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Abstract

Under certain circumstances the polarisation state of the illumination can have a significant influence on the
appearance of scenes; outdoor scenes with specular surfaces — such as water bodies or windows — under clear,
blue skies are good examples of such environments. In cases like that it can be essential to use a polarising renderer
if a true prediction of nature is intended, but so far no polarising skylight models have been presented.

This paper presents a plausible analytical model for the polarisation of the light emitted from a clear sky. Our
approach is based on a suitable combination of several components with well-known characteristics, and yields
acceptable results in considerably less time than an exhaustive simulation of the underlying atmospheric scattering

phenomena would require.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism

1. Introduction

In recent years several key improvements to the realism of
synthetic outdoor scenes have been made. They covered
diverse areas such as rendering algorithms, tone mapping
[PFFG98] and actual skylight models [PSS99], and in some
areas such as spectral rendering the community is only now
starting to routinely use methods which have been known for
a long time [HG83].

Although a high level of visual realism has already been
reached through these improvements, current systems are
still not capable of truly predictive rendering of outdoor
scenes. Our aim is to address one of the remaining short-
comings in this area.

The use of polarization information during image synthe-
sis calculations has lain dormant for more than a decade af-
ter its principles were established [WKO90]. Apart from the
fact that it is very computationally intensive, it has received
little attention in the rendering community because — while
of course being essential for specially contrived setups that
for instance contain polarizing filters — its addition normally
does not contribute very prominent effects to the appearance
of an average indoor scene.
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However, one of the main areas where polarisation in fact
can make a substantial difference to the overall radiance dis-
tribution are outdoor scenes; this is due to the — under certain
circumstances quite strong — natural polarisation of skylight.
The resulting visual artefacts are so diverse that entire books
have been devoted to their documentation [Kon85]. And the
effects of these atmospheric phenomena are not limited to
direct viewing of the sky.

Strongly specular surfaces such as water bodies, windows,
car roofs or wet road surfaces best reflect horizontally po-
larised light. Since skylight can be strongly vertically po-
larised for certain viewing geometries, it is only poorly re-
flected in these cases, and the mirror image of the sky is
noticeably different from the results obtained with a plain
light model. As a consequence, the entire energy distribu-
tion in a scene can be wrong, which can be all the more sig-
nificant when using a modern global illumination rendering
algorithm which takes multiple interreflections into account.

Since outdoor scenes are currently still problematical for
photorealistic renderers for a number of other, more obvi-
ous reasons (e.g. scene complexity and related global illu-
mination issues), this whole problem domain has not been
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sophisticated analytical skylight models which are even par-
tially based on spectral radiance measurements have been
presented recently [PSS99], no mathematical description of
the polarisation patterns found in a clear sky — as shown e.g.
in figures 2 and 3 — has been presented so far. In this paper
we attempt to fill this gap.

2. Background
2.1. Skylight models

A number of analytical models have been developed to de-
scribe sky radiance and its spectral radiance in the context of
photorealistic image synthesis; we just give a brief overview
over those models which are of direct interest to our ap-
proach since we based our derivations and implementation
on some of them.

It should be noted that there exists a significant body of ad-
ditional work on this topic — such as for instance [NSTN93],
[TNK*93] or [DNKY97] — of which we are well aware, but
which we omit in this discussion. These papers also offer
valuable insights into the synthesis of absolute skylight radi-
ance values and could equally well have served as “parent”
skylight models for our developments. However, since all
previous papers in this area only deal with the computation
of unpolarised skylight intensities we chose to only concen-
trate on one particular subset of them.

Figure 1: Skydome coordinates and angles as used both by
some of the cited skylight models and our approach. Image
redrawn after [PSS99].

Perez et al.

In the model introduced by Perez [PSM93] — which is very
similar to the earlier basic skydome radiance model pro-
posed by the CIE [CIE94] — the luminance F for a given
point on the skydome is controlled by one key factor, namely
the turbidity 7' (a numerical parameter for sky clarity):

F(0,7) = (1+AeP/30) (1 +-CePV +Ecos’y) (1)

where A,B,C,D and E are distribution coefficients related
to 7 and 7y and O are the angles shown in figure 1; we use
the same convention as [PSS99]. The luminance Y for sky in
any viewing direction depends on the distribution function
and the zenith luminance and is given by

Y =Y,.%(8,y)/.%(0,65) 2

The Perez model has been found to be slightly more accu-
rate than the widely cited basic CIE model [CIE94] if the
parameters A through E are chosen wisely.

