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Chapter 1IntroductionThis document describes the OpenGL graphics system: what it is, how itacts, and what is required to implement it. We assume that the reader hasat least a rudimentary understanding of computer graphics. This meansfamiliarity with the essentials of computer graphics algorithms as well asfamiliarity with basic graphics hardware and associated terms.1.1 What is the OpenGL Graphics System?OpenGL (for \Open Graphics Library") is a software interface to graphicshardware. The interface consists of a set of several hundred procedures andfunctions that allow a programmer to specify the objects and operationsinvolved in producing high-quality graphical images, speci�cally color imagesof three-dimensional objects.Most of OpenGL requires that the graphics hardware contain a frame-bu�er. Many OpenGL calls pertain to drawing objects such as points, lines,polygons, and bitmaps, but the way that some of this drawing occurs (suchas when antialiasing or texturing is enabled) relies on the existence of aframebu�er. Further, some of OpenGL is speci�cally concerned with frame-bu�er manipulation.1.2 Programmer's View of OpenGLTo the programmer, OpenGL is a set of commands that allow the speci�-cation of geometric objects in two or three dimensions, together with com-mands that control how these objects are rendered into the framebu�er.1
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2 CHAPTER 1. INTRODUCTIONFor the most part, OpenGL provides an immediate-mode interface, mean-ing that specifying an object causes it to be drawn.A typical program that uses OpenGL begins with calls to open a windowinto the framebu�er into which the program will draw. Then, calls are madeto allocate a GL context and associate it with the window. Once a GL con-text is allocated, the programmer is free to issue OpenGL commands. Somecalls are used to draw simple geometric objects (i.e. points, line segments,and polygons), while others a�ect the rendering of these primitives includ-ing how they are lit or colored and how they are mapped from the user'stwo- or three-dimensional model space to the two-dimensional screen. Thereare also calls to e�ect direct control of the framebu�er, such as reading andwriting pixels.1.3 Implementor's View of OpenGLTo the implementor, OpenGL is a set of commands that a�ect the opera-tion of graphics hardware. If the hardware consists only of an addressableframebu�er, then OpenGL must be implemented almost entirely on the hostCPU. More typically, the graphics hardware may comprise varying degreesof graphics acceleration, from a raster subsystem capable of rendering two-dimensional lines and polygons to sophisticated 
oating-point processorscapable of transforming and computing on geometric data. The OpenGLimplementor's task is to provide the CPU software interface while dividingthe work for each OpenGL command between the CPU and the graphicshardware. This division must be tailored to the available graphics hardwareto obtain optimum performance in carrying out OpenGL calls.OpenGL maintains a considerable amount of state information. Thisstate controls how objects are drawn into the framebu�er. Some of thisstate is directly available to the user: he or she can make calls to obtain itsvalue. Some of it, however, is visible only by the e�ect it has on what isdrawn. One of the main goals of this speci�cation is to make OpenGL stateinformation explicit, to elucidate how it changes, and to indicate what itse�ects are.1.4 Our ViewWe view OpenGL as a state machine that controls a set of speci�c draw-ing operations. This model should engender a speci�cation that satis�esthe needs of both programmers and implementors. It does not, however,
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1.4. OUR VIEW 3necessarily provide a model for implementation. An implementation mustproduce results conforming to those produced by the speci�ed methods, butthere may be ways to carry out a particular computation that are moree�cient than the one speci�ed.
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Chapter 2OpenGL Operation2.1 OpenGL FundamentalsOpenGL (henceforth, the \GL") is concerned only with rendering into aframebu�er (and reading values stored in that framebu�er). There is nosupport for other peripherals sometimes associated with graphics hardware,such as mice and keyboards. Programmers must rely on other mechanismsto obtain user input.The GL draws primitives subject to a number of selectable modes. Eachprimitive is a point, line segment, polygon, or pixel rectangle. Each modemay be changed independently; the setting of one does not a�ect the settingsof others (although many modes may interact to determine what eventuallyends up in the framebu�er). Modes are set, primitives speci�ed, and otherGL operations described by sending commands in the form of function orprocedure calls.Primitives are de�ned by a group of one or more vertices. A vertexde�nes a point, an endpoint of an edge, or a corner of a polygon wheretwo edges meet. Data (consisting of positional coordinates, colors, normals,and texture coordinates) are associated with a vertex and each vertex isprocessed independently, in order, and in the same way. The only exceptionto this rule is if the group of vertices must be clipped so that the indicatedprimitive �ts within a speci�ed region; in this case vertex data may bemodi�ed and new vertices created. The type of clipping depends on whichprimitive the group of vertices represents.Commands are always processed in the order in which they are received,although there may be an indeterminate delay before the e�ects of a com-mand are realized. This means, for example, that one primitive must be4
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2.1. OPENGL FUNDAMENTALS 5drawn completely before any subsequent one can a�ect the framebu�er. Italso means that queries and pixel read operations return state consistentwith complete execution of all previously invoked GL commands. In gen-eral, the e�ects of a GL command on either GL modes or the framebu�ermust be complete before any subsequent command can have any such e�ects.In the GL, data binding occurs on call. This means that data passedto a command are interpreted when that command is received. Even if thecommand requires a pointer to data, those data are interpreted when thecall is made, and any subsequent changes to the data have no e�ect on theGL (unless the same pointer is used in a subsequent command).The GL provides direct control over the fundamental operations of 3Dand 2D graphics. This includes speci�cation of such parameters as trans-formation matrices, lighting equation coe�cients, antialiasing methods, andpixel update operators. It does not provide a means for describing or mod-eling complex geometric objects. Another way to describe this situation isto say that the GL provides mechanisms to describe how complex geometricobjects are to be rendered rather than mechanisms to describe the complexobjects themselves.The model for interpretation of GL commands is client-server. That is, aprogram (the client) issues commands, and these commands are interpretedand processed by the GL (the server). The server may or may not operateon the same computer as the client. In this sense, the GL is \network-transparent." A server may maintain a number of GL contexts, each of whichis an encapsulation of current GL state. A client may choose to connect toany one of these contexts. Issuing GL commands when the program is notconnected to a context results in unde�ned behavior.The e�ects of GL commands on the framebu�er are ultimately controlledby the window system that allocates framebu�er resources. It is the windowsystem that determines which portions of the framebu�er the GL may accessat any given time and that communicates to the GL how those portionsare structured. Therefore, there are no GL commands to con�gure theframebu�er or initialize the GL. Similarly, display of framebu�er contentson a CRT monitor (including the transformation of individual framebu�ervalues by such techniques as gamma correction) is not addressed by the GL.Framebu�er con�guration occurs outside of the GL in conjunction with thewindow system; the initialization of a GL context occurs when the windowsystem allocates a window for GL rendering.The GL is designed to be run on a range of graphics platforms with vary-ing graphics capabilities and performance. To accommodate this variety, wespecify ideal behavior instead of actual behavior for certain GL operations.
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6 CHAPTER 2. OPENGL OPERATIONIn cases where deviation from the ideal is allowed, we also specify the rulesthat an implementation must obey if it is to approximate the ideal behaviorusefully. This allowed variation in GL behavior implies that two distinctGL implementations may not agree pixel for pixel when presented with thesame input even when run on identical framebu�er con�gurations.Finally, command names, constants, and types are pre�xed in the GL(by gl, GL , and GL, respectively in C) to reduce name clashes with otherpackages. The pre�xes are omitted in this document for clarity.Floating-Point ComputationThe GL must perform a number of 
oating-point operations during thecourse of its operation. We do not specify how 
oating-point numbers areto be represented or how operations on them are to be performed. We requiresimply that numbers' 
oating-point parts contain enough bits and that theirexponent �elds are large enough so that individual results of 
oating-pointoperations are accurate to about 1 part in 105. The maximum representablemagnitude of a 
oating-point number used to represent positional or normalcoordinates must be at least 232; the maximum representable magnitude forcolors or texture coordinates must be at least 210. The maximum repre-sentable magnitude for all other 
oating-point values must be at least 232.x � 0 = 0 � x = 0 for any non-in�nite and non-NaN x. 1 � x = x � 1 = x.x+0 = 0+x = x. 00 = 1. (Occasionally further requirements will be speci-�ed.) Most single-precision 
oating-point formats meet these requirements.Any representable 
oating-point value is legal as input to a GL commandthat requires 
oating-point data. The result of providing a value that is nota 
oating-point number to such a command is unspeci�ed, but must notlead to GL interruption or termination. In IEEE arithmetic, for example,providing a negative zero or a denormalized number to a GL command yieldspredictable results, while providing a NaN or an in�nity yields unspeci�edresults.Some calculations require division. In such cases (including implied di-visions required by vector normalizations), a division by zero produces anunspeci�ed result but must not lead to GL interruption or termination.2.2 GL StateThe GL maintains considerable state. This document enumerates each statevariable and describes how each variable can be changed. For purposesof discussion, state variables are categorized somewhat arbitrarily by their
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2.3. GL COMMAND SYNTAX 7function. Although we describe the operations that the GL performs on theframebu�er, the framebu�er is not a part of GL state.We distinguish two types of state. The �rst type of state, called GLserver state, resides in the GL server. The majority of GL state falls intothis category. The second type of state, called GL client state, resides in theGL client. Unless otherwise speci�ed, all state referred to in this documentis GL server state; GL client state is speci�cally identi�ed. Each instance ofa GL context implies one complete set of GL server state; each connectionfrom a client to a server implies a set of both GL client state and GL serverstate.While an implementation of the GL may be hardware dependent, thisdiscussion is independent of the speci�c hardware on which a GL is imple-mented. We are therefore concerned with the state of graphics hardwareonly when it corresponds precisely to GL state.2.3 GL Command SyntaxGL commands are functions or procedures. Various groups of commandsperform the same operation but di�er in how arguments are supplied tothem. To conveniently accommodate this variation, we adopt a notation fordescribing commands and their arguments.GL commands are formed from a name followed, depending on the par-ticular command, by up to 4 characters. The �rst character indicates thenumber of values of the indicated type that must be presented to the com-mand. The second character or character pair indicates the speci�c type ofthe arguments: 8-bit integer, 16-bit integer, 32-bit integer, single-precision
oating-point, or double-precision 
oating-point. The �nal character, ifpresent, is v, indicating that the command takes a pointer to an array (avector) of values rather than a series of individual arguments. Two speci�cexamples come from the Vertex command:void Vertex3f( float x, float y, float z ) ;and void Vertex2sv( short v[2] ) ;These examples show the ANSI C declarations for these commands. Ingeneral, a command declaration has the form��The declarations shown in this document apply to ANSI C. Languages such as C++and Ada that allow passing of argument type information admit simpler declarations andfewer entry points.
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8 CHAPTER 2. OPENGL OPERATIONLetter Corresponding GL Typeb bytes shorti intf floatd doubleub ubyteus ushortui uintTable 2.1: Correspondence of command su�x letters to GL argument types.Refer to Table 2.2 for de�nitions of the GL types.rtype Namef�1234gf� b s i f d ub us uigf�vg( [args ,] T arg1 , : : : , T argN [, args] );rtype is the return type of the function. The braces (fg) enclose a seriesof characters (or character pairs) of which one is selected. � indicates nocharacter. The arguments enclosed in brackets ([args ,] and [, args]) mayor may not be present. The N arguments arg1 through argN have type T,which corresponds to one of the type letters or letter pairs as indicated inTable 2.1 (if there are no letters, then the arguments' type is given explic-itly). If the �nal character is not v, then N is given by the digit 1, 2, 3, or4 (if there is no digit, then the number of arguments is �xed). If the �nalcharacter is v, then only arg1 is present and it is an array of N values ofthe indicated type. Finally, we indicate an unsigned type by the shorthandof prepending a u to the beginning of the type name (so that, for instance,unsigned char is abbreviated uchar).For example,void Normal3ffdg( T arg ) ;indicates the two declarationsvoid Normal3f( float arg1, float arg2, float arg3 ) ;void Normal3d( double arg1, double arg2, double arg3 ) ;while void Normal3ffdgv( T arg ) ;means the two declarations
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2.4. BASIC GL OPERATION 9void Normal3fv( float arg[3] ) ;void Normal3dv( double arg[3] ) ;Arguments whose type is �xed (i.e. not indicated by a su�x on thecommand) are of one of 14 types (or pointers to one of these). These typesare summarized in Table 2.2.2.4 Basic GL OperationFigure 2.1 shows a schematic diagram of the GL. Commands enter the GLon the left. Some commands specify geometric objects to be drawn whileothers control how the objects are handled by the various stages. Mostcommands may be accumulated in a display list for processing by the GL ata later time. Otherwise, commands are e�ectively sent through a processingpipeline.The �rst stage provides an e�cient means for approximating curve andsurface geometry by evaluating polynomial functions of input values. Thenext stage operates on geometric primitives described by vertices: points,line segments, and polygons. In this stage vertices are transformed and lit,and primitives are clipped to a viewing volume in preparation for the nextstage, rasterization. The rasterizer produces a series of framebu�er addressesand values using a two-dimensional description of a point, line segment, orpolygon. Each fragment so produced is fed to the next stage that performsoperations on individual fragments before they �nally alter the framebu�er.These operations include conditional updates into the framebu�er basedon incoming and previously stored depth values (to e�ect depth bu�ering),blending of incoming fragment colors with stored colors, as well as maskingand other logical operations on fragment values.Finally, there is a way to bypass the vertex processing portion of thepipeline to send a block of fragments directly to the individual fragmentoperations, eventually causing a block of pixels to be written to the frame-bu�er; values may also be read back from the framebu�er or copied fromone portion of the framebu�er to another. These transfers may include sometype of decoding or encoding.This ordering is meant only as a tool for describing the GL, not as a strictrule of how the GL is implemented, and we present it only as a means toorganize the various operations of the GL. Objects such as curved surfaces,for instance, may be transformed before they are converted to polygons.
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10 CHAPTER 2. OPENGL OPERATIONGL Type Minimum Number of Bits Descriptionboolean 1 Booleanbyte 8 signed 2's complement binaryintegerubyte 8 unsigned binary integershort 16 signed 2's complement binaryintegerushort 16 unsigned binary integerint 32 signed 2's complement binaryintegeruint 32 unsigned binary integersizei 32 Non-negative binary integer sizeenum 32 Enumerated binary integer valuebitfield 32 Bit �eldfloat 32 Floating-point valueclampf 32 Floating-point value clamped to[0; 1]double 64 Floating-point valueclampd 64 Floating-point value clamped to[0; 1]Table 2.2: GL data types. GL types are not C types. Thus, for example,GL type int is referred to as GLint outside this document, and is notnecessarily equivalent to the C type int. An implementation may use morebits than the number indicated in the table to represent a GL type. Correctinterpretation of integer values outside the minimum range is not required,however.
