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Abstract

Global illumination techniques like radiosity or Monte-Carlo ray-tracing are becoming standard features of
rendering systems. However, there is currently no accepted interface format which supports an appropriate
physically-based scene description. In this paper we present extensions to the well-known RenderMan interface,
which allow for a physically based scene description and support advanced global illumination techniques. Special
emphasis has been laid on the support for procedural descriptions of reflection and emission by RenderMan
surface shaders. So far, they could not be used with most global illumination algorithms. The extensions have
been implemented in a physically-based rendering system and are illustrated with examples.

1. Introduction

In recent years physically-based rendering and global illumination have became major topics in computer
graphics. While these techniques are on the edge of being used in commercial applications, it is getting more
and more important to find ways for suitable descriptions of the physical properties of a scene including the
reflectance properties of surfaces and the energy distribution of light sources.

Because the reflection and emission properties of real world surfaces are too complex to be described by
a fixed reflection model, a physically-based scene description interface requires a procedural approach. But
arbitrary procedural descriptions of reflection or emission properties are difficult to handle for Monte-Carlo
or finite element style algorithms. Both techniques require some knowledge about the procedural description
in order to be implemented efficiently.

In this paper we describe extensions to the well established RenderMan interface!- 2 3, which enable the
use of this interface in combination with advanced global illumination algorithms. The RenderMan Shading
Language, which is part of the RenderMan interface, allows for describing emission and reflection properties by
writing procedural shaders. The proposed extensions make necessary information about these shaders available
to the global illumination algorithms.

We have chosen the RenderMan interface as the base for our work because it is still the only widely
used scene description interface which is powerful and flexible enough to describe complex scenes as well as
arbitrary reflectance and light source models, due to its use of procedural shaders. Unfortunately, the interface
has not been designed for physically-based scene descriptions and lacks the capabilities for supporting global
illumination techniques. The proposed extensions allow for overcoming these weaknesses.

The paper is organized as follows: In Section 2 we give a short overview over the global illumination aspects
of rendering and the techniques available to calculate the global illumination in a scene.

In Section 3 we give a brief introduction to the RenderMan interface and discuss its shortcomings in
supporting global illumination.

The following sections discuss the syntactic and semantic extensions to the RenderMan interface for sup-
porting global illumination algorithms. Overall changes to the interface for using quantities with well-defined
units are described in Section 4. In Section 5 we describe the extensions to surface and light source shaders



which allow for a physically-based representation of the reflectance and light emission models and how these
shaders can make the necessary information available for an efficient implementation of global illumination
algorithms. In Section 6 we discuss changes to the RenderMan interface for post-processing of rendered images
by tone reproduction operators and image filters.

In Section 7 we demonstrate the usefulness of the extensions with example shaders and images of RenderMan
scenes which use Monte-Carlo ray-tracing and wavelet radiosity to compute the global illumination. We finally
conclude in Section 8.

2. Global Illumination

For scenes consisting of surfaces, rendering can be described mathematically as the problem to find a solution
to the rendering equation?:

L(x,&) = Le(x,&) + Lr(x, &) (1)

L,(x,8) = /fr(&i',x,dz')Li(x,dJ")cosw' dw'
Q

This equation describes the radiance (the power of light radiation per projected area and solid angle
[Wm™2sr™!]) L(x,&) leaving a point on a surface in direction & as the sum of the self-emitted radiance
L. and the reflected radiance L,. L, is the amount of incident radiance L; from all directions which is re-
flected by the surface into the outgoing direction. The fraction of radiance reflected is determined by the
bidirectional reflectance distribution function (BRDF) f.(J',x,). The generated image is finally given as a
function of the radiance arriving on the image plane of a virtual camera from all visible surfaces.

For viewing the result, the radiance values on the image plane must be converted to pixel values for display.
In a real environment this is done by the exposure control of the camera, by the non-linear response of the
film, and the development process (or a CCD-element and electronic devices). For computer graphics all this
is simulated by a tone reproduction operator 1'®

N, =T(L,), (2)

which maps the radiance L, on the image plane to pixel values N, in the final image. T is usually a non-linear
operator.

Between the image generation and the application of the tone reproduction operator optional filters can be
applied to the radiance values of the image to enhance the image quality®. Common to both the filters and
tone reproduction operators is that these algorithms often require access to the complete rendered image.