Preetham et al.

One of the most sophisticated skylight models so far is the
one defined by [PSS99]. The main improvement offered by
their approach is that it provides genuine spectral radiance
values for each sample; in this way the varying colour hues
of natural skies are taken into account. The images produced
with this model are very appealing, while the required com-
putational effort is still basically similar to the other models.

2.2. Skylight polarisation

The fact that the radiance pattern of a clear daytime sky
exhibits significant amounts of linear polarisation has been
known for a long time, and is still the topic of contemporary
study such as [Cou88). Several physicists of the 19" century
studied the phenomenon, and — apart from qualitatively de-
scribing the shape of the polarised regions — determined the
existence and location of several neutral points, where the
emitted light is unpolarised; see figure 2 for a sketch of their
location. These points are named after their discoverers: the
most obvious one is the Arago point, which is on average 20°
above the antisolar point and therefore only visible for low
solar elevations. The Babinet and Brewster points are harder
to observe, since they are both about 15° away from the sun
in areas of very strong luminance.

It has to be noted that circular and elliptic polarisation do not
normally occur on the sky, which makes the creation of an-
alytical models much easier since only the degree of linear
polarisation (as opposed to a full set of Stokes vectors, see
section 2.4) has to be computed for a given viewing direc-
tion.

The amount of linear polarisation found on the sky is not
constant over the entire skydome, and is strongly dependent
on both the solar position and the turbidity of the atmo-
sphere. The strongest polarisations can be observed at 90°
from the sun during sunset on clear days; it can reach over
90% under optimal conditions, i.e. perfectly dry air with no
clouds or haze whatsoever.

As arule of thumb it can be stated that the deeper and clearer
the blue of the sky is, the stronger its polarisation will be.
Photographers can exploit this effect and use polarisation fil-
ters to achieve spectacularly dark blue skies in their images.

Rayleigh scattering

The mathematical foundation needed to describe the phe-
nomenon on a molecular level is the theory of Rayleigh
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Figure 2: Qualitative sketch of skylight polarisation lev-
els in percent for two different solar elevations. S solar
position, A Arago point, Br Brewster point, Ba Babinet
point. This graph was redrawn from an encyclopedia of op-
tics [MFKS61]; the original is one of the very few such illus-
trations in literature, with most figures resorting to 1D line
graph representations such as those found in [Lio02] or the
two—dimensional but less intuitive Stokes component plots
such as in [LV97]. See figure 3 for a corresponding photo-
graph of a real sky.

or molecular scattering. It was proposed in 1871, and was
the first theory which was able to properly explain the blue
colour of the sky.

A key insight was that even individual air molecules — which
are significantly smaller than the wavelength of light — are
capable of scattering light; previous theories had required the
assumption of comparatively macroscopic particles which
act as scattering agents.

This type of scattering is strongly dependent on the colour
of the light in question; for a given wavelength A the scat-
tered intensity [, is roughly equivalent to % Blue light with
A &~ 425nm scatters about 5.5 times more energy away from
its direction of propagation than red light with A ~ 650nm
[Lio02], which is why the sky appears blue when viewed at
an angular distance from the sun.

Apart from being able to explain the colour of the sky, the
theory of Rayleigh scattering also allows us to compute the
degree of polarisation which is caused by the scattering pro-
cess. The degree of polarisation is dependent on the scatter-
ing angle, and goes from 0.0 at 0° to 1.0 at 90° from the
direction of propagation.

The reason we do not observe the total polarisation predicted
by this theory for a viewing angle of 90° away from the
sun in nature is that even the purest atmosphere generates
secondary scattering events, which reduce the degree of po-
larisation. How far this reduction goes is dependent on the
turbidity; while clear blue skies are strongly polarised, hazy
skies exhibit very little polarisation.
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Figure 3: Polarisation pattern of a real sky at sunset pho-
tographed through a fisheye lens with a 90° linear polar-
ising filter. Note the increased contrast of the clouds in the
polarised areas, and their slight influence on the shape of
the polarised region.