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2.5. GL ERRORS 11
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MemoryFigure 2.1. Block diagram of the GL.2.5 GL ErrorsThe GL detects only a subset of those conditions that could be considerederrors. This is because in many cases error checking would adversely impactthe performance of an error-free program.The commandenum GetError( void ) ;is used to obtain error information. Each detectable error is assigned anumeric code. When an error is detected, a 
ag is set and the code isrecorded. Further errors, if they occur, do not a�ect this recorded code.When GetError is called, the code is returned and the 
ag is cleared,so that a further error will again record its code. If a call to GetErrorreturns NO ERROR, then there has been no detectable error since the last callto GetError (or since the GL was initialized).To allow for distributed implementations, there may be several 
ag-code pairs. In this case, after a call to GetError returns a value otherthan NO ERROR each subsequent call returns the non-zero code of a distinct
ag-code pair (in unspeci�ed order), until all non-NO ERROR codes have beenreturned. When there are no more non-NO ERROR error codes, all 
ags arereset. This scheme requires some positive number of pairs of a 
ag bit andan integer. The initial state of all 
ags is cleared and the initial value of allcodes is NO ERROR.
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12 CHAPTER 2. OPENGL OPERATIONError Description O�ending com-mand ignored?INVALID ENUM enum argument out of range YesINVALID VALUE Numeric argument out ofrange YesINVALID OPERATION Operation illegal in currentstate YesSTACK OVERFLOW Command would cause a stackover
ow YesSTACK UNDERFLOW Command would cause a stackunder
ow YesOUT OF MEMORY Not enough memory left to ex-ecute command UnknownTable 2.3: Summary of GL errorsTable 2.3 summarizes GL errors. Currently, when an error 
ag is set,results of GL operation are unde�ned only if OUT OF MEMORY has occurred.In other cases, the command generating the error is ignored so that it hasno e�ect on GL state or framebu�er contents. If the generating commandreturns a value, it returns zero. If the generating command modi�es valuesthrough a pointer argument, no change is made to these values. These errorsemantics apply only to GL errors, not to system errors such as memoryaccess errors. This behavior is the current behavior; the action of the GL inthe presence of errors is subject to change.Three error generation conditions are implicit in the description of everyGL command. First, if a command that requires an enumerated value ispassed a symbolic constant that is not one of those speci�ed as allowable forthat command, the error INVALID ENUM results. This is the case even if theargument is a pointer to a symbolic constant if that value is not allowablefor the given command. Second, if a negative number is provided where anargument of type sizei is speci�ed, the error INVALID VALUE results. Finally,if memory is exhausted as a side e�ect of the execution of a command, theerror OUT OF MEMORY may be generated. Otherwise errors are generated onlyfor conditions that are explicitly described in this speci�cation.
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2.6. BEGIN/END PARADIGM 132.6 Begin/End ParadigmIn the GL, most geometric objects are drawn by enclosing a series of coordi-nate sets that specify vertices and optionally normals, texture coordinates,and colors between Begin/End pairs. There are ten geometric objects thatare drawn this way: points, line segments, line segment loops, separatedline segments, polygons, triangle strips, triangle fans, separated triangles,quadrilateral strips, and separated quadrilaterals.Each vertex is speci�ed with two, three, or four coordinates. In addition,a current normal, current texture coordinates, and current color may be usedin processing each vertex. Normals are used by the GL in lighting calcu-lations; the current normal is a three-dimensional vector that may be setby sending three coordinates that specify it. Texture coordinates determinehow a texture image is mapped onto a primitive.A color is associated with each vertex as it is speci�ed. This associatedcolor is either the current color or a color produced by lighting depending onwhether or not lighting is enabled. Texture coordinates are similarly asso-ciated with each vertex. Figure 2.2 summarizes the association of auxiliarydata with a transformed vertex to produce a processed vertex.The current values are part of GL state. Vertices and normals are trans-formed, colors may be a�ected or replaced by lighting, and texture coordi-nates are transformed and possibly a�ected by a texture coordinate genera-tion function. The processing indicated for each current value is applied foreach vertex that is sent to the GL.The methods by which vertices, normals, texture coordinates, and colorsare sent to the GL, as well as how normals are transformed and how verticesare mapped to the two-dimensional screen, are discussed later.Before a color has been assigned to a vertex, the state required by a ver-tex is the vertex's coordinates, the current normal, and the current texturecoordinates. Once color has been assigned, however, the current normalis no longer needed. Because color assignment is done vertex-by-vertex, aprocessed vertex comprises the vertex's coordinates, its assigned color, andits texture coordinates.Figure 2.3 shows the sequence of operations that builds a primitive(point, line segment, or polygon) from a sequence of vertices. After a primi-tive is formed, it is clipped to a viewing volume. This may alter the primitiveby altering vertex coordinates, texture coordinates, and color. In the caseof a polygon primitive, clipping may insert new vertices into the primitive.The vertices de�ning a primitive to be rasterized have texture coordinatesand color associated with them.
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2.6. BEGIN/END PARADIGM 152.6.1 Begin and End ObjectsBegin and End require one state variable with eleven values: one value foreach of the ten possible Begin/End objects, and one other value indicatingthat no Begin/End object is being processed. The two relevant commandsare void Begin( enum mode ) ;void End( void ) ;There is no limit on the number of vertices that may be speci�ed betweena Begin and an End.Points. A series of individual points may be speci�ed by calling Beginwith an argument value of POINTS. No special state need be kept betweenBegin and End in this case, since each point is independent of previousand following points.Line Strips. A series of one or more connected line segments is speci�edby enclosing a series of two or more endpoints within a Begin/End pairwhen Begin is called with LINE STRIP. In this case, the �rst vertex speci�esthe �rst segment's start point while the second vertex speci�es the �rstsegment's endpoint and the second segment's start point. In general, theith vertex (for i > 1) speci�es the beginning of the ith segment and the endof the i� 1st. The last vertex speci�es the end of the last segment. If onlyone vertex is speci�ed between the Begin/End pair, then no primitive isgenerated.The required state consists of the processed vertex produced from thelast vertex that was sent (so that a line segment can be generated from itto the current vertex), and a boolean 
ag indicating if the current vertex isthe �rst vertex.Line Loops. Line loops, speci�ed with the LINE LOOP argument value toBegin, are the same as line strips except that a �nal segment is added fromthe �nal speci�ed vertex to the �rst vertex. The additional state consists ofthe processed �rst vertex.Separate Lines. Individual line segments, each speci�ed by a pair ofvertices, are generated by surrounding vertex pairs with Begin and Endwhen the value of the argument to Begin is LINES. In this case, the �rsttwo vertices between a Begin and End pair de�ne the �rst segment, withsubsequent pairs of vertices each de�ning one more segment. If the numberof speci�ed vertices is odd, then the last one is ignored. The state requiredis the same as for lines but it is used di�erently: a vertex holding the �rst
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16 CHAPTER 2. OPENGL OPERATIONvertex of the current segment, and a boolean 
ag indicating whether thecurrent vertex is odd or even (a segment start or end).Polygons. A polygon is described by specifying its boundary as a seriesof line segments. When Begin is called with POLYGON, the bounding linesegments are speci�ed in the same way as line loops. Depending on thecurrent state of the GL, a polygon may be rendered in one of several wayssuch as outlining its border or �lling its interior. A polygon described withfewer than three vertices does not generate a primitive.Only convex polygons are guaranteed to be drawn correctly by the GL.If a speci�ed polygon is nonconvex when projected onto the window, thenthe rendered polygon need only lie within the convex hull of the projectedvertices de�ning its boundary.The state required to support polygons consists of at least two processedvertices (more than two are never required, although an implementation mayuse more); this is because a convex polygon can be rasterized as its verticesarrive, before all of them have been speci�ed. The order of the vertices is sig-ni�cant in lighting and polygon rasterization (see sections 2.13.1 and 3.5.1).Triangle strips. A triangle strip is a series of triangles connected alongshared edges. A triangle strip is speci�ed by giving a series of de�ning ver-tices between a Begin/End pair when Begin is called with TRIANGLE STRIP.In this case, the �rst three vertices de�ne the �rst triangle (and their order issigni�cant, just as for polygons). Each subsequent vertex de�nes a new tri-angle using that point along with two vertices from the previous triangle. ABegin/End pair enclosing fewer than three vertices, when TRIANGLE STRIPhas been supplied to Begin, produces no primitive. See Figure 2.4.The state required to support triangle strips consists of a 
ag indicatingif the �rst triangle has been completed, two stored processed vertices, (calledvertex A and vertex B), and a one bit pointer indicating which stored vertexwill be replaced with the next vertex. After a Begin(TRIANGLE STRIP),the pointer is initialized to point to vertex A. Each vertex sent between aBegin/End pair toggles the pointer. Therefore, the �rst vertex is stored asvertex A, the second stored as vertex B, the third stored as vertex A, andso on. Any vertex after the second one sent forms a triangle from vertex A,vertex B, and the current vertex (in that order).Triangle fans. A triangle fan is the same as a triangle strip with oneexception: each vertex after the �rst always replaces vertex B of the twostored vertices. The vertices of a triangle fan are enclosed between Beginand End when the value of the argument to Begin is TRIANGLE FAN.Separate Triangles. Separate triangles are speci�ed by placing ver-tices between Begin and End when the value of the argument to Begin
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6Figure 2.4. (a) A triangle strip. (b) A triangle fan. (c) Independent triangles.The numbers give the sequencing of the vertices between Begin and End.Note that in (a) and (b) triangle edge ordering is determined by the �rsttriangle, while in (c) the order of each triangle's edges is independent of theother triangles.is TRIANGLES. In this case, The 3i+ 1st, 3i + 2nd, and 3i+ 3rd vertices (inthat order) determine a triangle for each i = 0; 1; : : : ; n� 1, where there are3n+k vertices between the Begin and End. k is either 0, 1, or 2; if k is notzero, the �nal k vertices are ignored. For each triangle, vertex A is vertex3i and vertex B is vertex 3i+ 1. Otherwise, separate triangles are the sameas a triangle strip.The rules given for polygons also apply to each triangle generated froma triangle strip, triangle fan or from separate triangles.Quadrilateral (quad) strips. Quad strips generate a series of edge-sharing quadrilaterals from vertices appearing between Begin and End,when Begin is called with QUAD STRIP. If the m vertices between the Beginand End are v1; : : : ; vm, where vj is the jth speci�ed vertex, then quad i hasvertices (in order) v2i, v2i+1, v2i+3, and v2i+2 with i = 0; : : : ; bm=2c. Thestate required is thus three processed vertices, to store the last two verticesof the previous quad along with the third vertex (the �rst new vertex) ofthe current quad, a 
ag to indicate when the �rst quad has been completed,and a one-bit counter to count members of a vertex pair. See Figure 2.5.A quad strip with fewer than four vertices generates no primitive. Ifthe number of vertices speci�ed for a quadrilateral strip between Begin andEnd is odd, the �nal vertex is ignored.Separate Quadrilaterals Separate quads are just like quad strips ex-cept that each group of four vertices, the 4j+1st, the 4j+2nd, the 4j+3rd,
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(a) (b)Figure 2.5. (a) A quad strip. (b) Independent quads. The numbers give thesequencing of the vertices between Begin and End.and the 4j + 4th, generate a single quad, for j = 0; 1; : : : ; n � 1. The totalnumber of vertices between Begin and End is 4n+ k, where 0 � k � 3; ifk is not zero, the �nal k vertices are ignored. Separate quads are generatedby calling Begin with the argument value QUADS.The rules given for polygons also apply to each quad generated in a quadstrip or from separate quads.2.6.2 Polygon EdgesEach edge of each primitive generated from a polygon, triangle strip, trian-gle fan, separate triangle set, quadrilateral strip, or separate quadrilateralset, is 
agged as either boundary or non-boundary. These classi�cationsare used during polygon rasterization; some modes a�ect the interpreta-tion of polygon boundary edges (see section 3.5.4). By default, all edges areboundary edges, but the 
agging of polygons, separate triangles, or separatequadrilaterals may be altered by callingvoid EdgeFlag( boolean 
ag ) ;void EdgeFlagv( boolean *
ag ) ;to change the value of a 
ag bit. If 
ag is zero, then the 
ag bit is set toFALSE; if 
ag is non-zero, then the 
ag bit is set to TRUE.When Begin is supplied with one of the argument values POLYGON,TRIANGLES, or QUADS, each vertex speci�ed within a Begin and End pairbegins an edge. If the edge 
ag bit is TRUE, then each speci�ed vertex beginsan edge that is 
agged as boundary. If the bit is FALSE, then induced edgesare 
agged as non-boundary.
