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aum, seidelg@informatik.uni-erlangen.deAbstractGlobal illumination techniques like radiosity or Monte-Carlo ray-tracing are becoming standard features ofrendering systems. However, there is currently no accepted interface format which supports an appropriatephysically-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. Specialemphasis has been laid on the support for procedural descriptions of re
ection and emission by RenderMansurface shaders. So far, they could not be used with most global illumination algorithms. The extensions havebeen implemented in a physically-based rendering system and are illustrated with examples.1. IntroductionIn recent years physically-based rendering and global illumination have became major topics in computergraphics. While these techniques are on the edge of being used in commercial applications, it is getting moreand more important to �nd ways for suitable descriptions of the physical properties of a scene including there
ectance properties of surfaces and the energy distribution of light sources.Because the re
ection and emission properties of real world surfaces are too complex to be described bya �xed re
ection model, a physically-based scene description interface requires a procedural approach. Butarbitrary procedural descriptions of re
ection or emission properties are di�cult to handle for Monte-Carloor �nite element style algorithms. Both techniques require some knowledge about the procedural descriptionin order to be implemented e�ciently.In this paper we describe extensions to the well established RenderMan interface1; 2; 3, which enable theuse of this interface in combination with advanced global illumination algorithms. The RenderMan ShadingLanguage, which is part of the RenderMan interface, allows for describing emission and re
ection properties bywriting procedural shaders. The proposed extensions make necessary information about these shaders availableto the global illumination algorithms.We have chosen the RenderMan interface as the base for our work because it is still the only widelyused scene description interface which is powerful and 
exible enough to describe complex scenes as well asarbitrary re
ectance and light source models, due to its use of procedural shaders. Unfortunately, the interfacehas not been designed for physically-based scene descriptions and lacks the capabilities for supporting globalillumination 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 aspectsof 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 insupporting 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-de�nedunits 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 re
ectance and light emission models and how theseshaders can make the necessary information available for an e�cient implementation of global illuminationalgorithms. In Section 6 we discuss changes to the RenderMan interface for post-processing of rendered imagesby tone reproduction operators and image �lters.In Section 7 we demonstrate the usefulness of the extensions with example shaders and images of RenderManscenes which use Monte-Carlo ray-tracing and wavelet radiosity to compute the global illumination. We �nallyconclude in Section 8.2. Global IlluminationFor scenes consisting of surfaces, rendering can be described mathematically as the problem to �nd a solutionto the rendering equation4: L(x; ~!) = Le(x; ~!) + Lr(x; ~!) (1)Lr(x; ~!) = Z
 fr(~!0;x; ~!)Li(x; ~!0) cos!0 d!0This equation describes the radiance (the power of light radiation per projected area and solid angle[Wm�2sr�1]) L(x; ~!) leaving a point on a surface in direction ~! as the sum of the self-emitted radianceLe and the re
ected radiance Lr. Lr is the amount of incident radiance Li from all directions which is re-
ected by the surface into the outgoing direction. The fraction of radiance re
ected is determined by thebidirectional re
ectance distribution function (BRDF) fr(~!0;x; ~!). The generated image is �nally given as afunction 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�lm, and the development process (or a CCD-element and electronic devices). For computer graphics all thisis simulated by a tone reproduction operator T 5Np = T (Lp); (2)which maps the radiance Lp on the image plane to pixel values Np in the �nal image. T is usually a non-linearoperator.Between the image generation and the application of the tone reproduction operator optional �lters can beapplied to the radiance values of the image to enhance the image quality6. Common to both the �lters andtone reproduction operators is that these algorithms often require access to the complete rendered image.2.1. Global Illumination AlgorithmsBecause the rendering equation is too complex to be solved analytically, numerical approximations must beused instead. There are basically two di�erent approaches to calculate approximations: Monte-Carlo integrationand �nite element methods.The Monte-Carlo methods (e.g. path tracing4) approximate the integral in the rendering equation directly,using stochastically distributed point samples in the integration domain7; 8. An integral can be approximatedwith point samples according to the formulaI = Z
 f(x)dx = limN!1 1N NXi=1 f(�i)p(�i) (3)with samples �i of any probability density function p which is non-zero over the integration domain. To obtaina fast approximation with low variance the probability density functions should closely resemble the shape ofthe integrand. This is known as importance sampling. For rendering, this technique results in tracing rays intothe scene from the camera and recursively gathering the illumination at the surfaces of the scene by sendingmore stochastically distributed rays.



