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Abstract

The digital representation of three dimensional objects with
different materials has become common not only in the games and
movie industry, but also in designer sofiware, e-commerce and
other applications. Although the rendered images often seem to be
realistic, a closer look reveals that their color accuracy is often
insufficient for critical applications. Storage of the angle-
dependent color properties of metallic coatings and other gonio-
apparent materials demands large amounts of data. Apart from
that, also rendering sparkle, gloss and other visual texture
phenomena is still a subject of active research. Current
approaches are computationally very demanding, and require
manual ad-hoc setting of many model parameters.

In this paper, we describe a new approach to solve these
problems. We combine a multi-spectral physics-based approach to
make BRDF representation more efficient. We also account for the
common loss in color accuracy due to the varying technical
specifications of displays, and we correct for the influence from
ambient lighting. The rendering framework presented here is
shown to be capable of rendering sparkle and gloss as well, based
on objective measurement of these properties. This takes out the
subjective phase of manual fine-tuning of model parameters that is
characteristic for many current rendering approaches.

A feasibility test with the new spectral rendering pipeline
shows that is indeed able to produce realistic rendering of color,
sparkle, gloss and other texture aspects. The computation time is
small enough to make the rendering real-time on an iPad 2017, i.e.
with low memory footprint and without high demands on graphic
card or data storage.

Introduction

Computer Aided Design (CAD) has become a common tool in many
industries, varying from automotive and architecture to furniture and
interior design. It allows designers, manufacturers and customers to
digitally visualize how future products would look based on choices for
object shape and materials. By reducing or eliminating the need of physical
mockup models, shorter development time and lower costs are obtained. It
is therefore expected that the popularity of Computer Aided Design will
further grow in the coming years. Also in many other industries where
color plays an important role, the digitization of the color process will
increase the demand for accurate rendering of materials [1][2][3].

Many different software packages and rendering engines are commercially
available, producing rendered images that are often impressive, and well
serve their users. For general applications well known examples are Maya
and Keyshot. More specialized software are for example VRED
(Autodesk), Spheron and Opticore, which are examples of rendering
software mostly dedicated to the automotive market. For architects and
designers, Revit is often used, in combination with rendering engines such
as Mentalray (Nvidia), iRay, V-Ray, ART and A360. For complex
materials, the input data for this rendering software could come from high-
end instruments such as the recent TAC7 (X-Rite) [4].
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Apart from these commercial software packages, also academic software is
available. Examples are from Integra [S], and algorithms from the
University of Bonn [6][7].

While the images created by the available rendering software often suggest
(and sometimes even claim) photorealistic quality, a visual comparison of
these images with the physical objects they represent will show that they
are often not realistic in terms of color accuracy [8]. For critical
applications such as automotive design, the color accuracy of these images
is not good enough [9]. Sparkle and other texture effects have proven to be
“particularly difficult” to render [6], and therefore they are either absent or
crudely represented in both commercial CAD and academic rendering
software [7][8][10], even in reference textbooks [11][12][13]. Academic
research has led to approaches for the rendering of metallic sparkle that
achieve high-quality results [14][15], but these are computationally
demanding, not applicable for real-time applications, and requiring manual
setting of numerous parameters [6]. Materials with different gloss levels
can be visualized in current rendering engines, using a number of standard
models [11][12][13]. However, current rendering software is not able to
utilize accurate measurement data on gloss of materials for accurately
rendering this aspect of material appearance.

Another disadvantage from current CAD programs is that because of
computational demands they require fast, expensive processors and/or
graphical cards. This makes it impossible to produce live rendering on
lighter laptops or tablet computers.

For typical applications such as the games and movie industries, these
drawbacks from current rendering software are less important. Color
accuracy with respect to physical objects is not an issue for both industries.
A convincing representation of sparkle and other texture effects is also less
important for the games and movie industry. Computational speed for
rendering is no issue for the movie industry. For the games industry it
seems to be acceptable that high end games with impressive graphics only
run on high end PCs and game consoles.

However, for other industries there is a need for rendering techniques that
overcome the problems just mentioned with current CAD solutions. Such
techniques would be helpful for applications such as e-commerce and other
industrial software. In this article, we introduce a new rendering pipeline
that we developed to overcome the problems encountered with current
CAD solutions. We will describe our research and results on developing
truly realistic rendering methods that do provide high color accuracy,
perceptually accurate representation of gloss, sparkle and other texture
effects, and fast computation times even on typical tablet computers.

