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Abstract

A new solution for light simulation using forward ray
tracing is presented. Aiming to archive statically right
physical resemblance, the framework is trying hard to
be faithful to the physics of light and its interaction
with matter. The complexity of the system is con-
trolled by dividing the sphere around each scattering
event into discrete patches, grouping the irradiance
into these patches. A ray represent one patch with radi-
ant intensity. Phenomena incorporated are reflection,
refraction, dispersion, absorption and subsurface scat-
tering.
A proof of concept is implemented in C++, and a sim-
ple deterministic scene descriptions with point light
source and a copper sphere serves as test cases. The
input is given with XML files and the output is post
processed into nonuniform polar plots.
The results are few but promising. Some aspects of the
underlying physics needs to be refined and yet to be
answered is how the system will respond to a complex
scene description.

1 Universe Representation

There are many ways to represent a simulation uni-
verse. The complex structure of paper sheets can be
represented in at least three different ways.
The most common parameterization in ray tracing is
the deterministic model from synthesis. The paper
is explicitly described with primitives. Examples of
primitives used is cylinder (fiber) and ellipsoid (pore).
These primitives have a fixed position and orientation
in the universe.
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A deterministic representation from acquisition of
the complex structure is also possible. An example
would be data acquired at the European Synchrotron
Radiation Facility, see [1] for further details. This
type of universe would also be fixed, but the shape of
components would be “exact” copies of real objects
rather than primitives.
The complex structure may also be represented
statistically. In this option the universe is described
by statistical knowledge of the shape, behavior and
density of universe primitives. The light simulation
program, Grace [2], used this type of parameteriza-
tion. Distributions describing the probability of hitting
a certain type of component at a certain position in
the universe is an example of input to a statistically
parameterized universe.

The two most important constructs in the raytracer
developed are ray and component. The ray has
wavelength and radiant intensisty. Any type of mat-
ter/media that a ray may interact with in our model-
universe will be a component. Anything that consists
of non-magnetic matter and gases can be modeled. At
least this is true as long as it can be sufficiently de-
fined by the attributes of a component, which are the
following:

• shape

• surface roughness (microfacet distribution)

• absorption spectrumα(λ)

• reflection valuesr(λ,θi)

• refraction indiceŝN(λ)

2 Physical Foundation

The raytracer developed is physically based. The
equation describing a wave propagating in matter
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(Equation 1), is derived from Maxwell’s equations[3].

E(r , t) = E0exp{iω(
n
c

nq · r − t)}exp{−ωk
c

nq · r}
(1)

The first exponent of the equation describes the fact
that the velocity of light (phase velocity) is reduced
from its value in free space,c, to c/n. The second
exponent gives the damping of the wave. The ampli-
tudes of the fields are reduced by exp{−2πk/n} per
wavelengthλ in the medium. This can describe the
attenuation of the light intensityI(r) = I0exp{−αr}
propagating in a medium (Equation 2).

α =
2kω

c
=

4πk
λ0

(2)

Hence the absorption ratio,α, of a ray in a component
is given by the wavelength of the ray and the extintion
coefficientk.
The extinction coefficient is the imaginary part of the
complex refractive index. The complex refractive in-
dex describes the optical properties of a component
and is given by Equation 3.

N̂ = n− ik = [ε1µ1 + i
4πµ1σ1

ω
]
1/2

(3)

The real part,n is related to the velocity. Refractive
indices are different for different wavelengths, so we
need to know thêN of matter as a function of wave-
lengths. Such functions are generally not known, but
there exist experimentally measured reflection-ratios
for several materials [4].
When light is incident on matter a ratio of the the in-
tensity will reflect from the medium and the remaining
intensity will refract into the medium. Reflection and
refraction ratios are given by the Fresnel formulas.
These formulas are given for two different cases, de-
pending on the polarization of the incident light. Equa-
tion 4 and 5 give the parallel (t̂‖) and perpendicularly
(t̂⊥) polarized transmission (refraction) ratios, while
Equation 6 and 7 give the corresponding reflection ra-
tios. For unpolarized light the relative magnitude is the
average of the two formulas, Equation 8 and Equation
9. These equations are valid for the interface between
vacuum and matter. To make it more general, substi-
tute N̂ with N̂/N̂′ andµ1 with µ1/µ′1. WhereN̂′ and
µ′l are the properties of the medium the wave comes
from.

