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Abstract

Statistics shows that most 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 appears sudden on the road. A 

sensor that classify the road condition in front of the vehicle, warning both 

the driver and the systems in the vehicle that are incorporated to help the 

driver, like the electronic stability program (ESP), anti-lock brake system 

(ABS) or the traction control system (TCS), could help to reduce these 

accidents. There are several prototypes for classification of road conditions

available but they are not yet fully functional. 

In this thesis a method that makes it possible to classify the four distinct road 

conditions dry asphalt and asphalt covered with water, ice and snow, 

respectively, with a low probability of wrong classification using three

wavelengths is presented. A prototype sensor built on the a technique using 

two laser diodes and a photo detector is tested in a real environment and 

compared with laboratory measurements which shows a promising result 

characterizing dry asphalt and asphalt covered with ice and snow. Both 

theory and experiments are presented. 

The most difficult road conditions to classify from each other are water and

clear ice for which a method using polarized light is investigated. The 

investigation shows that using polarized light for illumination and a polarizer 

as an analyzer for classification of water and ice on asphalt is a more reliable 

method than using unpolarized light. All three investigations show promising 

results in developing an actual sensor to reduce fatal accidents in traffic. 
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1 Introduction 

With the Swedish governments zero tolerance for accidents that proves fatal,1

system for recognition of icy and frosty road condition becomes more

important. Statistics from accidents shows 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 could be done as 

information both for the driver and for systems in the vehicle that are 

incorporated to help the driver like the electronic stability program (ESP), 

anti-lock 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. 

A sensor that recognizes the road condition ahead of the car needs to work 

fast and accurate. 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 reference 3 that infrared spectroscopy can be used to thin films

of water, ice and snow on the asphalt. References 4, 5, 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 which will influence how the surface will reflect

light can be used in a preview sensor. There are already 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 
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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 in those two frequencies. 

Except differences in reflection and absorption water, ice and snow also have 

a third physical property that changes when the water alter it phases and that 

is polarization. In reference 10 polarized light is used to determine the 

thickness of water/ice films on a diffuse surface. The states of polarization of 

the reflected light from the four different road conditions are also a 

characteristic that can be utilized in a preview sensor. Measuring two states 

of polarization, parallel and perpendicular, a degree of polarization 11 can be 

calculated for the different road conditions and used for classification. This 

idea is experimentally tested in paper 3. 

The objective of this thesis is to investigate the angular spectral reflectance of 

four distinct road conditions: dry asphalt and asphalt covered with water, ice 

and snow. An analyzer with and without a polarizer will be used as well as 

unpolarized and polarized illumination. These measurements are analyzed to 

find the wavelengths that accomplish the most accurate classification of the 

different road conditions. The measurements are also compared with

measurements done with a prototype sensor using laser diodes and a photo 

detector, in both a laboratory environment and in a real environment mounted

on a vehicle. 
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Figure 1.1 The physical model of light incident on asphalt covered with a medium. 

This thesis consists of this survey and three appended papers. The intention 

of the survey is to give an introduction to the physical optics that is the cause 

of the changes in reflection of the four different road conditions and also 

explain the terminology used. The physical model that is used is supposing 

light incident on the asphalt covered with water in some phase. Depending on 

which phase of the water and the angle of the incoming light some of the 

light gets reflected at the top surface and some of the light get refractive done 

into the water as seen in Figure 1.1. Also depending on the phase of the water 

it gets more or less absorber and/or scattered before it gets reflected against 

the asphalt. The asphalt is a rough surface which results in a diffuse

reflection. The first three chapters in the survey explain these mechanisms in 

a more detailed manor. At the end of the survey a brief summary of the 

appended papers are found. 
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2 Refraction and reflection

2.1 The laws of refraction and reflection

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 wavelets emitted advance together and add

constructively in two directions. The result is two well defined waves, a

reflected and a transmitted. The existence of these two waves can be 

demonstrated from the boundary condition at a surface of discontinuity.11 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 )( srF
v

. (2.1)

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 
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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: 

211 vvv
ttt

tri )()()( )()()( srsrsr , (2.2) 

Figure 2.1 Refraction and reflection of a plane wave. Plane of incidence. 

where v1 and v2 being the velocities of propagation in the two materials. This 

implies that the phase of the waves should be equal at the boundary. More 

explicitly with r  x, y, 0: 
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But equation (2.3) must hold for all x and y values on the boundary, hence: 
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The plane specified by s(i) and the normal to the boundary is called the plane 

of incidence. Equation (2.4) 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 i, r and t, respectively we get (se Fig. 2.1): 

 (2.5) 
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The first set in equation (2.4) gives, on substituting from equation (2.5) and 

just match the phases with each other: 

211 vvv
tri sinsinsin . (2.6)

Using Maxwell’s relation n= μ  connecting the refractive index, n, and the 

dielectric constant, , we retrieve: 

.sin 2221 nμvi
sin 1112 nμvt

(2.7)

The relation sin /sin =n /ni t 2 1, together with the statement that the refracted

wave normal s(t) in the plane of incidence constitute the law of refraction. 

When the reflected wave is reflected back in the same medium as the incident 
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wave se equation (2.7) the refractive indexes become equal, n =n1 2, and s(r) is 

in the plane of incident 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 =1 2=1. Further we set A to

be the complex amplitude of the electric vector of the incident field with its 

phase equal to the constant part of the argument of the wave function and the 

variable part as: 

.
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tt ii
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11 vvi  (2.8) 

Each vector can now be resolved in parallel components, denoted by 

subscript ||, and perpendicular components, with subscript , to the plane of

incident. See Figure 2.1 for positive directions. The components of the 

electric vector of the incident field are then: 

 (2.9) 

The components of the magnetic vector for a plane wave are obtained by 

using H = s E which gives: 
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For the transmitted and the reflected fields with the complex amplitudes T

and R, respectively, the corresponding components of the electric and 

magnetic vectors are for the transmitted field: 
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and for the reflected field: 
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The boundary conditions n12 ( E(2) – E(1) ) = 0 and n12 ( H(2) – H(1) ) = 4 

/c states that across the boundary the tangential components of E and H

should be continuous.11 Hence, across the boundaries, we must have: 

 (2.15) 
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By substituting Equations (2.11) and (2.13) into (2.15) and using the fact that 

cos r = cos ( - )i  = -cos i , the four relations that are obtain looks like: 

.|||||| )(
,cos)(cos

,

TRA
TRA

TRA

ti

21

21

|||||| ,cos)(cos TRA ti

 (2.16) 

By solving the equations in (2.16) using Maxwell’s relation n=  for the

transmitted and reflected wave we get the Fresnel formulae as: 
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 (2.17) 

These formulas show that the reflected and transmitted light is dependent on 

the angle of incident 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 

equation (2.17) to be real. The physical interpretation of a complex refractive 

index will be outlined in the 4’Th chapter. The condition that these formulas 

apply on is 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 in the different phases. The 

Fresnel formulae don’t corresponds to the real setups except for water and 

clear ice, but serve merely ass a value of thumb for the setup. The more

realistic and complicated situation indicated in Figure 1.1 of surface and

volume scattering is outlined in the next chapter. 
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2.2 Diffuse and specular reflection and volume 
scattering

Figure 2.2 Diffuse and specular reflection of the rough surface of asphalt and the asphalt
covered with water. 

The laws and formulas that been derived in the previous chapter are all for a 

perfectly smooth surface. In reality there are no perfectly smooth surfaces but 

the calculations above can be applied to other surfaces as well to get an idea 

of the physics behind the scattering 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. For both these reflection the polarization will be 

almost sustained, to get a change in polarization the light needs to penetrate 

the material and be exposed of volume scattering which will be explained 

later in this chapter. As Figure 2.2 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 2.2b and the reflection change from

a more diffuse to a more specular reflection, this also applies to ice. Snow on 

the other hand that also is water but in a different phase have another 
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reflection characteristic. This is because the snow consists of many small 

snow flakes that by so called multiple or volume scattering makes the light 

reflects in all directions. Because of its rough microstructure snow is also 

distinguished by not being opaque as both water and ice are.

The specular and diffuse reflections are two examples of surface scattering.

As shown in Figure 1.1 some of the light will penetrate into the material and

travel through it. Depending on how the material is composed the light will 

more or less collaborate with the material. If the material is a dielectric

containing dens random set of tiny dielectric inhomogeneities, as every 

material in this case does, the light entering the material will if the particle 

density is sufficiently high be scattered in all directions within the material

due to multiple scattering or also called volume scattering. This will make 

incident rays of light travel different long paths in the material before exiting. 

At each scattering location, there is generally also a finite probability of 

absorption. The energy is transformed to heat, and the more scattering the 

probability will increase. Because of the random redirections of each light ray 

within the object the multiple scattering also will depolarize the illumination

if it is originally polarized. In the present study water and clear ice are 

examples of a smooth surface exhibiting specular reflection, a rough icy 

surface in an example of a diffuse surface provided its roughness is lager than

the wavelength of the light used (typically 2 μm), and snow and asphalt are 

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. 