2.1. Global Illumination Algorithms

Because the rendering equation is too complex to be solved analytically, numerical approximations must be
used instead. There are basically two different approaches to calculate approximations: Monte-Carlo integration
and finite element methods.

The Monte-Carlo methods (e.g. path tracing?*) approximate the integral in the rendering equation directly,
using stochastically distributed point samples in the integration domain?> 8. An integral can be approximated
with point samples according to the formula

1o f(E)
I / fayta = i 30 1S 3)
with samples £; of any probability density function p which is non-zero over the integration domain. To obtain
a fast approximation with low variance the probability density functions should closely resemble the shape of
the integrand. This is known as importance sampling. For rendering, this technique results in tracing rays into
the scene from the camera and recursively gathering the illumination at the surfaces of the scene by sending
more stochastically distributed rays.



On the other hand, finite element methods (e.g. radiosity) represent the illumination in the scene over
finite sized surface elements by functions from a certain finite dimensional function space (e.g. piecewise
constant functions in traditional radiosity and wavelets in wavelet radiosity computations)?: 10. 11, Finding
an approximation can then be reduced to solving a large linear system describing the exchange of radiation
between the elements. Finally, an image is generated by determining the value of these basis functions at all
visible points.

A problem of all these global illumination techniques is that there is currently no widely used interface for
describing scenes and the physical properties of the surfaces (e.g. reflection and emission). A scene description
format that is widely used for classical rendering is defined by the RenderMan interface.

3. RenderMan

In this section we only give a brief overview of the features offered by the RenderMan interface as far as they
are required for the remaining parts of this paper. More information is available elsewherel: 2. 3.

The RenderMan interface consists of three parts: the RenderMan interface byte-stream (RIB) protocol,
which is used to describe scenes for still images or animations. A scene is described as a sequence of requests
to a renderer encoded in an ASCII or a binary format. The application programmers interface (API) provides
essentially the same functionality as a library of functions that can be called from an application program.
Common to both, the RenderMan Shading Language offers the ability to describe certain aspects of a scene
as procedural shaders.

3.1. Shading Language
Several different types of shaders may be used in a RenderMan scene description:

e Surface shaders allow for a procedural description of the reflectance properties of surfaces, i.e. the BRDF,
e Light source shaders describe the emission of light from point and surface light sources,

e Image shaders allow for image post-processing, operating on single pixels,

e Transformation and displacement shaders describe large scale and small scale surface distortions, and

e volume shaders are available for simple volume effects.

In this paper, we are only concerned with the first three shader types, because they have a major effect
on global illumination computations. Also, we do not discuss volume effects and their integration into the
RenderMan interface here, but seel? 13,

The shading language is very similar to “C” but it is especially designed for shading calculations. It offers
four basic data types (color, point, float, and string) and operations on them, but currently no higher level
type like arrays or structures. It also includes many build-in functions which compute quantities commonly
used for shading calculations (reflection vector, noise function, spline interpolation, etc.).

In the shading language, a shader is written as a C-like function, but the function arguments act more like
instance variables in an object-oriented language. A shader may be instantiated multiple times with possibly
different values for its arguments and is applied to surfaces in the scene. During rendering, a shader is called
by the renderer and receives the rendering state (i.e. position, normal, tangent, base color, etc.) through a set
of global state variables. For each shader class an appropriate set of these variables is accessible.

The shaders are then called by the renderer. Their task is to calculate one or more values and return them in
other predefined global variables to the renderer. Surface shaders evaluate the BRDF and return the reflected
light and the opacity of the surface. Light source shaders compute the amount of light illuminating a point in
the scene from a given point on a light source. Finally, image shaders map between floating point pixel values
e.g. to correct for non-linearities in the output medium.

3.2. The Imaging Pipeline

In the current definition of the RenderMan interface the pixel values computed by the renderer are passed
through an imaging pipeline. This pipeline consists of four stages (see Figure 1): image filtering, exposure
control, image shaders, and quantization. Except for the image shader stage, which applies an image shader
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Figure 1: The RenderMan imaging pipeline

to each pixel, the processing model is fixed for each stages and only a few parameters can be changed (e.g.
the gamma value for the exposure control).