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2.7. VERTEX SPECIFICATION 19The state required for edge 
agging consists of one current 
ag bit. Ini-tially, the bit is TRUE. In addition, each processed vertex of an assembledpolygonal primitive must be augmented with a bit indicating whether ornot the edge beginning on that vertex is boundary or non-boundary.2.6.3 GL Commands within Begin/EndThe only GL commands that are allowed within any Begin/End pairs arethe commands for specifying vertex coordinates, vertex color, normal coor-dinates, and texture coordinates (Vertex, Color, Index, Normal, Tex-Coord), the ArrayElement command (see section 2.8), the EvalCoordand EvalPoint commands (see section 5.1), commands for specifying light-ing material parameters (Material commands; see section 2.13.2), displaylist invocation commands (CallList and CallLists; see section 5.4), andthe EdgeFlag command. Executing any other GL command between theexecution of Begin and the corresponding execution of End results in theerror INVALID OPERATION. Executing Begin after Begin has already beenexecuted but before an End is executed generates the INVALID OPERATIONerror, as does executing End without a previous corresponding Begin.Execution of the commands En-ableClientState, DisableClientState, PushClientAttrib, PopClien-tAttrib, EdgeFlagPointer, TexCoordPointer, ColorPointer, Ind-exPointer, NormalPointer, VertexPointer, InterleavedArrays, andPixelStore, is not allowed within any Begin/End pair, but an error mayor may not be generated if such execution occurs. If an error is not gener-ated, GL operation is unde�ned. (These commands are described in sections2.8, 3.6.1, and Chapter 6.)2.7 Vertex Speci�cationVertices are speci�ed by giving their coordinates in two, three, or four dimen-sions. This is done using one of several versions of the Vertex command:void Vertexf234gfsifdg( T coords ) ;void Vertexf234gfsifdgv( T coords ) ;A call to any Vertex command speci�es four coordinates: x, y, z, and w.The x coordinate is the �rst coordinate, y is second, z is third, and w isfourth. A call to Vertex2 sets the x and y coordinates; the z coordinate isimplicitly set to zero and the w coordinate to one. Vertex3 sets x, y, and
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20 CHAPTER 2. OPENGL OPERATIONz to the provided values and w to one. Vertex4 sets all four coordinates,allowing the speci�cation of an arbitrary point in projective three-space.Invoking a Vertex command outside of a Begin/End pair results in unde-�ned behavior.Current values are used in associating auxiliary data with a vertex asdescribed in section 2.6. A current value may be changed at any time byissuing an appropriate command. The commandsvoid TexCoordf1234gfsifdg( T coords ) ;void TexCoordf1234gfsifdgv( T coords ) ;specify the current homogeneous texture coordinates, named s, t, r, and q.The TexCoord1 family of commands set the s coordinate to the providedsingle argument while setting t and r to 0 and q to 1. Similarly, TexCoord2sets s and t to the speci�ed values, r to 0 and q to 1; TexCoord3 sets s, t,and r, with q set to 1, and TexCoord4 sets all four texture coordinates.The current normal is set usingvoid Normal3fbsifdg( T coords ) ;void Normal3fbsifdgv( T coords ) ;The current normal is set to the given coordinates whenever one of thesecommands is issued. Byte, short, or integer values passed to Normal areconverted to 
oating-point values as indicated for the corresponding (signed)type in Table 2.6.Finally, there are several ways to set the current color. The GL storesboth a current single-valued color index, and a current four-valued RGBAcolor. One or the other of these is signi�cant depending as the GL is in colorindex mode or RGBA mode. The mode selection is made when the GL isinitialized.The command to set RGBA colors isvoid Colorf34gfbsifd ubusuig( T components ) ;void Colorf34gfbsifd ubusuigv( T components ) ;The Color command has two major variants: Color3 and Color4. Thefour value versions set all four values. The three value versions set R, G,and B to the provided values; A is set to 1.0. (The conversion of integercolor components (R, G, B, and A) to 
oating-point values is discussed insection 2.13.)Versions of the Color command that take 
oating-point values acceptvalues nominally between 0.0 and 1.0. 0.0 corresponds to the minimum
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2.8. VERTEX ARRAYS 21while 1.0 corresponds to the maximum (machine dependent) value that acomponent may take on in the framebu�er (see section 2.13 on colors andcoloring). Values outside [0; 1] are not clamped.The commandvoid Indexfsifd ubg( T index ) ;void Indexfsifd ubgv( T index ) ;Index updates the current (single-valued) color index. It takes one ar-gument, the value to which the current color index should be set. Valuesoutside the (machine-dependent) representable range of color indices are notclamped.The state required to support vertex speci�cation consists of four
oating-point numbers to store the current texture coordinates s, t, r, andq, three 
oating-point numbers to store the three coordinates of the currentnormal, four 
oating-point values to store the current RGBA color, and one
oating-point value to store the current color index. There is no notion ofa current vertex, so no state is devoted to vertex coordinates. The initialvalues of s, t, and r of the current texture coordinates are zero; the initialvalue of q is one. The initial current normal has coordinates (0; 0; 1). Theinitial RGBA color is (R;G;B;A) = (1; 1; 1; 1). The initial color index is 1.2.8 Vertex ArraysThe vertex speci�cation commands described in section 2.7 accept data inalmost any format, but their use requires many command executions to spec-ify even simple geometry. Vertex data may also be placed into arrays thatare stored in the client's address space. Blocks of data in these arrays maythen be used to specify multiple geometric primitives through the executionof a single GL command. The client may specify up to six arrays: one eachto store edge 
ags, texture coordinates, colors, color indices, normals, andvertices. The commandsvoid EdgeFlagPointer( sizei stride, void *pointer ) ;void TexCoordPointer( int size, enum type, sizei stride,void *pointer ) ;void ColorPointer( int size, enum type, sizei stride,void *pointer ) ;
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22 CHAPTER 2. OPENGL OPERATIONCommand Sizes TypesVertexPointer 2,3,4 short, int, float, doubleNormalPointer 3 byte, short, int, float, doubleColorPointer 3,4 byte, ubyte, short, ushort, int,uint, float, doubleIndexPointer 1 ubyte, short, int, float, doubleTexCoordPointer 1,2,3,4 short, int, float, doubleEdgeFlagPointer 1 booleanTable 2.4: Vertex array sizes (values per vertex) and data types.void IndexPointer( enum type, sizei stride,void *pointer ) ;void NormalPointer( enum type, sizei stride,void *pointer ) ;void VertexPointer( int size, enum type, sizei stride,void *pointer ) ;describe the locations and organizations of these arrays. For each com-mand, type speci�es the data type of the values stored in the array. Becauseedge 
ags are always type boolean, EdgeFlagPointer has no type argu-ment. size, when present, indicates the number of values per vertex thatare stored in the array. Because normals are always speci�ed with threevalues, NormalPointer has no size argument. Likewise, because color in-dices and edge 
ags are always speci�ed with a single value, IndexPointerand EdgeFlagPointer also have no size argument. Table 2.4 indicatesthe allowable values for size and type (when present). For type the valuesBYTE, SHORT, INT, FLOAT, and DOUBLE indicate types byte, short, int, float,and double, respectively; and the values UNSIGNED BYTE, UNSIGNED SHORT, andUNSIGNED INT indicate types ubyte, ushort, and uint, respectively. The er-ror INVALID VALUE is generated if size is speci�ed with a value other thanthat indicated in the table.The one, two, three, or four values in an array that correspond to a singlevertex comprise an array element. The values within each array element arestored sequentially in memory. If stride is speci�ed as zero, then arrayelements are stored sequentially as well. Otherwise pointers to the ith and(i+ 1)st elements of an array di�er by stride basic machine units (typically
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2.8. VERTEX ARRAYS 23unsigned bytes), the pointer to the (i+1)st element being greater. For eachcommand, pointer speci�es the location in memory of the �rst value of the�rst element of the array being speci�ed.An individual array is enabled or disabled by calling one ofvoid EnableClientState( enum array ) ;void DisableClientState( enum array ) ;with array set to EDGE FLAG ARRAY, TEXTURE COORD ARRAY, COLOR ARRAY,INDEX ARRAY, NORMAL ARRAY, or VERTEX ARRAY, for the edge 
ag, texture co-ordinate, color, color index, normal, or vertex array, respectively.The ith element of every enabled array is transferred to the GL by callingvoid ArrayElement( int i ) ;For each enabled array, it is as though the corresponding command from sec-tion 2.7 or section 2.6.2 were called with a pointer to element i. For the ver-tex array, the corresponding command is Vertex[size][type]v, where size isone of [2,3,4], and type is one of [s,i,f,d], corresponding to array types short,int, float, and double respectively. The corresponding commands forthe edge 
ag, texture coordinate, color, color index, and normal arrays areEdgeFlagv, TexCoord[size][type]v, Color[size][type]v, Index[type]v,and Normal[type]v, respectively. If the vertex array is enabled, it is asthough Vertex[size][type]v is executed last, after the executions of theother corresponding commands.Changes made to array data between the execution of Begin and thecorresponding execution of End may a�ect calls toArrayElement that aremade within the same Begin/End period in non-sequential ways. That is,a call to ArrayElement that precedes a change to array data may accessthe changed data, and a call that follows a change to array data may accessoriginal data.The commandvoid DrawArrays( enum mode, int �rst, sizei count ) ;constructs a sequence of geometric primitives using elements first throughfirst+count�1 of each enabled array. mode speci�es what kind of primitivesare constructed; it accepts the same token values as the mode parameter ofthe Begin command. The e�ect ofDrawArrays (mode; first; count);is the same as the e�ect of the command sequence
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24 CHAPTER 2. OPENGL OPERATIONif (mode or count is invalid )generate appropriate errorelse fint i;Begin(mode);for (i=0; i < count ; i++)ArrayElement(first+ i);End();gwith one exception: the current edge 
ag, texture coordinates, color, colorindex, and normal coordinates are each indeterminate after the execution ofDrawArrays, if the corresponding array is enabled. Current values corre-sponding to disabled arrays are not modi�ed by the execution of DrawAr-rays.The commandvoid DrawElements( enum mode, sizei count, enum type,void *indices ) ;constructs a sequence of geometric primitives using the count elementswhose indices are stored in indices. type must be one of UNSIGNED BYTE,UNSIGNED SHORT, or UNSIGNED INT, indicating that the values in indices areindices of GL type ubyte, ushort, or uint respectively. mode speci�eswhat kind of primitives are constructed; it accepts the same token values asthe mode parameter of the Begin command. The e�ect ofDrawElements (mode; count; type; indices);is the same as the e�ect of the command sequenceif (mode; count; or type is invalid )generate appropriate errorelse fint i;Begin(mode);for (i=0; i < count ; i++)ArrayElement(indices[i]);End();gwith one exception: the current edge 
ag, texture coordinates, color, colorindex, and normal coordinates are each indeterminate after the execution
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2.8. VERTEX ARRAYS 25format et ec en st sc sv tc pc pn pv sV2F False False False 2 0 2fV3F False False False 3 0 3fC4UB V2F False True False 4 2 UNSIGNED BYTE 0 c c+ 2fC4UB V3F False True False 4 3 UNSIGNED BYTE 0 c c+ 3fC3F V3F False True False 3 3 FLOAT 0 3f 6fN3F V3F False False True 3 0 3f 6fC4F N3F V3F False True True 4 3 FLOAT 0 4f 7f 10fT2F V3F True False False 2 3 2f 5fT4F V4F True False False 4 4 4f 8fT2F C4UB V3F True True False 2 4 3 UNSIGNED BYTE 2f c+ 2f c+ 5fT2F C3F V3F True True False 2 3 3 FLOAT 2f 5f 8fT2F N3F V3F True False True 2 3 2f 5f 8fT2F C4F N3F V3F True True True 2 4 3 FLOAT 2f 6f 9f 12fT4F C4F N3F V4F True True True 4 4 4 FLOAT 4f 8f 11f 15fTable 2.5: Variables that direct the execution of InterleavedArrays. fis sizeof(FLOAT). c is 4 times sizeof(UNSIGNED BYTE), rounded up tothe nearest multiple of f . All pointer arithmetic is performed in units ofsizeof(UNSIGNED BYTE).of DrawElements, if the corresponding array is enabled. Current val-ues corresponding to disabled arrays are not modi�ed by the execution ofDrawElements.The commandvoid InterleavedArrays( enum format, sizei stride,void *pointer ) ;e�ciently initializes the six arrays and their enables to one of 14 con�gura-tions. format must be one of 14 symbolic constants: V2F, V3F, C4UB V2F,C4UB V3F, C3F V3F, N3F V3F, C4F N3F V3F, T2F V3F, T4F V4F, T2F C4UB V3F,T2F C3F V3F, T2F N3F V3F, T2F C4F N3F V3F, or T4F C4F N3F V4F.The e�ect ofInterleavedArrays(format; stride; pointer);is the same as the e�ect of the command sequenceif (format or stride is invalid)
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26 CHAPTER 2. OPENGL OPERATIONgenerate appropriate errorelse fint str;set et; ec; en; st; sc; sv; tc; pc; pn; pv; and s as a functionof Table 2.5 and the value of format.str = stride;if (str is zero)str = s;DisableClientState(EDGE FLAG ARRAY);DisableClientState(INDEX ARRAY);if (et) fEnableClientState(TEXTURE COORD ARRAY);TexCoordPointer(st, FLOAT, str, pointer);g else fDisableClientState(TEXTURE COORD ARRAY);gif (ec) fEnableClientState(COLOR ARRAY);ColorPointer(sc, tc, str, pointer + pc);g else fDisableClientState(COLOR ARRAY);gif (en) fEnableClientState(NORMAL ARRAY);NormalPointer(FLOAT, str, pointer + pn);g else fDisableClientState(NORMAL ARRAY);gEnableClientState(VERTEX ARRAY);VertexPointer(sv, FLOAT, str, pointer + pv);gThe client state required to implement vertex arrays consists of sixboolean values, six memory pointers, six integer stride values, �ve symbolicconstants representing array types, and three integers representing valuesper element. In the initial state the boolean values are each disabled, thememory pointers are each null, the strides are each zero, the array types areeach FLOAT, and the integers representing values per element are each four.
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2.9. RECTANGLES 272.9 RectanglesThere is a set of GL commands to support e�cient speci�cation of rectanglesas two corner vertices.void Rectfsifdg( T x1, T y1, T x2, T y2 ) ;void Rectfsifdgv( T v1[2], T v2[2] ) ;Each command takes either four arguments organized as two consecutivepairs of (x; y) coordinates, or two pointers to arrays each of which containsan x value followed by a y value. The e�ect of the Rect commandRect (x1; y1; x2; y2);is exactly the same as the following sequence of commands:Begin(POLYGON);Vertex2(x1; y1);Vertex2(x2; y1);Vertex2(x2; y2);Vertex2(x1; y2);End();The appropriate Vertex2 command would be invoked depending on whichof the Rect commands is issued.2.10 Coordinate TransformationsVertices, normals, and texture coordinates are transformed before their co-ordinates are used to produce an image in the framebu�er. We begin witha description of how vertex coordinates are transformed and how this trans-formation is controlled.Figure 2.6 diagrams the sequence of transformations that are applied tovertices. The vertex coordinates that are presented to the GL are termedobject coordinates. The model-view matrix is applied to these coordinates toyield eye coordinates. Then another matrix, called the projection matrix, isapplied to eye coordinates to yield clip coordinates. A perspective divisionis carried out on clip coordinates to yield normalized device coordinates. A�nal viewport transformation is applied to convert these coordinates intowindow coordinates.Object coordinates, eye coordinates, and clip coordinates are four-dimensional, consisting of x, y, z, and w coordinates (in that order). Themodel-view and perspective matrices are thus 4� 4.