2.3. Reflection from specular surfaces

In order to show the potentially large importance of inci-
dent light polarisation for scenes with specular surfaces, it
is instructive to consider the Fresnel terms, which describe
the reflected intensity for interactions of light with perfect
reflectors. Since physically plausible reflection models such
as [CT81] or [HTSGI1] use these terms even for reflections
which are not perfectly specular, the applicability of the fol-
lowing argument is not limited to perfect mirrors.

Fresnel Terms

In their full form (the derivation of which can e.g. be found
in [SH92]), they consist of two pairs of equations, one for
the reflectance, and the second for the phase retardance of
the two polarisation components. Both pairs of formulas can
be found in related literature, such as e.g. [WK90]; for the
point we are trying to make, only the commonly used first
pair for the specular reflectance is relevant.

In figure 4 we show the Fresnel reflectivity for two typical
materials: one conductor, a class of materials which has a
complex index of refraction and is always opaque, and one
dielectric, which in pure form is usually transparent, and has
a real-valued index of refraction.

The noteworthy feature of this diagram is that for certain
angles of incidence around and above Brewster’s angle — the
angle at which reflected light is completely linearly polarised
— the ratio of the reflectivities for the two polarisation types
is quite large.
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Figure 4: Fresnel reflectivities FH’ F | and Fayerage (dashed
lines) for copper (red) and lead crystal (blue) at 560nm. As
a conductor, copper has a complex index of refraction and
does not polarise incident light very strongly at Brewster’s
angle. For lead crystal, with its real-valued index of refrac-
tion of about 1.9, total polarisation of incident light occurs
at about 62°. Note the large ratio between the individual po-
larisation components for angles near and above Brewster’s
angle.

In conjunction with already linearly polarised incoming light
this can lead to strong changes in the reflected radiance,
which is why scenes with specular objects — such as wa-
ter surfaces, windows or glossy painted surfaces — may ex-
hibit large discrepancies in their reflected radiance with re-
spect to reality when rendered beneath an unpolarised sky-
light model; see figure 5 for a real-world example of this
phenomenon.

2.4. Rendering with Polarisation Parameters

We are aware of four publications in computer graphics lit-
erature about this topic:

o [WKO90], who were the first to implement a rendering sys-
tem capable of handling such effects. Their work was
based on the formalisms found in [BW64], and demon-
strated various effects — such as changes in highlight
colour and reflected highlights — that are typical for im-
ages generated by polarisation—aware renderers.

e [TTW94], who concentrated on the rendering of
anisotropic crystals with more than one optical axis and
extended the techniques used by [WK90].

e [FGH99], who were the first to suggest the use of the
much more easily handled Stokes vector formalism in-
stead of the coherency matrix approach favored by the
earlier authors.

e [WTPO1], who also proposed using the Stokes vector for-

Figure 5: Horizontal view 90° away from the sun over a
lake through a horizontal polarising filter. A fisheye lens was
used for this real photo to emphasize the mirror effect caused
by the skylight polarisation (which is visible as a dark band
in the sky). A similar image can be found in [KonS85]. It is
important to note that the dark area on the water is present
even when no polarising filter is used, since reflections are
not canceled out by a horizontal filter. See figure 6 for such
an image.

malism, in their case specifically because it allows one to
easily incorporate fluorescence effects at the same time as
polarisation information.

The main goal of these efforts was that of finding an ap-
propriate way to describe and perform calculations with po-
larised light; both earlier groups of authors settled for a nota-
tion suggested by standard reference texts from physics lit-
erature, while the more recent efforts used a more practi-
cal technique from the optical community. For our work, we
opted to use the Stokes vector formalism, a detailed descrip-
tion of which can be found either in the abovementioned pa-
pers, or in [DCWP02].

3. The Proposed Skylight Polarisation Model
3.1. Scope and Limitations

Based on the background and motivation presented in the
preceding sections, we derive an analytical skylight model
which serves as a useful approximation to the behaviour of
real skies.

It exhibits a good correspondence with reference data such
as the plots in [Lio02] or [LV97], and the only reason we
cannot further demonstrate its correctness by comparing its
output against atmospheric reference simulations is that no

(© The Eurographics Association 2004.
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Figure 6: Horizontal view 90° away from the sun over a lake
without a polarising filter. Similar to figure 5, a fisheye lens
was used for this real photo to emphasize the mirror effect
caused by the skylight polarisation. Note that the reflectivity
of the clouds falls off much slower than that of the sky.

skylight model of suitable realism and sophistication which
we could have used for this purpose has been published so
far.