The pixel filter stage receives as input the color and coverage information of pixels and outputs a color
value. Its task is to perform filtering on the image.

The exposure control allows to scale and gamma-correct the resulting color values. Finally, after the appli-
cation of the image shaders, the quantization stage applies a fixed and simple quantization algorithm to the
color of each pixel, before the values are written to a file or a display device.

3.3. Previous Work

At the time the RenderMan interface was developed, global illumination was still in its early develop-
ment. Furthermore, RenderMan was developed mainly for the animation market and for the Reyes rendering
architecture'4, which offers no support for global illumination.

The Blue Moon Rendering Tools!5, the other published implementation of the RenderMan interface outside
of Pixar, also supports radiosity computations. To overcome the limitations of the standard interface this
system assumes special semantics for some shader variables. For instance, the variable “Kd”, which describes
the diffuse reflectance factor for some predefined RenderMan shaders, is interpreted as the diffuse reflectance
factor for radiosity.

While this approach works fine in most cases and is fully compatible to the current definition of the interface,
it is severely limited. It is, for instance, impossible to describe a non-uniform reflectivity of a surface. The
approach also fails if the shader uses a texture map. In that case the user must make sure that the supplied
value for “Kd” matches the mean reflectivity of the texture.

3.4. Problems

There are several issues that need to be addressed if the RenderMan interface should be used in the context
of physically-based and global illumination algorithms.

Units The RenderMan interface does not define the units for quantities used in the interface. For instance,
all color and illumination quantities are unit-less and are supposed to lie between zero and one.

This has several implications: First of all, it makes all computations context dependent and may introduce
inconsistencies when combining shaders that assume a different environment. This can make it difficult to
reuse shader code or use shader libraries for different rendering environments.

Secondly, all specifications are relative to an implicit unit system imposed by the creator of the scene. All
quantities must be converted into this implicit system before being used in a scene description. For example,
it is not possible to add a light source with a particular lighting effect to a scene without knowing the overall
scale factor of the other light sources.

Information Hiding The computations performed by a shader are hidden from the renderer. While this
is generally a good idea because it keeps the two concepts separate, it does not allow to use many of the
modern global illumination techniques. For instance, the use of Monte-Carlo algorithms in the renderer
for computing the incident illumination for a surfaces shader requires information about the importance
of incident illumination, in order to efficiently sample the illumination from those directions that have the
greatest influence on the results of the shader.



Flexibility for Image Processing In the current interface specification image shaders are limited to operate
on the value of a single pixel. However, for many techniques it is necessary to have access to the complete
image. Also the filter stage of the imaging pipeline is restricted to a few filters with a fixed filter kernel.
New filter kernels can only be specified in the RenderMan API and not in the RIB interface. Also a kernel
is always fixed for a complete image.

Using global illumination techniques requires the use of appropriate tone mappings on the resulting pixel
values for generating images of good quality. Also adaptive filtering is important for Monte-Carlo style
algorithmsS.

These problems are addressed in the following sections.

4. Units

As described above, RenderMan currently only deals with unit-less color values to describe illumination. In
order to make shaders compatible with each other and with any renderer we suggest that all quantities used
in the RenderMan interface are assumed to be given in international standard SI units. This means that
all geometric quantities are in meters and that radiance [Wsr~'m™2] or irradiance [Wm™?] is used for all
illumination quantities. For instance, the emitted and reflected light returned by a light source or surface shader
and the amount of incident light passed to a surface shader by the renderer are then given as a radiance value.

Note, that this is fully compatible with the current standard, where no units are assumed. It also does not
limit the usefulness of the RenderMan interface because it is simple to convert from other unit system to SI
units, e.g. by a simple scaling transformation.

With this specification the results of shaders are well-defined. For example, a light source shader for a point
light source must scale the light flux with the square of the distance to the receiver. The effect of the lightsource
is now independent of the assumed scale of the scene model.

For illumination quantities the photometric units luminance and illuminance would have been an alternative.
However, they are a subjective measure and are simply scaled versions of the radiometric units, weighted with
the spectral response function of a standard observer!6.

Two new functions have been added to the shading language which perform the transformation from radio-
metric to photometric units and vice versa, respectively.

color photometric(color c);
color radiometric(color c);

These functions are required because a shader cannot know about the internal color representation.