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28 CHAPTER 2. OPENGL OPERATION
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Figure 2.6. Vertex transformation sequence.If a vertex in object coordinates is given by 0BB@ xoyozowo1CCA and the model-viewmatrix is M , then the vertex's eye coordinates are found as0BB@ xeyezewe1CCA = M 0BB@ xoyozowo1CCA :Similarly, if P is the projection matrix, then the vertex's clip coordinatesare 0BB@ xcyczcwc1CCA = P 0BB@ xeyezewe1CCA :The vertex's normalized device coordinates are then0@ xdydzd 1A = 0@ xc=wcyc=wczc=wc 1A :2.10.1 Controlling the ViewportThe viewport transformation is determined by the viewport's width andheight in pixels, px and py , respectively, and its center (ox; oy) (also in
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2.10. COORDINATE TRANSFORMATIONS 29pixels). The vertex's window coordinates, 0@ xwywzw 1A, are given by0@ xwywzw 1A = 0@ (px=2)xd + ox(py=2)yd + oy[(f � n)=2]zd + (n+ f)=21A :The factor and o�set applied to zd encoded by n and f are set usingvoid DepthRange( clampd n, clampd f ) ;Each of n and f are clamped to lie within [0; 1], as are all arguments of typeclampd or clampf. zw is taken to be represented in �xed-point with at leastas many bits as there are in the depth bu�er of the framebu�er. We assumethat the �xed-point representation used represents each value k=(2m � 1),where k 2 f0; 1; : : : ; 2m � 1g, as k (e.g. 1.0 is represented in binary as astring of all ones).Viewport transformation parameters are speci�ed usingvoid Viewport( int x, int y, sizei w, sizei h ) ;where x and y give the x and y window coordinates of the viewport's lower-left corner and w and h give the viewport's width and height, respectively.The viewport parameters shown in the above equations are found from thesevalues as ox = x+ w=2 and oy = y + h=2; px = w, py = h.Viewport width and height are clamped to implementation-dependentmaximums when speci�ed. The maximum width and height may be foundby issuing an appropriate Get command (see Chapter 6). The maximumviewport dimensions must be greater than or equal to the visible dimensionsof the display being rendered to. INVALID VALUE is generated if either w or his negative.The state required to implement the viewport transformation is 6 inte-gers. In the initial state, w and h are set to the width and height, respectively,of the window into which the GL is to do its rendering. ox and oy are set tow=2 and h=2, respectively. n and f are set to 0:0 and 1:0, respectively.2.10.2 MatricesThe projection matrix and model-view matrix are set and modi�ed witha variety of commands. The a�ected matrix is determined by the currentmatrix mode. The current matrix mode is set with
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30 CHAPTER 2. OPENGL OPERATIONvoid MatrixMode( enum mode ) ;which takes one of the three pre-de�ned constants TEXTURE, MODELVIEW, orPROJECTION as the argument value. TEXTURE is described later. If the currentmatrix mode is MODELVIEW, then matrix operations apply to the model-viewmatrix; if PROJECTION, then they apply to the projection matrix.The two basic commands for a�ecting the current matrix arevoid LoadMatrixffdg( T m[16] ) ;void MultMatrixffdg( T m[16] ) ;LoadMatrix takes a pointer to a 4�4 matrix stored in column-major orderas 16 consecutive 
oating-point values, i.e. as0BB@ a1 a5 a9 a13a2 a6 a10 a14a3 a7 a11 a15a4 a8 a12 a161CCA :(This di�ers from the standard row-major C ordering for matrix elements. Ifthe standard ordering is used, all of the subsequent transformation equationsare transposed, and the columns representing vectors become rows.)The speci�ed matrix replaces the current matrix with the one pointed to.MultMatrix takes the same type argument as LoadMatrix, but multipliesthe current matrix by the one pointed to and replaces the current matrixwith the product. If C is the current matrix and M is the matrix pointedto by MultMatrix's argument, then the resulting current matrix, C 0, isC 0 = C �M:The commandvoid LoadIdentity( void ) ;e�ectively calls LoadMatrix with the identity matrix:0BB@ 1 0 0 00 1 0 00 0 1 00 0 0 11CCA :There are a variety of other commands that manipulate matrices. Ro-tate, Translate, Scale, Frustum, and Ortho manipulate the current ma-trix. Each computes a matrix and then invokes MultMatrix with thismatrix. In the case of
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2.10. COORDINATE TRANSFORMATIONS 31void Rotateffdg( T �, T x, T y, T z ) ;� gives an angle of rotation in degrees; the coordinates of a vector v are givenby v = (x y z)T . The computed matrix is a counter-clockwise rotation aboutthe line through the origin with the speci�ed axis when that axis is pointingup (i.e. the right-hand rule determines the sense of the rotation angle). Thematrix is thus 0BB@ 0R 000 0 0 11CCA :Let u = v=jjvjj= (x0 y0 z0 )T . IfS = 0@ 0 �z0 y0z0 0 �x0�y0 x0 0 1Athen R = uuT + cos �(I � uuT ) + sin �S:The arguments tovoid Translateffdg( T x, T y, T z ) ;give the coordinates of a translation vector as (x y z)T . The resulting matrixis a translation by the speci�ed vector:0BB@ 1 0 0 x0 1 0 y0 0 1 z0 0 0 11CCA :void Scaleffdg( T x, T y, T z ) ;produces a general scaling along the x-, y-, and z- axes. The correspondingmatrix is 0BB@x 0 0 00 y 0 00 0 z 00 0 0 11CCA :Forvoid Frustum( double l, double r, double b, double t,double n, double f ) ;
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32 CHAPTER 2. OPENGL OPERATIONthe coordinates (l b � n)T and (r t � n)T specify the points on the nearclipping plane that are mapped to the lower-left and upper-right corners ofthe window, respectively (assuming that the eye is located at (0 0 0)T ). fgives the distance from the eye to the far clipping plane. If either n or f isless than or equal to zero, l is equal to r, b is equal to t, or n is equal to f ,the error INVALID VALUE results. The corresponding matrix is0BBB@ 2nr�l 0 r+lr�l 00 2nt�b t+bt�b 00 0 �f+nf�n � 2fnf�n0 0 �1 0 1CCCA :void Ortho( double l, double r, double b, double t,double n, double f ) ;describes a matrix that produces parallel projection. (l b�n)T and (r t �n)Tspecify the points on the near clipping plane that are mapped to the lower-left and upper-right corners of the window, respectively. f gives the distancefrom the eye to the far clipping plane. If l is equal to r, b is equal to t, or nis equal to f , the error INVALID VALUE results. The corresponding matrix is0BBB@ 2r�l 0 0 � r+lr�l0 2t�b 0 � t+bt�b0 0 � 2f�n �f+nf�n0 0 0 1 1CCCA :There is another 4�4 matrix that is applied to texture coordinates. Thismatrix is applied as 0BB@m1 m5 m9 m13m2 m6 m10 m14m3 m7 m11 m15m4 m8 m12 m161CCA0BB@ strq1CCA ;where the left matrix is the current texture matrix. The matrix is appliedto the coordinates resulting from texture coordinate generation (which maysimply be the current texture coordinates), and the resulting transformed co-ordinates become the texture coordinates associated with a vertex. Settingthe matrix mode to TEXTURE causes the already described matrix operationsto apply to the texture matrix.There is a stack of matrices for each of the matrix modes. For MODELVIEWmode, the stack depth is at least 32 (that is, there is a stack of at least 32
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2.10. COORDINATE TRANSFORMATIONS 33model-view matrices). For the other modes, the depth is at least 2. Thecurrent matrix in any mode is the matrix on the top of the stack for thatmode.void PushMatrix( void ) ;pushes the stack down by one, duplicating the current matrix in both thetop of the stack and the entry below it.void PopMatrix( void ) ;pops the top entry o� of the stack, replacing the current matrix with thematrix that was the second entry in the stack. The pushing or popping takesplace on the stack corresponding to the current matrix mode. Popping amatrix o� a stack with only one entry generates the error STACK UNDERFLOW;pushing a matrix onto a full stack generates STACK OVERFLOW.The state required to implement transformations consists of a three-valued integer indicating the current matrix mode, a stack of at least two4 � 4 matrices for each of PROJECTION and TEXTURE with associated stackpointers, and a stack of at least 32 4� 4 matrices with an associated stackpointer for MODELVIEW. Initially, there is only one matrix on each stack, andall matrices are set to the identity. The initial matrix mode is MODELVIEW.2.10.3 Normal TransformationFinally, we consider how the model-view matrix a�ects normals. Normalsare of interest only in eye coordinates, so the rules governing their transfor-mation to other coordinate systems are not examined.Normals sent to the GL may or may not have unit length. If normal-ization is enabled, then normals speci�ed with the Normal3 command arenormalized after transformation. Normalization is controlled withvoid Enable( enum target ) ;and void Disable( enum target ) ;with target equal to NORMALIZE. This requires one bit of state. The initialstate is for normals not to be normalized.A normal at a point de�nes a plane at that point. If the normal is(nx ny nz ) and the point is 0BB@ xyzw1CCA, then for the point to satisfy the
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34 CHAPTER 2. OPENGL OPERATIONplane equation we must have(nx ny nz q )0BB@ xyzw1CCA = 0whence q = �(nx ny nz )0@ xyz 1Aw ; w 6= 0or q = 0 if w = 0. Therefore, if the model-view matrix is M , then thetransformed plane equation is(nx0 ny 0 nz 0 q0 ) = (nx ny nz q ) �M�1and the transformed normal is 1qnx02 + ny 02 + nz 02 0@nx0ny 0nz 0 1A : (2.1)If normalization is disabled, then the square root in equation 2.1 is replacedwith 1. Otherwise, the square root remains as written. If Mu is the upperleftmost 3x3 matrix taken fromM, implementations may choose to transform(nx ny nz ) to eye coordinates using(nx0 ny 0 nz 0 ) = (nx ny nz ) �M�1ufollowed by equation 2.1.Because we specify neither the 
oating-point format nor the meansfor matrix inversion, we cannot specify behavior in the case of a poorly-conditioned (nearly singular) model-view matrix M . In case of an exactlysingular matrix, the transformed normal is unde�ned. If the GL implementa-tion determines that the model-view matrix is uninvertible, then the entriesin the inverted matrix are arbitrary. In any case, neither normal transfor-mation nor use of the transformed normal may lead to GL interruption ortermination.2.10.4 Generating texture coordinatesTexture coordinates associated with a vertex may either be taken from thecurrent texture coordinates or generated according to a function dependenton vertex coordinates. The command
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2.10. COORDINATE TRANSFORMATIONS 35void TexGenfifdg( enum coord, enum pname, T param ) ;void TexGenfifdgv( enum coord, enum pname, T params ) ;controls texture coordinate generation. coord must be one of the constantsS, T, R, or Q, indicating that the pertinent coordinate is the s, t, r, or qcoordinate, respectively. In the �rst form of the command, param is a sym-bolic constant specifying a single-valued texture generation parameter; in thesecond form, params is a pointer to an array of values that specify texturegeneration parameters. pname must be one of the three symbolic constantsTEXTURE GEN MODE, OBJECT PLANE, or EYE PLANE. If pname is TEXTURE GEN MODE,then either params points to or param is an integer that is one of the symbolicconstants OBJECT LINEAR, EYE LINEAR, or SPHERE MAP.If TEXTURE GEN MODE indicates OBJECT LINEAR, then the generation functionfor the coordinate indicated by coord isg = p1xo + p2yo + p3zo + p4wo:xo, yo, zo, and wo are the object coordinates of the vertex. p1; : : : ; p4 arespeci�ed by calling TexGen with pname set to OBJECT PLANE in which caseparams points to an array containing p1; : : : ; p4. There is a distinct group ofplane equation coe�cients for each texture coordinate; coord indicates thecoordinate to which the speci�ed coe�cients pertain.If TEXTURE GEN MODE indicates EYE LINEAR, then the function isg = p01xe + p02ye + p03ze + p04wewhere ( p01 p02 p03 p04 ) = ( p1 p2 p3 p4 )M�1xe, ye, ze, and we are the eye coordinates of the vertex. p1; : : : ; p4 areset by calling TexGen with pname set to EYE PLANE in correspondence withsetting the coe�cients in the OBJECT PLANE case. M is the model-view matrixin e�ect when p1; : : : ; p4 are speci�ed. Computed texture coordinates maybe inaccurate or unde�ned if M is poorly conditioned or singular.When used with a suitably constructed texture image, calling TexGenwith TEXTURE GEN MODE indicating SPHERE MAP can simulate the re
ected im-age of a spherical environment on a polygon. SPHERE MAP texture coordinatesare generated as follows. Denote the unit vector pointing from the origin tothe vertex (in eye coordinates) by u. Denote the current normal, after trans-formation to eye coordinates, by n0. Let r = ( rx ry rz )T , the re
ectionvector, be given by r = u� 2n0n0Tu;
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36 CHAPTER 2. OPENGL OPERATIONand let m = 2qr2x + r2y + (rz + 1)2. Then the value assigned to an s coor-dinate (the �rst TexGen argument value is S) is s = rx=m + 12 ; the valueassigned to a t coordinate is t = ry=m + 12 . Calling TexGen with a co-ord of either R or Q when pname indicates SPHERE MAP generates the errorINVALID ENUM.A texture coordinate generation function is enabled or disabled usingEnable and Disable with an argument of TEXTURE GEN S, TEXTURE GEN T,TEXTURE GEN R, or TEXTURE GEN Q (each indicates the corresponding texturecoordinate). When enabled, the speci�ed texture coordinate is computedaccording to the current EYE LINEAR, OBJECT LINEAR or SPHERE MAP speci�ca-tion, depending on the current setting of TEXTURE GEN MODE for that coordi-nate. When disabled, subsequent vertices will take the indicated texturecoordinate from the current texture coordinates.The state required for texture coordinate generation comprises a three-valued integer for each coordinate indicating coordinate generation mode,and a bit for each coordinate to indicate whether texture coordinate genera-tion is enabled or disabled. In addition, four coe�cients are required for thefour coordinates for each of EYE LINEAR and OBJECT LINEAR. The initial statehas the texture generation function disabled for all texture coordinates. Theinitial values of pi for s are all 0 except p1 which is one; for t all the pi arezero except p2, which is 1. The values of pi for r and q are all 0. These valuesof pi apply for both the EYE LINEAR and OBJECT LINEAR versions. Initially alltexture generation modes are EYE LINEAR.2.11 ClippingPrimitives are clipped to the clip volume. In clip coordinates, the viewvolume is de�ned by �wc � xc � wc�wc � yc � wc�wc � zc � wc :This view volume may be further restricted by as many as n client-de�nedclip planes to generate the clip volume. (n is an implementation dependentmaximum that must be at least 6.) Each client-de�ned plane speci�es ahalf-space. The clip volume is the intersection of all such half-spaces withthe view volume (if there no client-de�ned clip planes are enabled, the clipvolume is the view volume).A client-de�ned clip plane is speci�ed with