3 Polarization 

When a material is illuminated with unpolarized light the orientation of the 

dipole moments in the material become random which results in an 

unpolarized radiation from the dipole. If the material is illuminated with 

linearly polarized light the atoms or molecules will start to oscillate in the 

direction of the polarization of the light and therefore radiate linearly 

polarized light. By altering the linearly polarization the radiation is altered. 

Traditionally polarization is divided into two perpendicular components the 

parallel, ||, and the perpendicular, , which are directions to the plane of 

incident. When an atom or a molecule starts to oscillate it is dependent on 

how dense the material is, if the bounds between the atoms and molecules are 

strong, the reflected light will change in polarization. This is the mechanism 

for double refraction, which means that a material can reflect the light

differently depending on the incident lights polarization. An example is water 

and ice which are the same molecules but in different phases 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 get scattered several times in 

the material instead of one as in the case of a smooth specular surface. An 

example of such a material is snow which depolarizes the illumination

totally.

From a more theoretical point of view the Fresnel equations can be applied 

for the polarized case.11 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 =1):

15
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22 EcnEcS
44

. (3.1)

Where c is the speed of light,  is the dielectric constant and E is the incident 

electrical field. Therefore the amount of energy in the primary wave which is 

incident on a unit area of the boundary per second can be written as: 

ii
ii AcnSJ coscos)()( 21

4
, (3.2) 

where n1 is the refractive index of the matter from which the wave is incident. 

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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tt TcnSJ 22
4

4
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rr
rr RcnSJ 21

 (3.3) 

R is the complex amplitude of the reflection and T is the complex amplitude

of the transmission and n2 is the refractive index of the second matter. From 

these expressions the ratios: 

2AJ i )(
R

2RJ r )(
 and 

2
1 AnJ i

i cos)(
T

2
2 TnJ t

t cos)(

.1

, (3.4) 

are called the reflectivity and the transmissivity, respectively. It can be 

verified, in agreement with the law of conservation of energy, that: 

(3.5)TR
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For the reflection of an absorbing material R+T<1 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 I be the angle which the E vector of the incident wave 

makes with the plane of incidence. Then:

(3.6).sin,cos|| ii AAA

Let

,sincos )()(
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i
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4

4
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where
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The angle t is the angle of transmission. By measuring R|| and R  it is 

possible to measure how a material polarize the light and by that classify two 

materials from each other. One measurement of polarization is the degree of 

polarization P given by: 

RR ||
P

RR || . (3.11)

By illuminating a material with a known polarization || or  and then 

measuring R|| and R  a sort of degree of polarization can be calculated for an 

actual material. Then the degree of polarization of several materials and

angles can be used to classify the materials.

The difference between measuring with unpolarized light compared with 

polarized is that in the unpolarized case the intensities measured is both R||

and R  from equation (3.10). But in the polarized case only one of the 

components are measured at the time. This effect is utilized in paper 3 as a

means to distinguish a thin layer at ice from water. 



4 Refractive index and absorption 

The laws of reflection and refraction, and the Fresnel formulas are formulated

for refractive index independent of wavelengths and non absorbing materials.

In a real case the refractive index is dependent of the wavelengths and how 

the material is absorbing energy. For such a material the refractive index 

becomes imaginary where the imaginary part describes the level of 

absorption. When a material is illuminated by light (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 lower than 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.

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 

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 
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dissipative absorption. For a dense material the interaction will be stronger 

the closer the frequency of the incident light is to an atomic resonance, the 

more energy will be dissipatively absorbed. It is this mechanism that creates 

much of the visual appearance of matter and this is the way different

materials can be characterized using absorbing spectrums, where a spectrum

is an intensity measurement over several wavelengths. These mechanisms 

also imply that the refractive index is dependent of frequencies (wavelengths) 

which in another word are called dispersion.

To deal theoretically with dispersion it is necessary to incorporate the atomic

nature of the materials and to exploit some frequency dependent aspect of 

that nature. Following H. A. Lorentz 12 the contributions of a large number of 

atoms can be averaged to represent the behavior of an isotropic dielectric 

medium. When a dielectric is subjected to an applied electric field, the 

internal charge distribution is distorted. This corresponds to generation of 

dipole moments which in turn contribute to the total internal field. The

resultant dipole moment per unit volume is called the electrical polarization, 

P. For most materials P and the electrical field E are proportional and can 

satisfactorily be related by: 

, (4.1)PE)( 0

where  is the dielectric constant. The redistribution of charge and the 

consequent polarization can occur via the following mechanisms. There are 

molecules that have a permanent dipole moment as a result of unequal 

sharing of valence electrons. These are known as polar molecules. One 

example of these molecules is the water molecule where each hydrogen-

oxygen bond (H-O bond) is polar covalent with the H-end positive with 

respect to the negative O-end. Thermal agitation keeps the molecular dipoles
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randomly oriented. With the introduction of an electric field the dipoles align 

themselves and the dielectric takes on an orientational polarization. When the 

material is subjected to an incident harmonic electromagnetic wave, the 

internal charge structure will experience time-varying forces and/ or torques. 

These will be proportional to the electric field component of the wave where 

the magnetic component can be disregarded. For fluids that are polar 

dielectrics the molecules actually undergo rapid rotations, aligning

themselves with the E-field. But these molecules are relatively large and have 

appreciable moments of inertia. At high frequencies, , polar molecules will 

be unable to follow the alterations of the electric fields. In contrast the 

electrons have little inertia and can continue to follow the field even at 

optical wavelengths of about 5 1014 Hz. These various electrical polarization 

mechanisms contributing at particular frequencies govern the dependency of 

the refractive index, n, on the frequency, . With this in mind it is possible to

derive an analytical expression for n( ) in terms of what takes place in the 

material at an atomic level. 
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Figure 4.1 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 electron cloud of the atom is bound to the positive nucleus by an 

attractive electrical force that keeps it in some sort of equilibrium

configuration. Without knowing much more about the details of all the 

internal atomic interactions, it can be anticipated that a net force, F, must

exist that returns the system to equilibrium. This is comparable to other stable 

mechanical systems that are not totally disrupted by small perturbations. For 

this force it can be expected that a small displacement, x, from equilibrium

(where F=0) the force will be linear in x. Thus it can be supposed that the 

restoring force has the form F=-kx, where k is a constant. A bound electron 

that is momentarily disturbed in some way will oscillate about its equilibrium

position with a resonant frequency, ,0  given by: 

em0
k , (4.2)
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where me is its mass. This is the oscillatory frequency of the undriven system.

When a light wave is incident on a material seen as an assemblage of many

polarizable atoms, each atom can be thought of as a classical forced oscillator 

being driven by the time-varying electric field E(t) of the wave. For these 

computations it is assumed that the electric field is applied in the x-direction

and that the material is present in vacuum. The mechanical representation of 

such an oscillator in an isotropic material where the negatively charged shell 

is fastened to a stationary positive nucleus by identical springs is shown in 

Figure 4.1. The force exerted on an electron of charge qe by the electrical 

field of a harmonic wave of frequency  can be described as: 

, (4.3)tEqtEqF eeE cos)( 0

where E0 is the complex amplitude of the electric field. Newton’s Second

Law states that the sum of all forces equals the mass times the acceleration,

which leads to: 

200
dt

eee
2

2 xdmxmtEq cos

txtx cos)( 0

. (4.4)

The first term on the left is the driving force, the second is the opposing 

restoring force. To satisfy this expression, x needs to be a function that has a 

second derivative not very much different form x itself. Furthermore it is 

anticipated that the electron will oscillate at the same frequency as E(t), so a 

probable solution is:

, (4.5)
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and by substituting equation (4.5) into equation (4.4) to evaluate the 

amplitude x0 equation (4.5) becomes: 

)(
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)( tE
m

tE
m

tx ee
22
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022

0

qq ee

NtxqtP e )()(

. (4.6) 

This is the relative displacement between the negative electron cloud and the 

positive nucleus. It is tradition to leave qe positive and speak about the

displacement of the oscillator. The dipole moment is equal to the charge qe

times its displacement. If there are N contributing electrons per unit volume 

the electric polarization, P, is: 

. (4.7)

Hence:
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and inserted in equation (4.1): 
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. (4.9) 

Using the fact that n = /2 0 an expression for the refractive index as a function 

of  can be stated as:
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which is known as the dispersion equation. 