5. Procedural Shaders

Procedural shaders are a very powerful tool for the flexible description of rendering attributes like reflection,
emission, and others. RenderMan shaders compute values for a single given point on a surface and a specified
reflection direction. To allow for antialiasing in the shader the renderer also passes information about the size
of the sampled region on the surface.

5.1. Surface Shaders

The task of the surface shader is the computation of the integral L, in Equation (1). To perform this integration
the shader needs access to the incident illumination at this point.

This illumination is made available to the shader through the illuminance() construct of the Shading
Language. This construct is similar to a while loop in C. The arguments of the illuminance statement specify
the directions from which the shader wants to receive illumination in the form of a single cone (axis and angle)
and the position of its apex. The construct executes the block of code following the illuminance statement
for each illumination sample received by the renderer. Within this code additional global state variables are
available which give the direction and the value of the incident illumination, again as a unit-less color variable.

This concept of procedural shaders poses several problems to global illumination algorithms:



surface phong(float Kd = 0.4; /* diffuse */ {
float Ks = 0.6; /* specular */ Ln = normalize(L); /% dir to light %/
float exp = 2 ) /* exponent */ if ((Ln.Nn) < 0) /* Ignore samples */
{ continue; /* below horizon */
point Nn = normalize(N); /* normal */ C += Ks*Clxpow(R.Ln, exp);/* specular */
point V = normalize(-I); /* outgoing */ C += Kd*Cl*(Ln.Nn); /* diffuse */
point R = reflect(V, N); /% reflected */ 3
point Ln; /* to light x*/ Ci = Cs*C; /* multiply with surf. color */
color C = 0; 0i = Os; /* set opacity to default */
}
illuminance(P, 2, /* pos., 2 cones */
N, 180, 0, Kd,
R, 180, exp, Ks )

Figure 2: A simple surface shader computing the Phong reflectance model to illustrate the use of the new
illuminance () construct. Note, that the Phong illumination model is not energy conserving for grazing angles.

5.2. Monte-Carlo Algorithms

Algorithms using Monte-Carlo techniques require that shaders are able to inform them about directionally-
dependent illumination importance. The more accurate this information the better the probability density
function p in (3) can be adapted to the importance distribution. This leads to less variance in the result
and consequently to better performance for the same level of noise in the resulting image”. With the current
definition of the illuminance statement the only information is, whether or not the shader is interested in
illumination from a certain direction.

We propose an extension to the illuminance construct, by which a surface shader can provide more detailed
information to the renderer about the importance of illumination. In the extended version the shader can
supply several cones with a well-defined importance distribution in their interior to the renderer. This allows
a Monte-Carlo renderer to choose the distribution of illumination rays accordingly. This construct can also be
used for many other purposes.

The representation of the importance should be simple to compute by the shader and should allow for fast
sample generation in the renderer. One description of importance which fulfills this criteria is, if we specify a
set of cones with a power cosine distribution within each cone, and their relative importance.

R C; ((ﬂ)e’ —1) @& - Wy > cosa;
i — cos a; . 4
pi(@) { 0 otherwise (4)

where «; and «; describe the center axis and spread angle of a cone, e; is the exponent of the power cosine
distribution within cone i, and C; = Cji(a, e;) is a normalization factor.

This density function has a peak in the direction «; and falls to zero at the boundary of the cone. The
complete distribution is then given as the sum over all cones weighted with their relative importance r;

3) = — ripi (J).
P@) = 5 3 rivi@) (5)

Because the shading language allows for overloading of names, we can still use the same illuminance con-
struct, which now specifies the position, the number of cones, and takes a variable number of arguments for
the parameter of each cone.

illuminance(position, num_cones, directionl, anglel,
exponentl, rel_importancel, direction2, angle2, ...)
{ /* calculate BRDF and integrate */ }

The use of a cosine distribution is motivated by the common use of cosine distributions in computer graphics,
its simple calculation using a dot product, and the availability of a suitable mapping from uniform random dis-



tributions to power of cosine distributions®. A sample surface shader using this modified illuminance construct
to implement the well known Phong reflectance model is given in Figure 2.