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2.11. CLIPPING 37void ClipPlane( enum p, double eqn[4] ) ;The value of the �rst argument, p, is a symbolic constant, CLIP PLANEi, wherei is an integer between 0 and n � 1, indicating one of n client-de�ned clipplanes. eqn is an array of four double-precision 
oating-point values. Theseare the coe�cients of a plane equation in object coordinates: p1, p2, p3, andp4 (in that order). The inverse of the current model-view matrix is appliedto these coe�cients, at the time they are speci�ed, yielding( p01 p02 p03 p04 ) = ( p1 p2 p3 p4 )M�1(where M is the current model-view matrix; the resulting plane equation isunde�ned ifM is singular and may be inaccurate ifM is poorly-conditioned)to obtain the plane equation coe�cients in eye coordinates. All points witheye coordinates (xe ye ze we )T that satisfy( p01 p02 p03 p04 )0BB@ xeyezewe1CCA � 0lie in the half-space de�ned by the plane; points that do not satisfy thiscondition do not lie in the half-space.Client-de�ned clip planes are enabled with the generic Enable com-mand and disabled with the Disable command. The value of the argumentto either command is CLIP PLANEi where i is an integer between 0 and n;specifying a value of i enables or disables the plane equation with index i.The constants obey CLIP PLANEi = CLIP PLANE0+ i.If the primitive under consideration is a point, then clipping passes itunchanged if it lies within the clip volume; otherwise, it is discarded. If theprimitive is a line segment, then clipping does nothing to it if it lies entirelywithin the clip volume and discards it if it lies entirely outside the volume.If part of the line segment lies in the volume and part lies outside, then theline segment is clipped and new vertex coordinates are computed for one orboth vertices. A clipped line segment endpoint lies on both the original linesegment and the boundary of the clip volume.This clipping produces a value, 0 � t � 1, for each clipped vertex. If thecoordinates of a clipped vertex are P and the original vertices' coordinatesare P1 and P2, then t is given byP = tP1 + (1� t)P2:
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38 CHAPTER 2. OPENGL OPERATIONThe value of t is used in color and texture coordinate clipping (sec-tion 2.13.8).If the primitive is a polygon, then it is passed if every one of its edgeslies entirely inside the clip volume and either clipped or discarded otherwise.Polygon clipping may cause polygon edges to be clipped, but because poly-gon connectivity must be maintained, these clipped edges are connected bynew edges that lie along the clip volume's boundary. Thus, clipping mayrequire the introduction of new vertices into a polygon. Edge 
ags are asso-ciated with these vertices so that edges introduced by clipping are 
aggedas boundary (edge 
ag TRUE), and so that original edges of the polygon thatbecome cut o� at these vertices retain their original 
ags.If it happens that a polygon intersects an edge of the clip volume'sboundary, then the clipped polygon must include a point on this boundaryedge. This point must lie in the intersection of the boundary edge andthe convex hull of the vertices of the original polygon. We impose thisrequirement because the polygon may not be exactly planar.A line segment or polygon whose vertices have wc values of di�ering signsmay generate multiple connected components after clipping. GL implemen-tations are not required to handle this situation. That is, only the portion ofthe primitive that lies in the region of wc > 0 need be produced by clipping.Primitives rendered with clip planes must satisfy a complementarity cri-terion. Suppose a single clip plane with coe�cients ( p01 p02 p03 p04 ) (or anumber of similarly speci�ed clip planes) is enabled and a series of primitivesare drawn. Next, suppose that the original clip plane is respeci�ed with co-e�cients (�p01 �p02 �p03 �p04 ) (and correspondingly for any other clipplanes) and the primitives are drawn again (and the GL is otherwise in thesame state). In this case, primitives must not be missing any pixels, normay any pixels be drawn twice in regions where those primitives are cut bythe clip planes.Clipping requires at least 6 sets of plane equations (each consisting offour double-precision 
oating-point coe�cients) and at least 6 correspondingbits indicating which of these client-de�ned plane equations are enabled. Inthe initial state, all client-de�ned plane equation coe�cients are zero andall planes are disabled.2.12 Current Raster PositionThe current raster position is used by commands that directly a�ect pixels inthe framebu�er. These commands, which bypass vertex transformation and
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2.13. COLORS AND COLORING 39primitive assembly, are described in the next chapter. The current rasterposition, however, shares some of the characteristics of a vertex.The current raster position consists of three window coordinates xw, yw,and zw, a clip coordinate wc value, an eye coordinate distance, a valid bit,and associated data consisting of a color and texture coordinates. It is setusing one of the RasterPos commands:void RasterPosf234gfsifdg( T coords ) ;void RasterPosf234gfsifdgv( T coords ) ;RasterPos4 takes four values indicating x, y, z, and w. RasterPos3 (orRasterPos2) is analogous, but sets only x, y, and z with w implicitly setto 1 (or only x and y with z implicitly set to 0 and w implicitly set to 1).The coordinates are treated as if they were speci�ed in a Vertex com-mand. The x, y, z, and w coordinates are transformed by the currentmodel-view and perspective matrices. These coordinates, along with cur-rent values, are used to generate a color and texture coordinates just as isdone for a vertex. The color and texture coordinates so produced replace thecolor and texture coordinates stored in the current raster position's associ-ated data. The distance from the origin of the eye coordinate system to thevertex as transformed by only the current model-view matrix replaces thecurrent raster distance. This distance can be approximated (see section 3.9).The transformed coordinates are passed to clipping as if they representeda point. If the \point" is not culled, then the projection to window coor-dinates is computed (section 2.10) and saved as the current raster position,and the valid bit is set. If the \point" is culled, the current raster positionand its associated data become indeterminate and the valid bit is cleared.Figure 2.7 summarizes the behavior of the current raster position.The current raster position requires �ve single-precision 
oating-pointvalues for its xw , yw , and zw window coordinates, its wc clip coordinate,and its eye coordinate distance, a single valid bit, a color (RGBA and colorindex), and texture coordinates for associated data. In the initial state, thecoordinates and texture coordinates are both (0; 0; 0; 1), the eye coordinatedistance is 0, the valid bit is set, the associated RGBA color is (1; 1; 1; 1)and the associated color index color is 1. In RGBA mode, the associatedcolor index always has its initial value; in color index mode, the RGBA coloralways maintains its initial value.
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DataFigure 2.7. The current raster position and how it is set.2.13 Colors and ColoringFigure 2.8 diagrams the processing of colors before rasterization. Incomingcolors arrive in one of several formats. Table 2.6 summarizes the conversionsthat take place on R, G, B, and A components depending on which versionof the Color command was invoked to specify the components. As a resultof limited precision, some converted values will not be represented exactly.In color index mode, a single-valued color index is not mapped.Next, lighting, if enabled, produces a color. If lighting is disabled, thecurrent color is used in further processing. After lighting, RGBA colorsare clamped to the range [0; 1]. A color index is converted to �xed-pointand then its integer portion is masked (see section 2.13.6). After clampingor masking, a primitive may be 
atshaded, indicating that all vertices ofthe primitive are to have the same color. Finally, if a primitive is clipped,then colors (and texture coordinates) must be computed at the verticesintroduced or modi�ed by clipping.
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42 CHAPTER 2. OPENGL OPERATIONGL Type Conversionubyte c=(28� 1)byte (2c+ 1)=(28 � 1)ushort c=(216� 1)short (2c+ 1)=(216� 1)uint c=(232� 1)int (2c+ 1)=(232� 1)
oat cdouble cTable 2.6: Component conversions. Color, normal, and depth components,(c), are converted to an internal 
oating-point representation, (f), using theequations in this table. All arithmetic is done in the internal 
oating pointformat. These conversions apply to components speci�ed as parameters toGL commands and to components in pixel data. The equations remain thesame even if the implemented ranges of the GL data types are greater thanthe minimum required ranges. (Refer to table 2.2)2.13.1 LightingGL lighting computes a color for each vertex sent to the GL. This is accom-plished by applying an equation de�ned by a client-speci�ed lighting modelto a collection of parameters that can include the vertex coordinates, thecoordinates of one or more light sources, the current normal, and parametersde�ning the characteristics of the light sources and a current material. Thefollowing discussion assumes that the GL is in RGBA mode. (Color indexlighting is described in section 2.13.5.)Lighting may be in one of two states:1. Lighting O�. In this state the color assigned to a vertex is the currentcolor.2. Lighting On. In this state, a vertex's color is found by computing avalue given the current lighting parameters.Lighting is turned either on or o� using the generic Enable or Disablecommands with the symbolic value LIGHTING.



Version 1.1 - 4 March 1997

2.13. COLORS AND COLORING 43Lighting OperationA lighting parameter is of one of �ve types: color, position, direction, real,or boolean. A color parameter consists of four 
oating-point elements, onefor each of R, G, B, and A, in that order. There are no restrictions onthe allowable values for these parameters. A position parameter consistsof four 
oating-point coordinates (x, y, z, and w) that specify a positionin object coordinates (w may, in some cases, be zero, indicating a point atin�nity in the direction given by x, y, and z). A direction parameter consistsof three 
oating-point coordinates (x, y, and z) that specify a direction inobject coordinates. A real parameter is one 
oating-point value. The variousvalues and their types are summarized in Table 2.7. The result of a lightingcomputation is unde�ned if a value for a parameter is speci�ed that is outsidethe range given for that parameter in the table.There are n light sources, indexed by i = 0; : : : ; n�1. (n is an implemen-tation dependent maximum that must be at least 8.) Note that the defaultvalues for dcli and scli di�er for i = 0 and i > 0.Before specifying the way that lighting computes colors, we introduceoperators and notation that simplify the expressions involved. If c1 andc2 are colors without alpha where c1 = (r1; g1; b1) and c2 = (r2; g2; b2),then de�ne c1 � c2 = (r1r2; g1g2; b1b2). Addition of colors is accomplishedby addition of the components. Multiplication of colors by a scalar meansmultiplying each component by that scalar. If d1 and d2 are directions, thende�ne d1 � d2 = maxfd1 � d2; 0g:(Directions are taken to have three coordinates.) If P1 and P2 are (homoge-neous, with four coordinates) points then let ���!P1P2 be the unit vector thatpoints from P1 to P2. Note that if P2 has a zero w coordinate and P1 hasnon-zero w coordinate, then ���!P1P2 is the unit vector corresponding to thedirection speci�ed by the x, y, and z coordinates of P2; if P1 has a zero wcoordinate and P2 has a non-zero w coordinate then ���!P1P2 is the unit vectorthat is the negative of that corresponding to the direction speci�ed by P1.If both P1 and P2 have zero w coordinates, then ���!P1P2 is the unit vectorobtained by normalizing the direction corresponding to P2 � P1.If d is an arbitrary direction, then let d̂ be the unit vector in d's direction.Let kP1P2k be the distance between P1 and P2. Finally, let V be the pointcorresponding to the vertex being lit, and n be the corresponding normal.Let Pe be the eyepoint ((0; 0; 0; 1) in eye coordinates).
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44 CHAPTER 2. OPENGL OPERATIONParameter Type Default Value DescriptionMaterial Parametersacm color (0:2; 0:2; 0:2; 1:0) ambient color of materialdcm color (0:8; 0:8; 0:8; 1:0) di�use color of materialscm color (0:0; 0:0; 0:0; 1:0) specular color of materialecm color (0:0; 0:0; 0:0; 1:0) emissive color of materialsrm real 0.0 specular exponent (range:[0:0; 128:0])am real 0:0 ambient color indexdm real 1:0 di�use color indexsm real 1:0 specular color indexLight Source Parametersacli color (0:0; 0:0; 0:0; 1:0) ambient intensity of light idcli(i = 0) color (1:0; 1:0; 1:0; 1:0) di�use intensity of light 0dcli(i > 0) color (0:0; 0:0; 0:0; 1:0) di�use intensity of light iscli(i = 0) color (1:0; 1:0; 1:0; 1:0) specular intensity of light 0scli(i > 0) color (0:0; 0:0; 0:0; 1:0) specular intensity of light iPpli position (0:0; 0:0; 1:0; 0:0) position of light isdli direction (0:0; 0:0;�1:0) direction of spotlight for lightisrli real 0.0 spotlight exponent for light i(range: [0:0; 128:0])crli real 180.0 spotlight cuto� angle forlight i (range: [0:0; 90:0],180:0)k0i real 1.0 constant attenuation factorfor light i (range: [0:0;1))k1i real 0.0 linear attenuation factor forlight i (range: [0:0;1))k2i real 0.0 quadratic attenuation factorfor light i (range: [0:0;1))Lighting Model Parametersacs color (0:2; 0:2; 0:2; 1:0) ambient color of scenevbs boolean FALSE viewer assumed to be at(0; 0; 0) in eye coordinates(TRUE) or (0; 0;1) (FALSE)tbs boolean FALSE use two-sided lighting modeTable 2.7: Summary of lighting parameters. The range of individual colorcomponents is (�1;+1).
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2.13. COLORS AND COLORING 45The color c produced by lighting a vertex is given byc = ecm+ acm � acs+ n�1Xi=0(atti)(spoti) [acm � acli+ (n��!VPpli)dcm � dcli+ (fi)(n� ĥi)srmscm � scli]wherefi = ( 1; n� �!VPpli 6= 0;0; otherwise, (2.2)hi = 8<: �!VPpli + �!VPe; vbs = TRUE;�!VPpli + (0 0 1 )T ; vbs = FALSE; (2.3)atti = 8><>: 1k0i + k1ikVPplik + k2ikVPplik2 ; if Ppli's w 6= 0,1:0; otherwise, (2.4)spoti = 8>><>>: (���!PpliV� ŝdli)srli ; crli 6= 180:0;���!PpliV� ŝdli � cos(crli);0:0; crli 6= 180:0;���!PpliV� ŝdli < cos(crli);1:0; crli = 180:0: (2.5)All computations are carried out in eye coordinates.The value of A produced by lighting is the alpha value associated withdcm. Results of lighting are unde�ned if the we coordinate (w in eye coor-dinates) of V is zero.Lighting may operate in two-sided mode (tbs = TRUE), in which a frontcolor is computed with one set of material parameters (the front material)and a back color is computed with a second set of material parameters (theback material). This second computation replaces n with �n. If tbs = FALSE,then the back color and front color are both assigned the color computedusing the front material with n.