On the other hand, �nite element methods (e.g. radiosity) represent the illumination in the scene over�nite sized surface elements by functions from a certain �nite dimensional function space (e.g. piecewiseconstant functions in traditional radiosity and wavelets in wavelet radiosity computations)9; 10; 11. Findingan approximation can then be reduced to solving a large linear system describing the exchange of radiationbetween the elements. Finally, an image is generated by determining the value of these basis functions at allvisible points.A problem of all these global illumination techniques is that there is currently no widely used interface fordescribing scenes and the physical properties of the surfaces (e.g. re
ection and emission). A scene descriptionformat that is widely used for classical rendering is de�ned by the RenderMan interface.3. RenderManIn this section we only give a brief overview of the features o�ered by the RenderMan interface as far as theyare required for the remaining parts of this paper. More information is available elsewhere1; 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 requeststo a renderer encoded in an ASCII or a binary format. The application programmers interface (API) providesessentially the same functionality as a library of functions that can be called from an application program.Common to both, the RenderMan Shading Language o�ers the ability to describe certain aspects of a sceneas procedural shaders.3.1. Shading LanguageSeveral di�erent types of shaders may be used in a RenderMan scene description:� Surface shaders allow for a procedural description of the re
ectance properties of surfaces, i.e. the BRDF,� Light source shaders describe the emission of light from point and surface light sources,� Image shaders allow for image post-processing, operating on single pixels,� Transformation and displacement shaders describe large scale and small scale surface distortions, and� volume shaders are available for simple volume e�ects.In this paper, we are only concerned with the �rst three shader types, because they have a major e�ecton global illumination computations. Also, we do not discuss volume e�ects and their integration into theRenderMan interface here, but see12; 13.The shading language is very similar to \C" but it is especially designed for shading calculations. It o�ersfour basic data types (color, point, 
oat, and string) and operations on them, but currently no higher leveltype like arrays or structures. It also includes many build-in functions which compute quantities commonlyused for shading calculations (re
ection 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 likeinstance variables in an object-oriented language. A shader may be instantiated multiple times with possiblydi�erent values for its arguments and is applied to surfaces in the scene. During rendering, a shader is calledby the renderer and receives the rendering state (i.e. position, normal, tangent, base color, etc.) through a setof 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 inother prede�ned global variables to the renderer. Surface shaders evaluate the BRDF and return the re
ectedlight and the opacity of the surface. Light source shaders compute the amount of light illuminating a point inthe scene from a given point on a light source. Finally, image shaders map between 
oating point pixel valuese.g. to correct for non-linearities in the output medium.3.2. The Imaging PipelineIn the current de�nition of the RenderMan interface the pixel values computed by the renderer are passedthrough an imaging pipeline. This pipeline consists of four stages (see Figure 1): image �ltering, exposurecontrol, image shaders, and quantization. Except for the image shader stage, which applies an image shader



Renderer FilterImage-Image Shader ControlExposure-Output FileQuantizationColor-Figure 1: The RenderMan imaging pipelineto each pixel, the processing model is �xed for each stages and only a few parameters can be changed (e.g.the gamma value for the exposure control).The pixel �lter stage receives as input the color and coverage information of pixels and outputs a colorvalue. Its task is to perform �ltering 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 �xed and simple quantization algorithm to thecolor of each pixel, before the values are written to a �le or a display device.3.3. Previous WorkAt 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 renderingarchitecture14, which o�ers no support for global illumination.The Blue Moon Rendering Tools15 , the other published implementation of the RenderMan interface outsideof Pixar, also supports radiosity computations. To overcome the limitations of the standard interface thissystem assumes special semantics for some shader variables. For instance, the variable \Kd", which describesthe di�use re
ectance factor for some prede�ned RenderMan shaders, is interpreted as the di�use re