As a rule any given substance will actually undergo several transitions from

n>1 to n<1 as the illumination frequency is increased. The implication is that 

instead of a single frequency 0 at which the system resonates there are

several such frequencies. To generalize the dispersion equation by supposing 

there are N molecules per unit volume, each with fj oscillators having natural 

frequencies 0j, where j=1, 2, 3,…, N gives us: 

je fNq
n )(

2
2 1

j jem )( 22
00

. (4.11)

This is essentially the same result as that arising from the quantum-

mechanical treatment with the exception that some terms must be 

reinterpreted. Accordingly the quantities 0j would be the characteristic

frequencies at which an atom may absorb or emit radiant energy. The fj terms

which satisfy the requirement: 

jf 1
j

, (4.12)

are weighting factors known as oscillation strengths. They reflect the 

emphasis that should be placed on each one of the modes. Since they measure 

the likelihood that a given atomic transition will occur, the fj terms are also

known as transition probabilities.
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Notable is that when  equals any of the characteristic frequencies, n is 

discontinuous, actual observations shows that this is not the case in reality. 12

This is the result of disregarding the damping which is attributable to energy 

loss when the forced oscillation reradiate. Including a damping force 

proportional to the speed in equation (4.4) and for a dense material where the 

atoms also will experience an induced field from their neighbour the 

dispersion equation becomes: 

je fNqn 22 1

inn ar

j jje imn )( 22
002 32

. (4.13) 

Equation (4.12) implies that the refractive index could take an imaginary 

form as: 

, (4.14)

where  is an absorption coefficient for the material the light is travelling

through. When a plane wave is propagating through such a medium the 

complex amplitude at the distance z in the material is given by: 

nzi 2

eAzA 0)( , (4.15)

where A0 is the amplitude at z=0. From equation (4.15) it is seen that the 

absorption coefficient will cause an exponential decay of the amplitude. This 

is caused by implementing the damping term, j, which implies different 

absorptions for different molecules and frequencies. The absorption is mostly

energy transformed into heat. Another mechanism that takes away energy 

from a propagating wave is scattering. For a weak scatterer such as polluted
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water for, the imaginary part of n is often modulated as = a+ s, where s is 

the scattering strength. The equation (4.15) describes the fundamental 

mechanisms that make material react in different ways, these effects can be 

used measuring the reflected intensities from known surfaces for several

wavelengths with a spectrometer, which results in a spectrum. Comparing the 

spectra for different surfaces it is possible to characterize the material from

the measurements. The basic physical mechanisms describing the variations

in the light expected to be detected in a preview sensor is now complete. The

next chapter shows results from real measurements and characterisations of 

different surfaces from such measurements.



28



5 Measurement results

The reflectance from the four road conditions in an angular spectrally 

resolved measurement show several characteristics of the dry, wet, icy and

snowy asphalt, respectively, which all can be used for classification of 

different road conditions. By measuring with the angular resolution of 10° the 

scattering of the light for the different road surface is revealed. For the case 

below the calculations are done for a direction of illumination of 50°, where 

90° is perpendicular to the asphalt that is horizontal, and for one of the so 

called optimal wavelengths 1=1310 nm (see discussion below).

Figure 5.1 Scattering plots for the 50° direction of illumination and the wavelength 1310 
nm for the four road condition dry asphalt and asphalt covered with water, ice and snow.

Seen in Figure 5.1 is that the dry asphalt and the asphalt covered with snow 

have a diffuse scattering of light and the asphalt covered with water and ice 

29
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have a specular scattering of the reflected light. This is seen in Figures 5.1b) 

and c) where there is a higher intensity at the 180° angle strait across from

the direction of illumination marked with an x, compared with the Figures 

5.1a) and d) where there is almost the same intensity over the whole sphere. 

From the specular measurements it is possible to investigate the difference in

absorption for the wavelengths between 1100-1700 nm for the different road 

conditions. By calculating an average for all the angular spectral 

measurements except for the once in the direct reflex, a good estimate of the 

characteristic spectra of the four road conditions results, see Figure 5.2. 

Figure 5.2 Characteristic spectra for the for road conditions.

The result implies that it is possible to classify the road conditions using 

spectral analysis. A problem with using the spectra is that the intensity level 
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can change due to differences in the composition of the asphalt. To avoid this 

problem an assumption is made that if the intensity level change it does so for 

the whole spectrum so the shape of the spectrum is sustained. With this 

assumption the problem is solved by calculating a ratio between two 

wavelengths. There is also another problem building a preview sensor that 

classify the road ahead of a vehicle, such a sensor should work as fast and 

accurate as possible to have any chance to get developed. Therefore the 

computations in an actual sensor need to be as simple as possible. Using a

ratio of two wavelengths an easy implementation, which also is fast and 

robust is suggested. In paper A we show that calculating the ratio = 21

between the wavelengths 1=1310 nm and 1=1500 nm for the backscattered 

measurements, an optimum reliability in the classification is obtained using 

only two distinct wavelength. 

Figure 5.3 Distributions of the measurements for the ratio  to the left and for the ratio
to the right.
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Seen in Figures 5.3a) and d) is that the dry and snow distributions can be 

classified from the water and ice with a low probability of wrong 

classification (for a more detailed explanation see Paper A) but the water and 

ice is impossible to separate from each other. As shown in paper A the 

solution to this problem could be to use a third wavelength 3=1690 nm and 

calculate a second ratio = 31 used to separate the water and ice as seen in 

Figures 5.3f) and g) with a good result. Using the three wavelengths a 

satisfactory result is achieved for these laboratory measurements. 

Another approach to classifying the four road conditions is to use the road

conditions ability to polarize the incident light. By measuring the 

backscattered light for two polarization directions of illumination and two 

directions of polarization analyzer the characteristics for the different road 

conditions is revealed. In an application scenario the illumination is 

consisting of laser diodes which are polarized so these results also suggest 

how to mount the diodes in a real sensor to accomplish the lowest probability 

of wrong classification. The measurements are carried out in a square around 

the direction of illumination (see Paper C for more details). 
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Figure 5.4 Distributions of the measurements for the ratio  to the left for S-pol 
illumination and the analyzer in S-direction and at the right the distributions for S-pol

illumination and the analyzer in P-direction. 

The results for the measurements with the S-polarized illumination are shown 

in Figure 5.4. The conclusion of the measurements is that using polarized

light and a polarizer as analyzer for the detector doesn’t improve the 

classification of the four road conditions. As seen in Figure 5.4 the four 

distributions coincide too much to get a low probability of wrong 

classification. This is also the case for the P-polarized illumination, which 

can be seen in Paper C. The advantage of using a polarizer is that the 

distributions of water and ice are separated especially for the S-polarized

illumination and the P-polarized analyzer seen in Figures 5.4d) and f) where 

there are only two measurements that are the same. The effect is probably 

caused by the vertical chains in which the water molecules orient themselves

when frozen. This will increase the bond between the water molecules shown 

in chapter 3 to affect the ability of polarization. This method could be another 
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solution used in an application case instead of using a third wavelength to 

accomplish a low probability of wrong classification. 

These laboratory measurements show promising results for classification of 

different road conditions. The theories need, however, to be tested in a real 

application. Therefore the prototype sensor Road eye (Swedish patent nr 

9904665-8), which is a sensor using two laser diodes at wavelengths 1323 

nm and 1566 nm and  a photodiode as detector is tested. The test is carried 

out at Colmis proving grounds in Arjeplog on prepared test tracks of dry 

asphalt, ice with a depth of 40 mm and snow with the same depth as the ice. 

Figure 5.5 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.

The test track 4 shown at the top of Figure 5.5 is used for the investigation of 

the prototype sensor. The track is covered with 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 
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ice again. The track is finished with 15 m of snow. The track is run over 22 

times with the truck resulting in 22 measurements of the track where the 

result of the sensor is plotted against the length of the track. The result seen

in Figure 5.5 is that the measurements agree with the tracks lay out. The 

sensor works accurate and fast for the three distinct surfaces. Notable is the 

blue markings on the plot is where the senor classify the road condition as 

water. In the case where there is an edge between asphalt and ice or snow this 

seems true, for the truck drags snow and ice into the asphalt which melts and 

becomes water. Though the blue markings at the last ice segment seem 

unrealistic as an erroneous classification, this confirms the laboratory 

measurements which indicated that it is hard to classify water from ice using 

only two wavelengths. But all together all the measurements show a 

promising future for development of a sensor that in the long run could help 

to save peoples lives. 
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6 Future work

The next step in the present research plan is to make a model of the physical 

mechanisms that are the background for the classification of the different

road conditions. From that model develop a signal processing algorithm for a 

classification that makes the classifying fast and accurate. This application 

should also be combined with other methods as measuring the slip of the tiers 

at acceleration and braking to make a more adaptive method for estimating 

the condition of the road. Such developments have been preformed in parallel 

within the project by other groups. 

The measurements should also include more different road conditions as ice 

with sand on it and ice and snow that has been driven on with winter tires.

Another promising area is infrared cameras that also could be used for 

different applications than road classification but would also have the ability 

to show images of the entire road with patches of different material. 

37



38



7 References 
1. Regeringens proposition 2003/04:160, "Fortsatt arbete för en säker vägtrafik,"

(2003).
2. Åström, C-G, Wallman, H, "Friction measurement methods and the correlation 

between road friction and traffic safety," S. N. R. a. T. R. Institute, ed. (2001).
3. V. P. Tolstoy, Chernyshova, Irina V. Skryshevsky, Valeri A. , Handbook of 

infrared spectroscopy of ultrathin films (Hoboken, N.J. : John Wiley & Sons, Inc, 
cop. 2003, 2003 ). 