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46 CHAPTER 2. OPENGL OPERATIONThe selection between back color and front color depends on the primitiveof which the vertex being lit is a part. If the primitive is a point or a linesegment, the front color is always selected. If it is a polygon, then theselection is based on the sign of the (clipped or unclipped) polygon's signedarea computed in window coordinates. One way to compute this area isa = 12 n�1Xi=0 xiwyi�1w � xi�1w yiw (2.6)where xiw and yiw are the x and y window coordinates of the ith vertex ofthe n-vertex polygon (vertices are numbered starting at zero for purposes ofthis computation) and i� 1 is (i+ 1) mod n. The interpretation of the signof this value is controlled withvoid FrontFace( enum dir ) ;Setting dir to CCW (corresponding to counter-clockwise orientation of theprojected polygon in window coordinates) indicates that if a � 0, then thecolor of each vertex of the polygon becomes the back color computed forthat vertex while if a > 0, then the front color is selected. If dir is CW, thena is replaced by �a in the above inequalities. This requires one bit of state;initially, it indicates CCW.2.13.2 Lighting Parameter Speci�cationLighting parameters are divided into three categories: material parameters,light source parameters, and lighting model parameters (see Table 2.7). Setsof lighting parameters are speci�ed withvoid Materialfifg( enum face, enum pname, T param ) ;void Materialfifgv( enum face, enum pname, T params ) ;void Lightfifg( enum light, enum pname, T param ) ;void Lightfifgv( enum light, enum pname, T params ) ;void LightModelfifg( enum pname, T param ) ;void LightModelfifgv( enum pname, T params ) ;pname is a symbolic constant indicating which parameter is to be set (seeTable 2.8). In the vector versions of the commands, params is a pointer toa group of values to which to set the indicated parameter. The number ofvalues pointed to depends on the parameter being set. In the non-vectorversions, param is a value to which to set a single-valued parameter. (If
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2.13. COLORS AND COLORING 47param corresponds to a multi-valued parameter, the error INVALID ENUM re-sults.) For the Material command, face must be one of FRONT, BACK, orFRONT AND BACK, indicating that the property name of the front or back ma-terial, or both, respectively, should be set. In the case of Light, light is asymbolic constant of the form LIGHTi, indicating that light i is to have thespeci�ed parameter set. The constants obey LIGHTi = LIGHT0+ i.Table 2.8 gives, for each of the three parameter groups, the correspon-dence between the pre-de�ned constant names and their names in the light-ing equations, along with the number of values that must be speci�ed witheach. Color parameters speci�ed with Material and Light are convertedto 
oating-point values (if speci�ed as integers) as indicated in Table 2.6for signed integers. The error INVALID VALUE occurs if a speci�ed lightingparameter lies outside the allowable range given in Table 2.7. (The sym-bol \1" indicates the maximum representable magnitude for the indicatedtype.)The current model-view matrix is applied to the position parameter indi-cated with Light for a particular light source when that position is speci�ed.These transformed values are the values used in the lighting equation.The spotlight direction is transformed when it is speci�ed using only theupper leftmost 3x3 portion of the model-view matrix. That is, if Mu is theupper left 3x3 matrix taken from the current model-view matrix M , thenthe spotlight direction 0@ dxdydz 1Ais transformed to 0@ d0xd0yd0z 1A = Mu0@ dxdydz 1A :An individual light is enabled or disabled by calling Enable or Disablewith the symbolic value LIGHTi (i is in the range 0 to n� 1, where n is theimplementation-dependent number of lights). If light i is disabled, the ithterm in the lighting equation is e�ectively removed from the summation.2.13.3 ColorMaterialIt is possible to attach one or more material properties to the current color,so that they continuously track its component values. This behavior isenabled and disabled by calling Enable orDisable with the symbolic valueCOLOR MATERIAL.
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48 CHAPTER 2. OPENGL OPERATIONParameter Name Number of valuesMaterial Parameters (Material)acm AMBIENT 4dcm DIFFUSE 4acm;dcm AMBIENT AND DIFFUSE 4scm SPECULAR 4ecm EMISSION 4srm SHININESS 1am; dm; sm COLOR INDEXES 3Light Source Parameters (Light)acli AMBIENT 4dcli DIFFUSE 4scli SPECULAR 4Ppli POSITION 4sdli SPOT DIRECTION 3srli SPOT EXPONENT 1crli SPOT CUTOFF 1k0 CONSTANT ATTENUATION 1k1 LINEAR ATTENUATION 1k2 QUADRATIC ATTENUATION 1Lighting Model Parameters (LightModel)acs LIGHT MODEL AMBIENT 4vbs LIGHT MODEL LOCAL VIEWER 1tbs LIGHT MODEL TWO SIDE 1Table 2.8: Correspondence of lighting parameter symbols to names.AMBIENT AND DIFFUSE is used to set acm and dcm to the same value.
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50 CHAPTER 2. OPENGL OPERATIONThe command that controls which of these modes is selected isvoid ColorMaterial( enum face, enum mode ) ;face is one of FRONT, BACK, or FRONT AND BACK, indicating whether the frontmaterial, back material, or both are a�ected by the current color. modeis one of EMISSION, AMBIENT, DIFFUSE, SPECULAR, or AMBIENT AND DIFFUSE andspeci�es which material property or properties track the current color. Ifmode is EMISSION, AMBIENT, DIFFUSE, or SPECULAR, then the value of ecm,acm, dcm or scm, respectively, will track the current color. If mode isAMBIENT AND DIFFUSE, both acm and dcm track the current color. The re-placements made to material properties are permanent; the replaced valuesremain until changed by either sending a new color or by setting a new ma-terial value when ColorMaterial is not currently enabled to override thatparticular value. When COLOR MATERIAL is enabled, the indicated parameteror parameters always track the current color. For instance, callingColorMaterial(FRONT, AMBIENT)while COLOR MATERIAL is enabled sets the front material acm to the value ofthe current color.2.13.4 Lighting StateThe state required for lighting consists of all of the lighting parameters (frontand back material parameters, lighting model parameters, and at least 8 setsof light parameters), a bit indicating whether a back color distinct from thefront color should be computed, at least 8 bits to indicate which lights areenabled, a �ve-valued variable indicating the current ColorMaterial mode,a bit indicating whether or not COLOR MATERIAL is enabled, and a single bitto indicate whether lighting is enabled or disabled. In the initial state, alllighting parameters have their default values. Back color evaluation doesnot take place, ColorMaterial is FRONT AND BACK and AMBIENT AND DIFFUSE,and both lighting and COLOR MATERIAL are disabled.2.13.5 Color Index LightingA simpli�ed lighting computation applies in color index mode that usesmany of the parameters controlling RGBA lighting, but none of the RGBAmaterial parameters. First, the RGBA di�use and specular intensities oflight i (dcli and scli, respectively) determine color index di�use and specular
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2.13. COLORS AND COLORING 51light intensities, dli and sli fromdli = (:30)R(dcli) + (:59)G(dcli) + (:11)B(dcli)and sli = (:30)R(scli) + (:59)G(scli) + (:11)B(scli):R(x) indicates the R component of the color x and similarly for G(x) andB(x).Next, let s = nXi=0(atti)(spoti)(sli)(fi)(n� ĥi)srmwhere atti and spoti are given by equations 2.4 and 2.5, respectively, and fiand ĥi are given by equations 2.2 and 2.3, respectively. Let s0 = minfs; 1g.Finally, let d = nXi=0(atti)(spoti)(dli)(n� �!VPpli):Then color index lighting produces a value c, given byc = am + d(1� s0)(dm � am) + s0(sm � am):The �nal color index is c0 = minfc; smg:The values am, dm and sm are material properties described in Tables 2.7and 2.8. Any ambient light intensities are incorporated into am. As withRGBA lighting, disabled lights cause the corresponding terms from the sum-mations to be omitted. The interpretation of tbs and the calculation of frontand back colors is carried out as has already been described for RGBAlighting.The values am, dm, and sm are set with Material using prop ofCOLOR INDEXES. Their initial values are 0, 1, and 1, respectively. The ad-ditional state consists of three 
oating-point values. These values have noe�ect on RGBA lighting.2.13.6 Clamping or MaskingAfter lighting (whether enabled or not), RGBA colors are clamped to therange [0; 1]. For a color index, the index is �rst converted to �xed-point withan unspeci�ed number of bits to the right of the binary point; the nearest�xed-point value is selected. Then, the bits to the right of the binary point
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52 CHAPTER 2. OPENGL OPERATIONPrimitive type of polygon i Vertexsingle polygon (i � 1) 1triangle strip i+ 2triangle fan i+ 2independent triangle 3iquad strip 2i+ 2independent quad 4iTable 2.9: Polygon 
atshading color selection. The color used for 
atshadingthe ith polygon generated by the indicated Begin/End type is the currentcolor (if lighting is disabled) in e�ect when the indicated vertex is speci�ed.If lighting is enabled, the color is produced by lighting the indicated ver-tex. Vertices are numbered 1 through n, where n is the number of verticesbetween the Begin/End pair.are left alone while the integer portion is masked (bitwise ANDed) with2n � 1, where n is the number of bits in a color in the color index bu�er(bu�ers are discussed in chapter 4).2.13.7 FlatshadingA primitive may be 
atshaded, meaning that all vertices of the primitive areassigned the same color. This color is the color of the vertex that spawnedthe primitive. For a point, this is the color associated with the point. For aline segment, it is the color of the second (�nal) vertex of the segment. Fora polygon, the selected color depends on how the polygon was generated.Table 2.9 summarizes the possibilities.Flatshading is controlled byvoid ShadeModel( enum mode ) ;mode value must be either of the symbolic constants SMOOTH or FLAT. If modeis SMOOTH (the initial state), vertex colors are treated individually. If mode isFLAT, 
atshading is turned on. ShadeModel thus requires one bit of state.2.13.8 Color and Texture Coordinate ClippingAfter lighting, clamping or masking and possible 
atshading, colors areclipped. If the color is associated with a vertex that lies within the clip
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2.13. COLORS AND COLORING 53volume, it is una�ected by clipping. If a primitive is clipped, however, thecolors assigned to vertices produced by clipping are clipped colors.Let the color assigned to the two vertices P1 and P2 of an unclippededge be c1 and c2. The value of t (section 2.11) for a clipped point P isused to obtain the color associated with P asc = tc1 + (1� t)c2:(For a color index color, multiplying a color by a scalar means multiplyingthe index by the scalar. For an RGBA color, it means multiplying each ofR, G, B, and A by the scalar.) Polygon clipping may create a clipped vertexalong an edge of the clip volume's boundary. This situation is handled bynoting that polygon clipping proceeds by clipping against one plane of theclip volume's boundary at a time. Color clipping is done in the same way,so that clipped points always occur at the intersection of polygon edges(possibly already clipped) with the clip volume's boundary.Texture coordinates must also be clipped when a primitive is clipped.The method is exactly analogous to that used for color clipping.2.13.9 Final Color ProcessingFor an RGBA color, each color component (which lies in [0,1]) is converted(by rounding to nearest) to a �xed-point value with m bits. We assumethat the �xed-point representation used represents each value k=(2m � 1),where k 2 f0; 1; : : : ; 2m � 1g, as k (e.g. 1.0 is represented in binary as astring of all ones). m must be at least as large as the number of bits in thecorresponding component of the framebu�er. If the framebu�er does notcontain an A component, then m must be at least 2 for A. A color indexis converted (by rounding to nearest) to a �xed-point value with at least asmany bits as there are in the color index portion of the framebu�er.Because a number of the form k=(2m�1) may not be represented exactlyas a limited-precision 
oating-point quantity, we place a further requirementon the �xed-point conversion of RGBA components. Suppose that lightingis disabled, the color associated with a vertex has not been clipped, and oneof Colorub, Colorus, or Colorui was used to specify that color. Whenthese conditions are satis�ed, an RGBA component must convert to a valuethat matches the component as speci�ed in the Color command: ifm is lessthan the number of bits b with which the component was speci�ed, then theconverted value must equal the most signi�cant m bits of the speci�ed value;otherwise, the most signi�cant b bits of the converted value must equal thespeci�ed value.
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Chapter 3RasterizationRasterization is the process by which a primitive is converted to a two-dimensional image. Each point of this image contains such information ascolor and depth. Thus, rasterizing a primitive consists of two parts. The�rst is to determine which squares of an integer grid in window coordinatesare occupied by the primitive. The second is assigning a color and a depthvalue to each such square. The results of this process are passed on to thenext stage of the GL (per-fragment operations), which uses the informationto update the appropriate locations in the framebu�er. Figure 3.1 diagramsthe rasterization process.A grid square along with its parameters of assigned color, z (depth),and texture coordinates is called a fragment; the parameters are collectivelydubbed the fragment's associated data. A fragment is located by its lower-left corner, which lies on integer grid coordinates. Rasterization operationsalso refer to a fragment's center, which is o�set by (1=2; 1=2) from its lower-left corner (and so lies on half-integer coordinates).Grid squares need not actually be square in the GL. Rasterization rulesare not a�ected by the actual aspect ratio of the grid squares. Display ofnon-square grids, however, will cause rasterized points and line segments toappear fatter in one direction than the other. We assume that fragmentsare square, since it simpli�es antialiasing and texturing.Several factors a�ect rasterization. Lines and polygons may be stippled.Points may be given di�ering diameters and line segments di�ering widths.A point, line segment, or polygon may be antialiased.54
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DrawPixelsFigure 3.1. Rasterization.3.1 InvarianceConsider a primitive p0 obtained by translating a primitive p through ano�set (x; y) in window coordinates, where x and y are integers. As longas neither p0 nor p is clipped, it must be the case that each fragment f 0produced from p0 is identical to a corresponding fragment f from p exceptthat the center of f 0 is o�set by (x; y) from the center of f .3.2 AntialiasingAntialiasing of a point, line, or polygon is e�ected in one of two ways de-pending on whether the GL is in RGBA or color index mode.In RGBA mode, the R, G, and B values of the rasterized fragment areleft una�ected, but the A value is multiplied by a 
oating-point value inthe range [0; 1] that describes a fragment's screen pixel coverage. Theper-fragment stage of the GL can be set up to use the A value to blendthe incoming fragment with the corresponding pixel already present in theframebu�er.In color index mode, the least signi�cant b bits (to the left of the binarypoint) of the color index are used for antialiasing; b = minf4; mg, where
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56 CHAPTER 3. RASTERIZATIONm is the number of bits in the color index portion of the framebu�er. Theantialiasing process sets these b bits based on the fragment's coverage value:the bits are set to zero for no coverage and to all ones for complete coverage.The details of how antialiased fragment coverage values are computedare di�cult to specify in general. The reason is that high-quality antialias-ing may take into account perceptual issues as well as characteristics of themonitor on which the contents of the framebu�er are displayed. Such de-tails cannot be addressed within the scope of this document. Further, thecoverage value computed for a fragment of some primitive may depend onthe primitive's relationship to a number of grid squares neighboring the onecorresponding to the fragment, and not just on the fragment's grid square.Another consideration is that accurate calculation of coverage values maybe computationally expensive; consequently we allow a given GL implemen-tation to approximate true coverage values by using a fast but not entirelyaccurate coverage computation.In light of these considerations, we chose to specify the behavior of exactantialiasing in the prototypical case that each displayed pixel is a perfectsquare of uniform intensity. The square is called a fragment square and haslower left corner (x; y) and upper right corner (x + 1; y + 1). We recognizethat this simple box �lter may not produce the most favorable antialiasingresults, but it provides a simple, well-de�ned model.A GL implementation may use other methods to perform antialiasing,subject to the following conditions:1. If f1 and f2 are two fragments, and the portion of f1 covered by someprimitive is a subset of the corresponding portion of f2 covered bythe primitive, then the coverage computed for f1 must be less than orequal to that computed for f2.2. The coverage computation for a fragment f must be local: it maydepend only on f 's relationship to the boundary of the primitive beingrasterized. It may not depend on f 's x and y coordinates.Another property that is desirable, but not required, is:3. The sum of the coverage values for all fragments produced by rasteriz-ing a particular primitive must be constant, independent of any rigidmotions in window coordinates, as long as none of those fragments liesalong window edges.In some implementations, varying degrees of antialiasing quality may beobtained by providing GL hints (section 5.6), allowing a user to make animage quality versus speed tradeo�.