t̂⊥ =
E0t

E0i
=

2µ1cosψi

µ1cosψi +
√

N̂2−sinψi
2

(4)

t̂‖ =
E0t

E0i
=

2µ1N̂cosψi

N̂2cosψi +µ1

√
N̂2−sinψi

2
(5)

r̂⊥ =
E0r

E0i
=

µ1cosψi −
√

N̂2−sinψi
2

µ1cosψi +
√

N̂2−sinψi
2

(6)

r̂‖ =
E0r

E0i
=

N̂2cosψi −µ1

√
N̂2−sinψi

2

N̂2cosψi +µ1

√
N̂2−sinψi

2
(7)

t̂ =
t̂⊥ + t̂‖

2
(8)

r̂ =
r̂⊥ + r̂‖

2
(9)

Since the refractive index is wavelength dependent, we
see that the Fresnel formulas are both wavelength (λ)
and incident angle (ψi) dependent.
The specular direction of the refracted intensity is
given by the well known Snell’s law:

sinψi

sinψt
=

N̂t

N̂i
(10)

2.1 Surface Scattering

The incident light is neither reflected nor refracted
purely in the specular direction. This phenomena is
due to surface roughness where microfacet orienta-
tions deviate from the surface normal of the compo-
nent. The reflection due to light hitting these micro-
facets is called surface scattering. The microfacet ori-
entations can be described by distributions like the
Beckmann or the Gaussian distributions. Cook and
Torrance were the first to introduce microfacet dis-
tributions to illumination models [5]. The root mean
square (rms) of the facet orientations can be measured
using an atomic force microscope The Beckmann dis-
tribution is a function depends on the rms of the sur-
face. The Beckmann function is given in Equation 11,
wherem is the rms.

D(θi) =
1

4m2cos2 θi
e−[tanθ/m]2 (11)

2.2 Subsurface Scattering

Diffuse scattering may be due to microfacets or due to
scattering subsurface. On its way through matter, light
will continue in its original direction or scatter in new
directions due to several phenomena of which some
will be listed in the following.
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• If the wave (photon) is absorbed and re-emitted,
the emitted direction is random and the wave-
length may been shifted by Compton’s shift for-
mula. In this work, we only consider coherent
scattering, i.e. scattering for which reemission
occurs at the same frequency as the incident ra-
diation.

• If the wave “hits” a particle that is smaller than
the wavelength, the predominant mode of scatter-
ing is elastic (no energy loss or phase shift) scat-
tering, called Rayleigh scattering (Equation 12).
This scattering is responsible for the blue color
of the sky; it increases with the fourth power of
the frequency and is more effective at short wave-
lengths (Equation 13). It occurs mostly in gases,
transparent solids and crystalline structures.

I = I0
8π4Nα2

λ4R2 (1+cosθ2) (12)

I → I
λ4 (13)

• For particles larger than the wavelengths, the
scattering is predominant by a phase function ex-
pressed by the Mie scattering. Mie is also elas-
tic scattering that occurs in gas and transparent
solids. A comparison of Mie and Rayleigh is il-
lustrated in Figure 1.

• Brillouin scattering is scattering from acoustic
modes. From a strictly classical point of view,
the compression of the medium will change the
index of refraction and therefore lead to some re-
flection or scattering at any point where the index
changes. Brillouin scattering is typically shifted
by 0.1 to 1cm−1 from the incident light.

• Light that is scattered due to vibrations in
molecules or optical phonons in solids is called
Raman scattering. Raman scattered light is
shifted by as much as 4000cm−1 from the inci-
dent light. Raman scattering occurs in solids.

On a more abstract level, photons travel between suc-
cessive scattering events whose cumulative effect is
to produce a random walk. Similar multiple scatter-
ing processes occur for photons in astrophysical struc-
tures, electrons and phonons in solids, neutrons in re-
actors, and molecules in a gas. The mean free path is
the mean length (steplength) to next scattering event.
A combination of the two scattering phenomena Mie
and Rayleigh is expressed in the Henyey-Greenstein

Figure 1:The difference between Rayleigh and Mie
scattering

phase function. It was first introduced by Henyey and
Greenstein (1941) to describe scattering of radiation
in a galaxy. The Henyey-Greenstein phase function is
often used to characterize the angular distribution of
scattered light by tissue and cellulose [6] and is char-
acterized by the average cosine,g, of the scattering
angle,j, (Equation 14).

pHG(cosj) =
1
4π

1−g2

(1+g2−2gcosj)3/2
(14)

All scattering happening due two the phenomena listed
above will be called subsurface scattering in the light
propagation model described in the following section
of this article.

