͵Ͳ


The H function is an approximation to the solution of the integral equation:
ଵ

ଵ ுሺకሻ

ଶ

కబ ାక

ܪሺߦ ሻ ൌ ͳ  ߸ ߦ ܪሺߦ ሻ 

݀ߦ .

ሺ͵Ǥ͵ͳሻ



͵Ǥ͵ʹ

Inserting Eqs. (3.29) and (3.30) in Eq. (3.26) gives:



 ܫҧ ൌ ܫ

ధబ కబ
ସగ కబ ାక

ሾܲሺ݃ሻ  ܪሺߦ ሻܪሺߦሻ െ ͳሿǡ

which is the directional reflectance spectroscopy model. However, this model
doesn´t take into account the single scattering in the backscatter direction that
is scattered without any attenuation [19]. Hence, Eq. (3.32) is modified as:

ݎሺ݅ǡ ݁ǡ ߶Ǣ ߣ ሻ ൌ

ధబ

ଵ

ସగ కబ ାక

ሺሾͳ  ܤሺ݃ሻሿܲሺ݃ǡ ݃Ԣሻ  ܪሺߦ ሻܪሺߦሻ െ ͳሻǡ

͵Ǥ͵͵

where ߦ ൌ ሺ݁ሻ , ߦ ൌ ሺ݅ሻ and  ݎൌ ܫȀܫ . The incident angle (i), the
measuring angle (e), the azimuth angle (߶) and the phase angles (g, g') are
shown in Figure 3.2. In this investigation only the backscattered light is
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analyzed so the azimuth angle ߶ =0 for all calculations which makes all
angles (i, e, g, g') lying in the same plane. The g angle is the angle between
the inclination angle (i) and the measuring angle (e) and the g' angle is the
angle between the specular reflection (s) and the measuring angle (e) as
shown in Figure 3.2. The other functions appearing in Eq. (3.33) are given by
[14]:





ܿ ݃ ݏൌ ܿ ݁ ݏܿ ݅ ݏ ߶ ݏܿ ݁ ݊݅ݏ ݅ ݊݅ݏ
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B(g) describes the back scattering of light as a function of g and h, where h is
a roughness parameter related to the porosity of the medium, gradient of
compaction and grain size distribution. P(g,g') is the scattering function,
describing the angular distribution of the scattered light and the term
H(cos(i))H(cos(e))-1 approximates the contribution from the multiple
scattering. The ߸ in Eqs. (3.33) and (3.37) is the single scattering albedo
(scattered light/total incident light) and b, c, b', c' are coefficients in front of
the Legendre polynomials in Eq. (3.36). The Eqs. (3.33-3.37) is the model
that is used together with measured data to estimate the ߸ , b, c, b', c' and h
parameters to find road condition characteristics as depth and roughness. The
estimations are carried out in Papers C and D.
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4 Measurements
The measurements in this investigation are carried out both in a laboratory
environment and on actual roads with a sensor mounted on a vehicle
measuring the road condition in real time. The laboratory measurements
(Paper A, B and C) are done to be able to control the parameters as much as
possible and for the reason that the measuring equipment used, gives a
broader picture of the parameters needed to classify different road conditions.
The vehicle measurements (Paper D and E) are done to ensure that the
measurements can be carried out in real time and under actual conditions
with water splash and dirt. Finally, the sensor is evaluated against other road
friction estimators (Paper E) using a metric and measures developed to be
able to compare different road friction estimators.

4.1 Spectral laboratory measurements

Figure 4.1 Experimental set-up for spectral laboratory measurements.
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In Paper A, B and C the reflectance from the four road conditions dry, wet,
icy and snowy asphalt is measured in an angular spectrally resolved set-up as
shown in Figure 4.1. In Paper A the measurements were carried out with a
resolution of 10° vertically and 30° azimuthally between 0°-180° for the
illumination angles 0° - 70°, where 0° is the normal angle to the asphalt. In
Paper B the measurements were restricted to the illuminations angles 40°-70°
and the azimuth angles 0° and 180° with a 10° resolution vertically. Finally,
in Paper C the measurements were done for the illumination angles 0°-70°
and vertical resolution of 10° but only for the azimuth angle 0°.
To ensure the same distances and angles the set-up consisted of a (poly
methyl methacrylate) hemisphere of diameter 720 mm, with 3 mm diameter
holes drilled every 10 degrees vertically and horizontally pointing towards
the centre of the half sphere. As illumination a 50 W halogen light source
with focusing optics was used. The spectrometer measuring the spectral
response was from Boehringer Ingelheim microParts GmbH. The bandwidth
of the spectrometer is 1100-1700 nm with a resolution of 1 nm and a
sampling depth of 16 bits and a maximum allowable integration time of
180ms. To ensure consistency the same piece of asphalt (ABT11), a dense tar
pulp with stone material below 11 mm diameter, was used in all the labratory
measurements. In Paper B two polaroids were used to control the polarization
of the illumination and the reflected light. Because of the working range of
the polaroids the measurements had to be restricted to the bandwidth 1100 1550 nm. The ice and snow measurements were performed in a climate
chamber with a temperature of -10°C while the water and dry measurements
were performed in a laboratory environment.
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4.2 RoadEye sensor

Figure 4.2 Mounting of the RoadEye sensor on the tow bar of the vehicle.

The RoadEye sensor is a Swedish patented sensor (Swedish patent nr
9904665-8) for road friction estimation. The sensor consists of three laser
diodes of the different wavelengths Ȝ1=1550 nm, Ȝ2=1310 and Ȝ2=980 , and a
photo diode that measures the reflections from the road surface. To prevent
interference from other light sources the laser diodes are frequency
modulated. The lasers have an power of 0,5 W and the spot size on the road
is about 2-3 mm at a distance of 0,5-0,9 m. The measuring spot is ~1 cm in
diameter and the lasers are pointing at this spot.
The measurements with the RoadEye sensor in Papers D and E were done
with the sensor mounted on the tow bar of the vehicle, see Figure 4.2. The
sensor was mounted inside a tube to protect against water splash and dirt. The
output of the RoadEye sensor is three intensities (Ȝ1, Ȝ2, Ȝ3) in mV for the
three wavelengths, respectively, with a sampling rate of 20 Hz. The
measurements were conducted on several occasions and on different
locations to be able to record measurements of the four different road
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conditions dry, wet, icy and snowy asphalt. The measurements presented in
this thesis are just a small part of all measurements, but they are
representative to each road condition over all.

5 Classification and estimation

h1
h2

Figure 5.1. Changes in spectrum for asphalt due to aging.

The classifications for all road conditions are based on the assumption that
the spectrum is consistent for all road conditions, respectively, i.e. that the
ratio or distance (see h1 and h2 in Figure 5.1) between two different
wavelengths stays the same independent of intensity changes over the whole
spectrum. This assumption makes the classification intensity independent and
should in agreement with our assumption, give the same response of the
spectrum independently of the wear. Hence, it is possible to calculate ratios
that are characteristic for each road condition and can be used for
classification of the four different road conditions.
By calculating different ratios of for example different wavelengths,
scattering angles or polarizations it is possible in several ways to classify
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different road conditions. To be able to compare these methods a Possibility
Of Wrong Classification (POWC) is defined as;
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In Eq. (5.1) n is either of the nmax boundaries and p is the number of surfaces
compiled. If all four surfaces are chosen nmax=6. The probability P L | U
should be understood as the probability of classifying the surface as L when
the correct surface is U. For example P Water | Ice gives the probability of
classifying a measurement as “Water” when it should have been “Ice”.
Hence, the boundaries, n= L bU , where L is Water and U is Ice, need to be
calculated for the chosen method. For this purpose the functional,
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is constructed for the combination of surfaces, where ȍ is a ratio distribution
and I is the min and max values of those distributions. The actual
classification boundary between the different surfaces is chosen to be the L bU
that minimizes f in Eq. (5.2).
In our further discussion, all measurements are focusing on the backscattered
angles, because this is the angle that have been measured with the RoadEye
sensor. For information about other angle configurations the reader is
referred to the Papers. For the stationary measurements in Paper A three
different optimal wavelength were computed as:
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These three wavelengths were combined into two different ratios and a third
parameter that is the total backscattered intensity of all three wavelengths
given as:
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The third parameter (ȥ) makes it possible to distinguish specular and diffuse
surfaces. The third ratio did not contribute any additional information so it
was never used.
Because of the working range of the polaroids the measurements in Paper B
had to be restricted to the bandwidth 1100 -1550 nm, i.e. only making it
possible to investigate the polarization effect for

ߣଷ and ߣଵ . But the

measurements were carried out both for the perpendicular (S) and parallel (P)
polarized light resulting in four different ratios. To describe the polarization
state of the measurement the first subscript describes the polarization of the
illumination and the second of the analyzer as ߣଵௌௌ , which in this case
represents perpendicularly polarized light on both source and analyzer. The
results for the different configurations are summarized in Table 1.
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Tabel 1. Different ratio calculations and there POWC results

Ratio

ߣଷ
ߣଶ

ߣଵ
ߣଷ
ܽ݊݀
ߣଶ
ߣଵ

POWC 16%

1%

ߣଷௌௌ
ߣଶௌௌ

ߣଷௌ
ߣଶௌ

ߣௌ
ଷ
ௌ
ߣଶ

ߣ
ଷ

ߣଶ

15,2% 15,2% 13,1% 14,2%

From Table 1 it is clear that the 3 wavelength approach performs superior.
Therefore the online sensor that first only consisted of two wavelengths were
equipped with a third. Nevertheless, due to cost and available laser diodes the
third wavelength was chosen to be 980 nm.
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1500
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0
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1000
600
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800

0

λ2

Figure 5.2. The four different road conditions Dry (black), Wet (blue), Icy (red) and
Snowy (yellow) asphalt plotted against the three wavelengths.
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Figure 5.2 shows the four road conditions as clusters in a three dimensional
space created by the three wavelengths. Hence, the classification with the
online sensor was based on a K-mean cluster algorithm [20, 21]. The K-mean
cluster algorithms is using the Euclidien norm to determine cluster belonging.
The K-mean algorithms were modified by giving start values as the average
values of the four clusters, representing the four Road conditions. The
classification was then conducted as:

To get a better estimation of the friction than just using the mean value of the
friction, specific road condition parameters describing the surfaces was
estimated. The parameters that were estimated are based on the model
described in Eqs. (3.32-3.36). The estimation is carried out in MATLAB
using the built in function ‘lsqnonlin’ which is a solver of least square
nonlinear equations by using the Gauss-Newton method. Results from this
approach are presented in the next section.
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6 Measurements results
6.1 Spectral laboratory measurements
In Paper A the mean spectral response is calculated for the four different road
conditions, Dry, Wet, Icy and Snowy asphalt and is shown Figure 5.1. The
conclusion from Figure 5.1 is that the absorption is different for the four road
conditions making it possible to explore this property for classification.
Notable is that in the Snow, Water and Ice cases, the results shown in Figure
5.1 are the result of averaging different depths of the mediums. Moreover,
from the spectra three optimal wavelengths are calculated, i.e. the
wavelengths where the variance between the road conditions are largest, to
accomplish the most accurate classification.

Figure 6.1 Distributions of the measurements for the ratio ș=ߣଵ Ȁߣଷ to the left and for the
ratio I=ߣଷ Ȁߣଶ to the right.
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In Figure 6.1 the three optimal wavelengths, calculated from the spectra in
Figure 5.1, is utilized in the two ratios ș=ɉଵ Ȁɉଷ and I=ɉଷ Ȁɉଶ . It is interesting
to see that for the I ratio it is possible to distinguish between hot and cold
surfaces entirely. Also notable is that in the case of the I ratio the water and
ice distributions shift from each other while the dry and snow distributions
shift towards each other compared with the ș ration case. As stated in Section
5 Table. 1 the POWC of the utilization of ߠ and I is ~1% that is the best
result of all laboratory measurements.
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Figure 6.2 The three functions P(g,g’), B(g) and H(cos(i))H(cos(e))-1 for the four different
road conditions dry, wet, icy and snowy asphalt as a function of depth for the wavelengths
Ȝ1=1310 nm, Ȝ2=1690 nm and Ȝ3=1490 nm.

Not only the road condition is of importance if the purpose is to estimate the
friction of the road. In Figure 6.2 the three functions P(g,g'), B(g) and
H(cos(i))H(cos(e))-1 from Eqs. (3.35-3.37) is shown, these are estimations
based on the angular reflectance model in Eq. (3.33) and measurement. The
characteristics of the ratios is also showing in the estimated functions were
for Ȝ1 and Ȝ2 values for water and ice are very close to each other, while for
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Ȝ3 there is a larger difference making it possible to distinguish the two road
conditions.
Starting with the P(g,g') function, which for a diffuse light scatterer should
have values over one, it is established that dry asphalt are close to a diffuse
light scatterer for wavelengths below 1500 nm. From the B(g) function,
focusing on Ȝ1 the depth can be deduced for both water, ice and snow. The
results form Ȝ1 also indicates that the Dry and Snow surfaces are rougher than
water and ice which is consistent with reality. Notable in the
H(cos(i))H(cos(e))-1 function is that the values are pending between positive
and negative values. This is interpreted as, when the values are positive the
multiple scattering increases the radiation in the backward direction and
when they are negative it decreases the radiation. Hence, the surface with
high values is porous and the ones with low values are denser.
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6.2 RoadEye sensor
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Figure 6.3 a) The raw signals of the RoadEye sensor with different road conditions
marked. b) Unfiltered classification of the different road conditions c) The classification
based on the raw signals filtered by a 10 taps moving average filter. The scale on the xaxis is seconds.

As the laboratory measurements showed promising results for classification
of different road conditions, the theories needed to be tested in a real
environment and online in a vehicle. The prototype sensor RoadEye
(Swedish patent nr 9904665-8) developed by Sten Löfving at Optical Sensors
were consistent with the requirements that was set up by the laboratory
measurements. That made it a perfect subject for further investigations. In
Figure 6.6 a) the raw signals from the RoadEye sensor is shown for the four
road conditions Dry, Wet, Icy and Snowy asphalt. In Figure 6.6 b) the result
from the classification is shown. Notable is that there are several wrong
classifications due to the noise in the raw signals. This noise is mainly caused
by the roughness of the road surface changing the measuring distance and
vibrations in the measuring vehicle. The results shown in Figure 6.6 c) are
computed by filtering the raw signals with a 10 tap moving average filter
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before entering the classification algorithm. Comparing the results in Figure
6.6 b) and c) with the original in a) there is a large improvement with the
filtered signals.
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Figure 6.4 A comparison of the estimated model and the raw signals which are consisten
with each other for all three wavelengths ߣଵ ൌ ͳͷͷͲ݊݉ǡ ߣଶ ൌ ͳ͵ͳͲ݊݉and ߣଷ ൌ
ͻͺͲ݊݉ .

Figure 6.4 a)-c) shows the raw signal of the RoadEye sensor for each
wavelength respectively for the road conditions Dry, Wet, Ice and Snow.
These measurements of the four road conditions are cut from the
measurements sequence shown in Figure 6.3, to be able to control the results
of the model estimation in sense of depth. The Wet surface consists of three
different depths of water with increasing depth to the right. The ice surface
also consists of two different ice surfaces one black ice that is difficult for the
driver to recognize as it looks like a Wet surface and an Ice surface that
consists of thicker grey Ice. The black lines in Figure 6.4 a)-c) is the adapted
model from Eqs. (3.33-3.37), which has a high conformity with the original
signals. For more details, see Paper D.
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Figure 6.5 The estimated function from Eqs.(3.33-3.37) for the signals shown in Figure
6.4 for the three wavelengths ߣଵ ൌ ͳͷͷͲ݊݉ǡ ߣଶ ൌ ͳ͵ͳͲ݊݉and ߣଷ ൌ ͻͺͲ݊݉ .

The results in Figure 6.5 shows estimation results of the functions P(g,g'),
B(g) and H(cos(i))H(cos(e))-1. As in the stationary case the result, especially
for Ȝ1 and the B(g) function, indicates changes of depth (Water) and changes
of structure (Ice). Another notable feature is that in contrary to the stationary
measurments Ice has a higher value for the H(cos(i))H(cos(e))-1 function.
This is consistent with the reality as the road surface have been driven on
with studed tires which makes them much more porous than the black Ice in
the stationary case which is unaffected and totally smooth. For these dynamic
measurements, as in the stationary case, the P(g,g') function gives higher
values for Dry and Snow then for the smooth surfaces were most of the light
is scattered in the specular direction.
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Figure 6.6 The layout of test track 4 at the top of the figure. The measurement results from
the Road eye are shown at the bottom of the Figure for 22 measurements.

To show the strength of the sensor for vehicle testing measurements, tests
were carried out on a test track at Colmis during a day with sunshine. The test
track shown at the top of Figure 6.7 consists of 30 m snow then a 150 m
segment of dry asphalt, after that there is 20 m of ice, 20 m asphalt and 20 m
ice again. The track is finished with 15 m of snow. The track was measured
22 times between 9 am to 3 pm. The measurements are shown in order of
speed with the slowest speed at the top, the speed was varied between 5 kph
to 80 kph in steps of 5 kph. The results show that the sensor gives the same
results regardless of speed, suggesting that the sensor is independent of speed
for the speeds tested. The most interesting result from these measurements
was that the sensor captured changes in the nature of the test track. For
example there is snow that is drawn out on the heated asphalt which melts,
see the blue sequensice in Figure 6.7. This water then freezes and becomes
ice, the red sequences after the first snow, when this part of the track
becomes shadowed.
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Figure 6.7 RoadEye measurement in combination with GPS plotted on a map. Five
different road conditions are classified, Dry (Black), Water (Blue), Ice (Red), Snow
(Yellow) and Icy asphalt (Green)

The next step was to incorporate a combination of RoadEye measurements
and positioning with a GPS unit. This technology could enable new service to
both private motorists and professional drivers. By informing about the road
condition ahead of the vehicle, the drivers can choose different routes
depending on road condition. In Figure 6.8 the road conditions in central
Luleå are plotted as different colours where red is ice, blue is wet, black is
dry, green is icy asphalt and yellow is snow.
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6.3 Validation of road friction estimators
Table 2. Performance of the road friction estimate. L indicate low, H indicate high and M
intermediate performance.
Corectness
Time
Response Robustness Precision Preview
availability
time
M
L
M
M
M
L
Direct
L
H
H
M
L
M
Indirect
M
H
H
M
M
M
Integrated

In Paper E the main results is the metrics and method to evaluate different
road conditions. This result makes it possibly in a fair way to evaluate
different road friction estimators against each other. From the results in Paper
E it is also possible to draw the conclusion that a combination of direct
methods like force based estimations and indirect methods like the RoadEye
sensor would be the best solution for road friction estimations, see Table 2
[23]. Hence, the direct methods give the actual friction value between the
road and tire. However, to get a value a force needs to be utilized caused by
for example braking or accelerating, which makes the measurements
discontinuous. In the indirect method case, the measure does not give the
actual friction but only a tabulated value based on the classification of the
surfaces. Nevertheless, the classification is independent of force utilization so
the measurement is continuous.

