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Abstract

commonly available that visualise the polarisation state of the light
stored in an image.

We discuss issues surrounding the visualisation of the polarisation
properties of light stored in the pixels of an image. In order to
facilitate comparisons between the work of different researchers,
and in order to aid the development and debugging of polarisationcapable rendering systems, we propose a set of four standardised,
easily comprehensible visualisations. These cover all aspects of
polarisation that are relevant for rendering research, but also for optical design tasks. However, the so-called luminance scaled overlay
form of the proposed visualisations is conceivably also useful and
instructive to a wider, non-technical audience, and can be used for
educational purposes.

In this paper, we document the polarisation visualisation capabilities of our own rendering research toolkit, which, as far as we know,
is currently the only existing, non-trivial rendering engine to support this feature. There have been a few other research systems
with such capabilities in the past [WK90, TTW94, San97], but to
our knowledge, these systems have either long been abandoned, or
were never more than small experimental systems. There are also
some commercial systems that support polarisation raytracing, such
as [Bre, Opt], but these are mainly focused on optical component,
lighting and coating design, and not so much on general image synthesis.

CR Categories: I.3.6 [Computer Graphics]: Methodology and
Techniques—Standards; I.3.m [Computer Graphics]: Miscellaneous

We do not present this functionality of our system in order to claim
intellectual precedence for any of the used visualisation methods.
All of them have probably, at some point in the past, been used by
physicists, biologists, and other researchers that had to deal with the
visualisation of polarisation state, usually in non-synthetic images.
However, we are not aware of an actual discussion and comparison of these visualisation techniques in computer graphics (or any
other) literature, and there are of course also no standards for such
visualisations in our field yet.
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Introduction

For human observers, the polarisation state of light is an ephemeral
quantity. While the human eye does have a very weak capability to
detect polarised light [Koe85], this plays practically no role in our
overall perception of a visual stimulus. The fact that this capability
is almost unknown is evidence of this. However, light is a transverse
electromagnetic wave, so its polarisation state is actually a fairly
important physical characteristic. This is particularly true from a
viewpoint of highly accurate image synthesis, since the polarisation
state of a light wave can have significant influence on how it is reflected and refracted by phase boundaries [WUT∗ 04]. Even though
we cannot perceive the polarisation status of the resulting light, the
intensity of light that is reflected across multiple specular interfaces
can, in some configurations, be significantly mispredicted by a renderer that does not take the phenomenon into account.
So far, the topic of the polarisation of light has, to our knowledge, not been explicitly discussed in visualisation literature. It has
also only received occasional attention in the rendering community [WK90, HTSG91, TTW94, San97, FGH99, WTP01, DCWP02,
WUT∗ 04, WW08]. As a consequence, a lot of the infrastructure we
take for granted in normal rendering research is hard to find. There
are no widely available rendering toolkits that offer this feature,
but also no common image formats which would allow the storage
of such information in a rendered image. Nor are there any tools
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The goal of this paper is therefore twofold:
1. to briefly discuss the problem of polarisation visualisation and
its physics background, and
2. to present one particular set of visualisation conventions for
the polarisation state of rendered images
The latter is done in the hope that the conventions we adopted for
our visualisations are also used by others who are working in this
area. The main benefit of using such a canonical visualisation is
course that it becomes much easier to compare results and images.
Since highly accurate, predictive image synthesis is a topic of increasing interest in the graphics community, and since this will lead
to a renewed interest in polarisation rendering, we assume that work
in this direction will become more common in the future. Therefore, adopting such conventions early on would be helpful.

2

Related Work and Background

While for a large number of purposes it is sufficient to describe light
as an electromagnetic wave that travels linearly through space as a
discrete ray (or a set of such rays), such a wavetrain in fact also
oscillates in a plane perpendicular to its propagation. The exact
description of this phenomenon requires more that just the notion
of radiant intensity, which the conventional representation of light
provides, and which is the basis of practically all representations of
light in computer graphics.
A good introduction to this phenomenon is given by Shumaker [Shu77], and we refer the reader to this, and other related
literature [BW64, Koe85] for an in-depth discussion. The only exception is information on the Stokes Vector formalism itself, which
we briefly recap in section 2.2.