3 The Light Propagation Model -
LPM

The development of a light simulation model aimed at
simulation on complex structures for the pulp and pa-
per community has emphasized physical correctness
of the light propagation. Physical properties of light
and matter is very complex and may be described at
several levels of detail. This simulation model orga-
nizes the propagation of light into the two types of
scattering events mentioned in the previous section.
The life of a ray in the Light Propagation Model de-
veloped and the conservation of energy in this model
will now be described.

3.1 Life cycle of a ray

Figure 2 illustrates the life cycle of a ray. The figure
contains two interfaces with a ray starting at the up-
per interface and ending on the lower interface. The
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Figure 2:A ray and the two scattering events from
start, through a medium and to the ray ends
at the interface of the next medium.

space between the two interfaces is the inside of one
component. During its journey from one interface to
the next, the ray encounters two events modeled by a
subsurface scattering and a surface scattering. These
scattering events are realized through the Sphere Area
Partitioning (SAP) concept explained in Section 3.3.
A subsurface scattering happens after a steplengthl
where a ratioσ of the ray is scattered. The scattered
intensity makes new rays with intensities and direc-
tions according to the subsurface SAP. The new rays
are queued while the rest of the original ray contin-
ues to the next interface. All propagation causes at-
tenuation according to travel length and absorption ra-
tio α. On the next interface, i.e. the surface of the
current component, a new scattering event occurs. As
for the subsurface scattering event, a surface SAP pro-
vides the intensity and direction of all new rays made
by this event. Unlike subsurface scattering, all inten-
sity is scattered and the original ray vanishes. A ray
only exists in one component and only has one direc-
tion during its lifetime. The intensity of a ray scattered
into new directions during a scattering event is defined
as new rays, ready to go through the same life cycle.
Figure 3 illustrates the life of a ray in two dimensions
while Figure 2 illustrated the same in 3D.

3.2 Algorithm

We are now ready to gain a better understanding of
the the whole process of one ray becoming a set of
new rays. Two sets of equations are presented which
describes the change of the electric field of a ray during
its lifetime in the LPM.
Equations 15 through 19 represent the general conti-
nuity equation.

Figure 3:A cross-section of the scattering-events in
the life of a ray as modeled in LPM.

E0 = E0αl (15)

+ E0(1−αl)σ (16)

+ E0(1−αl)(1−σ)αd (17)

+ E0(1−αl)(1−σ)(1−αd)r (18)

+ E0(1−αl)(1−σ)(1−αd)r (19)

• The first phenomena to account for is attenuation
as the ray moves in the medium (Equation 15).
E0 is the incident light,α is the absorption coef-
ficient of the component andl is the distance the
ray travels in the medium. What is left of the ray
after event one isE0(1−αl).

• The remaining part of the ray is subsurface scat-
tered (Equation 16).σ is the ratio of the field
to be scattered. Now after event one and two
E0(1−αl)(1−σ) is left of the original ray.

• The rest of the ray goes straight through the com-
ponent to the interface with another medium. The
ray attenuates during this distanced according to
the absorption coefficientα (Equation 17).

• On the interface, one part reflects back into the
medium it came from with reflection coefficientr
(Equation 18).

• The other part (r = 1− r), refracts into the new
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medium (Equation 19).r + r = 1 is always true
in LPM.

The electric field in subsurface scattering (Equation
16), reflection (Equation 18) and refraction (Equa-
tion 19) may scatter in every possible direction of
the continuous sphere surrounding the scattering point.
Therefore these equations can be represented by sur-
face integral over the sphere surrounding the scatter-
ing point, but continuous integration is not well suited
for implementation. To control the complexity of the
simulation or growth of rays the continuous sphere is
divided into discrete patches, where each patch (ω)
will be represented by one ray with direction equal to
the normal of the patch centerpoint and with intensity
equal to the grouped intensity of the patch. By increas-
ing the number of rays, i.e. decreasing the patch area,
this model should become increasingly accurate. This
situation is described by Equations 20 through 22.

|ω|

∑
0

Es(ω) = E0(1−αl)σ (20)

|ω|

∑
0

Er(ω) = E0(1−αl)(1−σ)(1−αd)r (21)

|ω|

∑
0

Er(ω) = E0(1−αl)(1−σ)(1−αd)r (22)

This sphere around each scattering point will have to
scatter according to the surface and subsurface distri-
butions. The Sphere Area Partitioning (SAP) concept
was developed to take care of this behaviour. The
working of a SAP will be explained in the following
section.

