
Implementing RenderMan -Practice, Problems and EnhancementsPhilipp Slusallek, Thomas P
aum, Hans-Peter SeidelComputer Graphics Group, University of ErlangenAm Weichselgarten 9, D-91058 Erlangen, Germanyemail: fslusallek,tspflaum,seidelg@informatik.uni-erlangen.deAbstractThe RenderMan interface has been proposed as a general interface to rendering systems, yetonly a few implementations of the interface exist. In this paper we describe the implementationof the RenderMan interface on a general rendering architecture that supports various renderingalgorithms. Speci�cally we discuss the implementation of the RenderMan Shading Language andits integration into our rendering architecture. Special attention is focused on the problems thatwe have encountered and how they can be solved. Additionally, we suggest extensions and en-hancements to the current interface de�nition, which would make RenderMan easier to implementand more 
exible to use.1 IntroductionThe RenderMan Interface [Pix89, Ups90] was designed by Pixar as a standard interface betweenmodeling and rendering systems. The idea was to create a high level description for rendering jobsand thus separate the modeling and the rendering programs that were (and often still are) tightlyintegrated.Although the RenderMan interface was designed as an open speci�cation that could be supportedby most rendering systems, there are only a few commercial rendering systems available that actuallysupport the RenderMan interface. The best known implementations of the interface certainly are\Photorealistic RenderMan" and \Quick-RenderMan" from Pixar itself. None of the large animationsystems like Alias, Softimage or Wavefront support the interface for their renderer. If they supportprogrammable shading at all, they have chosen a proprietary interface (like OpenRenderer for Alias).In this paper we describe a new implementation of the complete RenderMan interface on top of anobject-oriented rendering system that supports various rendering and lighting algorithms, includingglobal illumination. The implementation includes the RenderMan API (RM-API), the RenderManInterface Bytestream (RIB) protocol and the RenderMan Shading Language (SL). Besides describingthe implementation of the RM-API and the RIB protocol, we focus on the shading language, becauseit is the most advanced and critical part of the RenderMan interface. The SL code is executed inthe heart of the rendering program (probably millions of times) and must therefore be as e�cient aspossible. This is why we decided to compile the SL code to object code that is linked with the renderer,instead of using interpreted code.We �nally analyze the problems that we encountered in implementing the RenderMan interfaceand describe solutions. We also recommend extensions and enhancements to the RenderMan interfaceand the shading language in particular, that would make them easier to implement and more 
exibleto use.



1.1 The RenderMan InterfaceThe RenderMan Interface consists of three distinct components: The RenderMan Application Pro-gramming Interface (RM-API), the RenderMan Interface Bytestream (RIB) protocol and the ShadingLanguage (SL) [Pix89, Ups90, HL90].The RenderMan API is a collection of C functions that are used by an application to transfergeometry and rendering attributes to the renderer and to control the rendering process. These functionsmust be linked with an application and can either directly drive a speci�c renderer or can generate adescription of the render job in a so called RIB �le.The RenderMan Interface Bytestream (RIB) protocol can basically be viewed as a binary or ASCIIencoding of a sequence of RM-API calls. Most functions of the RenderMan API have a simple trans-lation into a RIB command. A renderer can later be used to read and execute the commands in a RIB�le. Thus modeling and rendering can be separated into independent programs.The last part of the RenderMan interface is the RenderMan Shading Language (SL). It is a highlevel language designed to specify the interaction of light with various parts of a scene. It supportshigh level language constructs to manipulate points and colour and supports writing various types ofshaders.These shaders specify di�erent aspects of the shading process. Light source shaders describe thedistribution of light from a light source, the surface shaders calculate the interaction of light witha surface, while volume shaders specify the interaction with participating media. Additional shadertypes are provided to describe the imaging process, i.e. the mapping from calculated 
oating pointlight intensities to pixel values and to manipulate geometry through transformation and displacementshaders.There are several technical reasons why the RenderMan interface has found little support in theindustry (and certainly many political and marketing reasons too, which we will not discuss here).One shortcoming of the RenderMan interface is the incompleteness of the speci�cation and its strongfoundation on the REYES rendering architecture [CCC87]. Especially the last point makes an imple-mentation on other rendering architectures di�cult.While designing our rendering system, we faced the problem of how to interface it to modelingsystems. After analyzing the advantages and disadvantages of various interfaces, including the Ren-derMan interface, we decided to use RenderMan as a starting point. It was the only interface that dida reasonably good job in describing a rendering task and is still 