4. A. W. Nolin, and J. Dozier, "A Hyperspectral Method for Remotely Sensing the 
Grain Size of Snow," Remote Sensing of Environment 74, 207-216 (2000). 

5. W. M. Irvine, and J. B. Pollack, "Infrared optical properties of water and ice 
spheres," Icarus 8 1968, 324-360 (1968). 

6. T. C. Grenfell, S. G. Warren, and P. C. Mullen, "Reflection of Solar-Radiation by 
the Antarctic Snow Surface at Ultraviolet, Visible, and near-Infrared 
Wavelengths," Journal of Geophysical Research-Atmospheres 99, 18669-18684 
(1994).

7. M. Yamada, T. Oshima, K. Ueda, I. Horiba, and S. Yamamoto, "A study of the 
road surface condition detection technique for deployment on a vehicle," JSAE 
Review 24, 183-188 (2003). 

8. T. Ogura, I. Kageyama, K. Nasukawa, Y. Miyashita, H. Kitagawa, and Y. Imada,
"Study on a road surface sensing system for snow and ice road," JSAE Review 23, 
333-339 (2002). 

9. F. Holzwarth, and U. Eichhorn, "Noncontact Sensors for Road Conditions,"
Sensors and Actuators a-Physical 37-8, 121-127 (1993). 

10. M. S. Robinson, G. Mallick, J. L. Spillman, P. A. Carreon, and S. Shalloo, 
"Polarization-dependent interference effects in grazing-angle Fourier transform
infrared reflection-absorption spectroscopy to determine the thickness of water-ice 
films," Applied Optics 38, 91-95 (1999). 

11. Born, and Wolf, Principles of optics: Electromagnetic theory of propagation,
interference and diffraction of light (Cambridge University Press, Cambridge,
1999).

12. E. Hecht, Optics (Addison Wesley Longman, Inc 1998). 

39



40



8 Summary of appended papers

The appended papers are listed to their content in Table 6.1 below, thereafter 

follows a short summary and conclusion to each paper. 

Table 6.1 Contents of appended papers 
Paper A B C

Spectroscopy

Prototype sensor 

Polarizer
measurements

Paper A: Angular spectral response from covered asphalt

By: Johan Casselgren, Mikael Sjödahl and James 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.

41
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Paper B: Classification of different road conditions to improve 

safety

By: Johan Casselgren, Mikael Sjödahl, Sara Woxnery and 

Martin Sanfridsson 

Summary: A prototype sensor Road eye (Swedish patent nr 

9904665-8) consisting of two laser diodes working at 

1323 nm and 1566 nm for illumination and a 

photodiode as detector is tested in both laboratory and 

real-life condition for accuracy and response time.

The measurements are also compared with angular 

spectral laboratory measurements. 

Conclusions: The response time and accuracy of the prototype 

sensor show satisfactory results for the real-life road 

conditions asphalt, ice and snow. The laboratory 

measurements show as the spectroscopic

measurements that it is difficult to classify water from

ice.

Paper C: Polarization resolved classification of winter road 

condition in the near infrared region

By: Johan Casselgren and Mikael Sjödahl 

Summary: The angular spectral response is measured with 

polarizer to control both the polarization of the

illumination and polarization of the reflected light that 
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is measured in the near infrared spectral range. The 

idea is to investigate if an improvement in

classification of the four road conditions dry, wet, icy 

and snowy asphalt is possible using a different

method.

Conclusion: The measurements show no improvement for 

classification of the four road conditions. Though 

using the method with polarizers the classification of 

water from ice shows an improvement, which could 

be en alternative to the third wavelength approach. 
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Angular spectral response from covered asphalt
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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 acci-
dent rate shows that roads with a low friction number
have the highest statistics for accidents [1]. With in-
creasing traffic density, road safety is an important
issue. New vehicles have technical systems to pre-
vent 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 pur-
pose 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 re-
flected light under changing road surface conditions.
An example of such a prototype is a TV–camera sys-
tem combined with image processing [2]. This uses
the fact that light reflected from a wet road becomes
plane polarized, which makes it detectable. This tech-
nique is yet only tested for dry and wet roads. An-
other system uses laser diodes and photodetectors
combined with signal processing to exploit the fact

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 useful-
ness 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 exper-
imental setup and the procedure measurement.
Then, Section 3 shows the measurement result. Sec-
tions 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)] con-
sisting 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 (polymethyl-
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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 as-
sets of stone material, which also can alter the spec-
trum 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 an-
gular 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° point-
ing at a spot at the center of the half-sphere. The
holes are 3 mm in diameter to allow insertion of the

modified spectrometer [Fig. 1(d)] so it is perpendic-
ular to the sphere’s surface and measures on the
same point at the center of the sphere. The spec-
trometer 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 percent-
age 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 correspond-
ing 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 spec-
trometer is corrected for the static mean value de-
termined 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

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).

Fig. 2. Explanation as to how the measuring points and the di-
rections 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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radius distant from the sphere. Four different con-
ditions 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 mea-
surements are performed in a climate room with tem-
perature �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 sur-
face. 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 as-
sumed 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 four-
teen layers; one for the dry, five for water and ice
(moist and�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 re-
sults in 43 measurements for each of the eight di-
rections 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 mole-
cule represented of water, ice, and snow but in dif-
ferent 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 spec-
trum for the layers of asphalt covered with various
depths of water; all spectra were averaged for each
wavelength. The plot shows that the reflected inten-
sity 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 spec-
trum [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 charac-
teristics, 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 rough-
ness 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 wave-
lengths (to be discussed in Section 4) and the chosen
direction of illumination shows the reflection charac-
teristics 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 horizon-
tal 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 wa-
ter 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 reflec-
tive 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 wave-
length, 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 an-
alyze 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 mea-
sure 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 inten-
sity change is the same over all wavelengths. The
ratio of two wavelengths is thus insensitive to in-
tensity changes. However, when the road surface
changes, the ratio will indeed be altered. It is there-
fore of interest to determine two wavelengths whose
ratio has the largest variance for the four different
road conditions—dry, water, ice, and snow. There-
fore, 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 repre-
sent 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 vari-
ance 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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(1)

x��i, j� �
1
4�XDry�i, j� � XWater�i, j� � XIce�i, j�
� XSnow�i, j�	,

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.

V�i, j� �
1
3��XDry�i, j� � x��i, j�	2 � �XWater�i, j� � x��i, j�	2

� �XIce�i, j� � x��i, j�	2 � �XSnow�i, j� � x��i, j�	2	,

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 wave-
lengths 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 wave-
lengths, 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 op-
tics; therefore, they are mass produced and easy and
cheap to buy. In a commercial sensor, this is of inter-
est 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 reli-
ably 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 classifica-
tion. 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 calcu-
lations 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.

4282 APPLIED OPTICS � Vol. 46, No. 20 � 10 July 2007



a direction of illumination and each marker repre-
sents 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. 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.

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 in-
creasing 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 av-
eraged 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 wave-
lengths 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 re-
sult 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 corre-
sponding scattering plot appears to be the same for
both loose and dense snow.

To investigate the classification of the four differ-
ent surface conditions by using two wavelengths the
ratio � � �1��2 is introduced and calculated for all
measuring points. Figure 8 shows the resulting dis-
tributions 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 deter-
mined 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�B� � 

n��min

B

DA
D�n� � 


n�B

�max

DA
W�n�

for B � 2, 2.001, 2.002, . . . , 3,

Bmin � argB min f�B�, (4)

where DA
D is the dry distribution and DA

W 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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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 classifica-
tion (and proper boundary determination) difficult.
Separating the dry asphalt and water covered sur-
faces are not as difficult, although there are some
measurements of the water inside the dry bound-
aries. Such measurements lying outside the selected
boundaries will imply the possibility of wrong classi-
fication �Pwrong	. In fact, the consequences of such er-
roneous 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 bound-
aries, we write

Pwrong � P�Ice|Snow	 � P�Snow|ice	 � P�Water|Ice	
� P�Ice|Water	 � P�Water|Dry	
� P�Dry|Water	 � P�Ice|Dry	, (5)

where P�Ice|Snow	 denotes the probability of classi-
fying 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 bound-
aries as in Fig. 8, we have Pwrong�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 mea-
suring 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�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 under-
stand this limitation, we look at how the four surfaces
are distributed within the boundaries in occurrences
of wrong classification. Table 1 shows for which sur-
faces 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 classifi-
cation for snow. Figures 8(c) and 8(d) show that the
separation of ice and snow with ratio � is not suffi-
cient because of the overlapping distributions. There-
fore, an analysis of the ratio variance for only ice and
snow is calculated to investigate the optimal wave-
lengths for separating the ice and snow distributions.
The conclusion of Fig. 10 is that a third wavelength
��3 � 1490 nm	 needs to be added to the calculations.