It has also to be noted at this point that the inclusion of po-
larisation effects is usually not necessary to generate per-
fectly believable images of outdoor scenes. However, their
inclusion is a significant improvement on the road towards
predictive rendering of outdoor scenes, and hence improved
correctness of radiometric calculations in such scenes.

And even though we cannot quantify the error incurred by
comparing our model to of a (so far non—existing) reference
simulation of real sky behaviour, it is safe to assert that its
use certainly lowers the overall radiometric error of outdoor
scene rendering, and therefore serves the purpose of demon-
strating both the viability and necessity of the concept of
outdoor scene polarisation rendering well.

3.2. Model Components

For such an analytical model three key items are needed; we
will discuss each of these in detail in the following sections.

1. An expression which describes the relative degree of po-
larisation at any given point in the sky depending on the
position of the sun; we refer to this as the polarisation
pattern.

2. An expression which yields the maximum degree of po-
larisation in the sky; this determines the impact of the

(© The Eurographics Association 2004.

pattern on the skydome. This value is dependent on both
the solar elevation and the turbidity.

3. A way to determine the reference coordinate system for
the polarised radiation of each skylight ray, and a result-
ing expression for the Stokes vector based on items 1 and
2.

3.3. The Polarisation Pattern

An exact brute force simulation of the scattering processes
involved in skylight luminance was not really an option for
performance reasons, so we decided to devise a heuristic
technique which is based on two components.

The key observations are that skylight polarisation is mainly
dependent on

o the angle between the viewing direction and the sun, and
the resulting linear polarisation due to Rayleigh scatter-
ing, and

e the “clearness” of the sky in the viewing direction, which
influences the amount of polarisation emanating from a
given direction.

We assemble the proposed model as a combination of two
components which cover these properties in turn.

Polarisation due to scattering

To determine the relative degree of polarisation the term
for linear polarisation due to Rayleigh scattering given in
[Lio02] is used for the first of the components.

1= cos20 sin%@

LP(O) = =
(8) 14+cos2® 1-+cos?8

3

where 0 is the scattering angle (i.e. the angle by which a ray
of light is diverted when interacting with a particle).

The influence of skylight intensity

In order to obtain the degree of polarisation, the inverse
of the skylight intensity is taken as a basis. This is justifi-
able since there is an indirect connection between the degree
of polarisation and skylight intensity: for low sun positions
the deep blue regions near the zenith are strongly polarised,
whereas the brighter regions near the horizon exhibit signif-
icantly weaker polarisation. A suitable expression for this
behaviour is

1 1 Ioo Lun
I(Y,e):< f—)"‘)—‘ )

Iperez Lsun ) Lsun — Ioo

where Iy is the intensity according to the Perez model
and Ig, I, are the intensity values at 90° from the sun and
for looking directly at the sun; in this way the intensity is
inverted and normalized.
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The influence of sky clarity

The base degree of polarisation given in equation 4 needs
to be modified to incorporate the lessening of polarisation
effects due to aerosols near the horizon. Therefore we need a
function which has its maximum at the zenith and decreases
towards the horizon; we found a simple cosine dependency
to be sufficient for this purpose:

E(6) = cos(0) Q)

The combined pattern model

These two components are combined in such a way that
equation 4 is preferred at the zenith and equation 5 is pre-
ferred at the horizon. This results in the following expression
for the polarisation pattern:

1

P(18) = & LP(Y) (0 cos(e)+ (g ~0)1(1.0)) (6

where C is an empirical scaling constant of 1.2 which en-
sures that the maximal values of this expression — which oc-
cur for solar elevations of 0° — are not larger than 1.0.

Sample plots of the pattern generated by this formula can be
seen in figure 7; the similarity to the patterns seen in figures
2 and 3 is evident.

TN <
X

=

Figure 7: Plots of the patterns generated by the proposed
model for a low turbidity and solar elevations of 1, 10, 20
and 60 degrees, respectively. Red areas exhibit the highest
levels of linear polarisation, while white areas are unpo-
larised. The changes in maximal polarisation for varying
solar angles shown in these plots corresponds to the differ-
ences shown in figure 8. Compare them to the patterns shown
in figure 2.