Note, that the importance distribution p of a shader need not exactly match the real BRDF of the surface,
because the importance distribution is never explicitly used to calculate illuminance values. It simply indicates
to the renderer where it is worth to calculate illumination. An inaccurate importance distribution, therefore,
only results in slower convergence and thus more noise in the resulting image.

5.2.1. Using the Importance Information

The illuminance construct can then be used by the renderer to determine the direction of spawned reflection
rays in a Monte-Carlo algorithm for a given point on the surface. In this case, the only task of the shader
is to specify the importance distribution. The execution of the shader can be aborted, when it has executed
the illuminance statement and the renderer has received the importance information. This information is then
used to choose an importance weighted sample direction for the reflected ray.

A similar technique can also be used to determine the importance density for a particular reflection or
transmission configuration, given an incoming and an outgoing direction. This kind of information is required
by algorithms which link stochastic samples on surfaces with each other, e.g. if using bidirectional estimators!7.

5.3. Finite Element Algorithms

Finite element algorithms use a set of basis functions on surface patches to represent quantities for their
computations. For example, classical radiosity uses constant basis functions for the diffuse reflectance factor
and the radiosity on a patch!8. More advanced Galerkin radiosity algorithms use higher order basis functions
like polynomials or wavelets!9 10, 11

With a set of basis functions V;, a function f can be approximated by the representation f(w) = > biN;.
The coefficients b; of projecting the function f on the function space spanned by ortho-normal basis set N;(x)
are given by the integral over the support of f and the basis function.

b= (f, ) = / F(@)Ni()da, (6)

The problem with the combination of this approach and procedural shaders is that the shader has no
knowledge about the particular basis functions used by the renderer. Therefore, it cannot compute appropriate
values, e.g. mean reflectance over a surface patch for a piecewise constant basis function. Generally, a shader
should not have this knowledge, because it is supposed to be a generic description of the BRDF of the surface
and should not depend on the chosen set of basis functions. Another problem is that a procedural shader
computes values only at a single point while a finite element patch might be an arbitrary piece of a surface,
i.e. usually a triangle or quadrilateral, but more general geometries could also be used.

It is hardly possible to let a shader compute the representation of a value in a basis set defined by the
renderer, because of the difficulty to write such general shaders and the problem to specify the basis functions
and their domain to the shader. A more general solution is to stay with the concept of procedural shaders
which compute values only at a single point, and to use numerical methods in the renderer to derive the
coefficients b; of the basis functions.

Assigning the task to compute the coeflicients of the basis functions to the renderer is more suitable,
because the renderer knows the characteristics of the chosen basis functions and can use appropriate numerical
integration techniques. However, this technique has the disadvantage that the renderer has no knowledge about
the function being integrated. This makes it difficult to decide about a set of suitable sample points for the
numerical integration. An inappropriate choice of these samples can result in aliasing artifacts if the sampling
is too coarse or in poor performance if it is too fine.

5.3.1. Bounding the Shader

This problem can be solved by an extension to the current definition of shaders in the RenderMan interface.
In addition to the outgoing radiance, a surface shader supplies the partial derivatives and a tolerance value



to bound nearby values of the shader. These bounds can then be used by the renderer to determine or adjust
the sampling for the numerical integration.

Although, it might be difficult for a shader to provide this information, we see this method as a clean and
general way to allow the use of procedural shaders with finite element techniques. An alternative would be to
specify a suggested sampling rate for the shader near the point for which the shader has been called. However,
the presented approach is much more flexible and general.

A RenderMan surface shader already receives information about the region of the surface being sampled
through the global state variables Du and Dv. Together with the parameters of the sample point (u,v) they
specify an axis-aligned box in the parameter space of the surface that is being sampled. This information is
currently used to perform anti-aliasing in shaders.

We extend the current interface by introducing new state variables, which can be written by the shader.
Each pair of variables specifies a bound on the value of the shader over the sample domain. The shader supplies
the partial derivative of the shader value and a tolerance around this approximation bounding the value of the
shader. For surface shaders the variables DCiDu/TCiDu and DCiDv/TCiDv specify this bound for the value of
reflected radiance Ci in the w and v direction of the surface, and DCiDw/TCiDw specifies this bound for changes
over the outgoing solid angle, specified to the shader by Dw.