7 Future work
Given the discussion above it is obvious that the RoadEye sensor need to be
further investigated. Listed below are three areas that are of main interest:
1. Road friction forecasts: Combining road surface classifications with
weather data to investigate the possibility of forecasting weather and
slippery road conditions.
2. Improved

road

friction

estimation:

Combining

road

surface

classifications and the depth, porosity and roughness estimation with
friction and temperature measurements to correlate the estimated
parameter to an actual friction value.
3. Mapping road friction measurements: Combine road classifications
with a positioning system and a server, storing the data. Such
information could then give a history that could be taken into account
in an road friction estimator. I.e. this would enable the estimator to
know what is for example underneath the snow.
The results from such investigations would give a road friction estimation
instead of a road surface classification as it is today. Note that the algorithms
used for estimation also need to be implemented, tested and validated in real
time. This is also planned as future work.
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Figure 7.1. Some suggested areas where the RoadEye technique could contribute.

In this thesis, we have only focused on the roads and road applications. The
next step is to expand to other areas. Figure 7.1 gives some examples of
areas. The Hapke, Characterization and 3Ȝ-sensor represents the core of the
technique. For railroad this technique could classify leafs, water or ice on the
rail which causes large problems. Vehicle and tire testing is already discussed
in the previous section as well as road maintenance and internal and external
vehicle applications. For airplanes, it could be used for ice measurements on
the wings. In the case of construction equipment, it is important that when
carrying a load, the machine does not lose traction so the wheels starts to
spin. Hence, it is important knowing the friction of the surface driven on.
These are just a few examples of areas that are interesting for the future work
of the technique.
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9 Summary of appended papers
The appended papers are here presented with a short summary and
conclusion.

Paper A:

Angular spectral response from covered asphalt

By:

Johan Casselgren, Mikael Sjödahl and James P
LeBlanc

Summary:

This paper deals with the characteristic spectra and
scattering of the four road conditions dry, wet, icy
and snowy asphalt in the near infrared spectrum
from 1100-1700 nm. A method to classify the four
road conditions is developed.

Conclusions:

Using a 2-wavelength analysis the probability of
wrong classification doesn’t get satisfactory. This
depends on the problem of classifying water form
ice only using two wavelengths. The solution to
this problem is to use a third wavelength.

Personal contribution: Measurements, processing of data, theory, and
validation.
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Paper B:

Polarization resolved classification of winter road
condition in the near infrared region

By:

Johan Casselgren and Mikael Sjödahl

Summary:

The angular spectral response for near infrared
wavelengths is measured with polarizers to control
both the polarization of the illumination and
polarization of the reflected light. The idea is to
investigate if an improvement in classification of
the four road conditions dry, wet, icy and snowy
asphalt is possible utilizing the polarization of
light.

Conclusion:

The measurements show no improvement for
classification of the four road conditions for the
backscattered angles. Though, expanding the
measurements with specular angles the same
precision is reached as in the case with three
wavelength.

Personal contribution: Measurements, processing of data, theory, and
validation.

Paper C:

Directional reflectance spectroscopy analysis of
angular spectral measurements of winter road
conditions

65

By:

Johan Casselgren, Mikael Sjödahl and James P
LeBlanc

Summary:

Angular spectral measurements are investigated
and

combined

with

a

directional

spectral

reflectance model for estimation of depth, porosity
and roughness of different road conditions.

Conclusions:

For stationary measurements it is possible to
distinguish the depth, porosity and roughness of
different road conditions.

Personal contribution: Measurements, processing of data, theory, and
validation.

Paper D:

Model based winter road classification

By:

Johan Casselgren, Mikael Sjödahl and James P
LeBlanc

Summary:

A prototype sensor RoadEye (Swedish patent nr
9904665-8) consisting of three laser diodes
working at 980 nm, 1310 nm and 1550 nm is
tested in real-life conditions. The measurements
are analyzed in combination directional spectral
reflectance model for estimation of depth, porosity
and roughness of different road conditions.
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Conclusions:

For real-life measurements with the RoadEye
sensor it is possible to distinguish the depth,
porosity

and

roughness

of

different

road

conditions.
Personal contribution: Measurements, processing of data, theory, and
validation.

Paper E:

Evaluation of tyre to road friction estimators, test
methods and metricsjohcas

By:

F. Bruzelius, J. Svendenius, S. Yngve, G. Olsson, J.
Casselgren, M. Andersson, J. Rönnberg, and S.
Löfving

Summary:

A method and metrics for evaluating road friction
estimators is developed and tested for three
different estimators.

Conclusions:

Different techniques for road friction estimation
have different strengths, as availability, correctness
and response time

Personal contribution: Adaptation of methods and measurements with a
focus on indirect methods and measurements with
the indirect method.
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Paper A
Angular spectral response
from covered asphalt

Abstract: By measuring the spectral reflection from the four different road conditions dry,
wet, icy, and snowy asphalt, a method of classification for the different surfaces—using
two and three wavelengths is developed. The method is tested against measurements to
ascertain the probability of wrong classification between the surfaces. From the angular
spectral response, the fact that asphalt and snow are diffuse reflectors and water and ice
are reflective are confirmed.
Authors: J. Casselgren, M. Sjödahl, and J. P. LeBlanc
Published in: Applied Optics, 10 July 2007 _ Vol. 46, No. 20
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By measuring the spectral reﬂection from the four different road conditions dry, wet, icy, and snowy
asphalt, a method of classiﬁcation for the different surfaces— using two and three wavelengths—is
developed. The method is tested against measurements to ascertain the probability of wrong classiﬁcation
between the surfaces. From the angular spectral response, the fact that asphalt and snow are diffuse
reﬂectors and water and ice are reﬂective are conﬁrmed. © 2007 Optical Society of America
OCIS codes: 240.6700, 280.0280, 300.6340, 070.6020, 290.5880.

1. Introduction

A correlation between roadway condition and accident rate shows that roads with a low friction number
have the highest statistics for accidents [1]. With increasing trafﬁc density, road safety is an important
issue. New vehicles have technical systems to prevent accidents, such as antilock brake systems (ABS)
and electronic traction control (ETC), which step in
when the vehicle loses traction. These systems could
work better if the road condition in front of the vehicle
could be estimated and incorporated into the system
so that, for example, power could be reduced before
the wheels lose traction. Preview sensors for this purpose are under development, and there are several
prototypes for noncontact sensors for recognition of
road conditions available using different methods.
The main approach is to exploit the changes in reﬂected light under changing road surface conditions.
An example of such a prototype is a TV– camera system combined with image processing [2]. This uses
the fact that light reﬂected from a wet road becomes
plane polarized, which makes it detectable. This technique is yet only tested for dry and wet roads. Another system uses laser diodes and photodetectors
combined with signal processing to exploit the fact

0003-6935/07/204277-12$15.00/0
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that water, ice, and snow absorb light differently in
the near-infrared (NIR) region [3]. This approach is
also adopted for our investigation. A third method
uses a different technique where the albedo (the ratio
of incoming and reﬂected light) is measured with two
pyranometers. This ratio is modulated by changing
road conditions, and makes it possible to predict the
road condition [4]. The purpose of this paper is to
make spectrally and angularly resolved scattering
measurements of the four road conditions— dry, wet,
icy, and snowy asphalt—and determine their usefulness for setting up a classiﬁcation algorithm. The
objective is to extract the most information about the
layer with the fewest wavelengths as possible to
make a correct classiﬁcation of the surface. This will
be dependent on the direction of illumination and
measuring position. Section 2 describes the experimental setup and the procedure measurement.
Then, Section 3 shows the measurement result. Sections 4 and 5 describe a two- and three-wavelength
analysis of the data, respectively. The paper ends
with a discussion and conclusions.
2. Experimental Setup

Figure 1 shows the experimental setup [Fig. 1(a)] consisting of a halogen light for illumination, mounted
together with a lens with ⫹150 mm focal length [Fig.
1(b)] giving a 50 mm light spot on the asphalt [Fig.
1(c)] positioned in the center of the (polymethyl10 July 2007 兾 Vol. 46, No. 20 兾 APPLIED OPTICS
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Fig. 1. (a) Half-sphere with the light source positioned at 0°. (b) Light source with the lens mounted at the end. (c) Piece of ABT 11 asphalt.
(d) Spectrometer and the modiﬁer numbered with (1).

methacrylate) half-sphere. The asphalt is a dense
bitumen tar pulp (ABT 11) mixed with crushed
stone components with the largest size of 11 mm.
The crushed stone changes depending on local assets of stone material, which also can alter the spectrum of the asphalt. We have chosen ABT 11 as it is
common asphalt on Swedish roads representing
⬃80% of all hot manufactured asphalt coatings in
the country.
The half-sphere is drilled with holes with an angular resolution of 10° from 0° to 70° vertically,
where 0° is perpendicular to the asphalt (see Fig. 2).
Horizontally, it is drilled in entire circles around
the sphere with an angular resolution of 10° pointing at a spot at the center of the half-sphere. The
holes are 3 mm in diameter to allow insertion of the

Fig. 2. Explanation as to how the measuring points and the directions of illumination are notated. The top point, perpendicular
to the asphalt, is notated (0, 0) and the bottom (0 –180, 70) because
of the 70° shift. Then, the vertical angle is shifted from 0° to 180°
so the point on the opposite side of the backscattered light (0, 0 –70)
is notated with (180, 0 –70).
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modiﬁed spectrometer [Fig. 1(d)] so it is perpendicular to the sphere’s surface and measures on the
same point at the center of the sphere. The spectrometer is a NIR 1.7 Spectrometer, from Boehiringer
Ingelheim microParts GmbH, which measures in the
range of 1100–1700 nm, with a numerical aperture of
0.22. The spectrometer is modiﬁed with an extension
[(1) in Fig. 1(d)] with a numerical aperture of 0.04 to
have a ﬁeld of view of 20 mm on the asphalt. Note
that the measured spot is smaller than the light spot
to ensure that the spectrometer measurements are
restricted to within the illumination spot.
The spectrometer is set to measure the percentage of the reference light that is reﬂected from the
surface. The measured intensities are the 16 bit
digitized readout values of each pixel of the detector
array. The measured value depends on the time of
the integration and the intensity of the corresponding wavelength. The integration time is set to the
maximum value to detect the reﬂected light from
the water and ice outside the direct reﬂex. The spectrometer is corrected for the static mean value determined by the dark current offset of the diode
array. The reference light is measured straight on
the illumination at a distance twice the radius of
the sphere. To get a good assessment of the layer’s
reﬂection, it is important that the experiments are
carried out in the same way for all measurement
cases. For that reason, a lift is placed under the
asphalt to enable the top surface to always be at a

radius distant from the sphere. Four different conditions are investigated; dry asphalt and asphalt
covered with water, ice, and snow. The water used
for both the water and ice layers is drinking water
from the tap and should not contain any impurities.
Altering the water depth was achieved by ﬁlling or
emptying the container holding the asphalt sample.
The level of water is measured at the same point on
the asphalt, which is the zero level reference point
for the rough surface of the asphalt. The water and
snow depths are measured with a slide calliper. The
same point is also used for the ice as zero level
reference point, the ice thickness is measured with
a micrometer.
The snow grains are ﬁltered through two ﬁlters
with hole sizes between 1 and 2 mm, the distribution
of the grains is assumed to be within this range. Since
the snow is collected outdoors, it may contain some
impurities, but it is assumed to represent pure snow.
The grain shape is spherical. A sieve is used to apply
the snow on the asphalt, resulting in a rough snow
surface. In this case, an assessment is made of the
snow depth. To preserve the ice and snow, the measurements are performed in a climate room with temperature ⫺10 °C. Due to the cold for the personnel in
the climate room, the measurements are limited to a
30° angular resolution in the horizontal plane. This
gives 7 measurements for every circle on the sphere,
instead of 19 for the surfaces dry and water. The
water and ice are measured for ﬁve different layers,
moist or ice crystals, and a thickness of 1–4 mm, the
snow is only measured with thicknesses of 1 and

3 mm because of problems in obtaining an even surface. The 3 mm snow surface is then pressed with an
ice hockey puck and a weight of 3.4 kg, to see if the
spectrum changes between loose and dense snow. To
minimize the measurements, the reﬂections are assumed to be symmetric so the measurements are
constrained from 0° (backscatter reﬂection) to 180°
(direct reﬂection). The direction of illumination is
varied between 0° and 70° vertically. In the case
where the direction of illumination and measuring
point are the same, the measurement is done with a
small change of the horizontal angle of 2°–3°, due to
the width of the light source. The results are analyzed
in MATLAB.
3. Measurement Results

The four surfaces— dry asphalt and asphalt covered
with water, ice, and snow— can be divided into fourteen layers; one for the dry, ﬁve for water and ice
(moist and兾or ice crystals, 1, 2, 3, and 4 mm) and
three for the snow (1, 3, and 3 mm compressed). Each
layer is represented by 344 spectra of the reﬂected
intensity in percentage of the reference intensity
from the source of illumination. The 344 spectra are
the result of measurements done with a 30° angular
resolution horizontally and 10° vertically, which results in 43 measurements for each of the eight directions of illumination. Due to saturation of the
spectrometer in the direct reﬂection for water and ice,
discussed later in the paper, the horizontal angle
180° is excluded from the averaging. To be able to
compare the spectra, the dry and water measure-

Fig. 3. (a) Characteristic spectrum for the surfaces dry, water, ice, and snow from the averaging over the 344 measurements for each
layer. (b) Mean spectrum for the ﬁve different water depths.
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ments were reduced to an angular resolution of 30° as
the ice and snow. By averaging the 344 spectra for
each layer, 14 spectra representing each layer are
computed. Each surface is represented by a certain
number of layers; by averaging the spectra of these
layers, a characteristic spectrum is estimated for the
four surfaces.
Figure 3(a) shows the characteristic spectrum of
the surfaces, the characteristic reﬂection is due to the
composition of the material. In Fig. 3(a), there are
two different chemical components; the water molecule represented of water, ice, and snow but in different phases and the asphalt (which is composed of
different components). The two media share some
resemblance as they both consists of polar molecules,
which are affected by light electromagnetic waves [5].
As an example, Fig. 3(b) shows the averaged spectrum for the layers of asphalt covered with various
depths of water; all spectra were averaged for each
wavelength. The plot shows that the reﬂected intensity level decreases as the water depth increases,
which implies that detection of changing water depth
on the asphalt is possible using the right wavelengths

[3]. Other measurements done on dry asphalt with
other compositions of asphalts give a different spectrum [6] than the one shown in Fig. 3(a), which may
be caused by a local variation in the composition of
both the bitumen tar pulp and the crushed stone
material. Measurements done on a random piece of
asphalt result in a spectrum with the same characteristics, but with a different intensity level, as for
the known asphalt which indicates that the spectral
signature of the asphalt is correct.
A property of the different surfaces is the light
scattering that is dependent on the top coating roughness and the composition of the medium. To analyze
the difference between the four surfaces— dry, water,
ice, and snow—the reﬂection intensity is compared.
The measurements are taken at the wavelength 1310
nm and the direction of illumination (40° from zenith)
which is marked with an x in Fig. 4. The chosen
wavelength represents one of the optimal wavelengths (to be discussed in Section 4) and the chosen
direction of illumination shows the reﬂection characteristics well. The measurements show that there
are no signiﬁcant changes in the surface reﬂections

Fig. 4. Two-dimensional projection of the three-dimensional intensity response for the wavelength 1310 nm and the light position 40°
from the layers; (a) dry, (b) 3 mm water, (c) 3 mm ice, and (d) 3 mm snow. X marks the light position.
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due to different directions of illumination. To get the
characteristics of the different surfaces without the
affects of asphalt, the thickest snow layer 3 mm is
chosen and the corresponding water and ice depths.
The two-dimensional reﬂected intensity projections
for the four layers are shown in Fig. 4. Note that the
images are mirrored over the axis between 0° and
180°. The ﬁgures describe the scattering of light in
different horizontal and vertical angles. The horizontal angles are marked from 0° to 360°, and the centers
of the circles represent the vertical 0° angle and the
circumference represents 70°. As seen in Fig. 4, each
layer has a characteristic scattering image depending
on how the surface is composed. For dry asphalt and
snow, the top coating is rough, which results in a
diffuse scattering. The intensity level is almost the
same over the whole area except at the edges where
it decreases because of the direction of illumination.
When the direction of illumination increases, the
drop in intensity at the edges decreases. For the water and ice surfaces, the scattering is directed. A clear
spot of high intensity is located at the opposite side
from the direction of illumination, implying a reﬂective coating which smooths out the rough surface of
the asphalt and thereby gives a distinct reﬂection
peak. This reﬂection peak made the spectrometer to
saturate because of the high intensity. The scattering
image for water and ice are almost identical except
from the reﬂected intensity level that is lower for ice
than for the water, which indicates that ice absorbs
more of the electromagnetic waves at that wavelength, this is also seen in Fig. 3.