ectancefactor for radiosity.While this approach works �ne in most cases and is fully compatible to the current de�nition of the interface,it is severely limited. It is, for instance, impossible to describe a non-uniform re
ectivity of a surface. Theapproach also fails if the shader uses a texture map. In that case the user must make sure that the suppliedvalue for \Kd" matches the mean re
ectivity of the texture.3.4. ProblemsThere are several issues that need to be addressed if the RenderMan interface should be used in the contextof physically-based and global illumination algorithms.Units The RenderMan interface does not de�ne 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 introduceinconsistencies when combining shaders that assume a di�erent environment. This can make it di�cult toreuse shader code or use shader libraries for di�erent rendering environments.Secondly, all speci�cations are relative to an implicit unit system imposed by the creator of the scene. Allquantities 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 e�ect to a scene without knowing the overallscale factor of the other light sources.Information Hiding The computations performed by a shader are hidden from the renderer. While thisis generally a good idea because it keeps the two concepts separate, it does not allow to use many of themodern global illumination techniques. For instance, the use of Monte-Carlo algorithms in the rendererfor computing the incident illumination for a surfaces shader requires information about the importanceof incident illumination, in order to e�ciently sample the illumination from those directions that have thegreatest in
uence on the results of the shader.



Flexibility for Image Processing In the current interface speci�cation image shaders are limited to operateon the value of a single pixel. However, for many techniques it is necessary to have access to the completeimage. Also the �lter stage of the imaging pipeline is restricted to a few �lters with a �xed �lter kernel.New �lter kernels can only be speci�ed in the RenderMan API and not in the RIB interface. Also a kernelis always �xed for a complete image.Using global illumination techniques requires the use of appropriate tone mappings on the resulting pixelvalues for generating images of good quality. Also adaptive �ltering is important for Monte-Carlo stylealgorithms6.These problems are addressed in the following sections.4. UnitsAs described above, RenderMan currently only deals with unit-less color values to describe illumination. Inorder to make shaders compatible with each other and with any renderer we suggest that all quantities usedin the RenderMan interface are assumed to be given in international standard SI units. This means thatall geometric quantities are in meters and that radiance [Wsr�1m�2] or irradiance [Wm�2] is used for allillumination quantities. For instance, the emitted and re
ected light returned by a light source or surface shaderand 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 notlimit the usefulness of the RenderMan interface because it is simple to convert from other unit system to SIunits, e.g. by a simple scaling transformation.With this speci�cation the results of shaders are well-de�ned. For example, a light source shader for a pointlight source must scale the light 
ux with the square of the distance to the receiver. The e�ect of the lightsourceis 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 withthe spectral response function of a standard observer16.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 ShadersProcedural shaders are a very powerful tool for the 
exible description of rendering attributes like re
ection,emission, and others. RenderMan shaders compute values for a single given point on a surface and a speci�edre
ection direction. To allow for antialiasing in the shader the renderer also passes information about the sizeof the sampled region on the surface.5.1. Surface ShadersThe task of the surface shader is the computation of the integral Lr in Equation (1). To perform this integrationthe shader needs access to the incident illumination at this point.This illumination is made available to the shader through the illuminance() construct of the ShadingLanguage. This construct is similar to a while loop in C. The arguments of the illuminance statement specifythe 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 statementfor each illumination sample received by the renderer. Within this code additional global state variables areavailable 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 */float exp = 2 ) /* exponent */{ point Nn = normalize(N); /* normal */point V = normalize(-I); /* outgoing */point R = reflect(V, N); /* reflected */point Ln; /* to light */color C = 0;illuminance(P, 2, /* pos., 2 cones */N, 180, 0, Kd,R, 180, exp, Ks )