The relative degree of polarisation which this pattern for-
mula provides for different solar elevations can be seen from

figure 8; in order to faciliate proper scaling by the factor de-
termined in section 3.4, the scaling by C is done to reach a
maximum value of 1.0 for all turbidities.

Our proposed model for skylight polarisation approximates
actual measurements [Lio02] very well: the cross sections
shown in figure 8 agree with the cited observations at the
Mauna Loa Obsevatory.

90 60 30 30 60 90

Figure 8: Plots of the relative degree of polarisation for the
four diagrams in figure 7. The green curve is a cut through
the symmetry axis of the pattern at 60°, red for 20°, blue for
10° and black for 1° solar elevation. This diagram is similar
to the figures used e.g. in [Lio02], and shows that our pattern
formula P already includes the influence of solar elevation
on the degree of polarisation.

3.4. Maximum degree of polarisation

Our approach uses a hybrid formula for the polarisation pat-
tern, since P already includes the influence of solar eleva-
tion; because of this we only have to consider the influence
of the turbidity on the overall degree of polarisation here.

The type of relationship between turbidity and the maximal
degree of polarisation is comparatively obvious (an expo-
nential falloff for rising turbidity values similar to the maxi-
mal viewing distance), but hard to quantify in an exact fash-
ion due to the intricacies of the interactions between light
and the many layers found in real atmospheric conditions.

Papers on the subject such as [Cou83] usually just present
measurements for particular dates, locations and environ-
mental settings. Due to the complexity of the subject these
papers normally do not provide an analytical description of
the phenomena they measured.

We therefore propose to use a simple empirically determined
formula for the maximal degree of polarisation M, which
provides a suitable gradual exponential falloff for rising val-
ues of the turbidity 7'.
_r=G

My(T)=e¢ © O]
The constants C| and C, are used to fit the curve — an ex-
ample of which is shown in figure 9 — to a plausible shape
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that agrees with individual values mentioned in literature. A
useful pair of values for C; and C; is e.g. (0.6,4.0).

Mp
1

0.8
0.6
0.4
0.2

T
1 10 20 30

Figure 9: Plot of the exponential falloff of the maximum de-
gree of polarisation for turbidities in the range from 1 to 32
and values of (0.6,4.0) for C| 5. The almost complete disap-
pearance of M, for high turbidity values corresponds to the
fact that no polarisation is apparent on very hazy days.

This approximation is permissible insofar as a) the polarisa-
tion patterns generated by the proposed model are a good ap-
proximation (as opposed to an exact solution) to begin with,
b) the exponential falloff behaviour exhibited by the formula
is qualitatively correct and also c) because this property of
the model can easily be controlled by the user through the
factors C; and C; if a different behaviour is desired.

3.5. Putting it together: the skylight Stokes vector

Apart from actually assembling the Stokes vector for a given
skylight sample, we also have to determine the reference sys-
tem for the polarisation information we have computed. In a
polarisation—aware renderer, all rays have to maintain their
own reference coordinate system, since the Stokes parame-
ters are only meaningful for a given geometrical context.

A suitable reference system can be constructed as follows:
the vector product of the view direction v and the solar po-
sition vector (see figure 1) yields a vector which is normal
to the propagation of light from the sun through the atmo-
sphere. This vector is the first basis of the reference system,
and the second can be obtained through a vector multiplica-
tion of this vector with the viewing direction. If needed, the
third can be obtained from these two vectors, again through
a vector product.

If this reference system is used, assembly of the actual
Stokes vector is straightforward. The proposed model yields
the degree of linear polarisation D (equation 9) — which cor-
responds to the second Stokes parameter in our reference
system — for a given viewing direction as a value in the in-
terval [0,1]. If the unpolarised spectral radiance for this di-
rection is R, this information can be directly translated to a

(© The Eurographics Association 2004.

set of Stokes parameters:

Ey=R
E;=D-R
(®)
E;=0
E;=0

The value for R is provided by the “parent” skylight model,
such as the technique of [PSS99], and D is determined
through the combination of P and M,

D(’Y7e7G7T) :MP(T)'P(Y797G7T) (9)

3.6. Aerial perspective

So far we have only discussed the polarisation of directly
observed skylight radiances, but any realistic skylight model
has to include a computation of haze and inscattered radi-
ance into the view ray. For instance, the approach presented
by [PSS99] is a good tradeoff between accuracy and com-
putability within a reasonable timeframe, and provides for-
mulas for the attenuation through haze and scattering as well
as expressions for the inscattering of light into a ray path.