2.1

Polarisation Rendering

As far as the implementation of polarisation support in a renderer is concerned, several publications have addressed the question
which mathematical formalism, and, consequently, data structures
are most suitable for this purpose [WK90, San97, FGH99, WTP01,
DCWP02]. Wolff and Kurlander [WK90], who were the first to implement a polarisation renderer, and Tannenbaum et al. [TTW94]
both used the Coherency Matrix formalism to describe the transversal oscillation pattern of light. Sankararayanan [San97], Freniereet al. [FGH99] and Wilkie et al. [WTP01] all proposed using
the Stokes Vector formalism instead. The main goal of these efforts
was to find an appropriate way to describe, and perform renderingrelated calculations with, polarised light. Both earlier groups of
authors settled for the notation suggested by general physics literature, while the Stokes Vector formalism used by later investigations
proved to be easier to handle and implement in a rendering framework.
The two formalisms are interchangeable, can be converted into each
other [Alm92], and mainly differ in how easily they can be integrated into a graphics workflow. In this regard, the advantage of
Stokes Vectors is that their components are direct correlates of observables; this was the main reason this formalism was (and still
is) favored by the optical community. This better comprehensibility also makes it easier to use this formalism in a renderer. In
this paper, we specify how one extracts a polarisation visualisation
from an image that contains Stokes Vector data. Since the two formalisms are interchangeable, these definitions are of course also
directly applicable to Coherency Matrices.
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Actually, only three real–valued parameters would be required
to describe a general polarisation ellipse. The slightly redundant, but very convenient, four value formalism with parameters
{S0 , S1 , S2 , S3 } has originated, and proven itself, in the optical measurements community. For graphics purposes, it has the key advantage that the first component S0 of this 4–vector is the unpolarised
radiant intensity of the light wave in question, i.e. the same quantity
that a nonpolarising renderer uses. Components S1 and S2 describe
the preference of the wave towards linear polarisation at zero and
45 degrees, respectively, while the fourth, S3 , encodes preference
for right–circular polarisation. While the first component is obviously always positive, the values for the three latter parameters
are bounded by [−S0 , S0 ]; e.g. for a radiant intensity of S0 = 2, a
four-tuple of {2, 0, 0, −2} would indicate light which is totally left
circularly polarised. Figure 1 gives a graphical representation of the
individual Stokes Components. Note
�that the parameters S1 to S3
are also under the constraint S0 >=

3

S12 + S22 + S32 .

Visualising the Polarisation of Light

There are two basic options for visualising the polarisation state of
light captured in an image:

3.1

Glyph-based

One can overlay glyphs, which are a concept with a long tradition in visualisation [War02, LKH09], over the image in question.
One possibility for this are arrows or lines to describe the plane and
magnitude of vibration of light in a given region of an image. This
has the advantage of yielding very intuitive results, and the disadvantage that only approximative visualisations are possible. For
the purposes of predictive rendering research, this approach is less
useful, since for such work, one is often interested in the state of
each pixel, e.g. for debugging, calibration and evaluation purposes.
Glyphs are, however, a technique favoured by many in the natural
sciences, such as biologists who are just interested in demonstrating how entire image regions appear in the field of view of creatures
that are capable of discerning polarisation [Weh01]. The polarisation state of each individual pixel is not relevant for such purposes.

+1

Figure 1: a) Three-dimensional view of the propagation of a perfectly linearly polarised light wave which is rotated by an angle of α
from the x-axis. b) Two-dimensional view of the plane of oscillation
for this wave. c) The Stokes Vector formalism: four numbers are
used to describe the polarisation state of a wave. The first component S0 encodes the radiant intensity, components S1 and S2 encode
linear polarisation in two different reference frames rotated by 45 ◦ ,
and S3 is used to describe the circular polarisation component.

2.2

The Stokes Vector Formalism

For a given wavelength, four numbers are sufficient to describe the
polarisation state of a given transversal wave; the entire group of parameters is usually referred to as Stokes Vector, while an individual
parameter is referred to as Stokes Component. This description only
uses real–valued terms to describe all polarisation states of optical
radiation. It also uses a noncomplex description of ray weights, or
attenuation factors, in the form of Müller matrices [Shu77].