{ Ln = normalize(L); /* dir to light */if ((Ln.Nn) < 0) /* Ignore samples */continue; /* below horizon */C += Ks*Cl*pow(R.Ln, exp);/* specular */C += Kd*Cl*(Ln.Nn); /* diffuse */}Ci = Cs*C; /* multiply with surf. color */Oi = Os; /* set opacity to default */}Figure 2: A simple surface shader computing the Phong re
ectance model to illustrate the use of the newilluminance() construct. Note, that the Phong illumination model is not energy conserving for grazing angles.5.2. Monte-Carlo AlgorithmsAlgorithms 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 densityfunction p in (3) can be adapted to the importance distribution. This leads to less variance in the resultand consequently to better performance for the same level of noise in the resulting image7. With the currentde�nition of the illuminance statement the only information is, whether or not the shader is interested inillumination from a certain direction.We propose an extension to the illuminance construct, by which a surface shader can provide more detailedinformation to the renderer about the importance of illumination. In the extended version the shader cansupply several cones with a well-de�ned importance distribution in their interior to the renderer. This allowsa Monte-Carlo renderer to choose the distribution of illumination rays accordingly. This construct can also beused for many other purposes.The representation of the importance should be simple to compute by the shader and should allow for fastsample generation in the renderer. One description of importance which ful�lls this criteria is, if we specify aset of cones with a power cosine distribution within each cone, and their relative importance.pi(~!) = � Ci �( ~!� ~!icos�i )ei � 1� ~! � ~!i > cos�i0 otherwise (4)where ~!i and �i describe the center axis and spread angle of a cone, ei is the exponent of the power cosinedistribution within cone i, and Ci = Ci(�i; ei) is a normalization factor.This density function has a peak in the direction ~!i and falls to zero at the boundary of the cone. Thecomplete distribution is then given as the sum over all cones weighted with their relative importance rip(~!) = 1P ri X ripi(~!): (5)Because the shading language allows for overloading of names, we can still use the same illuminance con-struct, which now speci�es the position, the number of cones, and takes a variable number of arguments forthe parameter of each cone.illuminance(position, num_cones, direction1, angle1,exponent1, rel_importance1, 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 distributions8. A sample surface shader using this modi�ed illuminance constructto implement the well known Phong re
ectance 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 indicatesto 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 InformationThe illuminance construct can then be used by the renderer to determine the direction of spawned re
ectionrays in a Monte-Carlo algorithm for a given point on the surface. In this case, the only task of the shaderis to specify the importance distribution. The execution of the shader can be aborted, when it has executedthe illuminance statement and the renderer has received the importance information. This information is thenused to choose an importance weighted sample direction for the re
ected ray.A similar technique can also be used to determine the importance density for a particular re
ection ortransmission con�guration, given an incoming and an outgoing direction. This kind of information is requiredby algorithms which link stochastic samples on surfaces with each other, e.g. if using bidirectional estimators17.5.3. Finite Element AlgorithmsFinite element algorithms use a set of basis functions on surface patches to represent quantities for theircomputations. For example, classical radiosity uses constant basis functions for the di�use re
ectance factorand the radiosity on a patch18. More advanced Galerkin radiosity algorithms use higher order basis functionslike polynomials or wavelets19; 10; 11.With a set of basis functions Ni, a function f can be approximated by the representation ~f(x) =P biNi.The coe�cients bi of projecting the function f on the function space spanned by ortho-normal basis set Ni(x)are given by the integral over the support of f and the basis function.bi = hf;Nii = Z f(x)Ni(x)dx; (6)The problem with the combination of this approach and procedural shaders is that the shader has noknowledge about the particular basis functions used by the renderer. Therefore, it cannot compute appropriatevalues, e.g. mean re