While the attenuation component is more or less unpo-
larised, the inscattered light can exhibit a certain amount of
polarisation; this effect is sometimes used by landscape pho-
tographers to improve the clarity of distant features. Since
the processes which lead to inscattering are similar for both
directly observed skylight and the inscattering component
which is used for haze computations, we opted to use the
same expression for the degree of polarisation of this quan-
tity as for the directly observed skydome radiances. This pro-
vides a useable approximation at a fraction of the cost which
a real scattering simulation would require.

Even for very clear skies our model yields rather low degrees
of polarisation for horizontal directions which are typically
associated with aerial perspective; however, this is consistent
with reality insofar as the polarisation of aerial perspective
effects is never particularly strong even under favorable con-
ditions.

3.7. Applicability

In principle the proposed model can trivially be used to pro-
vide any of the skylight models discussed in section 2.1 (and
probably most others as well) with a polarisation compo-
nent; it is not dependent on the “parent” model in any way.
Due to this it can also be employed to provide Stokes vector
information to empirical techniques such as high dynamic
range image skylights, e.g. those used by [Deb98], or other
analytical high—quality skylight models such as those which
were derived by [NSTN93] or [TNK*93].
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4. Results

We implemented the proposed model in the context of a
polarisation—aware spectral path tracer. The “parent” sky-
light model used was the one proposed by [PSS99]. Since the
implementation of this model predated this research effort,
we only had to add the polarisation expressions described
in section 3.5 to the existing code, and perform our experi-
ments.

4.1. Test cases

The test renderings in figure 10 show fisheye views of the
entire sky for different turbidities. Figure 11 visualizes the
degree and orientation of the linear polarisation in these fig-
ures; figure 13 explains the false colour scheme which is

used here and in figure 14 (e).

Figure 10: Fisheye views of the entire skydome using
Preetham’s model augmented with our polarisation model
for a solar elevation of 15° and a turbidity of 2 (top) and
6 (bottom). The left image is the plain view, while the right
one had a linear polariser applied to it to yield a visualiza-
tion of the polarised region. Compare this to figure 3; the

much lower degree of polarisation in the case of turbidity 6
is due to the correction factor from equation (7).

The test scene used in figure 14 was chosen as a typical ex-
ample of an outdoor scene with a large number of specular
interreflections. We demonstrate that noticeable differences
in the appearance of such objects occur when polarisation is
taken into account by rendering the scene in three configu-
rations and examining the differences between the results.

In the first configuration we used a standard (nonpolarising)
renderer (a), and for the second test we used both a polarisa-
tion renderer and our proposed model (b).

In order to properly estimate the difference which a polarised
skylight makes within the context of a polarising renderer
we also performed a third test and rendered the scene using
a polarising system, but with a normal, unpolarised skylight
model (c)

Figure 11: False colour renderings of the orientation and
degree of polarisation in the skydomes seen in figures 10; left
is turbidity 2, right turbidity 6. The brighter the pink colour,
the higher the degree of polarisation. The colour (and hence
orientation) variations are due to the nonlinear projection of
the skydome performed by the fisheye camera.

A difference image between the result of the plain rendering
and the fully polarising case is shown in figure 14 (d). Also,
figure 14 (e) uses the same false—colour scheme as figure 10
to visualize the amount and orientation of the linear polari-
sation which is present in the result generated by test config-
uration 2. The most strongly polarised parts of the image are
the reflections in the water and at the top of the skyscrapers.

The second difference image — shown in figure 14 (f) — was
computed between the results of the configuration 1: po-
larised skylight/polarisation renderer, and configuration 3:
unpolarised skylight/polarisation renderer. It demonstrates
that while configuration 3 is naturally able to compute the
interreflections between the skyscrapers and the water to a
higher standard than configuration 1, the omission of the po-
larisation information on the skydome leads to considerable
differences compared to the full simulation.

It has to be noted that the differences between the various
result images are a bit hard to judge visually due to the loss
of information through the necessary tone reproduction step;
only the difference images provide reliable information in
this respect.