3.2

False Colour

Alternatively, one can use false colour to individually visualise the
polarisation state of each pixel; this is what we refer to as pixel
accurate polarisation visualisation. This yields images that are
not as easy to read as those where glyphs are used. However, if
the visualisation colours are properly chosen, and if a reference
is provided, they provide unambiguous information to the viewer,
and can be used to accurately analyse the results generated by a
polarisation-aware renderer. In various forms, they are of course
also popular in the natural sciences; examples of this can be seen
in [BGH04, KMSH08]. As mentioned earlier, there are two main
tasks that rendering engineers might need such visualisations for:
1. Visualisation of the polarisation in an image for some given
external task, e.g. in order to assess, via a false colour image, the likelihood that polarising sunglasses can effectively
reduce glare in a given viewing situation. Or to quantitatively
show the degree to which a physically plausible BRDF model
emulates the polarisation characteristics of real surfaces.

2. Employing these visualisations as one of the tools used for
verification and debugging of a polarisation renderer. Relevant information that can be gained from such visualisation is
whether polarisation occurs in those areas of the image that it
ought to, and if it is of the correct magnitude and form. Competent assessment of this requires some experience by the person reading the visualisations, but this is true for many other
types of visualisations as well.
It is worth noting that in the second scenario, a pixel-accurate visualisation is the only way to verify that the polarisation information
is appropriately consistent across image regions.
Recently, a false colour polarisation visualisation scheme has been
proposed [NHHG08] which directly encodes the entire polarisation
state of a pixel into CIE L∗ u∗ v∗ space. The results obtained with it
are aesthetically pleasing, but the main drawback is that such integrated visualisations can be rather hard to interpret and use for the
application areas mentioned earlier in this section. These very often require inspection of individual aspects of the polarisation state,
which a single integrated visualisation can not readily provide. The
analogy between the (I, Q,U) components of the Stokes formalism
and the channels of CIE L∗ u∗ v∗ is an intriguing concept, but the polarisation phenomena one can easily correlate with scene features,
such as the presence of linear polarisation in specular reflections,
and that are of interest during e.g. the debugging of a polarisation
renderer or the assessment of a polarisation-capable BRDF model,
seem to warrant a more detailed approach.
3.3

Combined Visualisations

Both methods can of course be combined, as can for instance be
seen in [HGPW98]. Since we focus on the predictive rendering
aspects of this problem, and are interested in pixel-accurate techniques, glyph-based visualisation is of lesser interest to us, and we
also do not deal with combined techniques.

4

False Colour Visualisations of Polarisation

For each pixel of an image that contains polarisation information
in Stokes Vector form, we store, in addition to the radiant intensity, three additional signed quantities that encode the polarisation
state for each spectral sample. Which means that if we restrict ourselves to the generation of two-dimensional output (i.e. false colour
images), we do not have enough independent channels to simultaneously visualise all the information contained in such an image.
Appropriate data reduction, and separation of the available information into several well-defined plots, therefore becomes the order
of the day.
4.1

Information Reduction and Analysis

It is first worth noting that for the purposes of polarisation visualisation, it is very often convenient to limit oneself to analysing
the average properties of each pixel, instead of polarisation information found in the entire pixel spectrum. The polarisation state
of the light in a pixel can vary significantly with wavelength even
for neutrally coloured light, especially if the light in question originates from a specular reflection. Consequently, colour changes –
such as the removal of a white highlight on a layered, varnished
surface, to reveal the coloured layer underneath [WW07] – can
be induced by the use of polarisation filters. However, as the visualisation proposed by [NHHG08] shows, the inclusion of such

Figure 2: The test image used for the proposed polarisation visualisations. In the upper image, the scene is shown with Lambertian
surfaces, and slighty zoomed out, to clarify the overall set-up. Also,
the two green objects were added to the scene to give a reference for
the slight tilt of the rear mirror surfaces. The lower image shows the
actual test image with specular surfaces. The dark reflective objects
are made of black glass. Conveniently for our purposes, this material exhibits linear polarisation in its reflections, but no refractions
– these would just be distracting here. The metallic reflector objects
are made of gold, which, like most conductors, is capable of giving
rise to elliptical polarisation in reflected light. The lighting is uniform D65, and the floor is a neutral grey surface. The arrangement
the reflector shapes was chosen so that they exhibit a large number
of inter-reflections that one can see. Some of the inter-reflections
appear almost black, but are of course just very dark.