3.3 Sphere Area Partitioning

In addition to being faithful to the physics of light, the
strength of this simulation framework is its ability to
control complexity through the SAP concept. Two im-
portant issues of the SAP are the method used for di-
viding the sphere into equal-sized patches and the pop-
ulation of reflection ratios into each patch.

3.3.1 Tessellation

Hierarchical, equal area and iso-latitude pixelisation
is the method used for partitioning the sphere. This
method, HEALPix is developed by a group under The
European Southern Observatory [7]. The following

properties will be fulfilled when tessellating a SAP
with the HEALPix technique:

1. Each scattering direction is mapped to one patch
only.

2. The average of all directions intersecting a patch
is equal to the normal direction at the center of the
patch. The direction of a ray scattered through a
patch should be set equal to this normal.

3. The granularity of the tessellation is easy to ad-
just.

4. Each patch is easy to access.

5. It is easy to find the area and the boundary of each
patch.

6. The tessellation results in patches with equal
area.

The possibility to run the simulation with different
number of patches on a sphere will provide a strong
mean to control the complexity of the simulation.

3.3.2 Populating the SAP

Each patch in a SAP will hold a ratio giving the frac-
tion of incident intensity that will be reflected in this
patch. The act of distributing ratios to the patches will
be referred to as populating a SAP. This population
should be based on knowledge about the scattering
phenomena in question. For surface scattering events,
the microfacet distribution of the surface will guide
the population. In the case of subsurface scattering,
a phase-function like the Henyey-Greenstein equation
may be used for the population [8]. Both types of scat-
tering may also be populated by standard distributions
like the Gaussian and exponential distributions.
The scattering events are three dimensional, hence vol-
umetric distributions integrating to one is needed. The
Facet Model in [9] provides an equation for calculat-
ing the facet slopeζ, of a microfacet given incident
angle and reflection direction, see Equation 23. The
polar incident angle is given byθi , whereas(θp,φp)
represent the direction of a patch.

ζ =

√
sin2(θi)−2sin(θi)sin(θp)cos(φp)+sin2(θp)

cos(θi)+cos(θp)
(23)

When the facet slopes corresponding to the patches of
the SAP are calculated, the ratio corresponding to the
slopes can be found by Equation 24, whereh is the
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Figure 4:The volume of a cylinder,p(ζ), represents
the probability of a certain facet slope inter-
val of the distribution given byf (ζ).

height of the microfacet distribution atζ. Example of
a Gaussian facet slope distribution is given in Equa-
tion 25. Figure 3.3.2 illustrates a 3D distribution of
the facet slopes.

p(ζ) = 2πζh∆ζ (24)

As seen from Figure 3.3.2 is the probability of a certain
facet slope interval given by the volume of a cylinder
given in Equation 24, where the height of the cylin-
der,h, is given by a microfacet distribution. The mi-
crofacet distribution given as an example in Equation
25, is the Gaussian distribution used by the Scatmech
library [10]. σ is the standard deviation of the distribu-
tion, which will decide the degree of diffuse scattering.

f (ζ) =
1

π ·σ2 exp−( ζ
σ )2

(25)

3.3.3 Rotating the SAP

When a SAP has been populated it is ready to be used
by scattering events happening on the surface or in the
matter it represents. Though the ratios of the SAP de-
cides how specular or diffuse the scattering is, the dis-
tribution will always be centered around the specular
reflection, refraction, forward or backward scattering
direction. A SAP is populated according to normal in-
cidence and for every scattering event the SAP will be
rotated according to the current incident angle.

4 Simulation

This section aims to verify the LPM and the imple-
mentation of the model, named LightPro. The only
implemented parameterization available is the deter-
ministic type. Thus the test scene is a deterministic

defined scene with a lightsource, a sphere and a check-
point. The scene is this simple to assure intuitive inter-
pretation of the results. The scene setup is illustrated
in Figure 5. The scene setup is the same in all experi-
ments, but the parameterization of the scene elements
is variated.

• The sphere center is located at (0,0,-2) with ra-
dius 3, and has the complex refractive index of
Copper. The surface is variated.

• The lightsource is a point source. Both location
and spectrum are variated, but the lightsource al-
ways emits towards the “north” pole of the copper
sphere at (0,0,1).

• The checkpoint is a plane located at (0,0,2.5)

• The ether is vacuum

(a) Light source emitting
at normal incidence.