Fig. 10. Variance between mean ratios for the surfaces ice and snow.
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As seen in Fig. 10, the ratios �1��3 and �3��2 result in
maximum values, although �3��2 is larger than �1��3,
but calculations show that a combination of the ratio
between �1��3 and � results in the lowest Pwrong,
therefore introducing the ratio � � �1��3. Calcula-
tions also reveal that the best result is achieved by
first using the � to separate the dry and snow mea-
surements from water and�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 sur-
face, the outliers. The measurements outside the wa-
ter and�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 two-
wavelength data analysis, the ice and snow were dif-
ficult to separate; however, using two ratios and only
three wavelengths, it is possible to separate them
with a low Pwrong. In this case, Pwrong�all drops from
14% to 4%. Comparing � and � shows that no mat-
ter which of the two ratios are chosen, there are
always two surface distributions that are over-
lapped [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

Table 1. Probability of Wrong Classification for All Surfaces and for
Each Surface

Pwrong

(%)

Quantity of
Measurements

Outside the
Boundaries

Quantity of
Measurements

All surfaces 14 1333 9520
Dry 9 96 1064
Water 9 479 5320
Ice 11 216 1960
Snow 54 635 1176

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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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�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 percent-
age of the reflected intensity of the reference inten-
sity 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 dis-
tribution average of the spectra is an acceptable es-
timation 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. Compar-
ing 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 spec-
trum 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 me-
dium and is not affected by the asphalt as water and
ice. The compressing of the snow to analyze the dif-
ference 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 dif-

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 (�).
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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 measure-
ments 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 over-
tones and combinations of various C–H stretching
fundamentals [8] that appear distinctively for as-
phalts 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 classi-
fication of the four road surfaces is possible. The com-
putations 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 reflec-
tion. The low probability of wrong classification for
the surfaces �Pwrong � 1%	 for the measurements

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 mea-
surements 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 en-
vironment. Using only the backscattered light, as is
preferable in a preview sensor, it is shown in this in-
vestigation 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 encourag-
ing for the development of a system to work in actual
automotive scenarios.
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Abstract

Measuring the road condition in front of a vehicle could prevent accidents and make technologies like 
electronic stability control (ESP) more efficient. By making three investigations of the classifications of 
the four road conditions dry asphalt, asphalt covered with water, ice and snow the possibility of a preview 
sensor is exploited. By measuring the reflectance from the different surfaces with a halogen light and an 
actual sensor (Road eye) in a laboratory surroundings the advantage and disadvantage are revealed. The 
sensor is also mounted in a Volvo truck for real-life condition measurements. 

1 Introduction 

Slippery roads show high statistics of accidents. [1] If the low friction number could be measured by a preview 
sensor this could work both as a warning for the driver and incorporated in the technical systems of the car to make 
systems as the ESP work more efficient. The distinction in reflectance of different road conditions as asphalt and 
asphalt covered with water, ice and snow can be exploited in a sensor for classification of the road surface ahead of 
a vehicle.  

The purpose of this investigation is to describe the reflectance characteristics of the four road surfaces for the 
wavelengths 1323 nm and 1566 nm. Both with unpolarized light for several different angles and with polarized light 
for the angle and distance specified of the constructor of the Road eye sensor. (Swedish patent nr 9904665-8) The 
two measurements are compared to investigate the robustness of the method used in the sensor. The sensor is also 
tested in real-life condition on test tracks in Arjeplog, in the north of Sweden. The experimental setup for the 
experiments is explained in Section 2. In Section 3 the result is presented and discussed. The paper is ended with 
conclusions. 

2 Experimental setup 

The three experimental setups that are used, allows us to investigate the reflectance effects of four road surfaces, dry 
asphalt and asphalt covered with water, ice and snow, respectively. Two experiments are carried out in a laboratory 
environment in order to control the depths and purity of the layers covering the asphalt. The first experiment the 
reflectance of the surfaces illuminated with a halogen light (unpolarized light), is measured with a spectrometer. 
This is explained in more detail in section 2.1. For the second experiment the Road eye Sensor, that consist of 
laserdiodes for illumination (polarized light) and photodiodes for detection, is applied on the same surfaces as in the 
first experiment. The experiment is explained in Section 2.2.1. Section 2.2.2 describes the third setup were the 
sensor was mounted on a Volvo truck to investigate the sensor in working order. 



Fig. 1a) The half sphere with the light source positioned at 90°. b) The light source with the lens mounted at the end. c) The piece 
of ABT 11 asphalt. d) The spectrometer and the modifier numbered with (1). 

2.1 Laboratory measurements halogen illumination 

Fig. 1 shows the first experimental setup (Fig. 1a) consisting of a halogen light for illumination, mounted together 
with a lens with +150 mm focal length (Fig. 1b) giving a 50 mm light spot on the asphalt (Fig. 1c) positioned in the 
centre of the (poly methyl 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 choose ABT 11 since it is a common asphalt on 
Swedish roads representing about 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. Horizontally it is drilled in entire circles around the sphere also with an angular 
resolution of 10° pointing at a spot at the centre of the half sphere. The holes are 3 mm in diameter to allow insertion 
of the modified spectrometer (Fig. 1d) so it is perpendicular to the sphere’s surface and measures on the same point 
at the centre 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. 1d) with a numerical aperture of 1.5 mm and a length of 18 mm 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 
reference light was measured strait on the illumination at a distance twice the radius. To get a good assessment of 
the layers reflection it is important that the experiments are carried out in the same way for all measurements. For 
that reason a lift is placed under the asphalt to enable the top surface to be at radius distant from the sphere. Four 
different conditions were investigated; dry asphalt and asphalt covered with water, ice and snow. Altering the water 
depth is 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 depth is 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 to achieve a 
grain size between 1 and 2 mm, most of the grains are of these sizes. A sieve is used to apply the snow on the 
asphalt to get an even distribution. 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. The 
water and ice is 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 measuring the depth. The 3 mm snow surface was 
then pressed with an icehockey puck and a weight of 3.4 kg to investigate if the spectral response altered, which it 
didn’t. In this investigation only the backscattered light was analysed, which are the angles 0-70° vertically in the 
plane of illumination. The direction of illumination is altered between 0° – 70° vertically. In the case where the light 
position 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 analysed in Matlab. 



Fig. 2a) Schematic drawing of the Road eye sensor b) Setup for laboratory measurements with the sensor. 

2.2 Road eye sensor 

The Road eye sensor (Swedish Patent) consists of two laserdiodes for illumination and a photodiode for detection 
mounted as shown in the schematic drawing in Fig. 2a). The two lasers works at 1323 nm and 1566 nm. The 
wavelengths are in range of the optimal wavelength for classification as calculated in reference [2]. To focus the 
reflections on the photodiode a lens is placed in front. The sensor operates on 12 V and has a four value output. The 
two first values are the reflected optical power of the lasers respectively. The third value is the ratio between the two 
wavelengths, by coincidence this value can be compared to a friction coefficient. Fourth value is the square root 
mean of the reflectance of the two wavelengths. The sampling rate of the sensor is 30 measurements per second.  

2.2.1 Laboratory measurements 

The laboratory setup of the sensor is seen in Fig. 2b) where the distance L varied from 650 mm to 800 mm and with 
an angle (v) of 45°. The asphalt used in the first experiment is also used in the second experiment. The preparation 
of the layers is carried out in the same way for both experiments but the depths varied. The depth of water is moist, 
1 mm 2 mm and 3 mm and the ice depths is 0.6 mm, 1.5 mm and 3 mm. The snow depths are 1 mm, 3mm and 3 mm 
compressed in the same way explained in Section 2.1. The sensor is controlled and supervised with Labview and the 
measurements consisted of 256 to 1000 values for both wavelengths. 

The advantage with the Road eye sensor is that measurements could be executed for surfaces with a fast change like 
ice and water. Therefore the 3 mm ice was also investigated covered with 1 and 3 mm water. Also two frost depths 
are applied on the asphalt and investigated but the depths could not be measured accurately because of the rough 
surface so it is estimated to 1 mm and 3 mm. 



Fig. 3 The Volvo truck and mounting of the Road eye sensor. 

2.2.2 Real-life condition measurements 

The Road eye sensor is mounted in a Volvo truck for real-life measurements. Considering the design of the Road 
eye sensor, it was essential to keep it from dirt during runtime; the sensor is therefore placed in a plugged tube. The 
construction is mounted in the wheel house at the height of 640 mm from the asphalt with a ~250 angle. It was 
mounted so that the lasers are pointing just under the bumper as in Fig. 3. The sensor is connected to a computer 
where the measurements are saved. 

Fig. 4 Example of test track layout in Arjeplog. 

The measurement is carried out on prepared test tracks at the Colmis Proving Ground just a few kilometres outside 
Arjeplog in the north of Sweden. The test tracks consists of dry heated asphalt, an ice surface with a depth of more 
than 40 mm and a snow surface with the same depth. The appearance of one of the test tracks is shown in Fig. 4. 
The total length of the tracks is between 250-350 m. The measurements is executed with several speeds 5, 30, 50 
and 70 km/h. 