wavelength dependencies in a visualisation does little to clarify the
overall presence, strength and nature of polarisation effects in an
image. Derived properties such as the average polarisation can be
more useful than the plots of [NHHG08] for certain tasks we are
interested in, like assessment of the impact a polarisation filter will
have on an image, analysis of the performance of a polarisationcapable BRDF model, or even just for debugging purposes. In the
latter case, one of the main requirements is the ability to easily inspect an entire image in order to assess whether the expected types
of polarisation are present on the surfaces they should be on, and if
any polarisation that is present is of the right type and orientation.
If we average the polarisation properties across channels, this
means that the data we wish to visualise for each pixel has just
four primary channels, three of which are signed quantities: the unsigned radiant intensity (Stokes Component 0), plus three signed
Stokes Components 1 to 3 that encode the actual polarisation state.
Apart from the first (which basically is a monochrome version of
the original image) and the fourth channels, direct visualisation of

(a) raw DOP data

(b) direct overlay

(c) luminance scaled overlay

Figure 3: Visualisation 1 – the degree of polarisation (DOP). The more intense the red colour, the more strongly the pixels are polarised.
As described in the text, the difference between (b) "direct overlay" and (c) "luminance scaled overlay" is that in case (c), the visualisation
colour is additionally scaled with the luminance of the target pixel. For most purposes this type of plot might be used for, the two overlay
visualisations are superior to the "raw data" image. Overlay visualisation (b) has advantages in those situations where one wants to clearly
see all strongly polarised pixels, irrespective of their luminance; this is useful during debugging (for which even type (a) can have its uses), or
to generally inspect the polarising effect of a specular object. Type (c) corresponds to the potential visual prominence of polarised pixels – see
figure 8 for a relevant example. Figure 9 shows representative Fresnel reflectance plots for dielectrics and metals, gives a brief background
discussion of the DOP distributions seen in this visualisation, and the differences between metals and dielectrics in this regard.
the Stokes Components does not yield particularly useful insights,
though. In a false colour visualisation, three unsigned quantities
could conceivably be encoded in the R, G and B channels of the result image – or, as in the visualisation proposed by [NHHG08], the
three channels of CIE L∗ u∗ v∗ space. However, the Stokes Components 1 to 3 are signed quantities, which means that it is more appropriate to use opponent colours (i.e. red-green and blue-yellow) for
each channel. In any given output image, there are only two such
channels available, which means that at most two Stokes Components can be directly visualised in a single image.
4.2

Information to be Visualised

Instead of the "raw" Stokes Components, one rather wants to display several derived properties, which are directly useful in understanding the polarisation properties of the light in an image. These
are:
1. the overall degree of polarisation
2. the type of polarisation: pure linear or circular polarisation, or
the general case of elliptical polarisation
3. the oscillation plane of the linear polarisation component
4. the chirality of any circular polarisation
Also, for debugging purposes, it is handy to have an fifth, additional mode in a image polarisation visualisation tool - one which
flags pixels with physically implausible polarisation information.
This is primarily useful to check whether a polarisation-aware renderer is operating correctly, though, and is not a visualisation of the
polarisation state as such. In section 5, we discuss each of these
four (plus one) visualisations, and show examples.
4.3

Stand-alone vs. Overlay Polarisation Visualisations

For each of the four forms of polarisation visualisation introduced
in the next sections, it is worth noting that the output can be either
viewed on its own (usually with unpolarised pixels set to black), or

overlaid on a black and white version of the original image. The
overlay can be created in two ways: in a form that we refer to as
direct overlay, and one which we call luminance scaled overlay.
In both cases, the visualisation colour that is composed onto the
black and white image has an alpha component, which is determined by the degree of polarisation of the pixel. This ensures that
colour is only applied to polarised pixels, and that unpolarised pixels remain achromatic.
The first type, direct overlay, applies this visualisation colour irrespective of the pixel brightness – as can be seen in the examples,
this yields information for all areas of the image that contain polarised pixels.
As its name implies, the second type, luminance scaled overlay, additionally scales the overlay colour with the luminance of the target
pixel. The advantage of this is that the polarisation information is
introduced into the image in a very natural way, and that there is
an implicit suppression of visually insignificant polarisation states
– dark areas of the image might have high chroma values if they are
strongly polarised, but this will not be strongly visible.
However, depending on what exactly one is doing, the latter point
is also a potential problem – so the type of overlay has always to be
chosen according to the needs of the person doing the visualisation.
Also, because there is no reliable way to distinguish between the
two types of overlay just by looking at a visualisation, it is vital that
one always explicitly specifiy which of the two types of overlay is
used, if such a plot is produced.
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The Four Proposed Canonical Polarisation
Visualisations