ectance over a surface patch for a piecewise constant basis function. Generally, a shadershould not have this knowledge, because it is supposed to be a generic description of the BRDF of the surfaceand should not depend on the chosen set of basis functions. Another problem is that a procedural shadercomputes values only at a single point while a �nite 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 de�ned by therenderer, because of the di�culty to write such general shaders and the problem to specify the basis functionsand their domain to the shader. A more general solution is to stay with the concept of procedural shaderswhich compute values only at a single point, and to use numerical methods in the renderer to derive thecoe�cients bi of the basis functions.Assigning the task to compute the coe�cients 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 numericalintegration techniques. However, this technique has the disadvantage that the renderer has no knowledge aboutthe function being integrated. This makes it di�cult to decide about a set of suitable sample points for thenumerical integration. An inappropriate choice of these samples can result in aliasing artifacts if the samplingis too coarse or in poor performance if it is too �ne.5.3.1. Bounding the ShaderThis problem can be solved by an extension to the current de�nition 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 adjustthe sampling for the numerical integration.Although, it might be di�cult for a shader to provide this information, we see this method as a clean andgeneral way to allow the use of procedural shaders with �nite element techniques. An alternative would be tospecify a suggested sampling rate for the shader near the point for which the shader has been called. However,the presented approach is much more 
exible and general.A RenderMan surface shader already receives information about the region of the surface being sampledthrough the global state variables Du and Dv. Together with the parameters of the sample point (u; v) theyspecify an axis-aligned box in the parameter space of the surface that is being sampled. This information iscurrently 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 speci�es a bound on the value of the shader over the sample domain. The shader suppliesthe partial derivative of the shader value and a tolerance around this approximation bounding the value of theshader. For surface shaders the variables DCiDu/TCiDu and DCiDv/TCiDv specify this bound for the value ofre
ected radiance Ci in the u and v direction of the surface, and DCiDw/TCiDw speci�es this bound for changesover the outgoing solid angle, speci�ed 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 thebounds over the indicated area of the surface would set the tolerance to a large value. It thereby indicates tothe renderer that this surface needs �ne sampling to determine an accurate approximation of the shader. Thisbehavior is also default for any older shaders that are not writing to these new variables at all.5.3.2. IrradianceMany of the �nite element algorithms used in global illumination today compute outgoing values (radiosity18or radiance20; 11; 21). However, these values cannot be used with a procedural surface shader, which requiresinformation about the incoming illumination. Because these �nite element algorithms have generally lost allinformation about the directional distribution of the incident illumination, they cannot make incident radiancevalues available to the shader.Furthermore, the values computed by these algorithms are generally approximations over larger surfacepatches. This is accurate enough for computing the global illumination in the scene, but unacceptable for thegeneration of the �nal 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 modi�cation to the de�nition of surface shaders and thevalues returned by the �nite element algorithms.In addition to the radiance values which are received by the shader through the illuminance() construct,the renderer makes an irradiance value E [Wm�2] available to the shader. The irradiance E(x; ~!) may alsodepend on the outgoing direction ~! to allow for algorithms which compute directional dependent outgoingvalues20. Thus, the de�nition of E as supplied by the renderer is \the irradiance at x resulting in the properoutgoing radiance in direction ! under di�use re
ection".For instance, this irradiance value can easily be obtained for standard radiosity by dividing by the re
ectancecoe�cient of the surface which has been used to derive this value. The shader can then derive the radiancere
ected into the outgoing direction due to this irradiance term and can take into account more detailedinformation (e.g. textures).In essence, our model of the interaction of light with surfaces as used in the RenderMan surface shaderscomputes the re
ected radiance according to the formula (see Figure 3)Lr(x; ~!) = fir(x; ~!)E(x; ~!) + Z
 fr(~!0;x; ~!)L̂i(x; ~!0) cos!0 ~d!0: (7)Where Lr is the re
ected radiance, fir describes the re
ectance of the surface in respect to the irradiance termand the outgoing direction ~!i in units of [sr�1], and E(x; ~!) is the \directional" irradiance at x. L̂i(x; ~!0) isthe incident radiance without the illumination already accounted for by E(x; ~!).