Here, we introduce a new approach to 3D rendering of complex materials
such as gonio-apparent coatings, gloss, sparkle and other textured
materials. Our method is unique in combining a number of advantages over
existing rendering techniques, by (1) optimizing color accuracy by
accounting for technical specifications of display and ambient light
conditions, (2) further optimizing color accuracy by a fully spectral
rendering pipeline, (3) also further optimizing color accuracy by applying a
physically-based method for efficient BRDF interpolation of gonio-
apparent materials such as metallic coatings, (4) introducing accurate
perception-based rendering of gloss, sparkle and other texture features, (5)
being fast and computationally efficient enough to allow live rendering on
tablet computers.
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Framework

The new approach was implemented by creating a dedicated framework for
rendering. It is based on OpenGL 3.0 ES (Embedded Systems). This is an
open source graphics library that provides the basic functionality of
rendering.

As a hardware platform, we decided to not use high-end PC or graphic
cards, to avoid developing solutions that only run well on high-end
hardware. Therefore, we decided to develop the framework for an iPad
(2017 edition) tablet computer. Since OpenGL is supported also on
Android devices and Windows PCs, we expect no major problems for the
portability of the framework to the other technology platforms.

Spectral rendering pipeline

Obviously, final images from rendering constitute of RGB images. In this
respect, the new approach is not different from the technology used in
commercial rendering software. However, in contrast to the methods used
in that software, the new rendering pipeline uses a fully spectral approach.
In our current implementation, up to the final stage when the resulting
frame (image) is expressed in RGB, all calculations are conducted for
different spectral bands. In this way, the rendering pipeline can be
connected to spectral reflectance data from materials, which are measured
with spectrophotometers. This data represents the full visible range of
wavelengths, from 400 to 700 nm, with a spectral resolution of 20 nm,
which indeed results in 16 different spectral bands. Spectral reflectance
data are obviously provided as floating-point numbers.

AKZOIN A=l N
Figure 1. Two coating samples in a Cornell box, assuming lighting with CIE
Standard llluminants (a) D65 and (b) A as spectral power distributions. These
two samples are metameric under D65, which is correctly reproduced
because of the fully spectral rendering pipeline.

0762

The result of this fully spectral rendering pipeline is that the color accuracy
of the resulting frames (images) is improved with respect to images from
common rendering software. The spectral rendering pipeline accounts for
the spectral power distribution of light in the displayed environment. This
is illustrated in Figure 1, where we show the rendering of two coating
samples next to each other, as viewed in a simulated environment (Cornell
box). The spectral reflectance data for the two coatings were measured with
a spectrophotometer, and are used as input for the rendering pipeline. We
took two coatings that are metameric with respect to each other: these two
coatings show a good visual match under daylight (CIE Standard
[lluminant D65), but under the so-called CIE Standard Illuminant A there is
a visual mismatch. Figure la shows the result of rendering with D65, and
there is a good visual color match between the two samples. In Figure 1b
we have changed the spectrum of the light in the Cornell box to the A
illuminant. Indeed, the rendered image of Figure 1b clearly shows a color
difference between the two samples.

Commercial rendering software would render this scene using three
wavelength bands throughout the pipeline (R, G, B). As a consequence, the
metameric effect shown in Figure 1 would not be visible in images created
by commercial rendering software. Obviously, by manual adjustment of
“the color” of the samples images like Figure la and 1b could be created
also with commercial rendering software, but this would be an ad-hoc
solution. The new rendering pipeline is consistent in using spectrally
correct calculations.

Simulation of light booth

For rendering an object in a lighting scene, we need to standardize this
environment. The lighting environment for the rendering pipeline is
specified in terms of the IES/EULUMDAT format. This enables the user to
specify the luminous intensity distribution from lamps and reflective areas
surrounding the object that needs to be rendered.

Apart from the well-known Cornell box as a simulated environment, we
also developed a description of the light inside a light booth to test the new
spectral rendering pipeline. For this, we selected the Byko-spectra effect
light booth (BYK-Gardner). This light booth is particularly suitable for this
investigation, since it was designed such as to optimize the visibility of
sparkle and other texture effects in automotive coatings.