exible and powerful enough to beextended for special purposes.1.2 Organization of the PaperThe following sections will discuss the implementation of the three parts of the RenderMan interface.The RM-API and its mapping onto our rendering architecture [SS94] is described in Section 2. TheRIB protocol is implemented by directly mapping RIB commands to their equivalent RM-API calls.Details are given in Section 3.The heart of our implementation is the Shading Language Compiler. Section 4 gives details on theimplementation and its integration into our rendering architecture. It describes the shading languagecompiler that is used to compile the shading code to object code using C as an intermediate language.The compiled shaders can then be dynamically linked into the renderer at runtime. We also describethe optimizations that are possible in the interface between the renderer and the compiled shader code.In Section 5 we discuss some shortcomings of the RenderMan interface de�nition and the problemswe encountered by implementing it on a rendering architecture very di�erent to the REYES architecture[CCC87]. We indicate possible solutions and directions how the RenderMan interface de�nition couldbe changed to ease supporting it on di�erent rendering architectures.Finally, we conclude with a discussion of the bene�ts and problems of using a standard interfaceto a rendering system.



2 The RenderMan API2.1 OverviewThe RenderMan-API (RM-API) is the procedural interface to RenderMan. The API allows programsto directly control a RenderMan renderer and to use RenderMan as a high-level, high-quality visualiza-tion tool. The possibilities of using the RenderMan interface as a programming tool is demonstratedby the \3D Graphics Kit" and Quick-RenderMan in the NextStep environment [Nex92]. Here, theRM-API is encapsulated into an object-oriented class hierarchy and is the standard for 3D graphicsoutput.The interface functions of the RenderMan API can be grouped into �ve categories:� The graphics state functions manage the state of the interface. Functions for saving and restoringthe current state on stacks allow a hierarchical scene description to be built.� The functions from the options category mainly deal with specifying the viewing, imaging andgeneral rendering parameters.� The attribute functions specify shading, illumination and geometric transformations.� The geometric primitive functions are used to de�ne surface information ranging from polygonsto procedurally de�ned surfaces.2.2 Implementing the RenderMan APIOur interface to the RenderMan-API is mainly implemented using three stacks, one each for theoptions, the attributes and the geometric transformations. They are manipulated by the functionsfrom the corresponding categories. Most other functions can be directly mapped to the creation ormanipulation of equivalent objects in the rendering system. A more detailed description of the mappingbetween the functions of the RM-API and our renderer is given in the following subsections.2.2.1 The Graphics StateThe state of the RM-API is controlled through pairs of functions Ri*Begin()/Ri*End(), which startand end a new state. Whenever a new state is started, the previous state is suspended and restoredupon the end of the new state. Thus a hierarchical structure can be imposed on the scene description.The initial state is opened through RiBegin(), which initializes the RM-API as well as the renderingsystem, if that has not yet been done. The function RiFrameBegin() opens a new state for a singleframe. Upon RiFrameEnd() all attributes, options, and primitives de�ned within this state could beremoved. Static objects in an animation can be created by placing them outside of a RiFrame block,in contrast to objects changing from frame to frame. In our system each of these calls is mapped tothe creation of a subgraph in the hierarchical scene database. All objects created within the new statewill be added to this subgraph, which could be removed after rendering the frame.The function RiWorldBegin() freezes all options and creates a virtual camera, a renderer, a lighting,an image shader, and an image frame object for the resulting picture, with the appropriate parametersgiven by the current options. They are added to the current scene subgraph and a view object is created.The active view objects control all information about how a certain image should be rendered. Oneview object is created for each new RenderMan frame.Calls to RiAttributeBegin/End() or RiTransformBegin/End() manipulate the correspondingstack of current attributes or the current transformation from modelling to world coordinates. Thesestacks are used whenever primitives are to be created, and determine how these primitives will begrouped.All created primitives are collected until the currently active attribute or transformation state isto be changed. Then these primitives, which are known to share common attributes, are put into a



special container object, that describes these attributes. Thus, the geometric objects do not need toknow about their attributes individually, but rather this information is contained within the scenegraph. The design to separately store geometry and other information allows for 