Fig. 5 The spectra of the four road surfaces 

3 Results and discussion 

The halogen light is continuous over the spectrum measured by the spectrometer. By averaging all the measured 
spectra for a surface, the computation results in an estimate of the reflection for that surface. Shown in Fig. 5 are the 
spectra for the dry, wet, icy and snowy asphalt. The conclusion of Fig. 5 is that the four surfaces reflect light 
differently which makes classification possible. The wavelengths used in the Road eye are marked with *. The 
wavelength 1323 nm is the reference wavelength and 1566 nm is the absorbing wavelength. A sensor for 
classification must be as robust and accurate as possible. For different asphalts the intensity of the reflected light 
changes due to different materials compositions which also effects the layers on the asphalt, but the spectrum 
doesn’t change. 

To avoided variation in level for the measurements a ratio between the two wavelengths is computed for 
classification. Note that this results in a sensor robust for intensity changes, which 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). The assumption done for this solution is that the intensity changes are the same over all 
wavelengths. The spectra stays the same only change in level so the ratio of the two wavelengths is thus insensitive 
to intensity changes. However, when the road surface changes the ratio will indeed be altered. For the sensor the 
ratio is calculated directly in the sensor and for the laboratory measurements the analyses are done in Matlab for the 
same wavelengths used in the Road eye sensor. 



Fig. 6 The ratios distributions of the laboratory halogen light measurements. 

3.2 Laboratory measurements halogen illumination 

For these measurements a halogen light is used for illumination and a spectrometer as detector. The calculated ratio 
of the data is shown as histograms in Fig. 6 a-d). The four different surface distributions are represented of for the 
dry 56 measurements, water and ice 280 measurements and snow 168 measurements. The distributions show that 
the surface can be classified but some values are the same for two surfaces. The dry and snow distributions are the 
most defined, with only a few values shared with water and ice respectively. The weakness for the wavelength used 
in this investigation is, as seen in Fig 6b) and c), separating the water and ice. This can be done with a third 
wavelength around 1700 nm as shown in reference [2]. By calculating the probability of wrong classification (Pwrong)
an estimate of the accuracy of each experiment is presented. 

From the distributions it is possible to set up classification boundaries B for the four surfaces. These boundaries are 
determined by finding the minimum value of the function f in Eq. (1). As an example the boundaries between ice 
and snow (Fig 6 c and d) were found as: 
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Where  is the snow distribution and  is the ice distribution and for this case B is from 0.25 to 0.35 and min=0
and max=0.35 as seen in Fig. 5c) and d). The boundary is found by finding the minimum argument for B. The 
boundaries then make it possible to compute the probability of wrong classification which is calculated as Eq. (2).  
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Pwrong=P(Water|Dry)+P(Ice|Dry)+P(Dry|Water)+P(Ice|Snow)+ 

   +P(Snow|Ice)+P(Water|Ice)+P(Ice|Water) Eq (2) 

For the wavelengths used in this investigation for the halogen light measurements Pwrong became 13.5%. The high 
wrong classification number is caused by the difficulty of separating the water and ice distributions. 



Fig. 7 The ratio distribution for the laboratory measurements with the Road eye sensor 

3.3 Laboratory measurements with the sensor Road eye 

Notable in the result of the laboratory measurements with the Road eye, seen as histograms in Fig. 7, is that the 
width of the water distribution has increased compared with the first experiment with the halogen illumination. Note 
also that the ice distribution have decreased in width. This could be an effect of illumination with polarized and 
unpolarized light and different intensities of the illumination. Because of the polarization and the lower intensity in 
the laserdiodes, the Road eye is more sensible to variation in depths for the absorbing mediums water and ice. 
Separating the dry, ice and snow surface from each other is possible almost without any wrong classification. 
Though with the wide distribution of the water both the snow and ice distribution are effected which result in a high 
wrong classification 

The water distribution have a wide range for a small change in the depths, this effect are causing problems with the 
classification. The distribution that is located around 0.8 in the water histogram is the measurements for the moist 
asphalt, because of the difficulty of getting a continuous increase in the water depth it is a gap between the different 
measurements. The histogram for water should be continuous from 0.85 down to zero for the depth moist to 3 mm. 

The wide range of the distributions for both ice and water in the two laboratory experiments implies that an 
absorbing medium as water and ice have the property that when the depth increases the value decreases to zero. This 
is more distinct for the laser light which is polarized than for none polarized halogen illumination. The snow differs 
from the wide distributions of water and ice with a narrow distribution thou the depth were changed. This is an 
effect by the multiple scattering in the rough surface which is independent of the depth of the snow. 

The probability of wrong classification calculation for the Road eye measurements results in a large uncertainty 
Pwrong=24%, this is due to the width of the water distribution. The dry and snowy asphalt is classified to 100%. The 
difficulty is separating water from ice, where the problem is when the depth increases both distributions approaches 
a zero value caused by the absorption of the light for the absorbing wavelength. Separating water and snow is also a 
problem, but they don’t approach the same value as the depth increases. There are just a few values that are the 
same. 



Fig.8 The ratio distributions for the frost and water on ice measurements done with the Road eye sensor 

In the laboratory measurements with the Road eye two more surfaces were measured. Seen in Fig. 8 is the result of 
the frost and water on ice. The two depths of frost were measured and it showed two spikes in the histogram, the gap 
between these two spikes implied that it should be a continuous distribution for a continuous change of depth. 
Which result in the problem that the frost could be classified as dry and wet asphalt as seen in Fig 8a) compared 
with Fig. 7a) and b).The high ratio for the frost also implies that the light is also reflected of the asphalt beneath the 
frost. The water and ice was classified as ice this due to the high depth of both water and ice which caused the ratio 
value to go towards zero (Fig. 8b). 

Fig. 9 Sensor readings of the test track 4 shown in Fig. 4 done with the Road eye sensor. 



3.4 Real-life condition measurements with the Road eye sensor 

The data for the two wavelengths computed for and plotted against the length of the test track is shown in Fig. 9. 
The result compared with the schematic figure in Fig. 4 implies a fast response time and a correct classification of 
the surfaces. This shows that the Road eye works acceptable in real-life condition measurements with distinct 
surfaces.

Fig. 10 The ratio distributions of the Arjeplog measurements for dry asphalt ice and snow done with the Road eye sensor. 

The result of the real-life condition measurements done in Arjeplog is shown in Fig. 10. Notable is that the surfaces 
are separated from each other and there are only a few ice and snow measurements that have the same values, this 
implies a low probability of wrong classification. For the 900 dry, 800 ice and 1000 snow measurements the Pwrong = 
1.4% which can be regarded as acceptable. This is a consequence of the absence of water in the measurements and 
very well distinct surfaces. The ice was more than 40 mm thick which makes the reflection of the absorbing 
wavelength go to zero as seen in Fig. 9b), this explains the spike at zero for the ice. 

The wide distribution of the asphalt seen in Fig. 10a) may be caused by snow that is caught on the vehicle tiers and 
dragged on to the dry asphalt and melted. But this amount of water on the asphalt doesn’t affect the friction. The 
spike distribution of the snow could be caused by the compression of the truck and tiers that are hot and created a 
thin ice film on the snow. This also explains why the snow distribution is closer to zero for these measurements than 
for the laboratory experiments. 

4 Conclusions 

The conclusions that can be made of these measurements are that the three surfaces dry, ice and snow can be 
classified with a low probability of wrong classification. Because of the wide range of the water distribution this 
makes the classification much more uncertain, this problem can be solved using a third wavelength around 1700 nm 
as shown in [2] for laboratory measurements with the halogen light Pwrong decreases to around 1%. Another thing 
that separates water form ice and snow is the temperature on the surface so one possibility is to incorporate an IR-
sensor that measures the surface temperature in the application. The real-life condition measurement shows that the 
Road eye works acceptable in working order with distinct surfaces. 
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For a driver of a vehicle the most hazardous road conditions are the ones that
are hard to recognize and that appear suddenly. By implementing a sensor in
the vehicle that classify the road condition ahead of the vehicle, accidents 
related to slippery road conditions could be brought to a minimum. Measuring 
the reflected light, with a polarizer as an analyzer, from the four different road 
conditions; dry, wet, icy and snowy asphalt illuminated with polarized light,
the possibility to classify the four road conditions is exposed. The result 
shows that it can’t be done with an improved accuracy compared with 
unpolarized light. One benefit that is revealed though, is that the classification 
of water and ice can be done with a satisfactory accuracy. 
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1. Introduction

Slippery road conditions are often the cause of accidents [1]. The most dangerous 
road conditions are the ones that the driver can’t recognize and that appears 
sudden. A resent investigation [2] with the intent of classifying different road 
conditions ahead of a vehicle using near infrared light, showed that it was difficult 
to separate asphalt covered with a thin surface of water from a thin surface of ice.
The problem of separating a non slippery from a slippery road condition arose 
using two specific wavelengths for illumination. The suggested solution to the 
problem was to use a third wavelength, but this is expensive when there are few
laser diodes working at the proper wavelength and photo diodes that cover the 
whole wavelength range. In an actual sensor the use of laser diodes are preferable
since they are cheap and easy to design to make the sensor small enough to be 
mounted on a vehicle [3, 4]. 