These bounds restrict the value of the shader based on the information that is available to the shader. Thus,
they do not estimate changes due to changes in the incident illumination. A shader that cannot estimate the
bounds over the indicated area of the surface would set the tolerance to a large value. It thereby indicates to
the renderer that this surface needs fine sampling to determine an accurate approximation of the shader. This
behavior is also default for any older shaders that are not writing to these new variables at all.

5.3.2. Irradiance

Many of the finite element algorithms used in global illumination today compute outgoing values (radiosity'®
or radiance20 11, 21). However, these values cannot be used with a procedural surface shader, which requires
information about the incoming illumination. Because these finite element algorithms have generally lost all
information about the directional distribution of the incident illumination, they cannot make incident radiance
values available to the shader.

Furthermore, the values computed by these algorithms are generally approximations over larger surface
patches. This is accurate enough for computing the global illumination in the scene, but unacceptable for the
generation of the final image, where much more detailed information about the BRDF of a surface is required
(e.g. high resolution textures).

Both problems can again be solved by a small modification to the definition of surface shaders and the
values returned by the finite element algorithms.

In addition to the radiance values which are received by the shader through the illuminance () comnstruct,
the renderer makes an irradiance value E [Wm™?] available to the shader. The irradiance E(x,&) may also
depend on the outgoing direction & to allow for algorithms which compute directional dependent outgoing
values?0. Thus, the definition of E as supplied by the renderer is “the irradiance at x resulting in the proper
outgoing radiance in direction w under diffuse reflection”.

For instance, this irradiance value can easily be obtained for standard radiosity by dividing by the reflectance
coefficient of the surface which has been used to derive this value. The shader can then derive the radiance
reflected into the outgoing direction due to this irradiance term and can take into account more detailed
information (e.g. textures).

In essence, our model of the interaction of light with surfaces as used in the RenderMan surface shaders
computes the reflected radiance according to the formula (see Figure 3)

L.(x,3) = fir(x,3)E(x,&) + / Fo (@, %,3)Li(x,d) cosw’ da'. (7)
Q

Where L, is the reflected radiance, f;, describes the reflectance of the surface in respect to the irradiance term
and the outgoing direction J; in units of [sr™!], and E(x,d) is the “directional” irradiance at x. L;(x,d') is
the incident radiance without the illumination already accounted for by E(x,d).



Figure 3: Bounding the value of a shader near the evaluation point by specifying the partial derivatives and
a tolerance value.

If, for example, traditional radiosity is used for the illumination calculation, L;(x,d') is zero and E(x, &) does
not depend on &. E would depend on & when outgoing radiance is computed by a finite element algorithm?!!.

The irradiance E is made available to the surface shader through the new function
color irradiance(point x, point omega);

This function should be used instead of the current ambient () function, which does not allow for a directional
dependence of the returned value.

The above extensions are fully backward compatible with the current use of surface shaders in the Render-
Man interface.

5.4. Light Source Shaders

In a classical rendering system there are three different classes of light sources: The ambient light source which
describes the amount of overall illumination in the scene, local light sources which have a specific location in
the scene (point and area light sources) and directional light sources which have no position and send light
only in certain directions (e.g. parallel light from the sun). Each of these light source types can be described
in the shading language.

The task of light source shaders is to describe the incident radiance distribution at a receiving point. The
class of the light source shader is determined by its usage of the illuminate () construct to define a local light
source, of the solar() construct to define a distant light source, or non of the two for an ambient light source.

In a physically-based rendering process there is usually no ambient light source because the ambient term
is calculated as part of the global illumination process. In addition area light sources are often used to provide
a more realistic simulation of real extended light sources. For our purposes area light sources can be handled
similar to point light sources.

The illuminate and the solar construct in light source shaders are very similar to the illuminance
construct of surface shaders. They also specify a cone of directions, into which light is emitted by the light
source. The cone may be used to cull points outside the cone from the illumination calculations.

The problems encountered when implementing common global illumination algorithms are very similar to
those for surface shaders. The same solution techniques can be used by extending these language constructs
and providing the ability to specify an importance distribution for emission by a set of cones and the associated
power cosine distribution from Equations (5) and (4). This distribution can then be used to determine the
direction of outgoing sample rays or to calculate the probability of choosing a given direction.