4. Two-Wavelength Data Analysis

In a realized sensor for automotive applications, it is
of interest to keep the number of wavelengths to analyze as low as possible. The calculations for such a
sensor have to be at a minimum to achieve acceptable
response times. Otherwise, the sensor can not measure the road surface ahead of the vehicle, which is
the point of a preview sensor. The sensor also needs
to be robust for intensity changes that can be caused
by a number of factors (changes of distance to the
measuring point, a bump, or changes in the reﬂection
as for new and old asphalt or dirty sensors). One
solution to this problem is to assume that the intensity change is the same over all wavelengths. The
ratio of two wavelengths is thus insensitive to intensity changes. However, when the road surface
changes, the ratio will indeed be altered. It is therefore of interest to determine two wavelengths whose
ratio has the largest variance for the four different
road conditions— dry, water, ice, and snow. Therefore, we choose to represent the measurements in
matrices for each surface according to Eq. (1), where
the ratios between all wavelengths are represented.
For this computation, the averaged spectra for each
surface from Fig. 3(a) was used because they represent all measurements over the angular distribution.
To calculate the variance between the ratios for the
four surfaces, ﬁrst the mean value was calculated for
each element according to Eq. (2) and then the variance V in Eq. (3).

Fig. 5. Variance of the wavelength ratio for the four surfaces, with the optimal wavelengths marked with *.
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x 关i, j兴 ⫽ 4 共XDry关i, j兴 ⫹ XWater关i, j兴 ⫹ XIce关i, j兴
⫹ XSnow关i, j兴兲,
for i ⫽ 1, 2, 3, . . . , 581 and j ⫽ 1, 2, 3, . . . , 581.
(2)
The spectral resolution of the spectrometer is 581
between 1100 and 1700 nm; for that reason, i and j
are from 1 to 581.
1

V关i, j兴 ⫽ 3 共共XDry关i, j兴 ⫺ x 关i, j兴兲2 ⫹ 共XWater关i, j兴 ⫺ x 关i, j兴兲2
⫹ 共XIce关i, j兴 ⫺ x 关i, j兴兲2 ⫹ 共XSnow关i, j兴 ⫺ x 关i, j兴兲2兲,
for i ⫽ 1, 2, 3, . . . , 581 and j ⫽ 1, 2, 3, . . . , 581.
(3)

The variable V [Eq. (3)] is then scaled and imaged in
Fig. 5. Finding the maximal variance between the four
surface’s wavelength ratio gives two optimal wavelengths for classiﬁcation. The calculations shows that
the maximum variance is at 1 ⫽ 1310 nm and 2
⫽ 1690 nm, which is set to the optimal wavelengths.
Also notable is that the diagonal in Fig. 5 is zero
because of the diagonals in the matrixes XDry, XWater,
XIce, and XSnow all are one. As seen in Fig. 5, except the
large maximum point for the two optimal wavelengths, there is one smaller maximum value at 1310
and 1490 nm, where 1310 nm is one of the optimal
wavelengths. These two wavelengths are the common
commercial wavelengths for lasers used in ﬁber optics; therefore, they are mass produced and easy and
cheap to buy. In a commercial sensor, this is of interest where the cost needs to be at a minimum.
An important issue for a preview sensor is at what
angle it should be mounted to work as fast and reliably as possible. The angle should be ﬂat to detect the
surface ahead of the vehicle as faraway as possible to
achieve the longest prediction time. But this can be
conﬂicted with the best angle for surface classiﬁcation. By computing and ﬁnding the maximum value
of the variance as in Eqs. (1)–(3), but only for the
spectra represented by a certain measuring point and
direction of illumination, we are able to compare the
different light and measuring positions and ﬁnd the
best angles for classiﬁcation. The result of the calculations is shown in Fig. 6, where each line represents

Fig. 6. Maximum points of the wavelengths ratio variance between the four surfaces (the markers) for the eight directions of illumination
of the backscattered light; each curve represents a light position.
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Fig. 7. Reﬂected intensity at the light position 40° and for the two wavelengths 1 ⫽ 1310 nm and 2 ⫽ 1690 nm for the 3 mm layer of
snow.

a direction of illumination and each marker represents a measuring point. The interpretation of Fig. 6
is that for all eight directions of illumination the mea-

suring point 70° gives the maximum value of the
variance. The best light position is either 30° or 70°
for these measurements. In this case, the 70° is pref-

Fig. 8. Histogram for the scattering plot for the 9520 measuring points for the four different road conditions for the ratio ().
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erable because it results in a longer prediction time.
Also notable in Fig. 6 is that all curves have an increasing trend for the last measuring point of 70°. It
is possible that a measuring point at 80° might result
in a higher variance for the direction of illumination
70°. The calculations also show that the maximum
variance for each light and measuring point agreed
with the optimal wavelengths 1310 and 1690 nm
with a difference of 2–3 nm. This shows that the averaged calculation of the optimal wavelengths is a
good representation of the measurements.
An interesting effect of snow is that the reﬂected
intensity scattering from the snow gets almost
“black” above 1450 nm as seen for the optimal wavelengths in Fig. 7 (the ﬁgure is created in the same
way as Fig. 4). Also note in Fig. 7 that the intensity
for the wavelength 1690 nm decreases as the angle
approaches 70°, unlike in the 1310 nm case. The result of the intensity change is an increase in the ratio
between the two wavelengths as the angle increases.
This explains why the variance between the ratios
also increases in Fig. 6 with the angle, this result
implies that for an automotive application the light
source should be placed above (with a smaller angle)
the detector to achieve a more reliable classiﬁcation.

Also noted is that the dense snow shows the same
spectral response as the loose snow. Thus, the corresponding scattering plot appears to be the same for
both loose and dense snow.
To investigate the classiﬁcation of the four different surface conditions by using two wavelengths the
ratio  ⫽ 1兾2 is introduced and calculated for all
measuring points. Figure 8 shows the resulting distributions for each surface using histograms. From
the distributions, it is possible to set up classiﬁcation
boundaries B for the four surfaces (shown as the
vertical dotted lines). These boundaries are determined by ﬁnding the minimum point of the function
f in Eq. (4). As an example, the boundaries between
dry and water [Figs. 8(a) and 8(b)] are found as
f关B兴 ⫽

B

兺
n⫽

min

DAD关n兴 ⫹

max

兺 DAW关n兴

n⫽B

for B ⫽ 2, 2.001, 2.002, . . . , 3,
Bmin ⫽ argB min f关B兴,
D

(4)
W

where DA is the dry distribution and DA is the
water distribution and, for this case, B is from 2 to 3
and min ⫽ 0 and max ⫽ 20, as seen in Figs. 8(a) and

Fig. 9. Histogram for the scattering plot for 784 measuring points for the backscattered light for the four different road conditions the
ratio ().
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Fig. 10. Variance between mean ratios for the surfaces ice and snow.

8(b). The boundary is found by ﬁnding the minimum
argument for B.
Figure 8 shows that the distributions for ice and
snow overlap considerably, which makes classiﬁcation (and proper boundary determination) difﬁcult.
Separating the dry asphalt and water covered surfaces are not as difﬁcult, although there are some
measurements of the water inside the dry boundaries. Such measurements lying outside the selected
boundaries will imply the possibility of wrong classiﬁcation 共Pwrong兲. In fact, the consequences of such erroneous classiﬁcation should be taken into account
when determining the classiﬁcation boundaries in an
application scenario. For a preview sensor to work
accurately, Pwrong should be low. To determine Pwrong
for the data measurements and the selected boundaries, we write
Pwrong ⫽ P共Ice|Snow兲 ⫹ P共Snow|ice兲 ⫹ P共Water|Ice兲
⫹ P共Ice|Water兲 ⫹ P共Water|Dry兲
⫹ P共Dry|Water兲 ⫹ P共Ice|Dry兲,
(5)
where P共Ice|Snow兲 denotes the probability of classifying measurement as “Ice” when the correct surface
is “Snow.” This probability may be seen as a measure
of the reliability of the classiﬁcation method. For the
case of all measurements with the selected boundaries as in Fig. 8, we have Pwrong兾all ⫽ 15%.
For a preview sensor, the idea is to survey the road
ahead of the vehicle and to work as fast as possible,
which implies that it should only use beam width of
0°–5° (backscattered light) to be able to measure in

front of the tire. Another beneﬁt is that the optical
path for the light to propagate is minimized. It is
possible to use horizontal angles larger than 0°–5°,
but this angle is then limited by the width of the
vehicle and makes the response time longer. Figure 9
shows a histogram for the scattering plot of 784 measuring points. Using only the backscattered light, the
number of measurements changes from 9520 to 784;
because of this, the distribution’s (shown in Fig. 8)
variance and median change, which results in a
change of boundaries. Using the boundaries for the
backscattered light, the Pwrong兾back becomes 16%,
which is larger than in the case of all measurements.
5. Three-Wavelengths Data Analysis

The result of the two-dimensional data analysis
showed that two wavelengths have a limited ability
to accurately classify the road surfaces. To understand this limitation, we look at how the four surfaces
are distributed within the boundaries in occurrences
of wrong classiﬁcation. Table 1 shows for which surfaces the two wavelengths are dominant, meaning
that they have a low Pwrong. It also shows that using 1
and 2 results in a high probability of wrong classiﬁcation for snow. Figures 8(c) and 8(d) show that the
separation of ice and snow with ratio  is not sufﬁcient because of the overlapping distributions. Therefore, an analysis of the ratio variance for only ice and
snow is calculated to investigate the optimal wavelengths for separating the ice and snow distributions.
The conclusion of Fig. 10 is that a third wavelength
共3 ⫽ 1490 nm兲 needs to be added to the calculations.
10 July 2007 兾 Vol. 46, No. 20 兾 APPLIED OPTICS
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Table 1. Probability of Wrong Classiﬁcation for All Surfaces and for
Each Surface

All surfaces
Dry
Water
Ice
Snow

Pwrong
(%)

Quantity of
Measurements
Outside the
Boundaries

Quantity of
Measurements

14
9
9
11
54

1333
96
479
216
635

9520
1064
5320
1960
1176

As seen in Fig. 10, the ratios 1兾3 and 3兾2 result in
maximum values, although 3兾2 is larger than 1兾3,
but calculations show that a combination of the ratio
between 1兾3 and  results in the lowest Pwrong,
therefore introducing the ratio  ⫽ 1兾3. Calculations also reveal that the best result is achieved by
ﬁrst using the  to separate the dry and snow measurements from water and兾or ice (see Fig. 11 left
column), then separating water and ice with the 
(see Fig. 11 right column). The result of the two ratio

calculations is shown by the histograms in Fig. 11,
where the right column for the  is the same as in Fig.
8, except that ﬁrst the  is used to eliminate the
measurements outside the boundaries for each surface, the outliers. The measurements outside the water and兾or ice boundaries, in the left column for the ,
are eliminated so they do not get registered twice
as wrong classiﬁcations. As shown in the twowavelength data analysis, the ice and snow were difﬁcult to separate; however, using two ratios and only
three wavelengths, it is possible to separate them
with a low Pwrong. In this case, Pwrong兾all drops from
14% to 4%. Comparing  and  shows that no matter which of the two ratios are chosen, there are
always two surface distributions that are overlapped [see Figs. 11(b), 11(c), 11(g), and 11(h)]; in
the left column, it is water and ice and in the right
it is ice and snow. The histograms in Fig. 12 show
the result from the 784 backscatter measurements
of interest for a realized preview sensor. As seen in
Fig. 12, there are only a few measurements that are
outside the boundaries—and as in the case of all
measurements, these measurements for water and

Fig. 11. Histogram for the scattering plot for 9520 measuring points for the four different road conditions. The left column: Ratio (). The
right column: Ratio ().
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Fig. 12. Histogram for the scattering plot for 784 measuring points for the four different road conditions. The left column: Ratio (). The
right column: Ratio ().

ice are eliminated and the residual measurements
for water and ice are totally separable [Figs. 12(f)
and 12(g)]. This results in a Pwrong兾back ⫽ 1%, which
may be acceptable for applications. The summation of
the three-wavelength analysis is that for a static case
so that the classiﬁcation yields satisfactory results.
6. Discussion

The averaging for the different spectra are done for
the angular domain over the measuring points on the
hemisphere. The unit of the averaged spectrum for
each surface is an average estimation of the percentage of the reﬂected intensity of the reference intensity from the illumination source. Except for the
direct reﬂection from the illumination source for the
water and ice surfaces, the intensities are almost
uniform for all measuring points as Fig. 4 shows for
the four surfaces. This implies that an angular distribution average of the spectra is an acceptable estimation for each wavelength and surface.
The spectral plots in Fig. 3 show that the various
surfaces have characteristic spectra, which make it
possible to detect changes in road condition. Comparing plots of pure water and ice transmission found in

literature is not the same as the spectrum of water
and ice shown in Fig. 3. This implies that the spectra
of water and ice are affected by the asphalt, because
liquid water and ice are transparent media. First, at
a depth of around 10 mm of water, the spectrum
approaches the inverted plot of the absorption for
water. A comparison between the measured spectrum for snow and the spectra for different sizes of
pure snow crystals found in literature [7] gives the
conclusion that the spectrum looks the same for pure
snow as for snow on asphalt. This constitutes the
well-known fact that snow is not a transparent medium and is not affected by the asphalt as water and
ice. The compressing of the snow to analyze the difference between dense and loose snow shows that
there is no signiﬁcant difference between the two. In
this case, the three layers of snow show no difference
but if the pressure is higher, for example, such as
from a truck, and some heat is added from the wheels
the spectrum could change because the top surface
gets a more reﬂective and smooth surface. This has
not been investigated more closely herein.
The two-dimensional projections in Fig. 4 show
that water-ice and dry-snow scatter light in two dif10 July 2007 兾 Vol. 46, No. 20 兾 APPLIED OPTICS
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ferent ways. Unfortunately the two surfaces—water
and ice—that are hardest to separate have the same
scattering characteristics. One thing that separates
the two surfaces is the temperature, so one course of
action could be combining a two- or three-wavelength
sensor with a surface temperature measurement to
decrease the wrong classiﬁcations. Figure 4 also
shows that the direct reﬂection intensity is much
higher for water and ice than for the other angles and
surfaces, but the distribution for these measurements is the same as for the other angles. This is an
example of the robustness of the ratio calculations
because intensity change is the same for the whole
spectra so the ratio stays the same.
Using the wavelength at 1690 nm could be objected
to because of the vicinity of the end of the measuring
band of the spectrometer. But the accessible range for
the spectrometer is 1050–1750 nm so the wavelength
is within the range. The drop in the transmitted
intensity for the dry, water, and ice spectra at
1650–1700 nm shown in Figs. 3(a) and 3(b) (water
and ice alone) can be attributed to ﬁrst-order overtones and combinations of various C–H stretching
fundamentals [8] that appear distinctively for asphalts with high bitumen content. This also affects
the transparent media water and ice, so this is not an
effect of spectrometer. The fourth surface snow with
a grain size of 1–2 mm also has a known drop
⬃1650–1700 nm [7], shown in the spectra in Fig.
2(a), this is also a veriﬁcation of the spectrometer.
This supports the use of the third wavelength at
1690 nm.
The result of the analysis of the measurements
shows that an implementation in a sensor for classiﬁcation of the four road surfaces is possible. The computations are not complex allowing it to perform as a
preview sensor for vehicles. There is no signiﬁcant
computational difference between the two- and the
three-dimensional system. Using the ratio between
the wavelengths gives a reliable method that is not
affected by changes in the intensity levels of reﬂection. The low probability of wrong classiﬁcation for
the surfaces 共Pwrong ⫽ 1%兲 for the measurements
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seems promising for measuring surfaces that are not
as distinct as in this investigation, for example, water
and ice or ice and snow together. Some of the measurements that are classiﬁed as wrong surfaces may
be caused by measurement errors as not pressing the
modiﬁed spectrometer against the sphere, so it points
to the center of the illumination. As the number of
measurements is almost 10,000, this is a probable
cause of errors.
7. Conclusions

It is possible to recognize different road conditions with
light in the NIR spectrum of light in a laboratory environment. Using only the backscattered light, as is
preferable in a preview sensor, it is shown in this investigation and for these measurements that the four
road conditions— dry, wet, icy, and snowy asphalt—
are detectable with a rather low possibility of wrong
classiﬁcation of 1%– 4% depending on the number of
measurements. These positive results are encouraging for the development of a system to work in actual
automotive scenarios.
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Abstract: Three different configurations utilizing polarized short-wave infrared light
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configuration polarized broadband light was detected in the specular and backward
direction, respectively, and the quotient between the detected intensities was used as the
classification parameter. Best results were obtained for the SS-configuration. This sensor
was shown to be able to distinguish between the smooth road conditions water and ice
from the diffuse road conditions snow and dry asphalt with a probability of wrong
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backward architecture utilizing polarized light with two distinct wavelengths. This
configuration was shown effective for the important problem of distinguishing water from
ice with a probability of wrong classification of only 1.5 %. The last architecture
considered was a combination of the two previous configurations. This combined sensor
utilizing bi-spectral illumination and bi-directional detection results in a probability of
wrong classification as low as 2 % between all four surfaces.
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was shown to be able to distinguish between the smooth road conditions water and ice
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configuration was shown effective for the important problem of distinguishing water
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1. Introduction
Slippery road conditions are often the cause of accidents [1], the most dangerous road
conditions are those the driver is unable to recognize. A recent investigation with the intent of
classifying different road conditions ahead of a vehicle using short-wave infrared (SWIR)
light showed difficulties separating asphalt covered with a thin surface of water from a thin
surface of ice [2, 3]. The problem arose when two specific wavelengths at 1310 nm and 1490
nm, respectively, were used for classification. The suggested solution was to use a third
longer wavelength operating at 1690 nm [2]. The problem with this solution is that there are
very few laser diodes available at this longer wavelength and cost may become prohibitive.
The purpose of this investigation is to see if the polarization inherited from using laser diodes
in a road sensor could be exploited to separate dry asphalt and asphalt covered with water, ice
or snow efficiently without the need to introduce a third wavelength. Broadband spectral
polarimetric measurements of different road surfaces are therefore made to determine the
optimal polarization orientations for different source/receiver geometries.
That ice is birefringent and therefore sensitive to the direction of polarization of the
incoming light has been known for many decades. The reason for this birefringence was
however just recently shown by Matsumoto [4], who used molecular dynamic calculations to
conclude that water molecules arrange themselves in a cylindrical structure when frozen,
which makes ice anisotropic in contrast to liquid water. In this context, our objective is to
investigate if the use of polarized light could improve classification between water and ice.
This article begins with a broad perspective, which then leads to a focus on a special
sensor assembly. The experimental setup and the measurement procedure are described in
Section 2. The different results obtained from the measurements are presented in Section 3,
where the possibility of classification using two distinct wavelengths and polarized light is
analyzed for both a sensor mounted on a vehicle and a stationary sensor. The paper ends with
some concluding remarks.