Figure 2. Rendering for an object inside a Byko-spectra effect light booth.
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Here, we used measurement data for the spectral power distribution and for
the spatial distribution of luminous intensity inside the Byko-spectra effect
light booth, as published before [16]. We used measurement data for
luminance from 55 positions at the floor part of the light-booth, and
measured all spatial dimensions and reflectance values for all materials
inside the light booth. The light tubes inside the light booth were
represented by N spotlight sources (starting with N=8 and increasing until
convergence is reached), each emitting light according to a Gaussian
function in angle.

N 7(8)
d2

E(x,y,0)= )

1(0)=Ioexp[—¢92/202] @)

where d is the distance between light spot and measurement point. The
illuminance 7, and Gaussian width o of these functions were optimized as
best fit parameter values, thereby forming a luminance model of the light
tubes inside the light booth. We used those parameter values to calculate
numerical values to populate the IES/EULUMDAT file as input for
describing the light environment. As a result, we are now able to render
objects as they would appear inside a Byko-spectra effect light booth.
Figure 2 shows an example of this rendering.

Account for display specifications & ambient
lighting

In common rendering software, the calculation of RGB images utilizes the
device-independent sSRGB method. This method does not take the technical
specifications into account of the electronic display that is used to show the
rendered images.

Electronic displays vary considerable in terms of the displayed colors, even
when using the same RGB images as input. As an example, researchers
report that the display of the iPad Air 2 tablet computer becomes “slightly
too blue” when showing pure white [17][18]. When showing dark images,
and also for bright ambient light conditions, the same display shows a blue
cast, possibly due to the antireflective coating on the display [18]. By using
the device-independent sSRGB method, rendered images will show this blue
cast.

Recently, we developed an alternative to the SRGB method, that does take
into account the technical specifications of a display [19][20]. As an
example, this method does take away the blue cast reported for the iPad
Air2 tablet computer display. The new method is called the Mobile Display
Characterization and Illumination Model (MDCIM). It not only accounts
for variations between display characteristics, but it also corrects for the
influence from the intensity (illuminance) of ambient light. As is well
known, under highly intense ambient light, colors appear to be more
saturated than under dim lighting conditions.

In the rendering pipeline reported in the current article, we implemented
this new MDCIM model. It is applied in the final stage of calculating a
frame (image). Because of this aspect, the rendered frames are more color
accurate than those from previous rendering frameworks, as it corrects for
specific display characteristics and local ambient lighting. We implemented
dithering as a further means to achieve higher color accuracy.

The issues mentioned in this section are well known. In current rendering
software, they may be avoided by using a color calibrated display and by
assessing objects under standardized lighting conditions, such as a light
booth with prescribed illuminance level of 1000 lux. By implementing the
MDCIM model in the new rendering pipeline, we obtain a solution that can
be applied more generally. For example, we apply it to an iPad tablet
computer, for which color calibration is hard to accomplish.
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Physics-based BRDF Interpolation

The color of effect coatings and other gonio-apparent materials strongly
varies with angles of viewing and incidence. It is important to take this into
account in order to obtain accurate rendering of objects covered by these
materials. First steps towards this goal have been published by other
researchers. For example, Shimizu and Meyer reported on developing
computer aided color design software that renders metallic coatings
[21][22][10]. In that approach, the dependence of lightness on viewing and
incidence angle was modeled by a polynomial function.

In the new rendering framework, we use a more refined approach by
representing the full Bidirectional Reflectance Distribution Function
(BRDF). In other words, instead of only considering lightness we represent
the dependence of all reflectance values on viewing and incidence
directions. We use the following two different ways of representing the
BRDF in the spectral rendering pipeline.

Firstly, we use a mathematical model that results from a Principal
Component Analysis of the BRDF, by separating geometric variables
(angles of viewing and incidence) from the spectral variable (wavelength)
[23]. The resulting mathematical expression has been shown to accurately
represent the full BRDF of an interference pigment, which makes it very
likely that it will also be useful for metallic coatings. We note that there
also other mathematical models have been proposed in the past for
representing BRDF functions [11][12][13], which can be implemented in
the new rendering pipeline.

Secondly, we have developed new concepts for describing the angular
variation of the reflectance of gonio-apparent materials. Instead of using
the common angles for viewing and incidence, we have presented a
physical analysis that indicates that flake-based parameters are to be
preferred [24]. The reflectance properties of an effect coating are
determined primarily by the effect flakes inside the coating. This makes it
preferable to use parameters with respect to the local normal vectors to
these flakes. It has already been shown that these flake-based parameters
are much more effective for representing BRDF functions than the
common viewing and illumination angles [25][26][27][28][29].