exible extensions ofthe rendering system.2.2.2 OptionsOptions, as de�ned by the RenderMan interface de�nition, include a complete description of the virtualcamera, and the imaging (or display) process, i.e. mapping calculated 
oating point light intensitiesto pixel values. The camera description includes aspect ratio, resolution, clipping planes, depth of�eld, and shutter opening times. The imaging options include parameters for �ltering of pixel samples,exposure control, colour and depth quantization, and output speci�cations for the resulting image.All these options are supported by the interface and map directly to corresponding objects in oursystem and their parameters. Many of the options can be supported by all rendering algorithms, butsome of the options (like depth of �eld or motion blur) are ignored by certain renderers.Options speci�c to our renderer can be accessed through the generic RiOption() function. Theyinclude the speci�cation of the lighting method (e.g. direct lighting with shadows calculated using raytracing, or lighting using radiosity or Monte Carlo integration), and of the rendering colour space.2.2.3 AttributesAttributes in the RenderMan interface are shading and geometry attributes. The shading attributesspecify the current colour and opacity, the current surface and volume shader, shading quality, lightsources, and texture coordinates. Geometry attributes include the current transformation, orientationand sidedness of surfaces, basis matrices and trimming curves for spline surfaces, a clipping box, thecurrent displacement and transformation shaders and parameters for the geometric approximation ofcurved primitives.Our renderer handles shading attributes in the RenderMan interface by carrying them along onthe attribute stack until geometric primitives are being added to the scene graph. Then the shadingattributes are used to instantiate an object of the RenderManShader class, our internal equivalent toa RenderMan surface shader, passing the attributes that relate to surface shading. The RenderMan-Shader class is the interface between our rendering engine and the RenderMan surface shader codeand are described in Section 4. The volume shader attributes (exterior and interior shader) are alsopassed to the RenderManShader object, which later uses it to inform the renderer about the volumeshaders on each side of a surface.The call RiShadingRate() needs special attention within our RenderMan interface. This callchanges the way a surface is shaded, by adjusting the maximum screen size which may be covered bya single shading evaluation. Although the call applies directly to the render, it is implemented by theRenderManShader class. During rendering it supplies information to the renderer about the desiredsampling frequency for this surface.Area light sources are added to the scene graph like normal geometric primitives, with additionalinformation that identi�es them as light emitting surfaces. Again this information is not directlyattached to the primitive, but rather applied indirectly by its position in the scene graph. Specialinterior nodes in the graph allow the emission properties for their subgraphs to be speci�ed.At rendering setup time, the Lighting object searches the database for light emitting surfaces andprepares the lighting calculations.The function RiIlluminate() is used to switch light sources on and o�. It is implemented byadding special interior nodes to the scene graph, which - during traversal for rendering - change thestate of light sources.The current transformation is maintained on the stack and used when adding geometric objectsas described above. In our system, geometric primitives exclusively operate in their own coordinate



system and are positioned through special transformation objects in the scene graph. The same appliesto their texture coordinates.The RenderMan interface allows texture coordinates to be speci�ed at each vertex of a surface orthrough the current attribute state. If an object does not have texture coordinates speci�ed for itsvertices, the current texture coordinates on the attribute stack are used.The renderers in our system currently do not implement deformation shaders, but support isincluded in the scene database, should a new renderer support them. A special container objectis inserted, encapsulating any geometry to which a deformation shader applies. At a later stage,deformation shaders could be implemented by querying the geometry objects for a �nely subdividedmesh and applying the deformation to it. Displacement shaders are implemented, but they currentlyonly a�ect the surface normal. Supporting true surface displacement would, for most renderers, needa similar technique as for deformation shaders.All other geometric attributes are only maintained on the attribute stack and used when creatinggeometric objects. Since they are used at creation time no support is needed for them during traversalof the scene graph.2.2.4 Geometric PrimitivesThe RenderMan interface de�nition de�nes the following geometric primitives: planar convex poly-gons (RiPolygon()), planer concave polygons possibly with holes (RiGeneralPolygon()) and thesame for multiple polygons that share common vertices (RiPointsPolygons(), RiPointsGeneral-Polygons()). It supports bilinear and bicubic patches (possibly rational) with arbitrary basis matri-ces, meshes