4.2. Performance

The renderer we used is a hybrid system that optionally can
be compiled to include polarisation support. This enabled
us to perform meaningful side-by—side comparisons of both
types of renderer since essentially the same codebase is used
in both cases. For the presented test scene the used spectral
rendering system performed as follows: the fully polarised
solution (i.e. case 2) took about twice as long to compute as
the plain nonpolarised case (10 vs. 20 minutes on an Athlon
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2400+). This not particularly excessive increase in compu-
tation time is due to the fact that starting with moderately
complex environments such as the skyscraper scene (it con-
sists of approximately 7k CSG primitives) ray intersection
calculations — and not the quite costly polarisation—aware
reflectancy and light manipulations — already make up the
majority of the expended computational effort.

b)

Figure 12: a) Three-dimensional view of the propagation of
a linearly polarised lightwave which is rotated by an angle
of o from the x-axis. b) Two-dimensional view of the plane
of oscillation for this wave. ¢) The Stokes Vector formalism:
four numbers are used to describe the polarisation state of a
wave. The first component Ey encodes the total luminance,
components E| and E) encode linear polarzation in two dif-
ferent orientations rotated by 45°, and E3 is used to describe
the circular polarisation component.

Figure 13: Explanation of the false colour scheme used in
this paper to display linear polarisation. a) Assignment of
colours to components 1 and 2 of the Stokes vector. Red
and green are used to encode the percentage of polarisa-
tion for each of these components, with blue being added if
the component is negative. b) The resulting colours for sev-
eral planes of oscillation. Note that this scheme intentionally
omits circular polarisation (dashed circle), since it usually
does not appear in scenes which are illuminated by skylight,
and also omits all absolute radiance information.

The hybrid case 3 with an unpolarised skylight model was

(© The Eurographics Association 2004.

noticeably — although not dramatically — faster than case 2
(it was only 1.7 times slower than case 1). This can be ex-
plained by the fact that the system performs optimizations
which switch to the cheaper calculations for unpolarised
light if the possibility presents itself, which it does more of-
ten in this case.

However, this still shows that the large increase in realism
offered by the polarised skylight model comes at such a com-
paratively small cost that its omission would not make sense
within a polarisation—aware renderer, especially since one
would not use such a system for renderings where accuracy
does not have a high priority.

5. Conclusion and Future Work

We have defined a simple analytical approach to providing
qualitatively correct polarisation patterns to existing skylight
models, and demonstrated its utility on a suitable outdoor
test scene. It is intentionally described in a very algorithmic
way, which should make it easy for programmers to imple-
ment it within any appropriate renderer.

While the output of the proposed model is not entirely phys-
ically correct in the strict sense — it is e.g. not capable of
representing the neutral points of skylight polarisation — it is
nonetheless sufficient for most rendering applications, since
its features cover all the noticeable aspects of skylight polar-
isation to a sufficient degree.

Subtleties like the neutral points can be hard to detect even
with appropriate instrumentation, and their absence does not
alter the appearance of outdoor scenes in a perceivable way.

Our future efforts will nonetheless go into the direction of
attempting to find more accurate descriptions of the polar-
isation pattern, and to obtain a more physically plausible
expression for M. Also, we will attempt to derive a more
finely controllable overall skylight model which will feature
the polarisation information as an integral part of the com-
puted spectral luminance information and which is conse-
quently capable of exhibiting wavelength—dependent polari-
sation effects.
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Figure 14: A sample outdoor scene with a large number of highly specular surfaces. (a) This image was rendered with a plain
rendering engine. (b) The same scene, but rendered using a polarisation-aware engine. A number of differences — e.g. near the
top of the central skyscraper or in the reflection on the water — are apparent; figure (d) shows a difference image which helps to
locate areas of interest. (c) same scene as in (b), but this time rendered using a polarisation-aware engine without a polarised
skylight. (d) Difference image of the two renderings in (a) and (b). The main differences are to be found in the reflection of
the central skyscraper in the water and at the top of the main skyscraper. (e) False colour rendering of the polarisation for
each pixel in (b); the false colour scheme is explained in Figure 13. Note that most specular surfaces exhibit a very strong
polarisation. (f) Difference image of the two renderings in figures (b) and (c).
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