Figure 1. At the left top a sketch over the measuring procedure. At the left bottom a) Illumination casing b) The
piece of asphalt used c) The polarisers d)The spectrometer with the extension (1). At the right the
experimental set-up

2. Experiments
The experimental set-up used for the Spectral Polarized Angular Response (SPAR)
measurements is shown in Figure 1. The set-up consists of a (poly methyl methacrylate)
hemisphere of diameter 720 mm and with 3 mm diameter holes drilled every 10 degrees
vertically and horizontally pointing towards the centre of the half sphere. By covering the
measuring area with a hemisphere, the measurements could be affected by the back reflected
light from the hemisphere. Therefore a verification measurements with and without the sphere
were conducted showing that the sphere did not affect the measurements. A 50 W halogen
light source, focusing optics, two polarizers, and a SWIR micro-spectrometer complete the
set-up. The same piece of asphalt (ABT11), a dense tar pulp with stone material below 11 mm
diameter, was used in all the measurements. The halogen light source was mounted in one end
of a 400 mm long and 50 mm diameter tube. In the other end of the tube a +150 mm lens and
a 50 mm diameter polarizer were mounted giving a spot width on the asphalt of 50 mm. The
tube was finally mounted in a tripod so that the horizontal angle could be varied between 20
and 90 degrees without changing the width and position of the illuminated spot. See Figure 1
for details. The SWIR micro-spectrometer used was delivered by Boehringer Ingelheim
microParts GmbH and has a bandwidth of 1100-1700 nm with a resolution of 1 nm and a
sampling depth of 16 bits and a maximum allowable integration time is 180 ms. To allow for
polarization sensitive detection an extension head, shown in Figure 1 (d), was constructed.
The extension head was designed so that a 12.5 mm diameter polarizer could be mounted and
so that an NA0.04 acceptance angle was obtained. The region from which light was collected
was hence about 30 mm wide. Both the 50 mm and the 12.5 mm polarizer had a defined
bandwidth between 1100-1550 nm. In the measurements therefore all results above 1550 nm
were neglected.
The calibration set-up for the spectrometer readout is sketched in Figure 2(a). Keeping
everything else as during an actual measurement the table holding the asphalt was removed
and instead the spectrometer, with the polarizer removed, was positioned at a distance equal
to the diameter of the half sphere facing the light source. This set-up simulates a perfect
mirror placed at the position of the asphalt and specular detection. The polarizer was removed
on the detector side to make the calibration insensitive to misalignments between the two
polarizers. Nevertheless, several poralization angles were measured to ensure that the
Spectrometer was not poalizartion sensitive. The spectral response from the calibration
procedure was then stored as reference for the spectral responses from the actual
measurements. The readings from the measurements will therefore be the percentage of the
intensities in each of the wavelength bands as compared to the reference measurement. For a
perfect mirror it is unity for the entire spectral window.
For each specific geometry (combination of illumination angle and detection direction)
four responses, denoted as R ij O ,M d ,M l , are detected. The superscripts i and j denote the
polarization direction in the detection (i) and illumination (j), respectively. The setting for
these can be either S for the polarizer oriented perpendicular to the plane of incidence or P for
the polarizer being oriented parallel to the plane of incidence. The variables O , M d , M l indicate
a specific wavelength, detection direction and illumination angle, respectively. Hence four
readings, RSS RSP RPS and RPP, are detected for each combination of illumination angle and
detection direction. The set of geometries measured in this investigation is seen in Figure
2(b). To simulate the realization of a road sensor the illumination direction was varied
between 20-50 degrees in steps of 10 degrees and the detection was varied between 20 and
160 degrees in steps of 10 degrees within the same plane of incidence.

Figure 2. a) Description of calibration method used for the spectrometer. b) Measuring procedure explaining
measuring angles of the illumination and detection.

Note that (see Figure 2(b)) for the illumination angle 20 degrees the measuring point 10
degree is absent. In total therefore 240 measurements were performed for each road condition.
The response from 9 different road conditions were measured; dry asphalt, moist and frosty
asphalt and asphalt covered with 1 and 3 mm water, ice and snow, respectively, resulting in a
total of 2160 spectrally resolved measurements. The water and ice were ordinary tap water
that supposedly should be clean from pollution. The snow was gathered during the winter and
was kept in a freezer. Hence, the snow contained some pollution. The frost, ice and snow
measurements were performed in a climate room with an air temperature of -10°. Analyzes of
the measurements were conducted in MATLAB and are described in detail in the coming
sections.

3. Analysis of polarization resolved sensor architectures
The measurement results from the previous section can be combined in different ways to
emulate the performance of various sensor architectures. In this section the expected
performance of three such realizations of relevance for road surface monitoring will be
analyzed.
3.1 Classification based on specular and backward scatter in combination with polarization

In this section we disregard the wavelength dependence of the response for the different
configurations and sum up the measurements to form the values,
Omax

R D
ij
z

¦R

O Omin

ij
z

O ,D

Omax  Omin

,

(1)

where D k M d  M l gives the angular separation between the illumination and detection
directions and k 90 90  M l . With this convention D 0 in the backward scattering
direction and D 180 in the specular direction for each of the four illumination directions,
respectively. As previously Omin 1100 nm and Omax 1550 nm and the indices i and j
denote the polarization direction in the detection (i) and illumination (j), respectively. Hence

four values are obtained for each configuration for each of the nine road conditions. These
2160 values are shown in Figure 3. The specular and diffuse scattering properties for the
different road conditions are clearly visible in Figure 3. Water and ice are seen to have a
strong specular scattering component for the SS-configuration whereas the dry and snowy
surfaces are diffuse scatterers. Note that the values on the y-axis are 3 times larger in the SSconfiguration case. From a classification point of view it is the angels around the specular
component (D=180) and the angles around the backward scattering direction (D=0) that is of
main interest and the angles we consider in the following.
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Figure 3. Polarization resolved measurements with the angular separation Į. a) P-polarized illumination and Ppolarized analyzer (PP) b) S-polarized illumination and S-polarized analyzer (SS) c) P-polarized
illumination and S-polarized analyzer (PS) d) S-polarized illumination and P-polarized analyzer (SP)

Notable in Figure 3 is the r 10 degree deviation of the specular response especially for the
smooth surfaces water and ice. This could cause a problem, since the intensity levels vary
significantly between points measured in the specular reflex exactly or just miss it slightly due
to misalignment. Therefore the maximum value of Rzij (D ) for D 170, 180, 190 represent the
specular response as:
Rzij (180) max( Rzij (170), Rzij (180), Rzij (190)) .

(2)

For the backward scattered response the measures are represented by three angles,
respectively. This creates a practical problem as the back scattered measurements are 3 times
more than the specular response. Therefore, the specular response is duplicated three times for
each measurement configuration, so the numbers of measurements in both the specular and
backward direction, respectively, are the same. The results are collected in two 11x1 vectors
for each polarization state and surface, one vector for the specular response and one vector for
the backward scatter response. Thereafter the three water and ice surfaces and the two snow
surfaces are unified to one road condition as;
RZSS (D )

R zSS1 (D )  R zSS2 (D )  ...  R zlSS (D ) ;

(3)

where l is the number of surfaces for a specific road condition and Z represents a specific road
condition. Secondly, all polarization states are unified as;

S ZS RZSS (180)  RZPS (180)  RZPP (180)  RZSP (180),
S ZB (D ) RZSS (D )  RZPS (D )  RZPP (D )  RZSP (D ), for D 10, 0, 10

(4)

for RZ defined according to Eq. (3) for all measurement configurations. In Eq. (4) subscript S
defines the specular scatter and subscript B defines the backward scatter.
In Figure 4 the response of the S ZS and S ZB is plotted as histograms, respectively. It is seen,
that, particularly in the backward case, the response from the four surfaces tend to cluster
around a given value.
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Figure 4. Distributions for SZB and SZF. a) and e) “Dry” b) and f) “Water” c) and g) “Ice” d) and h) “Snow”

However, because of intensity variations between different kinds of snow and asphalt absolute
values cannot be used in an actual implementation. Hence, a ratio that is intensity independent
is defined using the backward and specular scattered responses. As mentioned before the
main idea using the backward and specular responses is to classify the smooth from the rough
surfaces, respectively. From Figure 3 it is seen that the largest difference for the smooth
surfaces between the backward and specular response is for the SS-polarization state. Hence,
we disregard the other polarization settings and define the ratio:
: SS
Z

RZSS (D )
, for Į=-10, 0, 10,
RZSS (180)

(5)

resulting in four matrixes, one for each road condition. The ratios : SS
are shown as
Z
histograms in Figure 5. It is seen that the dry and snow surface are distributed around 1 as
expected for a diffuse surface while the water and ice values are closer to zero as the specular
response is much larger than the backward response.
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Figure 5. Distributions for ȍ . a) “Dry” b) “Water” c) “Ice” d) “Snow”

To get an assessment of the performance of the chosen sensor architecture the Possibility Of
Wrong Classification (POWC) [2] defined as,
nmax

POWC ij
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n 1

is introduced. In Eq. (6) n is either of the nmax boundaries and p is the number of surfaces
compiled. If all four surfaces are chosen nmax=6. The probability P Lij | U ij should be
understood as the probability of classifying the surface as Lij when the correct surface is Uij.
For example P Diffuse ij | Nondiffuse ij gives the probability of classifying a measurement as
“Diffuse” when it should have been “Nondiffuse”. Hence, the boundaries, n= L BUij , where L
is Ice-Water and U is Snow-Dry, need to be calculated for the chosen direction of detection.
For this purpose the functional,
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is constructed for the combination of surfaces, where the summation is a number summation.
The actual classification boundary between the different surfaces is chosen to be the L BUij that
minimizes f in Eq. (7). For the distributions shown in Figure 6, for the diffuse/smooth
surfaces, the probability becomes 7.1 % for : SS
Z . For the other three polarization
configurations the POWC is around 30 %, which is not acceptable.
3.2 2-wavelength classification with polarized light in backscattering configuration

Previous investigations show that it is possible, with some restrictions, to classify the four
different road conditions in the backward scatter configuration with only two SWIR
wavelengths with unpolarized light [2] and with polarized illumination [3], respectively. For
a preview sensor with the intention of vehicle mounting [3] reliability is of great importance
thou life could be at stake. In Ref. [2] the ratio T R O1 R O2 was introduced as a
classification parameter. The two wavelengths that were found to give the lowest probability
of wrong classification were to use O1=1310 nm and O2=1490 nm. Only these two

wavelengths will be considered in this section. For a preview sensor it is only relevant to
consider the light in the backward scattered direction, therefore only Į=-10, 0, 10 will be
investigated. For each of the nine measured surfaces and four polarization states these
readings are summarized in the 11 x 1 sized vector:

T zij

Rzij (O1 ,D )
, for Į=-10, 0, 10,
Rzij (O2 ,D )

(8)

where z defines a specific surface, and i and j (could be P or S) as before defines the
polarization setting for the detection (i) and the illumination (j), respectively. Four matrices
are calculated for each of the nine surfaces making a total of 36 result vectors.
The first approach is to unify these 36 matrices into 4 distinct road conditions as previously,

T Zij

T zij  T zij  ...  T zkij ,
1

(9)

2

where k is the number of surfaces for a specific road condition. Thereafter the matrices are
unified again to represent the unpolarized case and only P-polarized and S-polarized
illumination as:

TZ

T ZSS  T ZSP  T ZPS  T ZPP ,

T ZP T ZPS  T ZPP ,
T ZS

(10)

T ZSS  T ZSP .

The elements from the matrices in Eq. (10) are plotted as histograms in Figure 6, 7 and 8,
respectively.
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Figure 6. Distributions for ș. a) “Dry” b) “Water” c) “Ice” d) “Snow”

Although measured with polarized light, the histograms in Figure 6 reflect the expected
response of an unpolarized sensor since no polarization selectivity was made. A proper
unpolarized measurement series was presented in Ref. [2] as comparison. As in the previous
section it is seen that the response from the four surfaces tend to appear in the order DryWater-Snow-Ice on average for an increasing T. Hence, for classification purposes six
boundaries, L BU , where L is either Dry-Water-Snow and U is either Water-Snow-Ice need to
be calculated. These boundaries are found by replacing ȍij with ș and Bij with B, respectively,

in Eq. (7) and carry out the successive calculations. For the distributions shown in Figure 6
the POWC becomes at best 17.4 %.
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Figure 7. Distributions for șS and șP a) and e) “Dry” b) and f) “Water” c) and g) “Ice” d) and h) “Snow”

Of reasons that will be discussed later we also chose to exclude “Snow” and “Dry as well as
“Water” and “Ice”, from the calculation that give a POWC= 0 % and 1.9 %, respectively. The
two last POWC should be understood as the probability of wrong classification between
dry/snow and water/ice, which is of significant importance in an actual implementation.
Because of the POWC=0% for the Dry/Snow distributions we hereafter skip to calculate that
value since it will be 0 for all polarization states. Next polarized illumination and unpolarized
detection in the back scattering direction is considered. The matrices defined in Eq. (10) are
represented as histograms in Figure 7. Following the previous procedure to calculate
classification boundaries for these distributions gives for P-polarized illumination
POWC=15.7 % and 2.3 % for all four surfaces and “Water/Ice”, respectively. The
corresponding values for S-polarized illumination become POWC=16.7 %, and 1.5 %,
respectively.
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Figure 8. Distributions for ș . a) “Dry” b) “Water” c) “Ice” d) “Snow”

To analyze the effect of polarized detection in combination with the polarized illumination the
T ZSP , T ZSS , T ZPS , and T ZPP are analyzed, respectively. The histograms for the T ZSS matrices are
shown in Figure 8. The T ZSS is chosen because the ȍSS ratio in section 3.1 was the polarization

set-up that gave the best results; this will be further explained in the next section when both
ratios are analyzed together. Defining classification boundaries as before and calculating the
POWC’s gives POWC=15.2 % and 1.5 %. The POWC’s from all considered polarization
architectures are summarized in Table 1.
Table 1. Back scatter POWC calculations for ratio-measurements between Ȝ1/Ȝ2 for different illumination
and analyzer configurations, for all road condition distributions and water/ice only.
All four
Only water and ice
POWC for
distributions
distributions
All directions of illumination
17.4 %
1.9%
P-polarized illumination
15.7%
2.3%
S-polarized illumination
16.7%
1.5%
S-polarized illumination with analyzer in S-direction
15.2%
1.5%
S-polarized illumination with analyzer in P-direction
15.2%
1.5%
P-polarized illumination with analyzer in S-direction
13.1%
1.5%
P-polarized illumination with analyzer in P-direction
17.2%
1.5%
Unpolarized illumination*
16%
22%
* Distributions Dry, Wet, Ice and Snow from [2]

3.3 2-wavelength classification with polarized light in the backward and specular direction

For a stationary road condition sensor the dimension of freedoms of the sensor architecture
are larger than for a vehicle-based sensor. Alternative directions of detection are therefore
possible. The results from section 3.1 indicate that the specular direction could be a
complement to detection in the backward scattering direction. In this section, we therefore
consider detection in the specular and backward direction using only 2 wavelengths. Hence,
the ratio : SS
Z (O ) is calculated as:
: SS
Z (O1 )

RZSS (O1 ,D )
, for D
RZSS (O1 ,180)

10, 0, 10.

: (O2 )

RZSS (O2 ,D )
, for D
RZSS (O2 ,180)

10, 0, 10.

SS
Z

(11)

where O2 showed to give the best result and are plotted in Figure 9.
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Figure 9. Distributions for ȍ (Ȝ2). a) “Dry” b) “Water” c) “Ice” d) “Snow”

From section 3.2 we use the ratio T ZSS which is calculated as defined in Eqs. (8) and (9) and
can be used for
shown in Figure 8. The advantage of using both ratios is that : SS
Z
classification of water/ice and dry/snow resulting in a POWC of 4 %. Then the T ZSS ratios is
used for classification of water from ice and dry from snow which results in a POWC of 5 %
for a classification of all four road conditions. This is illustrated in Figure 10, where T ZSS and
: SS
Z are plotted on each axis, respectively. The classification boundaries are calculated as
previously from Figures 8 and 9, see the lines in these figures, which are shown in the 2dimensional space in Figure 10 as full lines.
Examining Figure 10 closer, we conclude that the classification boundaries used could be
enhanced by rotating the data as:
ª:cº
«T c »
¬ ¼

ªcos M
« sin M
¬

 sin M º ª:º
for ĳ=0,1,…,90°
cos M »¼ «¬T »¼

(12)

The data is then analysed as previously that gives the functional for the boundaries between
the different road conditions as:
f ij
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where ȁ can be either of Dry/Water-Snow/Ice, Dry/Snow-Water/Ice and Dry/IceWater/Snow. The lowest POWC was found for ĳ= 45° and is shown as dashed lines in Figure
10. The configuration that gave this POWC was Dry/Water-Snow/Ice, making a classification
of the “slippery” road conditions from the “non slippery” road conditions (see the dashed
lines and circles) first. Then classifying a diffuse road condition from a specular road
condition resulting in a POWC of 2 %, which is a good result classifying the four road
conditions.
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Figure 10. Classification based on the two ratios șSS and ȍSS(Ȝ2).