of these patches, and NURBS with trimming curves. Additionally support is included forquadrics (sphere, cone, cylinder, single sheet hyperboloid, paraboloid, disk and torus).All geometric primitives are supported by equivalent objects in our rendering system. Additionallywe have added, through use of the generic RiGeometry() function, simple triangles and quadrilaterals,planar and arbitrary triangular meshes.RenderMan supports solid modeling with the two calls RiSolidBegin(operation) and RiSolid-End(), where operation can be \primitive", \union", \di�erence" or \intersection". These callsmay be nested and generate appropriate primitive objects. Currently evaluation of solids in ourimplementation is only supported through ray tracing renderers.The use of retained geometry is very restricted in the RenderMan interface de�nition. TheRiObjectBegin() and RiObjectEnd() calls only allow objects of a single type to occur within thisblock. The enclosed objects are retained and may later be placed into the scene graph through the useof RiObjectInstance(). Because our rendering system was designed with the experience that multipleinstantiations of scene subgraphs can dramatically reduce the amount of storage for nontrivial scenesand, if well implemented, can also reduce rendering time, it fully supports retained geometry and norestrictions apply. For compatibility reasons the unrestricted use of retained geometry is controlledthrough an implementation speci�c option.2.2.5 Creation Versus Traversal Time SupportOptions and attributes can either be completely bound to the database at scene creation time or mightneed some support during scene traversal. Because support during scene traversal can be expensivein terms of rendering time, our interface design tries to minimize this traversal time overhead byapplying most attributes to database objects at scene creation time. Table 1 gives an overview aboutthose RenderMan attributes that need traversal time support.Evaluation of attributes that need traversal time support is generally delayed until after traversalof the scene graph. During traversal, nodes of the scene graph that would change the state, registerthemselves with the traversal object. The current status of the traversal object is recored in a pathobject. It can then be queried for a certain attribute value, which is obtained by asking the registered



Transformations Since our rendering architecture allows multiple instantiations of a scene sub-graphs in the database, the traversal time support for transformations is re-quired anyway. This also allows for a simpler implementation of operations ongeometric objects in their intrinsic coordinate system.Texture coordinates The transformation of texture coordinates could be directly applied at thecreation time of geometric primitives, but our architecture already allows theremapping of shaders for instantiations of a subgraph. Thus it makes senseto also allow the remapping or transformation of texture coordinates. In ourrendering system we make heavy use of lazy evaluation strategies, so that thetexture transformation overhead is only required when the texture coordinatesare requested by a shader.State of light sources RenderMan allows to switch light sources on and o� for scene subgraphs. Thustraversal time support is unavoidable.Surface shader Unavoidable, if we want to allow for remapping of shaders for scene subgraphs,instead of binding the shader directly to a surface.Surface orientation The current surface orientation could be implemented for RenderMan at prim-itive creation time with a 
ag for each geometric primitive. But to allow formultiple instantiations of a scene subgraph with di�erent orientations, we de-cided to bind this attribute at traversal time. In contrast to RenderMan oursystem defaults to a right handed coordinate system.Table 1: Features in the API that need traversal time supportinternal nodes for its value. Using this technique, the overhead for traversal time support of attributescan be minimized.3 The RIB protocol3.1 OverviewUsing the RenderMan-API still couples the modeling and rendering programs very tightly. Althoughthe modeling program can now use a well de�ned interface to the renderer, it must still be linked toit. The RenderMan Interface Bytestream protocol (RIB) allows a separation of these two tasks withthe exchange of rendering data through an external representation. With RIB, rendering jobs can bearchived in �les (e.g. for later batch rendering) or the RIB stream can be sent across a network forsimple distributed processing.The RIB protocol comes in two 
avors: a binary and an ASCII encoding. With a few exceptions allRM-API functions can also be used in the RIB stream. The general format of a RIB stream consistsof a sequence of RenderMan requests with arguments, much like a shell command language. Becausemany arguments are often optional, the use of \token - value" pairs is used in these cases. The tokenidenti�es the type and semantics of the following value. The same technique is also used in the RM-APItogether with variable length argument lists.3.2 Implementing the RIB ProtocolBecause the mapping of the the RIB protocol to the RenderMan API is straightforward, we decidedto implement the RIB parser on top of the RM-API. The RIB stream is parsed by collecting a RIBrequest with all its arguments and calling an interface function for that request. The interface functionchecks the arguments and eventually calls the corresponding RM-API function. Testing the arguments