To demonstrate the proposed visualisations, we intentionally chose
a very simple test scene, shown in figure 2, that maximises the occurrence of polarised light in some parts of the image. The image
contains much more linearly than circularly polarised light, but this
is fairly typical for most scenes. Also, please note that while it is
not incorrect to refer to the visualisations described in sections 5.2

and 5.4 as dealing with circular polarisation, the polarisation caused
by the golden object in the test image should correctly be referred
to as elliptical – part linear, part circular. However, we often just
use the expression "circular polarisation" in the text in an attempt
to avoid unnecessary confusion.
In the spirit of trying to define a standard, we would suggest that
not only the semantics of these plots be used, but also the exact
same colour schemes that we use here. Not because the particular
choices made by us are, in any sense, better than conceivable alternatives, but because some sort of standard is necessary – and, all
other things being equal, these particular colours seem to serve this
purpose well.
5.1

Visualisation 1 – Degree of Polarisation (DOP)

The overall degree of polarisation DOP of a given electromagnetic
wave is determined by the formula [Shu77]

DOP =

�
S12 + S22 + S32
S0

Colouring pixels according to their DOP gives an immediate insight
into which parts of the image contain polarised radiation, but gives
no indication of its type. We recommend that red be used as the
indicator colour, and figure 3 shows an example of such a plot.

S3
rDOPC = �
S12 + S22 + S32

We propose to use these relative measures, instead of the absolute
measures more commonly used in the optics community, because
these values seem to give a clearer indication of the polarisation
type if only the distinction between the two is of interest. These
two factors are only used to blend between the respective colours
for linear and circular polarisation, CL and CC :
CT OP = rDOPL ·CL + rDOPC ·CC
These resulting colour CT OP is then scaled with the DOP, which
gives the T OP plot an overall appearance that is quite similar to
the DOP plot shown in section 5.1 – except that the plot colour
changes with polarisation type. We recommend that cyan be used
for linearly polarised light, and yellow for circularly polarised pixels. Figure 4 shows such a plot.
5.3

Visualisation 3 – Oscillation Plane of the Linear Polarisation Component

The magnitude and direction of any linear polarisation that is
present is determined by the intensity and the ratio of the first two
Stokes components. If the components S1 and S2 are visualised
simultaneously using red-green and blue-yellow opponent colour
channels, a false-colour encoding like the one shown in figure 5
results.
In particular, for channel S1 we use the red-green channel, with
negative values encoded as red. For S2 , we use blue-yellow, with
negative values shown as blue. As with all our proposed plots, the
selected colour is then scaled by the rDOPL , and for overlay plots,
the alpha channel of the overlay is also given by this factor.

Figure 5: Colour coding of the linear polarisation false colour
scheme proposed for use in visualisation 3 – the oscillation plane
visualisation seen in figure 6. Linearly polarised light with the indicated oscillation plane would e.g. be encoded as yellow. In figure 6,
the fringe of the sphere, which in its entire circumference contains
linearly polarised light of all orientations, is a good example of
what this looks like when used in an image.

The "colour wheel" that is created by this simple technique is of
course not perceptually uniform. A considerable number of more
sophisticated techniques to generate colour wheels exist; [BBS09]
gives some pointers on this. But in our opinion, it is debatable
whether the additional effort, and the potential technical issues
(such as gamut problems, which are not an issue for the simple
approach) incurred by the creation of a perceptually uniform colour
wheel stand in relation to the visual benefits one might obtain. The
comprehensibility of the oscillation plane plot seems to be reasonable, even with our easy to create, non-uniform colour wheel.
5.4

5.2

Visualisation 2 – Type of Polarisation (TOP)

The next distinction one can make is whether any polarisation that
is present is predominantly linear, or circular. Such a plot does not
take the orientation or chirality of any polarised light into account,
and just gives an overview of the prevalent polarisation type. The
relative degree of linear polarisation rDOPL of a pixel is given by
�

S12 + S22
rDOPL = �
S12 + S22 + S32
and, complementary to this, the relative degree of circular polarisation rDOPC is defined as

Visualisation 4 – Chirality of the Circular Polarisation

For this plot, one directly visualises the third component of the
Stokes vector, and we propose to use the blue-yellow opponent
colour pair for this. In such an image, light with a right circular
orientation is signified by blue, and left circular by yellow. Figure 7
shows this for our test scene, with the rDOPC used as the scaling
factor for the colour, and the alpha factor.
5.5

Visualisation 5 – Stokes Vector Sanity Check Visualisation

The fifth visualisation offered by our polarisation visualisation application is just a debugging tool, and flags all those pixels for

(a) raw data

(b) direct overlay

(c) luminance scaled overlay

Figure 4: Visualisation 2 – the dominant type of polarisation (TOP). We use cyan for linearly polarised light, and yellow for circularly
polarised pixels. Here, a visualisation of raw data can be superior to the overlay approach if, as it is very often the case in real scenes, only
weak circular polarisation, and therefore only weak yellow colouration, is present. If an overlay plot is still desired, overlay type (b) can give
a clearer indication of the property one wants to visualise in such cases, and should be preferred over type (c).

(a) raw data

(b) direct overlay

(c) luminance scaled overlay

Figure 6: Visualisation 3 – the oscillation plane of the linear polarisation component. The false colour scheme shown in figure 5 is used to
encode the oscillation direction. Again, the choice of stand-alone or overlay plot seems to depend on the application: the stand-alone plot is
appropriate for debugging purposes, since it shows the oscillation direction even in dark areas of the image. An example is the perceptually
unimportant (i.e. very dark) reflection on the wall that is purple in this plot; being able to discern this is potentially quite important for
debugging purposes. Both types of overlay give a nice visualisation of the behaviour of linearly polarised light on the fringe of the dielectric
sphere on the left. The coloured area on the sphere seems to be larger in the stand-alone image because no alpha compositing is done, and
weakly polarised pixels retain their colours better. Also, compare (c) with the effect of the polarisation filter shown in figure 8.
which the assertion DOP <= 1 does not hold. This is a hard assertion in the sense that the only reasons for non-conforming pixels
to appear in an image are errors in the simulation and/or the input
data. We just mention this here because according to our experience, one would not want to write a polarisation visualisation tool
without this sort of capability.

6

Conclusion

We have discussed the polarisation properties of visible light, and
presented one particular set of conventions to visualise them. Adherence to these conventions would make scientific collaboration
about this one aspect of predictive image synthesis easier, and might
also benefit other disciplines, if the polarisation visualisation conventions developed for rendering were to be commonly accepted.
In the future, we will investigate the unambiguous definition of additional plots that might be useful for areas outside graphics engineering, e.g. for wavelength-dependent differences in the degree of
polarisation.
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Figure 8: The test image with a horizontal (top) and vertical (bottom) linear polariser applied before tone mapping; this sort of
simulation is one application for images that contain polarisation
information. Note that the main effects of the polariser (i.e. the
suppression and enhancement of certain specular highlights on the
dielectrics) correspond much better to the coloration in the luminance scaled overlay visualisations, e.g. figures 3c and 6c, than to
the direct overlays of the properties in question. But also note the
subtle discoloration of the golden sphere – the reason for this are
wavelength-dependent polarisation effects, which are not covered
by the proposed plots.
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Figure 9: Plots of the Fresnel reflectance for typical materials –
one metal, and one dielectric. For both materials, the solid lines are
the vertically and horizontally polarised reflectance components,
which are usually averaged in normal graphics use (dashed line).
The greater the absolute difference between them, the greater the
polarisation that is caused by the reflection. One can see why metals only cause weak reflective polarisation – the absolute difference
is lower for them, due to their higher residual reflectance. The DOP
visualisation shown in figure 3, and in particular the DOP of the
reflection pattern on the dielectric sphere, are an instructive reallife example of the effects of this well-known reflectance behaviour.
That the DOP increases as one goes from the center towards the
fringe of the sphere, but decreases again once grazing angles are
reached, corresponds directly to the increasing, and then again decreasing split between the two reflectance components.
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