(b) Light source emitting
at 45 degrees incidence.

Figure 5:The test scene setup with a copper sphere
component, a non-transparent checkpoint
plane and a point light source.

4.1 Simultion of BRDF

The bidirectional reflection distribution function is the
dependence between incident light to the reflected
light. It is one of the important optical properties of
a sheet of paper and the output depends strongly on
the surface and subsurface representations.
The BRDF is simulated on six different configurations,
one set with a diffuse surface on the copper sphere and
on set with a Gaussian roughness distribution.

4.2 Totally Diffuse Surface

Four simulations were run with the copper sphere
component having a totally diffuse surface SAP. A to-
tally diffuse surface should reflect equally in all direc-
tions for any incident angle. In Figure 6 through 9 we
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can see the results from the simulation with two dif-
ferent incident angles and two different granularities
of the surface sap of the sphere.

Figure 6: Incidence: 0◦Granularity: 3

Illustration 6 is exactly as we would expect a totally
diffuse surface BRDF to be. The deviations from this
ideal case in the other three illustrations is due to two
issues.

• First we can see that the 45 degrees incidents
are slightly shifted towards 45 degrees reflection.
This is due to the SAP being implemented as a
hemisphere and not a sphere. All SAPs are ro-
tated according to the incident angle. If the sap
was a whole sphere this would have made the re-
flection correct for totally diffuse cases, but then
one sphere would represent both reflection and
transmission. This would make it impossible to
rotate both according to reflection and refraction
angles. The solution should then rather be not to
rotate the sap (hemisphere) at all for totally dif-
fuse surfaces, or to use a whole sphere for each of
reflectance and reflectance. This correction will
belong to future work for now.

• The second issue is that some of the boarder
peaks in the illustrations for granularity 6, seems
to have more intensity than the rest. This is
probably due to the xy-plotting of latitudes. The

Figure 7: Incidence: 45◦Granularity: 3

Figure 8: Incidence: 0◦Granulrity: 6

Figure 9: Incidence: 45◦Granularity: 6

angles between the latitude rings are smaller in
granularity 6 and at the edges more than one
patch of different latitude may have been mapped
to the same xy-coordinates. So this is actually
a visualization problem rather than a simulation
problem.

4.3 Gaussian Surface

Two simulations where run with a Gaussian distribu-
tion of the copper sphere surface roughness. The re-
sults are given in Figure 10 and 11.

Figure 10: Incidence: 0◦Granularity: 3

The expected result was a bell-shaped reflection cen-
tered at the specular direction of reflection. The illus-
trations of the Gaussian simulation results resembles
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Figure 11: Incidence: 45◦Granularity: 3

this shape, but the visualization is to coarse to draw
conclusions. At the 45 degree incidence, the result is
shifted towards specular reflection. This is according
to the Gaussian distribution, but there is no intensity
towards the incident angle. This is due to the same
error as with the diffuse simulation.

5 Simulation of reflectance

The reflectance of copper is well know and there ex-
ist measured values of reflectance of light at normal
incidence [11]. The test scene with the point source
at normal incidence should be able to reproduce the
measured values. The lightsource is setup with wave-
lengths for every 50nm. The rays caught by the check-
point plane is summarized for each wavelength and
visualized. The measured values taken from [11] is
illustrated in Figure 13 and the simulated reflectance
is given in Figure 12.

Figure 12: Simulated spectral reflectance of copper.

The correspondence between the simulated and mea-
sured reflectance is quite good. The shape of the
graphs 12 and 13 are very similar, but a closer look
reveals that the lower wavelengths of the simulated re-
flectance is a bit higher than the measured values. At

Figure 13: Measured spectral reflectance of copper.

the present time there is not possible to point at a rea-
son for this.

6 Conclusion

The aim of this work was to develop a physically based
model for light simulation in the pulp and paper indus-
try, and to implement a prototype of this model. We
have managed to develop a model in which all parts
are physically described on a fairly high level of de-
tail. However, there are still some parts of the physical
foundation which may be explored further. The pro-
totype implemented is not verifying the performance
on complex structures, but the physical correctness are
promising. Some issues related to the SAP imple-
mentation was revealed by the simulation results, but
other solutions were suggested. The Light Propagation
Model developed may serve as a foundation for phys-
ical simulation in the pulp and paper community and
will hopefully inspire further exploration of its pos-
sibilities through other types of parameterization and
application on more complex structures.
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