of the RIB request is straightforward but tedious to implement and is supported by the extensive useof macros in the implementation.The RM-API can be used in immediate or in retained mode. Retained mode is used together withRIB �les, so that request are not immediately executed, but are rather added to the scene graph. Thisallows the RIB scene to be edited before it is rendered, or use of the system as a RIB editor (althoughthe resulting RIB �le will have a di�erent structure than the input �le, because of the rearrangementsin the system).4 The Shading Language CompilerIn comparison to the RM-API and the RIB protocol parser, the SL compiler is more di�cult to �tinto a rendering system. Because the SL operates in the heart of the renderer, a well designed andoptimized interface is required. The interface between the renderer and the SL must introduce littleoverhead, so that a RenderMan shader can operate with the same performance as a build-in shader.Additionally, the renderer and the interface must support special features of the SL, like calculatingderivatives of arbitrary expressions.We will �rst give a short overview of the SL before we describe the SL compiler and the interfaceto the renderer.4.1 The RenderMan Shading LanguageThe RenderMan interface de�nition as described so far allows for a 
exible description of a renderingjob. This part of the interface was not too di�cult to design, because there is a common understandingof how surface geometry, projections and general surface attributes can be described. But for thedescription of light sources or volume and surface shading no such common understanding exists. Thereare many di�erent shading algorithms ranging from simple heuristic models to elaborate, physicallybased shading models.Because the shading of surfaces and volumes, the description of light sources, and the imagingprocess need a very 
exible interface, the designers of the RenderMan interface added a programmableinterface { the RenderMan Shading Language (SL) [Pix89, Ups90, HL90]. The SL allows the proceduralspeci�cation of the local interaction of light with matter (surface and volume shaders) and light sourcedistribution functions (light shaders). Support is also included for general, procedural transformation ofgeometry (transformation shader), small surface changes (displacement shaders) and imaging functions(image shader). A good overview of the SL and its design is given in [HL90].The SL is modeled after the C language, but has some high level constructs for dealing with colourand points and special control structures for lighting calculations. The SL supports writing proceduralshaders through special shader functions. These functions are very much like classes in an object-oriented language: They have parameters that act like instance variables and the same shaders can beinstantiated with di�erent parameters for each surface. On the other hand, they o�er only one singleexternal method - the shading function. This function is called by the renderer whenever it needs todetermine, e.g., the colour of a surface, or the intensity of a light source in a certain direction. Theinformation about the environment in which the evaluation takes place (coordinates of a surface point,normal vector, texture coordinates and so on) is passed to the shader in external state variables.The arguments passed to a shader can either be speci�ed when the shader is instantiated, or theycan be supplied by attributes of the surface that is to be shaded. The RenderMan interface allowsarbitrary data to be speci�ed for surface vertices, which is interpolated across the surface and can thenbe used by a shader.The shading language speci�es a set of special purpose functions, which o�er support for manycommon shader tasks. These functions include the calculation of derivatives and normals, re
ectionand refraction directions, the phong shading model, the noise function, and allow spline interpolation



of points and colours. They also support access to texture maps with optional �ltering. The SL allowsspeci�cation of points and colours in any user de�ned coordinate system or colour space.In the following section we describe the implementation of the shading language and the integrationof RenderMan shaders into our rendering system.4.2 The Shading Language CompilerThe SL code is executed in the heart of the rendering program (probably millions of times) and musttherefore be as e�cient as possible. This is why we decided to compile the SL code to object codeusing C as an intermediate language. For each shader the compiler generates three C functions: thecore shader code, an instantiation and a destructor function. The generated C code is passed to a Ccompiler for generating dynamically loadable PIC (Position Independent Code). At runtime the shaderobject code can be dynamically linked directly with the renderer, instead of using interpreted code.Using this approach, the compiled shader code is platform speci�c and does not allow precompiledshaders to be shared between platforms. As a result, and unlike Pixar's implementation, shaders mustbe distributed in source code to be useful.4.2.1 Special Compiler FeaturesAlthough