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3.3. POINTS 573.3 PointsThe rasterization of points is controlled withvoid PointSize( float size ) ;size speci�es the width or diameter of a point. The default value is 1.0. Avalue less than or equal to zero results in the error INVALID VALUE.Point antialiasing is enabled or disabled by calling Enable or Disablewith the symbolic constant POINT SMOOTH. The default state is for point an-tialiasing to be disabled.In the default state, a point is rasterized by truncating its xw and ywcoordinates (recall that the subscripts indicate that these are x and y windowcoordinates) to integers. This (x; y) address, along with data derived fromthe data associated with the vertex corresponding to the point, is sent as asingle fragment to the per-fragment stage of the GL.The e�ect of a point width other than 1:0 depends on the state ofpoint antialiasing. If antialiasing is disabled, the actual width is deter-mined by rounding the supplied width to the nearest integer, then clampingit to the implementation-dependent maximum non-antialiased point width.Though this implementation-dependent value cannot be queried, it mustbe no less than the implementation-dependent maximum antialiased pointwidth, rounded to the nearest integer value, and in any event no less than1. If rounding the speci�ed width results in the value 0, then it is as if thevalue were 1. If the resulting width is odd, then the point(x; y) = (bxwc+ 12 ; bywc + 12)is computed from the vertex's xw and yw , and a square grid of the odd widthcentered at (x; y) de�nes the centers of the rasterized fragments (recall thatfragment centers lie at half-integer window coordinate values). If the widthis even, then the center point is(x; y) = (bxw + 12c; byw + 12c);the rasterized fragment centers are the half-integer window coordinate valueswithin the square of the even width centered on (x; y). See Figure 3.2.All fragments produced in rasterizing a non-antialiased point are as-signed the same associated data, which are those of the vertex correspondingto the point, with texture coordinates s, t, and r replaced with s=q, t=q, andr=q, respectively. If q is less then or equal to zero, the results are unde�ned.
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Figure 3.2. Rasterization of non-antialiased wide points. The crosses showfragment centers produced by rasterization for any point that lies within theshaded region. The dotted grid lines lie on half-integer coordinates.If antialiasing is enabled, then point rasterization produces a fragmentfor each fragment square that intersects the region lying within the cir-cle having diameter equal to the current point width and centered at thepoint's (xw; yw) (Figure 3.3). The coverage value for each fragment is thewindow coordinate area of the intersection of the circular region with thecorresponding fragment square (but see section 3.2). This value is saved andused in the �nal step of rasterization (section 3.10). The data associatedwith each fragment are otherwise the data associated with the point beingrasterized, with texture coordinates s, t, and r replaced with s=q, t=q, andr=q, respectively. If q is less then or equal to zero, the results are unde�ned.Not all widths need be supported when point antialiasing is on, butthe width 1:0 must be provided. If an unsupported width is requested, thenearest supported width is used instead. The range of supported widths andthe width of evenly-spaced gradations within that range are implementationdependent. The range and gradations may be obtained using the querymechanism described in Chapter 6. If, for instance, the width range is from0.1 to 2.0 and the gradation width is 0.1, then the widths 0:1; 0:2; : : : ; 1:9; 2:0are supported.
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Figure 3.3. Rasterization of antialiased wide points. The black dot indi-cates the point to be rasterized. The shaded region has the speci�ed width.The X marks indicate those fragment centers produced by rasterization. Afragment's computed coverage value is based on the portion of the shaded re-gion that covers the corresponding fragment square. Solid lines lie on integercoordinates.
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60 CHAPTER 3. RASTERIZATION3.3.1 Point Rasterization StateThe state required to control point rasterization consists of the 
oating-pointpoint width and a bit indicating whether or not antialiasing is enabled.3.4 Line SegmentsA line segment results from a line strip Begin/End object, a line loop, ora series of separate line segments. Line segment rasterization is controlledby several variables. Line width, which may be set by callingvoid LineWidth( float width ) ;with an appropriate positive 
oating-point width, controls the width of ras-terized line segments. The default width is 1:0. Values less than or equalto 0:0 generate the error INVALID VALUE. Antialiasing is controlled with En-able and Disable using the symbolic constant LINE SMOOTH. Finally, linesegments may be stippled. Stippling is controlled by a GL command thatsets a stipple pattern (see below).3.4.1 Basic Line Segment RasterizationLine segment rasterization begins by characterizing the segment as eitherx-major or y-major. x-major line segments have slope in the closed inter-val [�1; 1]; all other line segments are y-major (slope is determined by thesegment's endpoints). We shall specify rasterization only for x-major seg-ments except in cases where the modi�cations for y-major segments are notself-evident.Ideally, the GL uses a \diamond-exit" rule to determine those fragmentsthat are produced by rasterizing a line segment. For each fragment f withcenter at window coordinates xf and yf , de�ne a diamond-shaped regionthat is the intersection of four half planes:Rf = f (x; y) j jx� xf j+ jy � yf j < 1=2:gEssentially, a line segment starting at pa and ending at pb produces thosefragments f for which the segment intersects Rf , except if pb is containedin Rf . See Figure 3.4.To avoid di�culties when an endpoint lies on a boundary of Rf we (inprinciple) perturb the supplied endpoints by a tiny amount. Let pa andpb have window coordinates (xa; ya) and (xb; yb), respectively. Obtain the
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Figure 3.4. Visualization of Bresenham's algorithm. A portion of a linesegment is shown. A diamond shaped region of height 1 is placed around eachfragment center; those regions that the line segment exits cause rasterizationto produce corresponding fragments.perturbed endpoints p0a given by (xa; ya)� (�; �2) and p0b given by (xb; yb)�(�; �2). Rasterizing the line segment starting at pa and ending at pb producesthose fragments f for which the segment starting at p0a and ending on p0bintersects Rf , except if p0b is contained in Rf . � is chosen to be so smallthat rasterizing the line segment produces the same fragments when � issubstituted for � for any 0 < � � �.When pa and pb lie on fragment centers, this characterization of frag-ments reduces to Bresenham's algorithm with one modi�cation: lines pro-duced in this description are \half-open," meaning that the �nal fragment(corresponding to pb) is not drawn. This means that when rasterizing aseries of connected line segments, shared endpoints will be produced onlyonce rather than twice (as would occur with Bresenham's algorithm).Because the initial and �nal conditions of the diamond-exit rule maybe di�cult to implement, other line segment rasterization algorithms areallowed, subject to the following rules:1. The coordinates of a fragment produced by the algorithm may notdeviate by more than one unit in either x or y window coordinatesfrom a corresponding fragment produced by the diamond-exit rule.2. The total number of fragments produced by the algorithm may di�er
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62 CHAPTER 3. RASTERIZATIONfrom that produced by the diamond-exit rule by no more than one.3. For an x-major line, no two fragments may be produced that lie in thesame window-coordinate column (for a y-major line, no two fragmentsmay appear in the same row).4. If two line segments share a common endpoint, and both segmentsare either x-major (both left-to-right or both right-to-left) or y-major(both bottom-to-top or both top-to-bottom), then rasterizing bothsegments may not produce duplicate fragments, nor may any frag-ments be omitted so as to interrupt continuity of the connected seg-ments.Next we must specify how the data associated with each rasterized frag-ment are obtained. Let the window coordinates of a produced fragmentcenter be given by pr = (xd; yd) and let pa = (xa; ya) and pb = (xb; yb). Sett = (pr � pa) � (pb � pa)kpb � pak2 : (3.1)(Note that t = 0 at pa and t = 1 at pb.) The value of an associated datumf for the fragment, whether it be R, G, B, or A (in RGBA mode) or a colorindex (in color index mode), or the s, t, or r texture coordinate (the depthvalue, window z, must be found using equation 3.3, below), is found asf = (1� t)fa=wa + tfb=wb(1� t)�a=wa + t�b=wb (3.2)where fa and fb are the data associated with the starting and ending end-points of the segment, respectively; wa and wb are the clip w coordinates ofthe starting and ending endpoints of the segments, respectively. �a = �b = 1for all data except texture coordinates, in which case �a = qa and �b = qb(qa and qb are the homogeneous texture coordinates at the starting and end-ing endpoints of the segment; results are unde�ned if either of these is lessthan or equal to 0). Note that linear interpolation would usef = (1� t)fa=�a + tfb=�b: (3.3)The reason that this formula is incorrect (except for the depth value) isthat it interpolates a datum in window space, which may be distorted byperspective. What is actually desired is to �nd the corresponding value wheninterpolated in eye space, which equation 3.2 does. A GL implementationmay choose to approximate equation 3.2 with 3.3, but this will normally leadto unacceptable distortion e�ects when interpolating texture coordinates.