4. Conclusions
Three different configurations utilizing polarized short-wave infrared light (SWIR) to
classify winter road conditions have been investigated. The four winter road conditions
considered were dry asphalt, and asphalt covered with water, ice and snow, respectively. In
the first configuration polarized broadband light was detected in the specular and backward
direction, respectively, and the quotient between the detected intensities was used as the
classification parameter. Best results were obtained for the SS-configuration, TE polarization
for both illumination and detection. In that case it was shown that it was possible to
distinguish between the smooth road conditions water and ice from the diffuse road conditions
snow and dry asphalt with a probability of wrong classification as low as 7 %. The accuracy,
however, was not good enough to be able to separate the four surfaces from each other with
an acceptable level of certainty for any of the combinations of polarization settings. The next
sensor configuration considered was a pure backward architecture utilizing polarized light
with the two distinct wavelengths 1310 nm and 1490 nm, respectively. The quotient between
the intensities at these two wavelengths was used as the classification parameter. Such a
sensor is suitable for on-vehicle mounting and may deliver preview information ahead of the
vehicle.
This sensor architecture has been investigated previously for unpolarized light [2], and
polarized illumination [3], respectively. It was then concluded that there was a problem to
distinguish a thin layer of ice from a thin layer of water. Introducing also polarized detection
only slightly improves this situation and result in a probability of wrong classification around
15 % between all four surfaces considered. However, for the important problem of
distinguishing water from ice (or vice versa) the probability of wrong classification becomes
only 1.5 %, which is of great practical importance. The last architecture considered was a
combination of the two previous configurations. The two distinct wavelengths used in the
previous sensor architecture were now also detected in the specular direction. Based on the
findings from the first architecture considered the SS-polarization configuration was chosen.
Now two independent relative parameters can be calculated and used for classification, the bidirectional quotient and the bi-spectral quotient, which opens up more freedoms for defining
classification boundaries between the four road conditions. The optimum choice of
boundaries results for this configuration in a probability of wrong classification as low as 2 %
between all four surfaces. Such sensor architecture might be a promising candidate as a
stationary sensor or as sensor onboard specialized vehicles to monitor the development of
winter road conditions.
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1.

Introduction

Remote sensing to measure soil surface reﬂectance frequently and at many locations across
relatively large areas have been the subject of research for several years [1]. The objective of
such measures is to deduce knowledge about the chemical composition, water content and
surface roughness of the soil. These properties have been produced using a Bidirectional soil
spectral reﬂectance model that can be readily inverted against such multi-angular spectral
reﬂectance measurements [2–4]. The Bidirectional soil spectral reﬂectance model is based on
the radiative transfer equation which describes how light impinging on a surface is scattered
[5]. In this investigation a similar approach is used to diagnose the condition of winter roads.
Previous investigations have shown that it is possible to classify diﬀerent phases of water
(ice, water and snow) upon asphalt, using Near InfraRed (NIR) light of wavelengths 980,
1310 and 1550 nm. In order to ﬁnd road conditions that are slippery [6–10] to prevent
accidents. Hence, it has been shown that slippery road conditions and traﬃc accidents are
correlated [11]. Until now, non-contact classiﬁcation of diﬀerent road conditions have been
translated into a constant road grip value (friction) using a look-up table. Such a solution
will cause substantial errors because a speciﬁc road condition can have a large variation in
road grip that is then not taken into account using a constant value.
However, if properties as water content (depth of the water, ice and snow) and the surface
roughness could be deduced from the road condition measurements this could improve the
translation to a road grip value signiﬁcantly. The purpose of this paper is to investigate
if experiences from the measurements of soils can be transferred to the problem of winter
road diagnostics. The NIR-light angular spectral response of 14 known road conditions is
measured and investigated for information about the depth and surface roughness using a
radiative transfer model. The paper is divided in sections where Section 2 describes the
radiative transfer model. Section 3 explains how the measurements were conducted and in
Section 4 the results are shown and discussed. The paper is ended with some conclusions.
2.

Theory

The Radiative Transfer Equation (RTE) describes how the relative intensity r(i, e, φ; λm )
of the scattered light for a given wavelength λm is attenuated by absorption and scattering
on and inside a substrate [5], assuming an isotropic scattering model. This area have been
subject for research for several decades. The RTE have been modiﬁed and developed to ﬁt
measurements for several areas [2, 3]. In this paper a directional method used for agriculture
purposes is used and deﬁned as:
r(i, e, φ; λm ) =

w 1
([1 + B(g)]P (g, g  ) + H(cos(i))H(cos(e)) − 1).
4 μ0 + μ

(1)

In this investigation only the backscattered light is analyzed so the azimuth angle φ = 0
2

Specular reflection
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and backward reflection
z
e
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g
z=0
s

i

φ

Fig. 1. Angular explanation for the reﬂectance model r(i, e, φ; λm ).

for all calculations which makes all angles (i, e, g, g  ) in the same plane. All angles (the
incident angle (i), the measuring angle (e), the azimuth angle (φ), the phase angles (g, g  ))
are shown in Figure 1. The g angle is the angle between the inclination angle (i) and the
measuring angle (e). In the case of g  it is the angle between the specular reﬂection (s) and
the measuring angle (e), as shown in Figure 1. The other functions appearing in Eq. (1) are
deﬁned as :
cos(g) = cos(i) cos(e) + sin(i) sin(e) cos(φ),


cos(g ) = cos(i) cos(e) − sin(i) sin(e) cos(φ),
3 cos2 (g) − 1
3 cos2 (g  ) − 1
+ b cos(g  ) + c
,
P (g, g  ) = 1 + b cos(g) + c
2
2
1
B(g) =
,
1 + (1/h) tan(g/2)
1 + 2x

H(x) =
.
1 + 2 (1 − w)x

(2)
(3)
(4)
(5)
(6)

Where P (g, g  ) is the scattering function, describing the angular distribution of the scattered
light and the B(g) function describes the backscattering of light as a function of g and h. The
h parameter deﬁned a roughness parameter related to the porosity of the medium, gradient
of compaction and grain size distribution. Finally, the term H(cos(i))H(cos(e)) − 1 which
approximates the contribution from the multiple scattering in the medium. The w in Eqs.
(1) and (6) is the single scattering albedo (scattered light/total incident light) and b, c,
b , c are coeﬃcients in front of the Legendre polynomials in Eq. (5). The inverse modeling
3

estimation problem is solved by a nonlinear least square ﬁtting procedure implementing the
Gauss-Newton algorithm for two wavelengths, respectively [12, 13]. The wavelengths under
investigation are λ1 = 1310 nm and λ2 = 1550 nm. The algorithm solves the nonlinear
least-square equation by minimizing the error(δ) as:
δ=

n


[Rk − r(ik , ek ; λm )]2 ,

(7)

k=1

where Rk is the measured scattered light. For our measurements m=1,2 and n=7 because of
the backscattered measurements are limited to i = 10-70°. The six parameters to be estimated
are w, h, b, c, b and c for each of the two wavelengths, respectively. This procedure have
been shown to be a useful method for Bidirectional Reﬂectance Spectroscopy measures to
investigate the water content of soil for agriculture purposes [1, 3, 4].
For this investigation the measurements are not bidirectional but the model can be adapted
to suit directional methods as well to ﬁt diagnostics of winter roads. The start values used
for the estimation for the set-up in this paper are the same as in [1]. The start values are
tabulated in Table 1.

Table 1. Initial guess of the parameters w, h, b, c, b and c for the nonlinear
least square estimation.
w
h
0.500 1.990

3.

b
0.150

c
-0.320

b
1.410

c
-0.450

Measurements

The experimental set-up for measuring the Specular Angular Response (SAR) for the four
diﬀerent road conditions dry, wet, icy and snowy asphalt is shown in Figure 2. Figure 2 (a)
shows the asphalt at the center of a (poly methyl methacrylate) half sphere of diameter 720
mm and with 3 mm diameter holes drilled every 10° vertically and horizontally pointing
toward the center of the half sphere. By covering the measuring area with a hemisphere, the
measurements could be aﬀected by the back reﬂected light from the hemisphere. Therefore
a veriﬁcation measurements with and without the sphere were conducted showing that the
sphere did not aﬀect the measurements. The 50 W halogen light source was mounted in
one end of a 400 mm long and 50 mm diameter tube. In the other end of the tube a +150
mm lens was mounted giving a spot width on the asphalt of 50 mm. The tube was ﬁnally
mounted in a tripod so that the horizontal angle could be varied between 0° and 90° without
changing the width and position of the illuminated spot. See Figure 2 (a) and (b) for details.
4

Fig. 2. Labratory set-up. a) The half sphere for measuring mounted under the
illumination source. b) The illumination source. c) A picture of the asphalt
use for these measurements. d) The spectrometer and the extension (1).

The same piece of asphalt (ABT11), a dense tar pulp with stone material below 11 mm
diameter, was used in all the measurements (see Figure 2 (c)). Finally in Figure 2 (d)
the SWIR micro-spectrometer is shown which completes the set-up. The spectrometer was
delivered by Boehringer Ingelheim microParts GmbH and has a bandwidth of 1100-1700 nm
with a resolution of 1 nm and a sampling depth of 16 bits. To secure measuring within the
illuminated spot an extension head (1) was designed so an NA 0.04 acceptance angle was
obtained. The region from which light was collected was hence about 30 mm wide. In this
investigation, as the focus is on a vehicle application, the calculations are limited to two
wavelengths λ1 = 1310 nm and λ2 = 1550 nm.
The calibration set-up for the spectrometer readout is sketched in Figure 3 (a). Keeping
everything else as during an actual measurement, the table holding the asphalt was removed
and instead the spectrometer was positioned at a distance equal to the diameter of the half
sphere facing the light source. This set-up simulates a perfect mirror placed at the position
of the asphalt and specular detection. The spectral response from the calibration procedure
was then stored as reference for the spectral responses from the actual measurements. The
readings from the measurements will therefore be the percentage of the intensities of each of
the wavelength bands as compared to the reference measurement. For a perfect mirror it is
unity for the entire spectral window.
In this investigation the speciﬁc geometry (combination of illumination angle and detection
angle) were limited to the back scattered response with a 10 degree resolution from 10° to
70° (see Fig. 3 (b)). Because of measuring in the same direction as the illumination the
measuring direction is shifted by 3° for each of the 7 measurements, respectively. The
5

Fig. 3. Schematic drawing of measurement set-up.

responses (Rk (λm )) from the 14 diﬀerent road conditions were measured; dry asphalt, moist
and frosty asphalt and asphalt covered with 1, 2, 3 and 4 mm water and ice, respectively.
The snow was restricted to 1, 3 and 5 mm resulting in 14 diﬀerent road conditions. The water
and ice were ordinary tap water that supposedly should be clean from pollution. The snow
was gathered during the winter and was kept in a freezer. Hence, the snow contained some
pollution. The frost, ice and snow measurements were performed in a climate room with an
air temperature of -10°C. Analysis of the measurements were conducted in MATLAB and
are described in detail in the coming sections.
4.

Results and discussion

In this section the measured results in combination with the parameter estimation is presented together and analyzed. The idea is to get more information about the road conditions
by estimating the parameters of the model described in Eq. (1). In Figure 4 the measurements Rk (λm ) are shown as gray lines and the model estimates r(ik , ek , φ; λm ) are shown as
black lines in the left column for λ1 and in the right column for λ2 . The estimated results
are consistent with the measured result, except for the ice that have some outliers for the e
angles 7-27° and for the depths 2-4 mm, for both wavelengths. Figure 5 depicts the estimated
data vs the measured data to illustrate the ﬁt in a clear form. In Figure 5 the points are
closely gathered around the line y = x, representing a perfect ﬁt, that and the correlation
r2 = 0.978 conﬁrms the accuracy of the model [15]. The estimated parameters (w, h, b, c,
b and c ) are shown in Figure 6. In the left column for λ1 and in the right for λ2 . For all
subplots in Figures 6 and 7 the points are represented as follows, 1 = dry asphalt, 2-6 =
6
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Fig. 4. Left column the measured and estimated data for λ1 (1310 nm) and in
the right column for λ2 (1550 nm).

water (moist to 4 mm depth), 7-11 = ice (frosty to 4 mm depth) and 12-14 = snow (1,3 and
5 mm depth). Notable is that the snow has a lower response for λ2 than λ1 , this is because
of a large absorption of NIR-light above 1400 nm [9, 14]. This can be seen in Figure 4 (d)
and (h). The low intensities of λ2 for snow makes the result of the w estimation misleading
giving a wrong picture of the substrate characteristics, as seen in Figure 6 (c) and (d), where
the Snow is estimated as a smooth surface based on the h parameter for λ2 . Therefore we
focus the discussion on the results of λ1 . The single scattering albedo w is aﬀected by the
absorption of the substrate on the asphalt making it depth sensitive which is seen in Figure 6 (a). This depth sensitivity can be seen for both water (2-6) and ice (7-11) where the
intensities decrease for increasing depth and the opposite for snow in points 12-14. These
results indicate that a stationary road condition sensor is capable of measuring changes in
depth of water, ice and snow on asphalt. This makes it possible to warn vehicle drivers for
hydro-planing as well as informing road maintenance when to plow or salt due to how much
ice or snow there is on the road.
Further, the h parameter which represents a roughness parameter also shows consistency
with the measured surfaces. It is high for the dry and snow and low for the water and ice
(see Figure 6 (c)). Note that for the moist (2) and frosty (7) measurements the intensities are
between the rough and smooth surfaces as expected. It is also notable that the snow intensity
increase with increasing depth. These results indicate that, as we wished, it is possible to
get information of the roughness of the road conditions making it plausible to connect such
a value to road grip.
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Fig. 5. Estimated model data vs Measured data, showing a strong agreement.
The line is represented by y=R1*x+R2 where R1=0.999 and R2=0.0026.

The four parameters b, c, b and c are all constants in the scattering function (P ) consisting
of Legendre polynomials as seen in Eq. (5). The parameters are shown in Figure 6 (e)-(l).
The scattering function (P ) describes the angular distribution of the light, where b and c are
related to the back scattered angles while b and c are connected to the forward scattered
light. In this case there are no forward scattered estimates included in the investigation, but
the idea is to see if these parameters could contribute information about the diﬀerent road
conditions. This indeed is the case.
Looking closer at the b parameter it has a positive value for the rough surface dry and
snow (see Figure 6 (e)) and is negative for the smooth surfaces water and ice. This is understandable because the rough surfaces should have a much larger angular distribution for
the back scattered angles than the smooth surfaces. So the physical properties of the model
for b are consistent with the estimation. The c parameter also shows these properties but
not as clearly as in the b case. Regarding the b and c parameters there are some interesting
results. The b shows consistent results with the w parameter for both wavelengths. This
is due to the scattering in the forward direction which is dependent on polarization, hence
making the absorption by the diﬀerent road conditions visible in the b parameter as well. For
the c parameter there is an obvious diﬀerence between the icy and snowy road conditions
compared with the dry, wet and frosty road conditions. This could be caused by the asphalt
that are more prominent for the 7 ﬁrst road conditions then the other 7 substrates.
In Figure 7 values for the three functions P (g, g  ), B(g) and H(x) as described in Eqs.
(4-6) are shown for i = 45, e = 42 and φ = 0. All three functions, as well as the parameters
they are based on, show consistency with the actual properties of the road conditions. The
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Fig. 6. The estimated model parameters, in the left column the results for λ1
(1310 nm) and in the right for λ2 (1550 nm). The parameters estimated is
w , h, b, c, b  and c 

P (g, g  ) function is largest for the rough surfaces, dry asphalt and snow, while taking on
lower values for water and ice which are smoother surfaces. This is also the case for both
the B(g) and the H(x) functions that describes the surface roughness and the contribution
of multiple scattering which both should be larger for the rough surfaces. Also note that as
with the w and h parameters, it is possible to classify changes in depth for the water, ice
and snow. The advantage of investigating the three functions instead of the six parameters
is that the number of functions is less and summarize the result eﬀectively.
5.

Conclusions

An investigation of diﬀerent road conditions has been conducted to examine the possibility
of estimating a surface’s characteristics. Thereafter connecting these parameters to more
interesting road condition parameters aﬀecting traction as porosity, depth and roughness.
The porosity estimation is important in the case of ice and snow on the asphalt, while
the depth estimation is also desired for all substrates on the asphalt. The most important
parameter regarding road grip is of course the roughness and it is applicable to all road
conditions. The investigation show that it is possible to estimate a roughness parameter
from static angular responses using NIR-light of wavelengths below 1400 nm for the four
road conditions dry asphalt and asphalt covered by water, ice and snow. We have also shown
that changes of depth of water, ice and snow can be classiﬁed from such measurements. Both
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Fig. 7. The model functions P (g, g  ), B(g) and H(cos(i)) ∗ H(cos(e)) − 1.

these result could be used to improve road friction estimation for vehicle applications and
road maintenance applications as well as in other vehicle warning systems. It is also concluded
that using three estimated functions instead of six estimated parameters is a more eﬀective
way to characterize road conditions.
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possibility of estimating parameters such as porosity, depth and roughness, which are
parameters affecting traction. The investigation show that it is possible to detect changes
of depths of water and ice as well as classify different slipperiness of ice from a real
on-line vehicle sensor measurements. By utilizing polarized short-wave infrared light
(SWIR) and a modified Hapke directional reflectance model. Another conclusion is that
the filtration and the estimation can provide a better characterization of the classified road
conditions.
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1 Introduction
It has been shown that traﬃc accidents and slippery road conditions have a
signiﬁcant correlation (1). By warning drivers or safety applications in the vehicles
of slippery road surfaces ahead, some of these accidents could be avoided. One
sensor designed to measure slippery road conditions is the optical sensor RoadEye
(2; 3; 4; 5). In the Swedish IVSS-RFE projects and the EC-funded project Friction
it was shown that the RoadEye sensor had the potential to classify diﬀerent phases
of water (ice, snow and their mixes), due to diﬀerent resonance frequencies at near
infrared wavelengths (NIR 1-2 μm)(6; 7; 8).
Although the overall tests showed promise, there were some diﬃculties in
determining thin layers of water from thin layers of ice, due to induced noise in the
signal. The noise is induced by several factors. The most prominent is the random
roughness of the asphalt and the diﬀerent depths of water in diﬀerent phases on
the asphalt. If the noise was ﬁltered out, it would bring major improvements to
the classiﬁcation algorithm, which in turn would increase the ability to distinguish
between thin layers of ice and water.
Remote sensing to measure soil surface reﬂectance has been used frequently
and at many locations across relatively large areas. It has been a subject for
research in several years (9). By observing spectral variations about the chemical
composition and examining the reﬂectance at all possible illumination and sensor
view angles of a particular target, water content and surface roughness of the soil
can be deduced. The surface roughness is deduced by Bi-directional soil spectral
reﬂectance models that can be readily converted to such multi-angular spectral
reﬂectance measurements (10; 11; 12).
A similar approach was investigated for stationary road condition
measurements and showed that for stationary measurements it was possible to
separate diﬀerent depths of water, ice and snow on asphalt (13). Therefore, the
focus of this paper is to investigate if the same model estimation works for
dynamic measurements. Estimating the depth and the surface roughness of the
diﬀerent road conditions Dry, Wet, Icy and Snowy asphalt. Also implemented into
the estimation is a moving average ﬁlter that decreases the noise in the raw signals
thereby improving the classiﬁcation. In Section 2 the measurements are described.
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Section 3 introduces the model that is the basis for the estimation. Section 4
explains the K-mean classiﬁcation algorithm and the low pass ﬁltering. Thereafter
the results are shown and discussed in Section 4 and the paper is ended with some
conclusions.