the SL and C are very similar languages, there are enough syntactic di�erences and otherreasons which prohibit a simple translation of the shader code to C. Instead a complete syntactic andsemantic analysis is required. We give a short overview of these features and how they a�ect theshading language compiler.The state of the renderer is passed to the shader in external variables, but depending on the shader,only certain variables are accessible and others may be read-only. Also, certain language constructs(illuminate, solar and illuminance) may only be used in certain shaders, and within these constructs,additional external variables are accessible.The SL distinguishes between varying and uniform variables. Uniform variables do not vary acrossa surface, while varying parameters must be interpolated by the renderer. The compiler can optimizea shader by identifying expressions that only contain uniform or constant terms. These expressionscan then be moved out of the core shader code and need only be evaluated once when the shader isinstantiated.The SL supports overloaded functions that perform di�erent operations depending either on thenumber or types of parameters, or even on the return type (e.g. noise() and texture()). To imple-ment this, the compiler must have detailed knowledge about the surrounding expression of the functioncall.Special code needs to be generated for special language constructs. This includes the derivative (seeSection 5.1) and the solar, illuminate and illuminance constructs. The latter three language featuresare similar to loops that execute the following statement or block multiple times, depending on therendering environment.In the following subsections we describe the various stages [HL90] of a RenderMan shader in ourrendering system.4.2.2 CompilationThe SL compiler starts by piping the shader source code through the standard C preprocessor, whichis responsible for �le inclusion, conditional compilation and macro expansion. Then the compilerperforms lexical analysis and parsing to generate a parse tree of the shaders. It also maintains anextensive symbol table, including a list of shaders and functions, and a list of colour spaces andcoordinate systems used by the shaders.For each variable the symbol table contains the name, type, class (uniform or varying) of thevariable, the point of de�nition (external or local variable, or formal parameter), and a parse tree,



which contains the initialization code for that variable. The list of shaders, colour spaces and coordinatesystems is used in the interface to the renderer (see below).The next step is code optimization: We only perform optimizations that are speci�c to shader codeand which cannot be detected by a back-end C compiler, due to missing informations. Remaining (andplatform dependent) optimizations can then be performed by the back-end C compiler.The main optimization performed by the SL compiler is moving uniform expressions out of theshader's body. There are more options to perform optimizations, but these are sometimes di�cultto detect. As an example a varying formal parameter of a shader normally receives its actual valuefrom attribute values that were interpolated across a surface. If, for a given surface that attributeis actually uniform, certain subexpressions of a shader could become uniform and in this case couldbe moved out of the core shader code. But in contrast to Pixar's RenderMan implementation, we donot bind a shader to a speci�c surface, but rather to a scene subgraph. This technique requires lessinstantiations of a speci�c shader, but does not allow us to take advantage of this kind of optimization(which would be di�cult to implement anyway, if there is more than one such parameter used in thesame expression).For each shader the compiler generates three C functions: The core shader code, an instantiationand a destructor function. The instantiation function is used to create and bind a shader to a scenesubgraph. It receives the instantiation values for formal parameters (they can later be overwritten fora speci�c call to the shader) and the shader coordinate system. The function creates a shader instancestructure that contains information about the usage of external parameters in the shader, as well asinitialized local variables, including the shader coordinate system.For each shader source �le the compiler also generates a function returning the list of shaders inthis �le and a list of colour spaces and coordinate systems used by the shaders. The colour spacesand coordinate systems need only be initialized once when the shader code is loaded into the renderer,except for the special coordinate systems \shader", \current", and \object".Finally the generated C code is passed to a C compiler for generating dynamically loadable PICcode. This code is then placed in a prede�ned directory, where the renderer can �nd it later.4.2.3 Loading and Instantiating ShadersWhen a rendering job is started, the system searches prede�ned directories for shader code. Eachshader �le found is then dynamically loaded and the containing shaders are registered with the scenedatabase. Then the RIB �le is read or RM-API calls are received. Whenever a set of surfaces sharingcommon shading attributes is to be added to the scene graph, we check to see if we already haveinstantiated a matching shader. If none is found, a new one is created using the current shadingattributes and is added to the list of instantiated shaders. This shader cache severely reduces thenumber of shader instantiations in nontrivial scenes, where the same shader is used for many surfaces.4.2.4 Calling the ShaderThe 