Figure 3: Bounding the value of a shader near the evaluation point by specifying the partial derivatives anda tolerance value.If, for example, traditional radiosity is used for the illumination calculation, L̂i(x; ~!0) is zero andE(x; ~!) doesnot depend on ~!. E would depend on ~! when outgoing radiance is computed by a �nite element algorithm11.The irradiance E is made available to the surface shader through the new functioncolor irradiance(point x, point omega);This function should be used instead of the current ambient() function, which does not allow for a directionaldependence 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 ShadersIn a classical rendering system there are three di�erent classes of light sources: The ambient light source whichdescribes the amount of overall illumination in the scene, local light sources which have a speci�c location inthe scene (point and area light sources) and directional light sources which have no position and send lightonly in certain directions (e.g. parallel light from the sun). Each of these light source types can be describedin the shading language.The task of light source shaders is to describe the incident radiance distribution at a receiving point. Theclass of the light source shader is determined by its usage of the illuminate() construct to de�ne a local lightsource, of the solar() construct to de�ne 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 termis calculated as part of the global illumination process. In addition area light sources are often used to providea more realistic simulation of real extended light sources. For our purposes area light sources can be handledsimilar to point light sources.The illuminate and the solar construct in light source shaders are very similar to the illuminanceconstruct of surface shaders. They also specify a cone of directions, into which light is emitted by the lightsource. 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 tothose for surface shaders. The same solution techniques can be used by extending these language constructsand providing the ability to specify an importance distribution for emission by a set of cones and the associatedpower cosine distribution from Equations (5) and (4). This distribution can then be used to determine thedirection 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 outgoingdirection through additional global state variables, similar to surface shaders.6. The Imaging PipelineThe current de�nition of the imaging pipeline of RenderMan must also be modi�ed in order to performpost-processing on the image in physically well-de�ned units. These extensions are necessary to support thecurrent state-of-the-art in physically-based image synthesis. This includes tone-mapping operators5; 22 andimage �ltering to reduce artifacts of the particular global illumination algorithm6.In the current de�nition of the RenderMan interface the imaging pipeline (see Figure 1) can only executea set of standard �lter algorithms. Also, image shaders currently operate on the already �ltered and gammacorrected pixel values and image shaders operate on the value of a single pixel at a time. These features aretoo restrictive for an implementation of the mentioned algorithms.6.1. FilteringFiltering is a major step for calculating the �nal value of the pixels, especially in the case of Monte-Carlosampling. A good interface for global illumination algorithms should therefore support the 
exible speci�cationof such �lters.This �ltering process is usually a multi stage process: First, the energy distribution may be enhanced byreducing sampling artifacts through an adaptive �ltering strategy6. While this �rst step is most useful forMonte-Carlo style algorithms, a tone reproduction step which converts the radiance values into pixel valuesfor display is unavoidable. For rendering scenes with physically-based light sources descriptions and re
ectionfunctions, the large dynamic range of the input distribution must be matched to the rather small dynamicrange displayable by a CRT or a color printer. There are di�erent approaches to solve this problem. Someinclude simple linear scaling22 , others use more complex non-linear models5.These �lters receive the radiance distribution at the pixels on the image plane as their input and their taskis to convert the radiance values to pixel values suitable for display. By making use of the Shading Languagewe can introduce new �lter shaders in order to 
exibly support image post-processing, such as �ltering andtone-mapping algorithms, in the RenderMan interface.To support multiple layers of �ltering we allow for a stack of �lter shaders to perform the �ltering. Anynumber of �lter shaders can be pushed on a �lter stack. The �lter �rst pushed receives the output of therenderer and its output is the input of the next �lter in the stack. A shader is pushed on the stack throughthe new requestPushFilter "filter_name" ...The output of the last shader should be values in the unit range. It is further processed by the standardRenderMan imaging pipeline (i.e. gamma correction, standard image shaders, and quantization), before it issend to the image �le or device. Care must be taken to match the units of the output of one shader to therequired input of the next shader. To allow for a large 
exibility in this area, no restrictions are imposed bythe interface.6.2. Extensions to the Shading LanguageTo allow for the speci�cation of new �lter functions in the Shading Language, a new RenderMan shader class,�lter shaders, is introduced together with the concept of maps. In contrast to the old image shaders, which arecalled once for each pixel in the image, a �lter shader is called once for the complete image. The image is madeavailable to the shader through a prede�ned map, instead of through global state variables. This is necessarybecause a �lter shader may require access to other pixel values or even the complete image to accomplish itstask (e.g. it must compute the mean radiance in the image for computing an adaptive tone-mapping operator5).The size of the image is passed to the shader in the global state variables xsize and ysize. Access to thesamples of the image is available through a named map, which hold the pixel values and new map accessfunctions.