Using laser diodes the illuminating source is polarized and the purpose with
this paper is to investigate if the polarized illumination can be exploited to get a 
better classification road conditions. Therefore the spectral and angular resolved 
response of dry, wet, icy and snowy asphalt is measured. The four road conditions 
is illuminated with polarized light and the reflected light is analyzed with a 
polarizer. For the measurements the reflected intensity level is compared for the 
two directions of illumination to determine the best way to mount laser diodes in a
sensor. Another approach investigated is to determine a degree of polarization for 
each road condition to investigate how the surfaces of the road conditions affect 
the reflected lights polarization. 

Section 2 describes the experimental setup and the measurements procedure.
Next Section 3 explains the approach and the result of the intensity analysis and
the degree of polarization method. In Section 4 the advantages and disadvantages 
of using two wavelengths and polarized light are investigated and displayed. The 
paper is ended with a discussion and some conclusions. 
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Figure 1 

a) The half sphere with the light source positioned at 90°. b) The light source with the lens 
mounted at the end. c) The piece of ABT 11 asphalt. d) The 12.5 mm and 50 mm polarizer. e) 

The spectrometer and the modifier (numbered with 1). 

2. Experimental setup 

Figure 1 shows pictures of the experimental setup. In picture 1a) the experimental 
setup consisting of the source of illumination, a half sphere to secure the 
repeatability of the measurements and a piece of asphalt positioned in the centre of 
the half sphere is shown. The source of illumination is a halogen light of 50 W 
mounted in a 500 mm long copper tube together with a lens with +150 mm focal
length and a 50 mm polarizer. The tube is pictured in Figure 1b) and the polarizer
in Figure 1d) together with a 12.5 mm polarizer. The polarizer mounted together 
with the halogen light makes it possible to set the polarization of the illumination.
The illumination source with the lens and the polarizer is illuminating a 50 mm
light spot on the asphalt (Fig. 1c). The asphalt is a dense bitumen tar pulp (ABT
11) mixed with crushed stone components with the largest size of 11 mm. The 
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crushed stone in an actual road changes depending on local assets of stone material
which also can alter the spectrum of the asphalt. We’ve chosen ABT 11 as it is
common asphalt on Swedish roads representing about 80% of all hot manufactured 
asphalt coatings in the country.

Figure 2 

Explanation to how the measuring points and the directions of illumination are notated. (a) The 
setup of the measurement of the reference light. (b) The measurements are done over the angles 
20°-160° and the direction of illumination from 20°-50°. (c) The measurements of the 
backscattered light are preformed with an angular resolution of 10° as a square around the 
direction of illumination.

The holes on the half sphere (poly methyl methacrylate) is drilled with an
angular resolution of 10° from 20° to 90° vertically, where 90° is perpendicular to 
the asphalt (see Fig. 2b). Horizontally it is drilled in entire circles around the 
sphere also with an angular resolution of 10° pointing at a spot at the centre of the 
half sphere. The holes are 3 mm in diameter to allow insertion of the modified

4



spectrometer (Fig. 1e). 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. 1e) 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 
illuminated spot to ensure that the spectrometer measurements are restricted to be 
within the illumination spot. The extension of the spectrometer contains a polarizer 
with the diameter of 12.5 mm that is inserted in front of the measuring head of the 
spectrometer to be able to control the polarization of the measured light. The
recommended wavelength range for the polarizers given by the manufacturer is 
between 1100-1550 nm. When calibrating the spectrometer the spectrum shows a 
large decrease in the wavelength area 1550-1700 nm which is interpreted to be 
caused by the polarizers working range. Therefore the wavelengths above 1550 nm 
are not included in the analysis.

The calibration of the spectrometer’s reference light is measured straight on 
the illumination as shown in Figure 2a) with the 12.5 mm polarizer mounted in the 
spectrometer’s measuring head (Fig. 1e (1)) at a distance of twice the radius (r).
This is done instead of mounting both polarizers in the same direction which would
be harder to repeat in the same way several times. Control measurements showed 
the same result for both procedures. 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 180 ms, the maximum
value to detect the reflected light from the water and ice that have a low intensity 
level. The spectrometer is corrected for the static mean value determined by the 
dark current offset of the diode array. To get a good assessment of the reflection
from the layers it is important that the experiments are carried out in the same way 
for all measurement cases.

Four different conditions are investigated; dry asphalt and asphalt covered 
with water, ice and snow. The four road conditions are divided in 9 different
layers, one dry asphalt and asphalt cover with a thin layer of water and ice and 
asphalt covered with 1 and 3 mm thick layer of water, ice and snow, resulting in 
3060 measurements in total. Altogether one measurement series on dry asphalt, 
three with the asphalt covered with water, three with the asphalt covered with ice 
and two with the asphalt covered with snow. 

The water used for both the water and ice layers are 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 
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for the rough surface of the asphalt. The water and snow depth is 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.

To know the distribution of the size of the snow grains, they are filtered 
through two filters with hole sizes between 0.5 and 2 mm. The snow is collected
outdoors and therefore it may contain some impurities. The snow has been kept in
a freezer which has made the snow moister than originally and the snow flakes 
have turned to small ice particles assumed 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 a temperature of -10°C.

The reflected light is measured over the whole half sphere from 20° to 160° 
in line with the direction of illumination (see Fig. 2b). Four directions of 
illumination (20º, 30º, 40º and 50º) are investigated. The four different road 
conditions are illuminated with parallel (P) to the incident plane and perpendicular 
(S) polarized light. For each polarization the reflected light was measured for both 
P- and S-polarization, which gives four measurements for each measuring point, all
together resulting in 240 measurements for each layer. The backscattered light is 
measured as shown in Figure 2c) as a square around the direction of illumination
with a ten degree resolution resulting in 8 times 4 measurements for each layer,
including measurements for both polarizations of the illumination. All 
measurements are done for the wavelengths between 1100-1700 nm. The results 
are analysed in Matlab.
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Figure 3 

To the left the intensity measurements for the two illuminations (a) perpendicular polarized light 
(SS) and (b) parallel polarized light (PP) for the four different road conditions. To the right the 
degree of polarization (P) for the two different illuminations (c) perpendicular polarized light
(PS) and (d) parallel polarized light (PP).

3. Polarization method and result 

A preview sensor that classifies the road conditions in front of a vehicle needs to 
work as accurate as possible, in the prototype sensor in reference [3] laser diodes is 
used for illumination. In a case with a preview sensor it is of importance how much
information that gets back to the detector for classification. When light is the
information carrier the reflected intensity is the information and the higher 
intensity the more information. By calculating the total intensity reflected for the 
two directions of polarization for the illumination it is possible to draw conclusions 
of which direction accomplish the most accurate classification. We define the two
total reflected intensities SS, for the perpendicular illumination, and PP, for the 
parallel illumination, as: 

SS SP RRSS  and 
PP SP RRPP . (1)
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where  and  represent the four reflected polarization components.
The notation for the reflected light R is that the larger subscript indicates the
direction of the analyzer and the smaller the direction of the polarizer for the 
illumination. All the measurements are averaged for the four directions of 
illumination and for the wavelengths 1100-1550 nm. The wavelengths between 
1550-1700 nm are disregarded because of the limitation in the wavelength range of
the polarizer. The averaging of the wavelengths is done to get a good
representation for all wavelengths. To represent the measurements for the four road
condition an averaging for the three water and ice layers and for the two snow
layers is calculated. The result for both the intensity measurements and the degree 
of polarization is calculated and plotted against the measuring angles (see Fig 2b) 
The result for the intensity measurements shown in Figure 3a) and b) implies that 
there are no significant differences between the total reflected intensity for the two 
direction of polarization for the illumination. The water has a small increase for
both illuminations a bit larger for the S-pol illumination than for the P-pol 
illumination at the direct reflex (the angles between 130°-160°). A notable 
difference is that for the P-pol illumination the four conditions are separated from 
each other for all angles except for the 150° and 160°. Where the ice has a large 
increase for both illuminations, this is most probably caused by a stone in the 
asphalt or an air bubble in the ice reflecting light in this particular direction. The
dry and snowy asphalt are at a constant level for all angles. 