exible architecture of our renderer does not allow us to assume any order for calls to a shader.Thus we must make provisions for a single shader instance to be called for any surface at any timeduring rendering. This again forbids certain optimizations as already mentioned.As a consequence, we have taken care to perform the least amount of work when calling a shader:We use lazy evaluation for all external state variables of the renderer (like normal, tangent, texturecoordinates etc.). Because the shader contains information about which state variables are actuallyused in the shader, often many values do not need to be calculated at all. This is especially useful forvarying surface attributes, which would need to be interpolated across the surface.The next optimization when calling a shader is caching of formal parameters: Each shader remem-bers the last surface it has been called for. If the shader is called for the same surface again onlythe actually varying surface attributes must be changed before calling the shader. If the shader isbeing called for a di�erent surface we must set all varying surface attributes. If for any varying formal



parameter there is no surface attribute, we have to set it back to the value at instantiation time. Eachformal variable has a dirty 
ag indicating whether we actually need to reset this parameter.Using the described strategies, we have implemented a compromise between the 
exible use ofRenderMan shaders by our renderer and keeping the cost of calling a shader at a minimum.5 Enhancing RenderManThe RenderMan interface de�nition is a complex document. During our implementation we haveencountered some problems, ambiguities, and incomplete speci�cations which we want to discuss inthis section. We also suggest enhancements to the Version 3.1 of the RenderMan interface de�nition,that we found or believe to be useful.For instance some unnecessary restrictions are that the SL does not allow recursion or that retainedgeometry can include a single object. These restrictions should therefore be removed.5.1 Handling DerivativesThe de�nition of the shading language includes special functions to obtain derivatives of arbitraryexpressions in a shader. This functionality is a very powerful tool for programing shaders, but thecurrent de�nition of this feature makes a conforming and portable implementation for various renderingalgorithms very di�cult.The functions that compute derivatives can all be implemented using the two basic functionsDu(expr) and Dv(expr). Each function computes the derivative of its argument with respect to theunderlying surface parameters u and v. The problems start with the exact de�nition of these functions.The RenderMan reference [Pix89] is not clear about whether the derivation extends to variables in theexpression, which themselves depend on u or v. It turns out, that the derivation includes theseexpressions [Apo93].The bene�t of having the derivative extend to these variables is that more complicated expressionsare possible. The expressions can now depend on values computed in conditionals or loops. On theother hand, this is a nightmare for the implementation: Not only can the computed values be non-continuous (due to conditionals) and thus the derivative be in�nite, but special attention must be takenif a call to Du() is itself inside a loop or conditional. Because the derivation can include arbitrary code,a symbolic derivation cannot be done and the renderer must therefore resort to numerical methods.This requires multiple evaluations of the expression (including the code that leads to it) nearthe original point on the surface and estimating the true derivative. It could, however, happen thatevaluation of the code at nearby point does not compute values at all (because the call to Du() isinside a conditional), thus making the whole derivative unde�ned.We suggest, that the use of any function that relies on computing derivatives is not allowed insideof loops and conditionals by the SL de�nition. This would remove unde�ned results and allow for aneasier implementation without loosing much functionality. We have not found examples, where thisfunctionality was really needed.In our implementation of the SL each call to Du() or Dv() is translated to a conditional that eithercalls an internal function or computes the value of the expression and returns. The internal functionrecursively calls the shader for nearby points with a parameter set, so that it will now compute thevalue of the expression and return immediately. From these values an estimate of the derivative iscomputed and returned to the shader.If the shader processes large pieces of a surface at once (like the REYES algorithm does) nearbyvalues are normally available at no extra cost. A ray tracing renderer, on the other hand, normallyconsiders surfaces with point sampling and has no knowledge about the surrounding surface. Thus itmust recompute nearby values for each shader call. Using a cache for these values seems like a goodidea, but is di�cult to implement due to the irregular sampling pattern.