Figure 1

Mounting of the Road eye sensor in the protective tube on the tow bar.

2 Measurements
The RoadEye sensor is a optical sensor for road condition classiﬁcation. The sensor
consists of three laser diodes with the wavelengths λ1 =1550 nm, λ2 =1310 nm and
λ3 =980 nm. The reﬂected light (R(λm )) is measured with a photo diode for each
of the wavelengths respectively. The tow bar of the vehicle is used for mounting of
the RoadEye sensor and is shown in Figure 1. The sensor is mounted inside a tube
that protects the optical sensor from dirt and splash. This kind of mounting, inside
a 0.5 m long tube have been proved a suitable method for vehicle measurements
and it has been tested on several vehicles and for about 10000 km on Swedish
roads both during summer and winter conditions (8). The sensor is mounted so it
have an inclination angle to the road surface of ¬45° and the measuring point is
directed to measure in the right wheel track. The measuring spot at this distance
and angle is 0.015 m in diameter. In this paper our focus was on the four road
conditions Dry, Wet, Icy and Snowy asphalt. Figure 2 shows samples of the four
road conditions (a) Dry, (b) Wet, (c) Icy and (d) Snowy asphalt that are used in
this investigation. The wet measurement is represented by three diﬀerent depth
moist asphalt and light and heavy rain (shown in Figure 2 (b)) with a water depth
of ¬3-5 mm on the asphalt. Notable is the moist asphalt in the left lane in Figure
2 (a). The ice is measured at two occasions with two diﬀerent ice thicknesses and
ice characteristics. The ﬁrst part is represented by a black ice with a depth of
¬1 mm. This ice has a very special characteristic as it looks like moist asphalt
and is very slippery, this appearance makes it very diﬃcult to detect for a driver.
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Figure 2

Pictures of the diﬀerent road conditions represented in the tracks a) Dry
asphalt b) Wet asphalt c) Ice covered asphalt d) Snow covered asphalt.

The second, which is shown in Figure 2 (c), is a gray ice with a depth of ¬3-5
mm. The snow, which is shown in Figure 2 (d) is a light, new fallen snow that
is compressed by vehicle tires. All road conditions are measured at diﬀerent times
and locations and put together in a test ﬁle. This is done so we are able to analyze
the diﬀerent road conditions together and have controlled test surfaces enabling
comparison of the results with the actual road conditions. The raw signals from
the test ﬁle are shown in Figure 3. Note the large diﬀerence of the Snow response
due to the absorption of NIR-light above 1400 nm for Snow (20).
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Figure 3

Raw data from the Road eye sensor for the four road conditions Dry, Wet,
Icy and Snowy asphalt.
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3 Theory
Radiative transfer has been an intensive research area for several decades. The
Radiative Transfer Equation describes how light is absorbed and scattered on
and inside a substrate (14). This equation has been rewritten and modiﬁed to ﬁt
Bidirectional Reﬂectance Spectroscopy measurements (10). Assuming an isotropic
scattering model the relative intensity r(i, e, φ; λm ) of the scattered light for a
given wavelength λm is given by:
r(i, e, φ; λm ) =

w 1
([1 + B(g)]P (g, g  ) + H(cos(i))H(cos(e)) − 1).
4 μ0 + μ

(1)

The incident angle (i), the measuring angle (e), the azimuth angle (φ) and
the phase angles (g, g  ) are shown in Figure 4. In this investigation only the
backscattered light is analyzed so the azimuth angle φ = 0 for all calculations
which makes all angles (i, e, g, g  ) in the same plane. The g angle is the angle
between the inclination angle (i) and the measuring angle (e) and the g  angle is
the angle between the specular reﬂection (s) and the measuring angle (e), as shown
in Figure 4. The other functions appearing in Eq. (1) are deﬁned as (10; 11):
cos(g) = cos(i) cos(e) + sin(i) sin(e) cos(φ),
cos(g  ) = cos(i) cos(e) − sin(i) sin(e) cos(φ),
1
B(g) =
,
1 + (1/h) tan(g/2)
3 cos2 (g  ) − 1
3 cos2 (g) − 1
+ b cos(g  ) + c
,
P (g, g  ) = 1 + b cos(g) + c
2
2
1 + 2x

.
H(x) =
1 + 2 (1 − w)x

(2)
(3)
(4)
(5)
(6)

Where B(g) describes the back scattering of light as a function of g
and h, where h is a roughness parameter related to the porosity of the
medium, gradient of compaction and grain size distribution. P (g, g  ) is the
scattering function, describing the angular distribution of the scattered light
and the term H(cos(i))H(cos(e)) − 1 approximates the contribution from the
multiple scattering. The w in Eqs. (1) and (6) is the single scattering albedo
(scattered light/total incident light) and b, c, b , c are coeﬃcients in front of
the Legendre polynomials in Eq. (5). The inverse modeling estimation problem
is solved by a nonlinear least square ﬁtting procedure implementing the GaussNewton algorithm for three wavelengths, respectively (15; 16). The wavelengths
under investigation are λ1 = 1550 nm, λ2 = 1310 nm and λ3 = 980 nm. The
algorithm solves the nonlinear least-square equation by minimizing the error (δ)
as:
δ=

n


[Rk − r(i, e; λm )]2 ,

(7)

k=1

where Rk is the measured scattered light. For our measurements n=20 and
the six parameters to be estimated are w, h, b, c, b and c for each of the
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Figure 4

Angular explanation for the reﬂectance model r(i, e, φ; λm ).

three wavelengths, respectively. This procedure have been shown to be a useful
method for Bidirectional Reﬂectance Spectroscopy measures to investigate the
water content of soil for agriculture purposes (9; 11; 12). For this investigation the
measurements are not bidirectional but the model is adapted to suit directional
methods as well to ﬁt diagnostics of winter roads. The start values for the
estimation are chosen as in Table 1 which are consistent with the mean result of
the stationary measurements from (13). The values for λ3 are estimated based on
these values and the absorption for that wavelength.

4 Filtration and Classiﬁcation
Dynamic measurements with the optical sensor on a rough surface will induce
noise to the signal. In our case the estimation is set-up to provide ﬁltering of the
raw signals. This is done by setting up the estimation as a moving average ﬁlter,
meaning that the estimation algorithm uses 20 samples (the sample frequency of
the RoadEye sensor is 20 Hz) of Rk (λm ) (m=1,2,3) for the estimation, for each
wavelength respectively. This means that there are 20 equations that are solved
to generate parameters for only one sample. By making such a computation the
raw signals are low pass ﬁltered and the noise that is introduced by the asphalt
roughness and shifting depths of water, ice or snow is reduced. A classiﬁcation
algorithm could be based on several methods. In this paper we have chosen a Kmean cluster algorithm, as it is a known and evaluated algorithm that suits our
kind of measurements (16; 17). The ﬁrst prototype of the optical sensor RoadEye
included two lasers with two diﬀerent wavelengths (λ2 =1310 nm and λ1 =1550
nm) this enabled one intensity independent parameter. The second generation and
the one we have used in this investigation includes one additional laser of the
wavelength 980 nm. The introduction of the third wavelength enabled at least two
intensity independent variables.
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Initial guess of the parameters w, h, b, c, b and c for the nonlinear least
square function

λ1
λ2
λ3

w
0.130
0.210
0.240

h
1.630
1.710
1.750

b
0.215
0.230
0.250

c
-0.240
-0.235
-0.230

b
0.730
0.790
0.840

c
0.210
0.170
0.140

Assuming that for diﬀerent types of asphalt the spectral response is the same
only with a change in intensity level, i.e. the ratios between two wavelengths
will stay the same independent of intensity changes. In (18) this was shown
to be a successful method to classify diﬀerent road condition for stationary
spectral measurements. In this investigation we have chosen to transform the ratios
into spherical parameters instead. Resulting in two spherical angles (intensity
independent) and a radius. Hence, this gives us an additional degree of freedom
in the calculation of the total intensity of the three wavelengths and it becomes
easier to visualize the classiﬁcation. One output sample from the Road eye sensor
gives a measure for each wavelength as:
λ1 [n], λ2 [n], λ3 [n]

(8)

each sample set is then translated to spherical coordinates as:
θ[n] = arctan(

λ1 [n]
),
λ2 [n]

λ3 [n]
),
γ[n] = arctan( 
λ1 [n]2 + λ2 [n]2

T [n] = λ1 [n]2 + λ2 [n]2 + λ3 [n]2 .

(9)
(10)
(11)

By implementing θ and γ in one K-mean cluster algorithm and T into a second,
it is possible to classify the four diﬀerent road conditions Dry, Wet, Ice and Snow
(17). The algorithms are modiﬁed with a start value for each iteration. If the new
value is inside a 30% conﬁdence interval the start value is updated after each
iteration. The algorithm starts by classifying non-slippery, Dry and Wet, road
conditions from slippery, Ice and Snow, using θ and γ, based on the diﬀerence in
angular response (θ, γ). Thereafter the algorithm classiﬁes Dry from Wet and Ice
from Snow with the second K-mean cluster algorithm based on T.

5 Results and Discussion
In this section the measured results in combination with the parameter estimation
is presented together and analyzed. The idea is to get more information about
the road conditions by estimating the parameters of the model described in Eq.
1. In Figure 5 the measurements Rk (λm ) are shown as gray lines and the model
estimates r(i, e; λm ) are shown as black lines for λ1 , λ2 and λ3 respectively. Notable
is the decrease of the noise in the estimated signals due to the low pass ﬁltration.
Figure 6 shows the estimated data vs the measured data to illustrate the ﬁt in
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a clear form. In Figure 5 the points are closely gathered around the line y =
x, representing a perfect ﬁt, that and the correlation r2 = 0.977 conﬁrms the
relevance of the estimation (19).
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The three Road eye signals a) λ1 (1550 nm) b) λ2 (1310 nm) c) λ3 (980 nm),
one for each wavelength. The grey line is the measured raw data the black is
the estimated model data.

The estimated parameters (w, h, b, c, b and c ) are shown in Figures 7, 8 and
9 for all three wavelengths respectively. The single scattering albedo w is aﬀected
by the absorption of the substrate on the asphalt making it depth sensitive. This
depth sensitivity can be seen especially for water (between ¬13 and ¬67 s) which
has three diﬀerent depths, moist, light and heavy rain. The moist asphalt measure
is represented between ¬13 and ¬28 s, the light rain is represented between ¬28
and ¬37 s. The last water subpart represented by heavy rain is between ¬37 and
¬67 s. The diﬀerence between these three water conditions are clearly seen in
Figure 7 (a) for λ1 . This is consistent with the absorption coeﬃcient for water
where λ1 has the highest absorption of the three wavelengths. These results make it
possible to warn vehicle drivers for hydro-planning. In the case of Ice, the diﬀerence
in thickness is small between the two surfaces, but it is notable for λ1 . The ﬁrst
part, the black ice, which is diﬃcult for the driver to detect, is represented up to
¬77 s and after that it is the gray ice shown in Figure 2 (c). In this case there
is a smaller diﬀerence between the two cases, but as in the water case there is a
diﬀerence which indicates that it would be possible to classify changes of depth for
ice as well as water. However, the most important result is that it is possible to
diﬀerentiate a wet road surface from an icy surface that for the human eye appears
the same.
Further, the h parameter which represents a roughness parameter dependent on
the roughness and the porosity of the medium is clearly relevant for road condition
classiﬁcation as it could be connected to a friction value. The result of h is shown
in Figure 8 for each wavelength respectively. Notable is that the Dry and Wet
results are consistent over all three wavelengths (Dry having a larger value than
Water). This is not seen due to the increase of the Snow response. As expected
the Snow and the Dry asphalt have a larger h values than Water. However, the
Ice doesn’t appear as expected with low values. This is because the Ice in this
measure is not a smooth ice. The ﬁrst part of the Ice is the black ice that follows
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The Estimated data vs the Measured data

the contours of the asphalt making it a rough surface as well as the second part.
The second part is the gray Ice (see Figure 2 (c)) which has hints of snow in it and
has been driven upon with studded tires making it rough. Despite this, both cases
of ice cause slippery road conditions. The key ﬁnding from the estimation of the
h parameter is that it is possible to distinguish the two diﬀerent ice surfaces for
λ1 (see Figure 8 (c)). Ice has a friction coeﬃcient range between 0¬0.5 and these
results indicate that it could be possible to locate where within this range diﬀerent
ice surfaces are located.
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Figure 7

The estimation of the single scattering parameter w for the three
wavelengths a) λ1 (1550 nm) b) λ2 (1310 nm) c) λ3 (980 nm).

The four parameters b, c, b and c are all constants in the probability
scattering function (P ) consisting of Legendre polynomials as seen in Eq. (5). The
parameters are shown in Figure 9. The scattering function (P ) describe the angular
distribution of the light, were b and c are related to the back scattered angles while
b and c are connected to the forward scattered light. In this case there are now
forward scattered estimates included in the investigation, but the idea is to see
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if these parameters could contribute to the information about the diﬀerent road
conditions. This indeed is the case. For the back scattered case and the b parameter
the results are consistent with the results from w. This allows us to come to the
same conclusions as in the w parameter case. It is also notable that both w and b
have the same characteristics as the raw signals but the noise is ﬁltered out, this
could be exploited in a classiﬁcation algorithm. In the c parameter case there are
some interesting results, starting with λ1 . As in the case of the h parameter the c
parameter captures the changes of the Ice surfaces that the b parameter is unable
to do. But as in the case of the b parameter the c parameter for λ3 classify the Ice
is a smooth surface by low values for the probability of back scattering(see Figure
9 (f)).
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Figure 8

The estimation of the roughness parameter h related to the porosity of the
medium for the three wavelengths a) λ1 (1550 nm) b) λ2 (1310 nm) c) λ3 (980
nm).

The results of the b parameter are close to those that can be deduced from the
b and c parameters. Due to the measuring set-up the g  angle is close to 87° which
means that cos(g  ) is close to zero (see Eq. 2). This makes the results from the
b parameter uncertain and are therefore not analyzed in detail. In the case of
the c parameter the Legendre function is not close to zero (see Eq. 3). Therefore
we can analyse the results more in detail. As expected for the c parameter and
λ1 , representing the forward scattered light, the Water and Ice have the highest
values. Since the probability of forward scattering of light should be highest for
those surfaces, due to their smoother characteristics. For λ1 it is also notable that
the two Ice surfaces are separated (see Figure 9 (j)). In the case of λ2 and λ3
the decrease in absorption becomes the strongest characteristics making the snow
response increase and for λ3 also the ice. However, the asphalt have the lowest
value through all three wavelength as it should.
In Figure 10 values for the three functions P (g, g  ), B(g) and H(x) as described
in Eqs. (4-6) are shown for i = 45°, e = 42° and φ = 0°. All three functions, as well
as the parameters they are based on, show consistency with the actual properties
of the road conditions and the absorption of the wavelengths used. As in (13)
the P (g, g  ) function shows most consistency for λ2 , resulting in the largest values
for the Dry asphalt and the Snow (rough surfaces) while taking on lower values
for Water and Ice (smooth surfaces). The results for λ1 and λ2 are more aﬀected

Model based winter road classiﬁcation
b

λ1

0.23

Dry

Wet

c
Ice

Wet

Ice

Snow

λ2

Ice

0.22

Snow

Dry

0.21

0.7

0.2

0.68
50
(a)

100

0

50
(d)

100

0

50
(g)

100

1
−0.15
−0.2

0.22

0

50
(b)

100

Wet

Ice

Snow

0.3

0.9

0.25

2

−0.2
−0.3

1

−0.4

0.5

−0.5

100

0

50
(h)

100

0.15

50
(c)
[s]

100

100

0

50
(k)

100

3

0

50
(l)
[s]

100

2

2.5
2

1

1.5
1

0

50
(j)

0.2

0.8
50
(e)

0

0.35

0.85

0

1.5

0.19

0.95

−0.25

λ3

Wet

−0.26
0

0.24

Figure 9

Dry

0.72

0.26

0.2

b

0.74

−0.24

0.21
0.2

Dry

−0.22

Snow

0.22

11
c

0

50
(f)
[s]

100

0

50
(i)
[s]

0

100





The estimated angular parameters b, c, b and c for the three wavelengths
respectively (λ1 =1550 nm, λ2 =1310 nm, λ3 =980 nm).

by the absorption for ice within these wavelengths. For the B(g) function the
result for λ1 shows the separation of the two Ice surface. In the case of the H(x)
function this describes multiple scattering in the materials once again the inﬂuence
of absorption is reﬂected for the three wavelengths. Therefore, this function is good
to distinguish between diﬀerent depths, especially for water. Notable is that all the
desired results form the estimated parameters are found in the results of the three
functions. Hence it is an advantage to investigate the three function instead of the
six parameters. Figure 11 shows the raw signals and the unﬁltered and ﬁltered
P(g,g´)
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Figure 10 a) P (g, g ) describing the angular distribution. b) B(g) explaining the
backscattering of light. c) H(cos(i))H(cos(e)) − 1 approximating the
contribution from multiple scattering.

classiﬁcations are shown. Notable is that the three miss-classiﬁcations in Figure 11
(b) is corrected in Figure 11 (c). This is due to the ﬁltration of the raw signals.
The drawback of applying the ﬁltered signals is that the time response is increased
from 0.05 s to 1 s. For an application directed toward the driver of the vehicle this
is not a problem as the human reaction time is longer than this. But for vehicle
system applications this may be a problem but it can be mitigated by increasing
the sampling frequency. Using a combination of the raw signals the ﬁltered signals
and the three estimated functions would improve a classiﬁcation algorithm. Since it
could enhance the output with changes of depth and a estimation of the roughness
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of the diﬀerent road condition as additional information to the classiﬁcation. The
classiﬁcation could also be used to set the initial guesses to the nonlinear least
square calculation for each road condition, making the estimation faster and the
estimated parameters more accurate.
Road eye measure
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Figure 11 a) The raw signals b) the unﬁltered classiﬁcation c) the model based
ﬁltered classiﬁcation.