Light source shaders make similar bounding information about the emitted radiance available to the renderer.



These bounds on the illumination are available for the changes on the light source surface and in the outgoing
direction through additional global state variables, similar to surface shaders.

6. The Imaging Pipeline

The current definition of the imaging pipeline of RenderMan must also be modified in order to perform
post-processing on the image in physically well-defined units. These extensions are necessary to support the
current state-of-the-art in physically-based image synthesis. This includes tone-mapping operators®: 22 and
image filtering to reduce artifacts of the particular global illumination algorithmS.

In the current definition of the RenderMan interface the imaging pipeline (see Figure 1) can only execute
a set of standard filter algorithms. Also, image shaders currently operate on the already filtered and gamma
corrected pixel values and image shaders operate on the value of a single pixel at a time. These features are
too restrictive for an implementation of the mentioned algorithms.

6.1. Filtering

Filtering is a major step for calculating the final value of the pixels, especially in the case of Monte-Carlo
sampling. A good interface for global illumination algorithms should therefore support the flexible specification
of such filters.

This filtering process is usually a multi stage process: First, the energy distribution may be enhanced by
reducing sampling artifacts through an adaptive filtering strategy®. While this first step is most useful for
Monte-Carlo style algorithms, a tone reproduction step which converts the radiance values into pixel values
for display is unavoidable. For rendering scenes with physically-based light sources descriptions and reflection
functions, the large dynamic range of the input distribution must be matched to the rather small dynamic
range displayable by a CRT or a color printer. There are different approaches to solve this problem. Some
include simple linear scaling??, others use more complex non-linear models®.

These filters receive the radiance distribution at the pixels on the image plane as their input and their task
is to convert the radiance values to pixel values suitable for display. By making use of the Shading Language
we can introduce new filter shaders in order to flexibly support image post-processing, such as filtering and
tone-mapping algorithms, in the RenderMan interface.

To support multiple layers of filtering we allow for a stack of filter shaders to perform the filtering. Any
number of filter shaders can be pushed on a filter stack. The filter first pushed receives the output of the
renderer and its output is the input of the next filter in the stack. A shader is pushed on the stack through
the new request

PushFilter "filter_name" ...

The output of the last shader should be values in the unit range. It is further processed by the standard
RenderMan imaging pipeline (i.e. gamma correction, standard image shaders, and quantization), before it is
send to the image file or device. Care must be taken to match the units of the output of one shader to the
required input of the next shader. To allow for a large flexibility in this area, no restrictions are imposed by
the interface.

6.2. Extensions to the Shading Language

To allow for the specification of new filter functions in the Shading Language, a new RenderMan shader class,
filter shaders, is introduced together with the concept of maps. In contrast to the old image shaders, which are
called once for each pixel in the image, a filter shader is called once for the complete image. The image is made
available to the shader through a predefined map, instead of through global state variables. This is necessary
because a filter shader may require access to other pixel values or even the complete image to accomplish its
task (e.g. it must compute the mean radiance in the image for computing an adaptive tone-mapping operator?).

The size of the image is passed to the shader in the global state variables xsize and ysize. Access to the
samples of the image is available through a named map, which hold the pixel values and new map access
functions.



color image(string map; float x, y, ...);
void setimage(string map; float x, y; color c, ...);

The function image () returns the pixel value of a map and the function setimage () allows to change pixels
in the map. Image shaders receive their input in the predefined map “Cs” and store their result in the map
“Ci” .

Although a renderer often works in radiometric units, it is common for a image shader to perform some
computations in respect to luminance values. In addition to the functions photometric() and radiometric()
efficient transformations are made available through new functions, which integrate over the spectrum and
return the total luminance or radiance values.

float totalluminance(color c);
float totalradiance(color c);

Other channels which are available to the filter shader are “0i”, which contains opacity information, and “Z”,
which stores the depth at a pixel location. Implementation dependent channels might also be made available
to the shader.

This concept of filter shaders allows for a very flexible handling of image post-processing for global illumi-
nation algorithms. It takes advantage of the available Shading Language and extends the usage of shaders for
this task.