By using an accurate interpolation of the BRDF, the new rendering pipeline
is computationally much faster than when the full measured BRDF data
need to be used, as is the case for some existing rendering approaches [30].
For example, the TAC7 instrument that was recently launched by X-Rite is
capable of producing impressive rendering of e.g. the sparkle of metallic
coatings, but it has the disadvantage of needing large data files (typically
gigabytes per sample), making it impossible to handle thousands of
samples on a common platform such as an iPad [4]. A disadvantage of the
current interpolation could be a lower color accuracy. Therefore this aspect
will need to be investigated in future work.

Perception-based rendering of sparkle and
gloss

For computer rendering of materials with gloss levels varying from high
gloss to matt, a range of reflectance models have been proposed over the
years [11][12][13]. Current rendering software often utilizes one or more of
these models, such as those from Phong [31], Cook and Torrance [32],
Ashikhmin et al. [33]. The development of this type of models to render
sparkle and/or gloss effects is still an active field of research
[14][15][34][35][36]. These models are usually derived from assuming a
material surface consisting of microfacets, and parametrizing the resulting
contributions from diffuse and specular reflectance. This assumption may
indeed be a good physical description for the physical cause of gloss
effects. Therefore, also in the rendering pipeline introduced in this article
we have the possibility of using one or more of these standard models.
However, there is another aspect of the rendering of gloss where the new
rendering method will go beyond the capabilities of current rendering
software. The user of current software chooses numerical values for a
number of model parameters, which ultimately lead to a change in material
(gloss) appearance. This choice of model parameter values is typically done
in an ad-hoc way, by visually judging the gloss aspect of the rendered
image. In some rendering software, the user selects the appropriate gloss
level by pre-defined categories, such as high gloss, satin, matte, etc.

The new rendering framework is an improvement over crude subjective
gloss characterization, by allowing the use of data from a gloss meter such

076-3



as the Micro-Tri-gloss meter (BYK-Gardner, Geretsried, Germany). We
will separately report on how we carried out a perception-based
investigation to optimize the conversion from tri-gloss measurement data to
gloss model parameters. As a consequence, the rendering engine produces
fully objective gloss rendering (cf. Figure 3a).

We took a similar approach to rendering sparkle and other texture effects.
In the past, we already reported on the development of different perception-
based algorithms for rendering sparkle and graininess (diffuse coarseness)
of car paints [37][38][39]. A similar algorithm was also implemented in the
new rendering engine (Figure 3b). In the near future we will finetune the
conversion from measured texture data to the model parameters for
rendering sparkle and graininess. In this way, we will be able to utilize data
on texture measured with commercial instruments, such as the BYK-Mac i
(BYK-Gardner) and the recently introduced MA-T6 multi-angle
spectrophotometer (X-Rite).

Figure 3. Rendered images for samples with (a) different levels of gloss and
(b) sparkle.

Computationally fast, low demands on data

The code of the spectral rendering pipeline was optimized to make it
computationally fast. As a result, even on the graphical processor of a
tablet computer like the iPad Air 2 or the iPad Air (2017 edition), and even
for rendering models of complex objects such as cars that require hundreds
of polygons, the rendering typically takes 30 ms per frame. This is more
than sufficient for common industrial applications.

We note that most commercial rendering software requires relatively high-
end computing power, for example in the form of high-end graphical cards
and a PC that goes beyond normal office requirements.
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Conclusions

In this article, we present a new spectral pipeline for rendering gonio-
apparent materials such as effect coatings. We have described how we are
able to achieve a number of advantages over current rendering software: (1)
higher color accuracy by taking the technical characteristics of a display
and the ambient light conditions into account, (2) by making the rendering
pipeline fully spectral, (3) and by utilizing a recently developed physics-
based and efficient method for interpolating BRDF data of gonio-apparent
materials such as metallic coatings, (4) developing perception-based
rendering of gloss, sparkle, graininess and other aspects of texture, (5)
allowing fast computation and live rendering even on tablet computers.

As described in this article, the new spectral rendering pipeline allows
using measurement data on gloss and sparkle. Current rendering software
typically requires the user to make subjective choices on rendering these
phenomena. Many rendering software solutions do not even include
rendering of metallic sparkle. In the few cases where sparkle rendering is
possible, it requires handling very large data files [40][7] and/or high-end
computation power and high-end displays [41][3].
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