6 Conclusion
An investigation of diﬀerent road conditions has been conducted to examine the
possibility of estimating a surface’s characteristics. Thereafter connecting these
parameters to more interesting road condition parameters aﬀecting traction as
porosity, depth and roughness. The porosity estimation are important in the case
of ice and snow on the asphalt, while the depth estimation also is desired for all
substrates on the asphalt. The most important parameter regarding road grip is of
course the roughness and it is applicable to all road conditions. The investigation
shows that it is possible to detect changes of depths of water and ice as well as
classify diﬀerent slipperiness of ice from a real on-line vehicle sensor. By utilizing
polarized short-wave infrared light (SWIR) and a modiﬁed Hapke directional
reﬂectance model. Further it is also shown that the roughness of the diﬀerent
road conditions can be estimated using several parameters. Another conclusion is
that the ﬁltration and the estimation can provide a better characterization of the
classiﬁed road conditions.
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1

Introduction

The tyre to road contact friction is one of the most important properties when it comes to
manoeuverability of ground vehicles, determining the limitation of the forces that the
vehicles experience. The information about the coefficient of friction is of vital
importance in a limit handling situation and can be the component that mitigates or
avoids the traffic accident. The friction information can be used by the driver to adapt his
driving behaviour according to the conditions as well as for basically all active safety
functions that affects the vehicle motion such as anti-lock brakes (ABS), electronic
stability control (ESC), collision mitigation by braking (CMbB) etc.
Due to the importance of the friction much research is spent in the field of online tyre
to road friction estimation. The main branches of approaches to the estimation problem
can be divided into indirect and direct methods. Direct methods use the planar forces of
the tyre (in the longitudinal and/or lateral) and/or the aligning torque acting on the tyre as
input to determine the friction in a direct manner. Examples of such approaches can be
found in Müller et al. (2003) and Ray (1997) for force sensing and Pasterkamp and
Pacejka (1997) for self aligning torque.
Indirect methods categorise all other approaches where some second order effect or
mechanism serves as an indicator of the tyre to road friction. Examples of indirect
methods can be found in Umeno et al. (2002), where the frequency content of the wheels
rotational velocity as an indicator of the present surface and friction. Other examples are
given in Breuer et al. (1992), Kongrattanaprasert et al. (2009) and Casselgren (2007)
where sound from microphones in the wheelhouse or optical reflections of specific
wavelengths are used as indicators. The approach in Gustafsson (1997) uses the relative
motion of the tyre w.r.t. the road surface (slip) and relates this to the tyre forces in the
longitudinal direction. Even though the method uses the tyre forces it cannot be sorted as
a direct method as it uses the slope of the force-slip curve as an indicator rather than
using it to directly estimate the friction coefficient.
Direct methods are characterised by the fact that a certain amount of tyre forces are
needed to be able to estimate the friction. This implies that estimates of the friction
will not be available at all times in an online estimator as the needed tyre forces are
only present in special driving situations (e.g., braking over a certain level etc.). This
is a fundamental property of all direct methods. For indirect methods, the estimate is
only measuring an indicator that correlates more or less to the road conditions, i.e.,
indirect methods do not estimate the tyre to road friction itself. However, the underlying
mechanism behind the indicator typically does not need any special conditions, e.g., the
sound of the wheelhouse is always present. This implies that the estimate of estimators
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based on indirect methods is up-to-date at all time in an online in-vehicle case. Properties
like these make it a non-trivial task to compare and benchmark different approaches.
In this paper, a method to evaluate tyre to road friction estimators is developed. The
objective of this evaluation method is to communicate the performance of the estimators
as well as being a tool in the development process of the estimators. Another main
objective of this work is to develop a framework to evaluate different types of estimators
(indirect and direct) using the same reference frame whenever it is possible. The
reference frame is founded on a definition of performance. The performance definition is
expressed in the form of six properties that are considered to express good performance
of a tyre to road friction estimator from an estimate-user perspective. The properties are
quantified in measures that can be computed, given relevant measurements. The
measures are combined with test scenarios/cases to form a metric that can be used for
evaluation and rating.
The friction between the tyre and the road surface is further on in this article defined
as the planar (x-y plane) force normalised by the reaction force from the ground (z-comp)
needed to have the complete contact patch in a sliding state. This corresponds, in general,
to the peak of the force-slip graph whenever it exists.

2

Definition of performance

A first step in the development of an evaluation framework is to define good behaviour of
the estimator. Here, this is done in terms of six properties that describe the performance
from an estimate user’s perspective. The chosen properties are fairly general, such that
they apply to the complete range of estimator approaches. A general behaviour of many
estimators is for example that the estimate may not be available all the time. Another
property of the estimator is the ability to tell when the friction estimate has good quality,
i.e., a confidence or validity indication of the estimate. These behaviours are reflected in
the chosen properties below.

2.1 Precision
The notation of precision is defined as a static measure measuring how close the estimate
is to a true coefficient of friction value. The estimate should be measured during ideal
conditions (w.r.t. tyre pressure, weather conditions, surface uniformity, etc.) where the
estimator has obtained an estimate with high confidence and have had reasonable time to
converge.

2.2 Availability
A property related to the requirements on the conditions for which an estimate of
the friction or road condition is available from the algorithm. One such measure is
the minimum force utilisation needed to produce an estimate with a predefined
accuracy and for indirect method it may be the share of time when there is a road surface
classification with high validity.
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2.3 Response time
The response time property considers the time aspect of the estimation. It is the duration
time until a certain precision and correctness of the estimate or classification is reached.
In some application it may be valuable to convert the time measure to a travelled distance
measure.

2.4 Robustness
The robustness property is a measure of how sensitive the estimator is to non-ideal and
abnormal conditions and situations such as road disturbances, incorrect inflation pressure,
or disabled or in other way disturbed sensor signals, etc. The conditions selected in the
tests should be representative to real situations. The specific non-ideal condition/situation
will result in a specific measure and the robustness measure is further defined by the
specific scenario.

2.5 Correctness
Correctness is defined as the ability of the estimator to determine if the estimate is close
to a true friction level. This is most often implemented in the estimator as a confidence
signal stating the quality of the estimate. The correctness measure is hence closely
connected to the performance of this confidence indication of the estimator.

2.6 Adaptation
Most estimators require a certain amount of time and conditions to adapt to the present
long term conditions. These can typically be sensor offsets, slow varying environment
conditions, e.g., tyre rolling radius etc. This property will affect the overall performance
of the estimation system. Hence, a particular adaptation measure is needed to quantify the
effect. The measure is an indicator of the amount of time and/or conditions needed for the
estimator to work properly, i.e., start producing friction estimates with a certain
predefined level of correctness and precision.

3

Test methods and conditions

Before the measures are defined and the test scenarios are presented a few comments are
stated on the prerequisites for the tests in terms of how to secure that the reference is
sufficiently accurate and on other issues to consider during the selection of test tracks and
how to prepare the test vehicle.

3.1 The reference measurement
It is essential to have a valid and high quality friction reference value when
benchmarking the estimator. The quality of the reference is in a direct manner transferred
to the quality of the measures defined in the following section. Depending on available
measurement equipment, cost or time to prepare the way to derive the reference friction
value may be one of the following:
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1

Longitudinal force divided by vertical force, P

2

Longitudinal acceleration, P

3

Combination of a video camera with Method 1 and/or 2.

4

Mobile friction measurement equipment, e.g., the BV14 see Nordström (1998). A
correction between test vehicle tyres and measurement equipment tyre is most often
necessary whenever the measurement vehicle is unable to perform the measurement
on the test vehicle tyres.

Fx Fz , at ABS intervention.

a x , at ABS intervention.

For surfaces where the friction level changes frequently during the test, for example on
an icy road, it is recommended to use a friction measurement device with a continuous
friction value measurement whenever it is possible. For homogeneous test surfaces
method 1 or 2 might be sufficient. Test manoeuvres including changes between different
homogeneous surfaces with different friction, Method 3 or 4 are recommended to exactly
capture the time stamp when the friction change occurs.
The positions of the test vehicle and friction measurement vehicle might be a valuable
support to ensure the accuracy of the friction reference measurement. This can be done
by using GPS receivers that store the GPS-coordinates. Another possibility for position
measurement is to use non-slip wheel sensors in test vehicles/support vehicles and do
dead reckoning with fixed starting points.
The time of measurement is of importance, especially when the surface condition is
changing over time, which is true for most surfaces. Hence, the time between the
reference measure and the test should be kept to a minimum depending on the surface.

3.2 Test conditions and test tracks
The tests should be carried out on well defined surfaces on test tracks to ensure
repeatability and reproducibility of the test. Supplementary tests on public roads under
normal driving conditions are needed in order to determine ‘real life’ problems and
performance. However, such tests should be considered as comparative and not absolute
as the requirement on repeatability is lost. Disturbances created for robustness testing
should also be well defined, so repeatability is achieved. The tests should include as
many surfaces as possible with a wide range of friction values and surface characteristics,
e.g., snow, gravel, asphalt, concrete etc.

3.3 Preparation of test vehicle
For efficient development work it is emphasised that all required input signals for the
estimator algorithm are stored to enable offline playback of the tested scenarios. The
required input signals for each estimator type are listed in respective section below and
can be further complemented or reduced for each individual estimator. For validation and
comparison tests the following information should preferably be stored to enable
adequate verification:

x

reference signals:

x

reference friction

x

vehicle speed
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x

x

x

x

x

vehicle position (GPS)

x

time
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result signals:

x

friction estimate

x

estimated friction value validity

environmental information:

x

specification of road and weather condition (photos, video recordings or other)

x

temperature

vehicle information:

x

vehicle type, engine type, transmission type, chassis type etc.

x

tyre type, inflation pressure

x

vehicle weight and static load distribution

additional sensors (e.g., prototype sensors):

x

sensor placement

x

version

x

etc.

3.4 Estimator calibration
Most friction estimators require a particular history of driving situations for adaptation
and/or calibration to work properly. Typical examples are sensor offset compensation or
slow adaptation of changing surrounding conditions such as tyre pressure, air temperature
etc. The estimator result will depend on how well it has been calibrated and it is therefore
important that the estimator get the required start up conditions for test cases where this
effect is not under consideration.

4

Definition of measures

This and the following sections introduce test cases and quantisation of defined properties
into measures. The scope of these test cases and measures is to be applicable to a wide
range of methods and approaches to the tyre to road friction estimation problem, e.g.,
from force and slip sensing direct approaches to indirect optical road surface
classification approaches.
The remainder of this section defines measures associated with the properties from
the definition of properties in previous section. Each defined property is concretised and
quantified by a computable quantity based on measurable signals. The computable
quantities of the properties of Section 2 are then used in the definition of test cases in the
following section.
The following variables are further on used to compute the numerical values in the
analysis:
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P ref (n) the reference friction that the estimates are compared with as a function of the
discrete time n

Pˆ (n)

the friction estimate/surface classification as a function of the discrete time n

H ( n)

the error between the reference and the estimated friction/surface classification
( P ref (n)  Pˆ (n))

Pˆ vld (n) the estimated validity of the friction estimate/surface classification as a
function of the time n
M

the total length of the measurement/scenario

vx

vehicle speed in the longitudinal direction

't

the sampling time.

It should be noted that all signals are recorded in discrete time with an acquisition system.
Consequently, all computations based on these signals are performed in this discrete time
domain.

4.1 Precision
Description: The precision measure is calculated as the well established measure of root
mean square (rms) of the estimation error when the validity of estimator is high.
Recorded signals: reference friction, estimated friction and estimated friction validity.
Definition:

¦ H (t )
¦1
2

P

I

t I

^t

t I

req
: Pˆ vld (t ) ! P vld

`

Examples of degrees of freedom:
x

req
the validity threshold P vld
for which the deviation is computed.

x

the estimator input (tyre force trajectory for direct methods and e.g., velocity for
indirect methods)

x

the initial conditions of the estimator.

4.2 Availability
The availability measure is split up in two different measures, force utilisation needed
which is dedicated to direct methods and time availability that is more general.
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4.2.1 Force utilisation needed
Description: Defined as the tyre force utilisation needed to obtain an estimate of the
coefficient of friction with high (above some threshold) validity estimation.
Recorded signals: reference friction, estimated friction validity, long-, lat- and vertical
tyre forces.
Calculation:
Fx2 (t )  Fy2 (t )

Kf

max t d treq

treq

req
min t : Pˆ vld (t ) ! P vld
 t :

P ref (t ) Fz (t )

^

` ^

H (t ) d H req

`

Examples of degrees of freedom:
x

req
the validity threshold P vld
which is required for estimate to be considered correct

x

the error threshold H req which is required for the estimate to be considered
sufficiently good.

x

the shape of the monotonically increasing tyre force trajectory

x

the initial conditions of the estimator.

4.2.2 Time availability
Description: The time availability measure is calculated as the time of measurement with
high validity estimate (N) divided with the total time of measurements (M).
Recorded signals: estimated friction validity.
Calculation:

Kt
N

1
M

^t

¦

t N

't

req
: Pˆ vld (t ) ! Pvld

`

Examples of degrees of freedom:
x

req
the validity threshold P vld
which is required for the estimate to be considered as

reliable
x

the vehicle velocity.

4.3 Response time
Description: The response time measure is defined as the travelled distance after a
friction change before the estimator identifies a change in friction level and estimates the
friction with low error. What is considered as a low error is determined by the
requirements.
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Recorded signals: reference friction, estimated friction, estimated friction validity,
vehicle velocity
Calculation:
Rs

¦

tchange

min t :

tresp

min t : t ! tchange  t :

tresp

v (t )'t
t tchange x

^

P ref tinitial  P ref (t ) d G req

` ^

^

`

H (t ) d H req

`

Examples of degrees of freedom:
x

the validity threshold G req which the surface friction needs to be changed in order to
regard it as a new surface

x

the error threshold H req which is required for the estimate to be considered
sufficiently good

x

the path or trajectory of which the road surfaces are entered and exit, i.e., tyre force
in the direct method case

x

the initial conditions of the estimator states at the beginning of the test

4.4 Correctness
Description: Correctness is measured as the time when the estimator error is lower than
the requirement and the estimation validity is high, normalised with the time the
estimator validity is high.
Recorded signals: reference friction, estimated friction, estimated friction validity.
Calculation:

C

¦ 't
¦ 't
^t : H (t ) d H `
^t : Pˆ (t ) ! P `
N H

N

H
N

req

vld

req
vld

Examples of degrees of freedom:
x

req
the validity threshold P vld
which is required for the estimate to be considered as

reliable
x

the error threshold H req which is required for the estimate to be considered
sufficiently good

x

the excitation (tyre force trajectory)
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the initial conditions of the estimator states at the beginning of the test

4.5 Robustness
Description: The robustness of the estimator is evaluated by observing how much the
precision metric and correctness metric changes when the estimator is subjected to
non-ideal conditions.
Recorded signals: reference friction, estimated friction, estimated friction validity
Calculation:
R precision

PIdeal
PNonideal

Rcorrectness

C Nonideal
Cideal

Examples of degrees of freedom:
x

req
the validity threshold P vld
which is required for the estimate to be considered as

reliable
x

the error threshold H req which is required for the estimate to be considered to
sufficiently good

x

the excitation (tyre force trajectory)

x

the initial conditions of the estimator states at the beginning of the test

x

the level of non-ideal conditions, e.g.,
x

the tyre pressure difference in tyre pressure robustness tests

x

the movement of the centre of gravity in load distribution robustness tests

x

the level of bias in a sensor signal

x

etc.

4.6 Adaptation
Description: The adaption capability of the estimator is evaluated as the driving distance
needed during normal driving conditions before the estimator is capable of delivering a
friction estimate with a certain level of accuracy and correctness.
Recorded signals: reference friction, estimated friction, estimated friction validity
Calculation:
As
I

¦ v (t )'t
^t : H (t ) d H `  ^t
I x

req

Examples of degrees of freedom:

req
: Pˆ vld (t ) ! Pvld

`
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req
the validity threshold P vld
which is required for the estimate to be considered as

reliable
x

the error threshold H req which is required for the estimate to be considered
sufficiently good

x

the initial conditions of the estimator states at the beginning of the test

x

the excitation (tyre force trajectory for direct methods.

4.7 A comment on the friction reference value
All measures above are based on the assumption that a reference friction value,
representing the truth, can be measured. Estimators based on indirect methods does not
estimate the friction directly. This fact enables interpretations of the reference value. One
possible interpretation is that the reference value is based on the indicator estimated by
the estimator, e.g., the road surface type. This can be coded with numbers such that the
measures above can be used, and even be done such that the numbers is a typical friction
level, e.g., snow is 0.4. This interpretation will not benchmark the estimator’s
performance to estimate the tyre to road contact friction, but the indirect indicator which
the estimator is based on. Hence, it is always desirable to use a contact patch tyre to road
friction measurement as the friction reference.
Another issue with the friction reference value is the coefficient of friction it self is
ambiguous if not defined properly. One definition, used here, is the normalised (w.r.t. the
vertical force) planar force needed to have the complete contact patch to slide. Another
definition, very similar to the previous, is to use the maximum normalised planar tyre
force that can be extracted in the contact.