7. Examples

In this section we present results of implementing the proposed extensions to procedural shaders. The ex-
tensions have been integrated into the Vision system, a physically-based rendering architecture build upon
an object-oriented design, which integrates both traditional and most global illumination techniques into a
common rendering architecture!?- 23. The Vision system uses RenderMan as its main interface and implements
the complete standard including an efficient native shading language compiler?4. The problems of supporting
procedural shaders with global illumination techniques in the Vision architecture have motivated the work
presented in this paper.

7.1. Monte-Carlo Ray-Tracing

Figure 4 (see color section) shows a scene where a desk lamp illuminates the desk and the back of a blue mug.
The rough specular metal plate on the table reflects the illumination on the mug and the desk. The image has
been calculated using standard Monte-Carlo path tracing?*.

The scene is described by an extended RIB file with all surface and light source shaders given in the Shading
Language using the proposed extensions. The desk lamp consists of a small area light source placed in the
back of an opaque rectangular lampshield. The shader for the area light source emits light only on one side
of the surface with a cosine distribution centered around the surface normal. The surface of the metal plate
indicates a high importance for illumination from the mirror direction using a small cone with large relative
probability in addition to a cone indicating low importance for illumination from the entire hemisphere for a
diffuse reflection term.

7.2. Energy Preserving Filters

While Monte-Carlo methods are known to generate statistically correct energy distributions they are also
known for being slow. The resulting images often still contain a high level of variance or visible noise. One way
to reduce the remaining noise was proposed in®, where a form of adaptive filtering of the radiance distribution
of the image is suggested. The filter is designed to reduce the noise by first identifying noisy pixels and then
spreading the energy of this pixel to its neighbors.

An example of the effect of an energy preserving filter is given in Figure 5. The image on the left is the
un-filtered Monte-Carlo image, while the image on the right uses the energy-preserving filter fromsS.



(a) Original image (b) Filtered image

Figure 5: Two images showing the effects of applying an energy preserving filter to the result of a Monte-Carlo
solution to global illumination.

(a) Low (b) Medium (c) High

Figure 6: The tone reproduction operator from Tumblin and Rushmeierd for the same scene with a low,
medium, and high illumination.

7.3. Tone Reproduction

The simple tone reproduction operator?? is given as a RenderMan filter shader in Figure 7 to outline the basic
structure of a filter shader. Figure 6 shows the effects of applying the tone mapping operator from Tumblin
and Rushmeier?® to three different illuminations of the same scene. The illumination in the images increases
by a factor of two from left to right.

8. Conclusion

In this paper we have discussed the problems of using procedural shaders together with advanced global illu-
mination techniques. To overcome these problems, we have suggested extensions to the RenderMan interface,
especially to the RenderMan Shading Language. These extensions allow for using procedural shaders both in
Monte-Carlo as well as in finite element based global illumination techniques.

Furthermore, we have presented extensions, which allow the flexible specification of image post-processing
algorithms using the available support of the Shading Language. This image post-processing is required for
obtaining high quality images from modern global illumination algorithms.



filter ward94(float L_dmax = 100) /* Calculate the scaling factorx/

{ scale = 1.219 + pow(L_dmax/2, 0.4);
float x, y, scale, L_wa; scale /= 1.219 + pow(L_wa, 0.4);
float sum_luminance; scale = 1/L_dmax * pow(scale, 2.5);
color rad;

/* scale the pixel values */
/* Compute the average luminance */ for(x = 0; x < xsize; x += 1)
for(x = 0; x < xsize; x += 1) for(y = 0; y < ysize; y += 1) {
for(y = 0; y < ysize; y += 1) { rad = image("Cs", x, y);
rad = image("Cs", x, y); setimage("Ci", x, y, radxscale);
sum_luminance += totalluminance(rad); }
} }

L_wa = sum_luminance / (xsize * ysize);

Figure 7: A global image shader implementing the tone-reproduction operator by Ward 22. The adaptation
level of the viewer is derived from the average luminance of the image. The parameter L_dmax describes the
mazimum display luminance measured in [cd m™2].

The extensions presented in this paper are mostly backward compatible changes to the existing RenderMan
standard and can be implemented without major changes to the Shading Language and its compiler. With
these changes, the RenderMan interface can now be used to describe scenes for rendering with traditional as
well as more advanced physically-based rendering techniques, based on the same scene description.
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