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 pixelsin the map. Image shaders receive their input in the prede�ned 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 somecomputations in respect to luminance values. In addition to the functions photometric() and radiometric()e�cient transformations are made available through new functions, which integrate over the spectrum andreturn the total luminance or radiance values.float totalluminance(color c);float totalradiance(color c);Other channels which are available to the �lter shader are \Oi", which contains opacity information, and \Z",which stores the depth at a pixel location. Implementation dependent channels might also be made availableto the shader.This concept of �lter shaders allows for a very 
exible handling of image post-processing for global illumi-nation algorithms. It takes advantage of the available Shading Language and extends the usage of shaders forthis task.7. ExamplesIn 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 uponan object-oriented design, which integrates both traditional and most global illumination techniques into acommon rendering architecture12; 23. The Vision system uses RenderMan as its main interface and implementsthe complete standard including an e�cient native shading language compiler24. The problems of supportingprocedural shaders with global illumination techniques in the Vision architecture have motivated the workpresented in this paper.7.1. Monte-Carlo Ray-TracingFigure 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 re
ects the illumination on the mug and the desk. The image hasbeen calculated using standard Monte-Carlo path tracing4.The scene is described by an extended RIB �le with all surface and light source shaders given in the ShadingLanguage using the proposed extensions. The desk lamp consists of a small area light source placed in theback of an opaque rectangular lampshield. The shader for the area light source emits light only on one sideof the surface with a cosine distribution centered around the surface normal. The surface of the metal plateindicates a high importance for illumination from the mirror direction using a small cone with large relativeprobability in addition to a cone indicating low importance for illumination from the entire hemisphere for adi�use re
ection term.7.2. Energy Preserving FiltersWhile Monte-Carlo methods are known to generate statistically correct energy distributions they are alsoknown for being slow. The resulting images often still contain a high level of variance or visible noise. One wayto reduce the remaining noise was proposed in6, where a form of adaptive �ltering of the radiance distributionof the image is suggested. The �lter is designed to reduce the noise by �rst identifying noisy pixels and thenspreading the energy of this pixel to its neighbors.An example of the e�ect of an energy preserving �lter is given in Figure 5. The image on the left is theun-�ltered Monte-Carlo image, while the image on the right uses the energy-preserving �lter from6.



(a) Original image (b) Filtered imageFigure 5: Two images showing the e�ects of applying an energy preserving �lter to the result of a Monte-Carlosolution to global illumination.

(a) Low (b) Medium (c) HighFigure 6: The tone reproduction operator from Tumblin and Rushmeier5 for the same scene with a low,medium, and high illumination.7.3. Tone ReproductionThe simple tone reproduction operator22 is given as a RenderMan �lter shader in Figure 7 to outline the basicstructure of a �lter shader. Figure 6 shows the e�ects of applying the tone mapping operator from Tumblinand Rushmeier5 to three di�erent illuminations of the same scene. The illumination in the images increasesby a factor of two from left to right.8. ConclusionIn 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 inMonte-Carlo as well as in �nite element based global illumination techniques.Furthermore, we have presented extensions, which allow the 
exible speci�cation of image post-processingalgorithms using the available support of the Shading Language. This image post-processing is required forobtaining high quality images from modern global illumination algorithms.



filter ward94(float L_dmax = 100){ float x, y, scale, L_wa;float sum_luminance;color rad;/* Compute the average luminance */for(x = 0; x < xsize; x += 1)for(y = 0; y < ysize; y += 1) {rad = image("Cs", x, y);sum_luminance += totalluminance(rad);}L_wa = sum_luminance / (xsize * ysize);
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