5

Test scenarios

The test scenarios, i.e., the set of environment and vehicle conditions such as the driving
path of the vehicle over a specified road surface, is used in collaboration with the
measures to define the metric of performance of the friction estimator. Some of the
scenarios are aimed specifically for estimators based on direct methods where the tyre
forces needs to be specified directly. However, these scenarios are in most cases not
limited to testing estimators based on direct methods only, but can be used for many
types of estimators.
Another division of the scenarios is those that results in an ‘absolute’ performance
measure and a ‘relative’ performance measure. Absolute performance measure means
that the result may be compared with other estimator results performed in other
test situations. A relative performance measure is when the result is valid only for
comparison within the same test situation. Performing relative performance measures
does not require repeatability which might be hard to fulfil on for example public
roads. Relative performance measures have a more limited area of usage than the
absolute ones but may serve as a useful tool in the development of estimators as
well as benchmarking different competing approaches.
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The presented scenarios do not cover all possible situations that might be of interest
and should be seen as a set of possible candidates to a test program. Still they cover the
main issues regarding performance of tyre to road friction estimators. The scenarios are
only briefly described and can, and should, be more specified in order to make the test
program complete. The numbers and variables presented in tables below are typical, and
may be changed or adapted to the present conditions of the test and the estimator at hand.

5.1 Force excitation ramps
Description: This scenario is the simplest possible scenario for direct methods and is
characterised by the tyre force trajectory shape, a linearly increasing force over time. For
lateral forces it may be produced by a closing curve manoeuvre with constant vehicle
speed and for longitudinal testing a braking or acceleration resulting in a constant jerk.
This scenario highlights one of the fundamental limitations of direct methods, the need of
non-negligible tyre forces. Table 1 describes possible variables to vary within this
scenario.
Purpose: To analyse how the friction estimation precision increases with increasing force
utilisation.
Execution: The tyre force is increased from free rolling up to full friction utilisation
during a certain time and under different conditions. The ramp time is a measure of the
elapsed time from zero forces (free rolling straight ahead) until full friction force
utilisation and complete sliding tyres. The test is repeated for other fixed levels of
utilisation in the orthogonal direction (accelerating/braking at fixed levels while steering
or steering with a constant lateral acceleration while accelerating/braking).
Analysis measures: Precision, availability (force utilisation needed, response time)
Table 1

Table with factors that are to be varied between the different tests ramp excitation

Initial velocity

Surface

Ramp time Tyre type

Comb. slip

Disturbance
Rough road

30 km/h

Ice

4s

Winter

0, 0.1, 0.2, 0.4, 0.6, 1

60 km/h

Snow

8s

Studded

Incorr. infl. press.

Gravel
Wet asphalt

Summer

Unequal tyres
Vehicle loading

Dry asphalt

5.2 Periodic excitation
Description: This is another test scenario aimed at estimators based on direct methods,
and is described by that the tyre forces are changed stepwise or of the shape of a sine
wave. Table 2 describes possible settings of the scenario that may be altered.
Purpose: To analyse how the friction estimation precision increases with increasing
friction utilisation without any time aspects.
Execution: The tyre force excitation is varying according to a predefined trajectory. The
trajectory could be forces held constant at certain levels with free rolling in between each
level change, applied with minimal ramp time. The trajectory could also be a sine wave
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with changing frequency and amplitude. The test specification specifies the trajectory of
the forces. If the force applied is in the longitudinal direction the vehicle should come
back to initial velocity before each force application. If the force is applied in the lateral
direction the velocity should be kept constant.
Analysis measures: Precision, availability, correctness.
Table 2
Init. vel.

Table with the factors that are to be varied between the different tests of periodic
excitation
Surface

Seq. of levels

Ice

0.1, 0.3, 0.7, 1

60 km/h

Snow

1, 0.7, 0.3, 0.1

100 km/h

Gravel

30 km/h

Appl. time Tyre type Comb. slip
2s

Winter
Summer

0, 0.1, 0.2,
0.4, 0.6, 1

Disturbance
Combined slip
Rough road

Studded

Incor. infl.
press.
Wet asphalt

Unequal tyres

Dry asphalt

Vehicle loading

Concrete

Incorr. init.
cond.

5.3 Sudden change of road condition
Description: All estimators have a built-in ‘inertia’ that will reveal itself as a time delay
to set correct new estimate when conditions has changed. This scenario is used to grade
the performance of the estimator’s capability to detect and determine the friction level
whenever the road surface conditions is changed in an abrupt manner. Table 3 describes
possible variables to vary within this scenario, e.g., surfaces that could be part of the
surface transition.
Table 3
Init. vel.

Table with the factors that are to be varied between the different tests of changing
surface conditions
Surf. trans.

Comb. slip

Force util.

30 km/h

Ice

0, 0.1

0.1

60 km/h

Snow

0.2

0.5

100km/h

Dry asphalt

0.4

0.7

Humid asphalt

0.6

Wet asphalt

1

Dry concrete
Wet concrete

Purpose: To test how the algorithm adapts and detects road condition changes.
Execution: The road condition is changed during some predefined driving trajectory. The
condition can also be simulated offline via an incorrect initial condition of the estimator
and with data on a homogeneous surface.
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Analysis measures: Precision, correctness, response time.

5.4 Rural road driving
Description: This scenario is a longer scenario that is aimed at both indirect and direct
approaches when driving on public roads. As it is executed preferably on public roads it
is not considered to give absolute measures, but rather relative ones. Table 4 describes an
important set of changeable parameters of the scenario.
Purpose: Determine performance in realistic natural driving situations including modest
accelerations/brakes, curves at modest and high speeds.
Execution: Representative normal driving on a predefined rural road (public), preferably
with changing surfaces (friction).
Analysis measures: Availability, precision, correctness.
Table 4

Table with the factors that are to be varied between the different tests of rural and
urban road driving

Drive type
Aggressive
Calm

Tyre type

Disturbance

Winter

Incorr. infl. press.

Summer

Unequal tyres

Studded

Vehicle loading
Sensor dist.

5.5 Urban roads
Description: This scenario is another longer scenario involving typical city and urban
road driving on public roads. Analogously with the rural road driving scenario give
relative measures as it is performed on public roads. Table 4 displays possible parameters
to change within this scenario.
Purpose: Determine the performance of the estimators in realistic natural urban road
traffic situations including intersections, modest to high acceleration/brakes, sharp
curves, low speeds.
Execution: Typical city driving on a predefined path, preferably with changing surfaces
(friction).
Analysis measures: Availability, precision, correctness, robustness.

5.6 Estimator adaptation
Description: Estimators typically have slow states that adapt to normal surrounding
conditions, e.g., rolling radius due to normal tyre pressure variations etc. This scenario is
an attempt to quantify the distance needed of normal driving to get the estimator to adapt
and start to produce friction estimates that are reliable. Table 5 displays possible factors
that may be changed to get a wider understanding of the estimator adaption properties.
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Purpose: A specific test to measure the need of adapting to new settings, i.e.,
convergence of slow states of the estimator.
Execution: With an incorrect initial condition of the slow states do normal driving in low
speeds.
Analysis measures: Adaptation.
Table 5

Table with the factors that are to be varied between the different tests of estimator
adaption

Init. vel.

Surface

Test type

Direction

30 km/h

Ice

Free rolling

Straight

Snow

Const. speed

Turning

60 km/h

Gravel
Wet asphalt
Dry asphalt

5.7 Test disturbances
The purpose of the non-ideal condition tests is to quantify how well the estimator concept
is performing whenever the conditions are different than the normal assumption, i.e., to
test the robustness toward disturbances. The measure of this performance is robustness as
defined in previous sections, i.e., the fraction between the precision/correctness measures
with and without the disturbance. The test cases for the robustness measure are
consequently the same as for the normal case. Here follow some brief descriptions of
disturbances that are recommended test cases for direct approaches as well as some cases
for direct and indirect approaches.

5.7.1 Rough road
Execution: Driving on rough road with pot-holes and large unevenness.
Purpose: Quantify the impact of non-ideal road conditions and how the road unevenness
is handled by the estimator.
Table 6

Table with additional factors that are to be varied between the different tests and
typical values

Pot-hole distribution
Sparse
Dense

Vehicle vel
30 km/h
50 km/h

5.7.2 Incorrect inflation pressure
Execution: Use an incorrect inflation pressure on one or more wheels.
Purpose: Quantify the impact of non-ideal (non-nominal) tyre inflation pressure. The
robustness measure may be characterised as a function of the pressure difference between
the tyres.
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Table with additional factors that are to be varied between the different tests and
typical values

Infl. press.
Nom –0.1 bar
Nom –0.5 bar
Nom –1 bar

Distribution between
Front left non-nominal
Rear right non-nominal
Both rear non-nominal
All non-nominal

5.7.3 Unequal tyres
Execution: Use different tyres on different wheels of the vehicle.
Purpose: Quantify the impact of using different tyres (brand or type) on the same vehicle
of the estimator regarding tyre stiffness, rolling radius etc.
Table 8

Table with additional factors that are to be varied between the different tests and
typical values

Tyre type

Tyre brands

Summer
Studded
Winter

Distr.
Odd on front left
Odd on rear right
Odd on both rear
Odd on booth front

5.7.4 Different vehicle loading
Execution: Load vehicle with extra weight.
Purpose: Quantify the impact of uncertainty in mass and load distribution. The
robustness measure may be described as a function of the displacement of the centre of
gravity or the total mass change.
Table 9

Table with additional factors that are to be varied between the different tests and
typical values

Load weight

Load distribution

Mass + 2.5%

At CoG

Mass + 5%

Over front axis

Mass + 10%

Over rear axis
Over front left wheel
Over rear right wheel

5.7.5 Incorrect start-up conditions
Execution: The estimator is fed with erroneous start-up condition and limited time to
adapt.
Purpose: The robustness towards bad initialisation or condition change is tested by
starting the estimator with wrong initial values. This is a way either to test robustness or
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to make a so called ‘poor-man’ change of road surface to test change detection ability of
the estimator.
Table 10

Table with additional factors that are to be varied between the different tests and
typical values

Type of states

Magnitude of incorrectness

Slow states

Nom ± 10%

Fast states

Nom ± 50%
Nom ± 100%

5.7.6 Sensor disturbances
Description: A likely source of error in a tyre to road friction estimation system is
disturbances occurring in the sensors which the estimate is based on. An analytic
parameter sensitivity analysis might be hard to perform for complex algorithms. This
scenario is used to perform a sensitivity analysis in vehicle by introducing the sensor
disturbances in the estimator. Typical sensor disturbances that can be tested for are given
in Table 11.
Table 11

Table with types of disturbances that can be changed and typical values

Types of dist.

Magnitude of dist.

Bias

Nom ± 10%

Gain

Nom ± 50%

Noise level

Nom ± 100%

Execution: This test can be performed using some of the other standard scenarios, e.g.,
force ramp, and by introducing some sensors disturbance in the estimator software or by
manipulating the sensor hardware.
Purpose: To quantify the robustness toward common sensor disturbances.

6

Field test

This example will compare the performance result based on the three main approaches
taken in the IVSS Road Friction Estimation Project, see Olsson et al. (2007):
x

A self aligning torque/lateral force measurement direct method estimator using
pressure sensors in the hydraulic steering servo system and torque sensor on the
steering column as additional sensors. This estimator is further on called the lateral
estimator.

x

A force sensing direct method based mainly on longitudinal tyre forces and the
standard in-vehicle sensor set. This estimator is here called the longitudinal
estimator.

x

An indirect method using an optical sensor measuring the reflectivity of laser light at
some different IR wavelengths, of road surfaces, see e.g., Casselgren (2007) and
Löfving (2009). This estimator is further on denoted Road Eye.
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6.1 Test setup
Two main scenarios have been the objectives of the testing; the tyre force excitation ramp
and the stepwise excitation. The particular choice of these two scenarios is motivated by
that direct methods depend on a specified tyre force trajectory like stepwise excitation or
force ramp as a test case. The indirect method of the project, the Road Eye, does not need
any specific excitation or driving scenario and can hence use the two test cases as well.
Combined slip scenarios are explicitly addressed in the test cases. Two test vehicles were
used; one Volvo S80 and one SAAB 9-3, both equipped with a Road Eye sensor, and
with similar tyres; winter (unstudded), summer and studded tyres. The test cases,
conducted at Colmis, Arjeplog in winter condition and test tracks in the Gothenburg
Region during summer condition during 2009, are listed in Table 12. A longer test case
was also conducted on a public rural road. Public rural roads do not have a homogeneous
surface and the driving style must be adapted to the present traffic conditions. Hence, this
test case is not suited as a base for absolute measures comparing different approaches.
Only one test vehicle data is presented here for the rural road drive.
Table 12

List of test cases and their corresponding descriptions
Type

Appl.

Surface

Tyre

Comb. slip

Disturb.

long
P ref

lat
P ref

#1

Force excit. ramp

Slow

Ice

Winter

None

None

0.12

0.16

#2

Force excit. ramp

Slow

Ice

Winter

Low

None

0.12

0.16

Test

#3

Force excit. ramp

Slow

Snow

Summer

None

None

0.18

0.25

#4

Force excit. ramp

Slow

Snow

Summer

Low

None

0.18

0.25

#5

Force excit. ramp

Slow

Snow

Studded

None

None

0.4

0.45

#6

Force excit. ramp

Slow

Snow

Studded

Low

None

0.4

0.48

#7

Force excit. ramp

Fast

Snow

Studded

None

None

0.35

0.46

#8

Force excit. ramp

Slow

Snow

Winter

None

None

0.35

0.4

#9

Force excit. ramp

Slow

Snow

Winter

Low

None

0.35

0.4

#10 Force excit. ramp

Slow

Snow

Winter

High

None

0.35

0.4

#11 Force excit. ramp

Fast

Snow

Winter

None

None

0.35

0.4

#12 Force excit. ramp

Slow

Snow

Winter

None

High infl. press. 0.35

0.4

#13 Force excit. ramp

Slow

Snow

Winter

None

Low infl. press. 0.35

0.4

#14

Stepwise excit.

Slow

Asphalt Summer

None

None

1.0

0.9

#15

Stepwise excit.

Fast

Asphalt Summer

None

None

1.0

0.9

#16

Stepwise excit.

Slow

Asphalt

Winter

None

None

1.0

0.8

#17

Stepwise excit.

Fast

Asphalt

Winter

None

None

1.0

0.8

#18

Stepwise excit.

Slow

Snow

Winter

None

None

0.35

0.4

#19

Stepwise excit.

Fast

Snow

Winter

None

None

0.35

0.4

6.2 Result
Road Eye was not part of the scenarios #13 ĺ #19, which is seen in the two result figures
(Figures 1 and 2) as a missing bar. The Road Eye estimator, which is based on an indirect
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approach, needs a mapping between the road classification and the tyre to road friction.
For the tests conducted here, this mapping was updated to match the actual friction values
for the test surfaces. This implies that the performance, in terms of the measures, of the
Road Eye is higher than in a ‘normal’ situation where the mapping is not tuned to the
present surfaces.

6.2.1 The correctness measure
The result of the correctness measure can be found in the upper plot of Figure 1. It can be
observed that the two force based estimators perform similar regarding the correctness
measure. Road Eye outperforms the direct approach based methods.
Figure 1 The precision measure for the test cases (bottom) and the correctness measure (top)
(see online version for colours)
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6.2.2 The precision measure
The computed precision measure is depicted in the lower plot of Figure 1. It can be
observed that the two force based estimators performs similar in the precision measure as
well, seen over all the test cases. It should be noticed that the actual outcome of the
precision measure is highly dependent on the specific force utilisation of the test case.
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For test cases where force excitation do not exceed the required level to obtain a validity
indication, the measure is not computed. Observe that this is a property of the test case
and not the estimators.

6.2.3 The force-utilisation-needed measure
The force utilisation needed measure, see upper plot in Figure 2, is only a measure for
estimators based on direct approaches and there is hence no computed values for the
Road Eye estimator. The force based estimators performs similar also for this measure.
The lack of value here corresponds to, analogously to the situation for the precision
measure, a test case where there are not sufficient tyre forces to obtain a valid estimate.
This is also a property of the test case and not a performance weakness of the estimators.
Figure 2 The availability measures: the force needed (top) and the time availability (bottom)
(see online version for colours)
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6.2.4 The time availability measure
The time availability measure is depicted in the lower plot of Figure 2. This measure is
very sensitive to the tyre force trajectory for estimators based on direct approaches, which
makes the comparison hard in this case. The Road Eye outperforms the other two
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estimators in the time availability measure as predicted by the physics behind the
approaches.

6.2.5 The robustness measure
The sensitivity to tyre inflation pressure is used to illustrate the robustness measure. Test
cases #11, 12 and #13 contain the nominal case, one case with high tyre inflation pressure
and one with low inflation pressure. The result is given in Table 13. It can be noticed, see
Table 13, that the performance is very similar between the two estimators, and that the
correctness is less effected while the precision is more sensitive to the tyre inflation
pressure.
Table 13

Robustness measure for the two tyre force based (direct approach) estimators
Precision

Correctness

Inflation pressure

High

Low

High

Low

Longitudinal
Lateral

0.41
0.33

0.42
0.25

0.95
0.79

0.95
0.70

Figure 3 Rural road drive accelerations and speed profile
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The rural road data was recorded on public road. Public roads are most often
non-homogeneous w.r.t. tyre to road friction which complicates friction reference value.
A simple resort is to use the Road Eye estimate as reference, as the classification is
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highly accurate. This solution disables the possibility to rate the Road Eye independently,
as it is considered as a reference. The rural road speed and acceleration profile are
depicted in Figure 3. The time availability, which is the most relevant measure in this
context, was around 25%.

7

Conclusions

A set of measures and test scenarios have been developed to define and measure the
performance of tyre to road friction estimators. The performance is expressed in five
general properties that are considered to be important to an estimator of this kind. The
quantified properties and the test scenarios form a metric that can be used to rate the
performance of the estimators. An illustrating example is given, where three different
estimators based on different approaches are tested and rated.
Measuring the performance of friction estimators can be of support in the
development process or to promote and highlight the strong points and weaknesses that
the estimators might posseses. Supporting the development and usage of online friction
estimators in ground vehicles has the potential to improve both driver behaviour via
warning systems and active safety systems. This will in turn have the potential to
decrease traffic accidents.
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