PSS PSP RRR ,,
PSR

The intensity level of the total reflected light for the road conditions where 
almost the same for the two directions of polarization of the illumination but a
more interesting question is if there are any changes in the polarization between the 
reflected components  and . This could be an interesting approach 
for a preview sensor built on the assumption that the ratio of the intensity levels of 
the polarized components stays the same, unaffected of level changes in general 
due to bumps in the road or different asphalts. Therefore we calculate the degree of
polarization (P) which is the ratio of the intensity of the polarized portion to the
total intensity [5] and plot it against the measuring angles. We represent the 
angular resolved measurements as the degrees of polarization, P

PSS PSP RRR ,,
PSR

P representing the
parallel polarized illumination and PS the perpendicular polarized illumination.
They are defined as: 

PP

PP

SP

SP
P RR

RR

|

P (2)
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S RR

RR
P . (3)

The result for PP and PS will be between 0 and 1. When P=1 the polarization
of the reflected light is preserved or totally polarized in the, perpendicular, second 
state. If P=0 the polarization of the reflected light is depolarized, the two reflection 
states are equal. The results of the calculations are shown in Figure 3c) and d). As 
seen in Figure 3c) and d) the degree of polarization is most prominent for the angle 
130°-160° which are the angles around the direct reflex. There is also a change 
between the four road conditions in the backscattered light for the angles 20°-50° 
but the change is not large enough to draw any conclusions from it. This effect
appears both for the P- and S-pol illumination in distinction to the direct reflex
result that is most prominent for the S-pol illumination. The angles 60°-120° 
between the backscattered and the direct reflex are almost the same for all the road 
conditions and for both illuminations which make them non significant. The snow 
is on a low constant level which is due to the scattering of light that snow is 
causing.

These measurements show that it is possible, for the angles 130°-150° and 
the S-illumination, to classify the four road conditions from each other by the 
degree of polarization. A classification could also be done using the angles 20°-
110° of the intensity measurements. The experiments show that the ice and water 
conditions retain the polarization while the snow and dry conditions disperse the
polarization.
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Figure 4 

Distributions for the ratio  of the two optimal wavelengths 1 and 2 for the four different road 
conditions for all polarization measurements.

4. 2-wavelength analysis with polarized light 

For a preview sensor the accuracy and a fast response time is important.
Previous investigations show that it is possible, with some restrictions, to classify 
the four road conditions with only two wavelengths using unpolarized light (in
reference [2]) and with polarized light for illumination (in reference [3]). The idea 
in this analysis is to use a polarized illumination and a polarizer as an analyzer to 
investigate if the classification could be improved. Investigating the preview
approach the backscattered measurements that are measured around the direction 
of illumination (see Fig. 2c) are analyzed. To get an idea of the information content 
compared with the unpolarized method the approach used in reference [2] is 
applied to these measurements. Computing distributions for the ratio  = 1/ 2 for 
all the measurements for the two optimal wavelengths ( 1=1310 nm and 2=1490
nm) computed in reference [2] the comparison is possible. To obtain one
distribution for each road condition the three water and ice layers and the two snow 
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layers are added together respectively to make one distribution for each condition.
The result shown in Figure 4 is four distributions for all the measurements from the 
dry, wet, icy and snowy asphalt. The difference from the unpolarized case in
reference [2] is that the ice and the snow distributions have changed. The ice 
distribution has decreased in standard deviation and the snow has shifted more to 
the left, a decrease in mean value. The shift of the snow can be caused by the fact
that a different sort of snow is used. 

From the distributions in Figure 4 it is possible to set up classification 
boundaries B for the conditions. These boundaries are determined of the function f
in Eq. (5). As an example the boundaries between water and ice (Figs 4b and c) are
found as: 
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where  is the water distribution and  is the ice distribution and for this case B
is from 1.5 to 2.5 and

W
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min=1 and max=4 as seen in Figures. 4b) and c). The
boundary is found by finding the minimum argument for B.

It is seen in Figure 4 b) and c) that the distributions for water and ice 
overlap, which makes classification (and proper boundary determination) difficult.
Such measurements lying outside the selected boundaries will imply a possibility 
of wrong classification (Pwrong). In fact, the consequences of such erroneous 
classification should be taken into account when determining the classification
boundaries in an application scenario. For a classification to be as accurately as 
possible Pwrong should be low. To determine Pwrong for the water and ice 
distributions for the computed boundaries we write: 

)|()|( WaterIcePIceWaterPPwrong (5)

where P(Water|Ice) denote the probability of classifying measurement as “Water”
when correct surface is “Ice”. 

Pwrong = 16% for these measurements which is the same as in the case for the 
2-wavelength approach in reference [2] with the unpolarized light. Further
calculation shows that separating the polarization directions for both illuminations
and analyzer directions doesn’t improve the Pwrong much, the best result is 14%
compared with 1% for the 3-wavelength method used in reference [2]. What is 
notable from the distributions is the possibility to classify water from ice with a
low possibility of wrong classification, which in the unpolarized case was 
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impossible. This is an important issue because ice is difficult for a driver to 
recognize and separate from water, indifferent from snow that is easy to recognize 
on the roadway. By calculating a probability of wrong classification this may be 
seen as a measure of the reliability of the classification method. For the water and 
ice distributions in Figure 4 the Pwrong =2,7% which is a satisfying result. For the 
unpolarized case it is calculated to 22%. 

Figure 5 

Distributions for the ratio of the two optimal wavelengths 1 and 2 for the four different road 
conditions for the two polarizations of illumination.

This result is for both polarizations of illumination. Making histograms for 
the two polarizations of illumination respectively the probability may be improved
and it will reveal which polarization is preferable to use as illumination for 
classification of water and ice. The results are shown in Figure 5. The calculations 
according to Eq. (5) show that the Pwrong for the S-pol illumination decreases to 
1.6% and for the P–pol illumination it increases to 3.9% which is caused by the
drop in the number of measurements.
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Figure 6 

Distributions for the ratio of the two optimal wavelengths 1 and 2 for the four different road 
conditions for the P-polarization of illumination for the two polarizations states of the analyzer. 

The measurement for the S-pol illumination is then divided into a P- and S-
analyzer polarization, the result is shown in Figure 6. For the case with the P-
analyzer Pwrong=0.5% and in the case of S-analyzer Pwrong=2.1%. Pwrong=0.5% is a 
satisfying result which implies that it could be an alternative to use a polarizer in 
front of the detector instead of using a third wavelength that is suggested in
reference [2]. This would solve the problem of classifying water from ice in an 
actual sensor and the same Pwrong would be achieved in both cases.

5. Discussion

The result in Fig. 3 implies that for a preview sensor the light that are 
reflected back against the direction of illumination (the angles between 20° to 50° 
in Fig. 2) is not polarized in any specific way for the four different road conditions 
which makes it impossible to make a classification of them calculating the degree 
of polarization. This is an effect of the light passing though the surface on top of 
the asphalt and then reflecting back, getting depolarized by the volume scattering 
both in the water and ice but mainly in the asphalt and snow. The asphalt makes
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the light unpolarized and it doesn’t matter which way the incoming light is 
polarized. The only angles that show some effect on the polarization is the angles
120°-150° mostly for the parallel illumination where it is possible to separate the
different road conditions. This effect is caused of the specular reflection at the top 
surface and just a small amount of the light get refractive. Also seen in Figure 3 is 
that ice have the ability of retaining the polarization more than the water this can 
be caused by the vertical chain structure the water molecules orients themselves in 
when frozen unlike the more disordered structure of the water molecules in liquid
water.

The fact that road conditions that are hard for the driver to recognize and 
that appears suddenly, like a thin film of ice and snow, is possible to classify with
the polarizer method for the angles 130°-150° makes the idea of a stationary road 
survey sensor an interesting issue. These measurements show two approaches for a
stationary sensor. The intensity measurements show that using P-pol illumination,
for example a laser diode and a photodiode as detector it is possible to classify the 
four road conditions for all angles except 150° and 160°. The degree of 
polarization show that if such a sensor is mounted so it can use the direct reflex,
the measurements shows that the classification of the four road conditions could be 
made possible using a S-polarized illumination and a polarize analyzer as a 
detector.

Wanting only to classify the non slippery road condition wet asphalt from
the slippery icy asphalt the backscattered measurements implies that it is possible 
with a low possibility of wrong classification using the polarization method. This 
could together with an unpolarized detector be an alternative for an actual sensor 
instead or combined with a third wavelength as suggested in reference [2]. Using 
laser diodes for illumination, the light source is already polarized so the only 
addition would be an analyzer. The polarization method could maybe also work as 
a method for measuring ice on airplane wings.

6. Conclusion 

By calculating the degree of polarization, these measurements show that it is not 
possible to classify the four road condition satisfactory using the backscattered
light. Though the measurements show that for a stationary sensor for road 
classification it is possible in two ways one for the angles 20°-140° and P-
polarized illumination and a photodiode as detector and one mounted on both sides 
of the road using the direct reflex with S-polarized illumination and a polarizer as a
analyzer.

The backscattered measurements show that the mounting direction of the 
laser diodes and the analyzer is important to get a low possibility of wrong 
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classification for water and ice. But using only polarized illumination and no 
analyzer for detection, the mounting doesn’t matter in the sense of amount of the 
reflected intensities. It is also shown that using only polarized illumination as in 
the case of the prototype sensor Road eye (Swedish patent nr 9904665-8) doesn’t
improve the classification of the four road conditions. 
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