5.2 Layered ShadersThe current de�nition of the RenderMan interface does not allow a shader to call another shader. Webelieve that it would add substantial functionality to support multiple, layered shaders for primitives.Currently, a completely new shader must be written, even if only additional detail should be added toa shader. This leads to extensive duplication of code with all associated problems.Layered shaders would, for instance, allow to add dirt and scratches to any surface, just by addinga \dirt" shader on top of another shader. Other examples include adding a label or punching holesin other surfaces with already complicated shaders. Many existent shaders could bene�t from thisfeature.Layered shaders can be implemented in a RenderMan shader through stacks for each shader class.The RM-API could be extended to allow shaders to be added to or removed from the top or bottomof a shader stack. The renderer would then call the shaders in the correct order. The order dependson the type of shader: surface colour is best calculated starting with the topmost shader on a surface,while displacement shaders must be called starting from the bottommost shader to produce meaningfulresults.As an alternative the SL could allow shaders to call other shaders and require the shader program-mer to call the shaders in the correct order.5.3 RenderMan and Global IlluminationThe RenderMan interface was designed with global illumination in mind [Ups90, HL90]. The supporto�ered by the SL is through the illuminance construct for surface shaders. As de�ned, illuminance iscalled with a point and the center axis and spread angle of a cone. The statement or block followingthe illuminance statement is then executed once for each direction inside the cone, from which lightarrives at this point. Inside the illuminance block additional external state variables L and Cl arede�ned, which provide the incoming direction and the amount of light, respectively.This information is not enough for global illumination algorithms, since the illuminance constructactually performs an integration over the incoming light. To properly weight the samples, additionalinformation about the solid angle that is covered by this sample must be provided. To make meaningfulcomputations possible the units of the light values must also be provided: For global illumination lightis generally speci�ed as radiance [W=m2 sr] [CW93]. This information would make it possible to usethe shading language to describe arbitrary bidirectional re
ectance distribution functions (BRDF) ofadvanced re
ectance models for global illumination computations.The image shader could also be used to compute tone reproduction operators [TR93]. The problemhere is that an image shader operates on only one single pixel and has no knowledge about the completeimage, which would be required, to derive the tone reproduction operator.6 DiscussionOur implementation shows, that the RenderMan interface can be implemented on other renderingarchitectures and that it provides a good basis for an interface to a rendering system. Nearly allgeometric data can be described by the standard functions, and generic functions make it possible,to extend the interface for special purposes. Also for the shading attributes and the control of therendering process RenderMan o�ers a 
exible interface with the RM-API and the RIB protocol.The RenderMan shading language is a 
exible tool to describe the interaction of light with itsenvironment and to add geometric features to a scene. Although the SL can be implemented on otherrendering architectures, it was di�cult to provide the required support for many standard renderingalgorithms. Additionally, some awkward details in the language make the implementation unnecessarydi�cult and we have suggested alternatives in these cases.



The object-oriented structure of shaders provides a 
exible framework for programming shaders,but the RenderMan interface does not yet allow the 
exibility to use shaders as building blocks forcreating composite shaders.We have used our implementation with example RIB �les generated by the ALIAS PowerAnimator[Ali93], the Geomview program [Phi93], the Next 3D Graphics Kit [Nex92] and examples collectedfrom the Internet (see Figure 1 and 2). Our experience was, that most examples did not use theavailable functionality of RenderMan to transfer all the available information. The examples normallyincluded little more than the surface geometry with only a few simple shaders applied to them. As aresult, we often had to manually edit the RIB �les to apply interesting shaders to the models.The RenderMan interface in its current state is certainly not the �nal word for a general interface toa rendering system, although we believe it to be currently the most 
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