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3.4. LINE SEGMENTS 633.4.2 Other Line Segment FeaturesWe have just described the rasterization of non-antialiased line segmentsof width one using the default line stipple of FFFF16. We now describethe rasterization of line segments for general values of the line segmentrasterization parameters.Line StippleThe commandvoid LineStipple( int factor, ushort pattern ) ;de�nes a line stipple. pattern is an unsigned short integer. The line stipple istaken from the lowest order 16 bits of pattern. It determines those fragmentsthat are to be drawn when the line is rasterized. factor is a count that isused to modify the e�ective line stipple by causing each bit in line stipple tobe used factor times. factor is clamped to the range [1; 256]. Line stipplingmay be enabled or disabled using Enable or Disable with the constantLINE STIPPLE. When disabled, it is as if the line stipple has its default value.Line stippling masks certain fragments that are produced by rasteriza-tion so that they are not sent to the per-fragment stage of the GL. Themasking is achieved using three parameters: the 16-bit line stipple p, theline repeat count r, and an integer stipple counter s. Letb = bs=rc mod 16;Then a fragment is produced if the bth bit of p is 1, and not producedotherwise. The bits of p are numbered with 0 being the least signi�cant and15 being the most signi�cant. The initial value of s is zero; s is incrementedafter production of each fragment of a line segment (fragments are producedin order, beginning at the starting point and working towards the endingpoint). s is reset to 0 whenever a Begin occurs, and before every linesegment in a group of independent segments (as speci�ed when Begin isinvoked with LINES).If the line segment has been clipped, then the value of s at the beginningof the line segment is indeterminate.Wide LinesThe actual width of non-antialiased lines is determined by roundingthe supplied width to the nearest integer, then clamping it to the
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width = 2 width = 3Figure 3.5. Rasterization of non-antialiased wide lines. x-major line segmentsare shown. The heavy line segment is the one speci�ed to be rasterized; thelight segment is the o�set segment used for rasterization. x marks indicatethe fragment centers produced by rasterization.implementation-dependent maximum non-antialiased line width. Thoughthis implementation-dependent value cannot be queried, it must be noless than the implementation-dependent maximum antialiased line width,rounded to the nearest integer value, and in any event no less than 1. Ifrounding the speci�ed width results in the value 0, then it is as if the valuewere 1.Non-antialiased line segments of width other than one are rasterizedby o�setting them in the minor direction (for an x-major line, the minordirection is y, and for a y-major line, the minor direction is x) and replicatingfragments in the minor direction (see Figure 3.5). Let w be the widthrounded to the nearest integer (if w = 0, then it is as if w = 1). If the linesegment has endpoints given by (x0; y0) and (x1; y1) in window coordinates,the segment with endpoints (x0; y0 � (w� 1)=2) and (x1; y1 � (w� 1)=2) israsterized, but instead of a single fragment, a column of fragments of heightw (a row of fragments of length w for a y-major segment) is produced ateach x (y for y-major) location. The lowest fragment of this column is thefragment that would be produced by rasterizing the segment of width 1with the modi�ed coordinates. The whole column is not produced if thestipple bit for the column's x location is zero; otherwise, the whole column
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Figure 3.6. The region used in rasterizing and �nding corresponding coveragevalues for an antialiased line segment (an x-major line segment is shown).is produced.AntialiasingRasterized antialiased line segments produce fragments whose fragmentsquares intersect a rectangle centered on the line segment. Two of the edgesare parallel to the speci�ed line segment; each is at a distance of one-halfthe current width from that segment: one above the segment and one belowit. The other two edges pass through the line endpoints and are perpen-dicular to the direction of the speci�ed line segment. Coverage values arecomputed for each fragment by computing the area of the intersection ofthe rectangle with the fragment square (see Figure 3.6; see also section 3.2).Equation 3.2 is used to compute associated data values just as with non-antialiased lines; equation 3.1 is used to �nd the value of t for each fragmentwhose square is intersected by the line segment's rectangle. Not all widthsneed be supported for line segment antialiasing, but width 1:0 antialiasedsegments must be provided. As with the point width, a GL implementa-tion may be queried for the range and number of gradations of availableantialiased line widths.For purposes of antialiasing, a stippled line is considered to be a sequenceof contiguous rectangles centered on the line segment. Each rectangle haswidth equal to the current line width and length equal to 1 pixel (except thelast, which may be shorter). These rectangles are numbered from 0 to n,
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66 CHAPTER 3. RASTERIZATIONstarting with the rectangle incident on the starting endpoint of the segment.Each of these rectangles is either eliminated or produced according to theprocedure given under Line Stipple, above, where \fragment" is replacedwith \rectangle." Each rectangle so produced is rasterized as if it were anantialiased polygon, described below (but culling, non-default settings ofPolygonMode, and polygon stippling are not applied).3.4.3 Line Rasterization StateThe state required for line rasterization consists of the 
oating-point linewidth, a 16-bit line stipple, the line stipple repeat count, a bit indicatingwhether stippling is enabled or disabled, and a bit indicating whether lineantialiasing is on or o�. In addition, during rasterization, an integer stipplecounter must be maintained to implement line stippling. The initial valueof the line width is 1:0. The initial value of the line stipple is 0xFFFF (astipple of all ones). The initial value of the line stipple repeat count is one.The initial state of line stippling is disabled. The initial state of line segmentantialiasing is disabled.3.5 PolygonsA polygon results from a polygon Begin/End object, a triangle resultingfrom a triangle strip, triangle fan, or series of separate triangles, or a quadri-lateral arising from a quadrilateral strip, series of separate quadrilaterals, ora Rect command. Like points and line segments, polygon rasterization iscontrolled by several variables. Polygon antialiasing is controlled with En-able and Disable with the symbolic constant POLYGON SMOOTH. The analogto line segment stippling for polygons is polygon stippling, described below.3.5.1 Basic Polygon RasterizationThe �rst step of polygon rasterization is to determine if the polygon isback facing or front facing. This determination is made by examining thesign of the area computed by equation 2.6 of section 2.13.1 (including thepossible reversal of this sign as indicated by the last call to FrontFace). Ifthis sign is positive, the polygon is frontfacing; otherwise, it is back facing.This determination is used in conjunction with the CullFace enable bit andmode value to decide whether or not a particular polygon is rasterized. TheCullFace mode is set by callingvoid CullFace( enum mode ) ;
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3.5. POLYGONS 67mode is a symbolic constant: one of FRONT, BACK or FRONT AND BACK. Cullingis enabled or disabled with Enable or Disable using the symbolic constantCULL FACE. Front facing polygons are rasterized if either culling is disabled orthe CullFace mode is BACK while back facing polygons are rasterized only ifeither culling is disabled or the CullFace mode is FRONT. The initial settingof the CullFace mode is BACK. Initially, culling is disabled.The rule for determining which fragments are produced by polygon ras-terization is called point sampling. The two-dimensional projection obtainedby taking the x and y window coordinates of the polygon's vertices is formed.Fragment centers that lie inside of this polygon are produced by rasteriza-tion. Special treatment is given to a fragment whose center lies on a polygonboundary edge. In such a case we require that if two polygons lie on eitherside of a common edge (with identical endpoints) on which a fragment cen-ter lies, then exactly one of the polygons results in the production of thefragment during rasterization.As for the data associated with each fragment produced by rasterizing apolygon, we begin by specifying how these values are produced for fragmentsin a triangle. De�ne barycentric coordinates for a triangle. Barycentriccoordinates are a set of three numbers, a, b, and c, each in the range [0; 1],with a + b+ c = 1. These coordinates uniquely specify any point p withinthe triangle or on the triangle's boundary asp = apa + bpb + cpc;where pa, pb, and pc are the vertices of the triangle. a, b, and c can be foundas a = A(ppbpc)A(papbpc) ; b = A(ppapc)A(papbpc) ; c = A(ppapb)A(papbpc) ;where A(lmn) denotes the area in window coordinates of the triangle withvertices l, m, and n.Denote a datum at pa, pb, or pc as fa, fb, or fc, respectively. Then thevalue f of a datum at a fragment produced by rasterizing a triangle is givenby f = afa=wa + bfb=wb + cfc=wca�a=wa + b�b=wb + c�c=wc (3.4)where wa, wb and wc are the clip w coordinates of pa, pb, and pc, respectively.a, b, and c are the barycentric coordinates of the fragment for which the dataare produced. �a = �b = �c = 1 except for texture s, t, and r coordinates,for which �a = qa, �b = qb, and �c = qc (if any of qa, qb, or qc are lessthan or equal to zero, results are unde�ned). a, b, and c must correspond
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68 CHAPTER 3. RASTERIZATIONprecisely to the exact coordinates of the center of the fragment. Another wayof saying this is that the data associated with a fragment must be sampledat the fragment's center.Just as with line segment rasterization, equation 3.4 may be approxi-mated by f = afa=�a + bfb=�b + cfc=�c;this may yield acceptable results for color values (it must be used for depthvalues), but will normally lead to unacceptable distortion e�ects if used fortexture coordinates.For a polygon with more than three edges, we require only that a convexcombination of the values of the datum at the polygon's vertices can be usedto obtain the value assigned to each fragment produced by the rasterizationalgorithm. That is, it must be the case that at every fragmentf = nXi=1 aifiwhere n is the number of vertices in the polygon, fi is the value of the f atvertex i; for each i 0 � ai � 1 and Pni=1 ai = 1. The values of the ai maydi�er from fragment to fragment, but at vertex i, aj = 0; j 6= i and ai = 1.One algorithm that achieves the required behavior is to triangulate apolygon (without adding any vertices) and then treat each triangle individ-ually as already discussed. A scan-line rasterizer that linearly interpolatesdata along each edge and then linearly interpolates data across each hor-izontal span from edge to edge also satis�es the restrictions (in this case,the numerator and denominator of equation 3.4 should be iterated indepen-dently and a division performed for each fragment).3.5.2 StipplingPolygon stippling works much the same way as line stippling, masking outcertain fragments produced by rasterization so that they are not sent to thenext stage of the GL. This is the case regardless of the state of polygonantialiasing. Stippling is controlled withvoid PolygonStipple( ubyte *pattern ) ;pattern is a pointer to memory into which a 32 � 32 pattern is packed.The pattern is unpacked from memory according to the procedure givenin section 3.6.3 for DrawPixels; it is as if the height and width passed tothat command were both equal to 32, the type were BITMAP, and the format
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3.5. POLYGONS 69were COLOR INDEX. The unpacked values (before any conversion or arithmeticwould have been performed) are bitwise ANDed with 1 to obtain a stipplepattern of zeros and ones.If xw and yw are the window coordinates of a rasterized polygon frag-ment, then that fragment is sent to the next stage of the GL if and only ifthe bit of the pattern (xw mod 32; yw mod 32) is 1.Polygon stippling may be enabled or disabled with Enable or Disableusing the constant POLYGON STIPPLE. When disabled, it is as if the stipplepattern were all ones.3.5.3 AntialiasingPolygon antialiasing rasterizes a polygon by producing a fragment whereverthe interior of the polygon intersects that fragment's square. A coveragevalue is computed at each such fragment, and this value is saved to be appliedas described in section 3.10. An associated datum is assigned to a fragmentby integrating the datum's value over the region of the intersection of thefragment square with the polygon's interior and dividing this integratedvalue by the area of the intersection. For a fragment square lying entirelywithin the polygon, the value of a datum at the fragment's center may beused instead of integrating the value across the fragment.Polygon stippling operates in the same way whether polygon antialiasingis enabled or not. The polygon point sampling rule de�ned in section 3.5.1,however, is not enforced for antialiased polygons.3.5.4 Options Controlling Polygon RasterizationThe interpretation of polygons for rasterization is controlled usingvoid PolygonMode( enum face, enum mode ) ;face is one of FRONT, BACK, or FRONT AND BACK, indicating that the rasterizingmethod described by mode replaces the rasterizing method for front facingpolygons, back facing polygons, or both front and back facing polygons,respectively. mode is one of the symbolic constants POINT, LINE, or FILL.Calling PolygonMode with POINT causes certain vertices of a polygon tobe treated, for rasterization purposes, just as if they were enclosed withina Begin(POINT) and End pair. The vertices selected for this treatment arethose that have been tagged as having a polygon boundary edge beginningon them (see section 2.6.2). LINE causes edges that are tagged as boundaryto be rasterized as line segments. (The line stipple counter is reset at the
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70 CHAPTER 3. RASTERIZATIONbeginning of the �rst rasterized edge of the polygon, but not for subsequentedges.) FILL is the default mode of polygon rasterization, corresponding tothe description in sections 3.5.1, 3.5.2, and 3.5.3. Note that these modesa�ect only the �nal rasterization of polygons: in particular, a polygon'svertices are lit, and the polygon is clipped and possibly culled before thesemodes are applied.Polygon antialiasing applies only to the FILL state of PolygonMode.For POINT or LINE, point antialiasing or line segment antialiasing, respec-tively, apply.3.5.5 Depth O�setThe depth values of all fragments generated by the rasterization of a polygonmay be o�set by a single value that is computed for that polygon. Thefunction that determines this value is speci�ed by callingvoid PolygonO�set( float factor, float units ) ;factor scales the maximum depth slope of the polygon, and units scales animplementation dependent constant that relates to the usable resolution ofthe depth bu�er. The resulting values are summed to produce the polygono�set value. Both factor and units may be either positive or negative.The maximum depth slope m of a triangle ism = s�@zw@xw�2 + �@zw@yw�2 (3.5)where (xw; yw; zw) is a point on the triangle. m may be approximated asm = max�����@zw@xw ���� ; ����@zw@yw ����� : (3.6)If the polygon has more than three vertices, one or more values of m may beused during rasterization. Each may take any value in the range [min,max],where min andmax are the smallest and largest values obtained by evaluat-ing Equation 3.5 or Equation 3.6 for the triangles formed by all three-vertexcombinations.The minimum resolvable di�erence r is an implementation constant. Itis the smallest di�erence in window coordinate z values that is guaranteedto remain distinct throughout polygon rasterization and in the depth bu�er.All pairs of fragments generated by the rasterization of two polygons with



Version 1.1 - 4 March 1997

3.6. PIXEL RECTANGLES 71otherwise identical vertices, but zw values that di�er by r, will have distinctdepth values.The o�set value o for a polygon iso = m � factor + r � units: (3.7)m is computed as described above, as a function of depth values in the range[0,1], and o is applied to depth values in the same range.Boolean state values POLYGON OFFSET POINT, POLYGON OFFSET LINE, andPOLYGON OFFSET FILL determine whether o is applied during the rasteriza-tion of polygons in POINT, LINE, and FILL modes. These boolean state val-ues are enabled and disabled as argument values to the commands Enableand Disable. If POLYGON OFFSET POINT is enabled, o is added to the depthvalue of each fragment produced by the rasterization of a polygon in POINTmode. Likewise, if POLYGON OFFSET LINE or POLYGON OFFSET FILL is enabled, ois added to the depth value of each fragment produced by the rasterizationof a polygon in LINE or FILL modes, respectively.Fragment depth values are always limited to the range [0,1], either byclamping after o�set addition is performed (preferred), or by clamping thevertex values used in the rasterization of the polygon.3.5.6 Polygon Rasterization StateThe state required for polygon rasterization consists of a polygon stipple pat-tern, whether stippling is enabled or disabled, the current state of polygonantialiasing (enabled or disabled), the current values of the PolygonModesetting for each of front and back facing polygons, whether point, line, and�ll mode polygon o�sets are enabled or disabled, and the factor and biasvalues of the polygon o�set equation. The initial stipple pattern is all ones;initially stippling is disabled. The initial setting of polygon antialiasing isdisabled. The initial state for PolygonMode is FILL for both front andback facing polygons. The initial polygon o�set factor and bias values areboth 0; initially polygon o�set is disabled for all modes.3.6 Pixel RectanglesRectangles of color, depth, and certain other values may be converted tofragments using the DrawPixels command. Some of the parameters andoperations governing the operation of DrawPixels are shared by Read-Pixels (used to obtain pixel values from the framebu�er) and CopyPixels
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72 CHAPTER 3. RASTERIZATIONParameter Name Type Initial Value Valid RangeUNPACK SWAP BYTES boolean FALSE TRUE/FALSEUNPACK LSB FIRST boolean FALSE TRUE/FALSEUNPACK ROW LENGTH integer 0 [0;1)UNPACK SKIP ROWS integer 0 [0;1)UNPACK SKIP PIXELS integer 0 [0;1)UNPACK ALIGNMENT integer 4 1,2,4,8Table 3.1: PixelStore parameters pertaining to DrawPixels.(used to copy pixels from one framebu�er location to another); the discus-sion of ReadPixels and CopyPixels, however, is deferred until Chapter 4after the framebu�er has been discussed in detail. Nevertheless, we notein this section when parameters and state pertaining to DrawPixels alsopertain to ReadPixels or CopyPixels.A number of parameters control the encoding of pixels in client mem-ory (for reading and writing) and how pixels are processed before beingplaced in or after being read from the framebu�er (for reading, writing, andcopying). These parameters are set with three commands: PixelStore,PixelTransfer, and PixelMap.3.6.1 Pixel Storage ModesPixel storage modes a�ect the operation of DrawPixels and ReadPixels(as well as other commands; see sections 3.5.2, 3.7, and 3.8) when one ofthese commands is issued. This may di�er from the time that the commandis executed if the command is placed in a display list (see section 5.4). Pixelstorage modes are set withvoid PixelStorefifg( enum pname, T param ) ;pname is a symbolic constant indicating a parameter to be set, and paramis the value to set it to. Table 3.1 summarizes the pixel storage parameters,their types, their initial values, and their allowable ranges. Setting a param-eter to a value outside the given range results in the error INVALID VALUE.The version of PixelStore that takes a 
oating-point value may beused to set any type of parameter; if the parameter is boolean, then itis set to FALSE if the passed value is 0:0 and TRUE otherwise, while if theparameter is an integer, then the passed value is rounded to the nearest
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3.6. PIXEL RECTANGLES 73Parameter Name Type Initial Value Valid RangeMAP COLOR boolean FALSE TRUE/FALSEMAP STENCIL boolean FALSE TRUE/FALSEINDEX SHIFT integer 0 (�1;1)INDEX OFFSET integer 0 (�1;1)RED SCALE 
oat 1.0 (�1;1)GREEN SCALE 
oat 1.0 (�1;1)BLUE SCALE 
oat 1.0 (�1;1)ALPHA SCALE 
oat 1.0 (�1;1)DEPTH SCALE 
oat 1.0 (�1;1)RED BIAS 
oat 0.0 (�1;1)GREEN BIAS 
oat 0.0 (�1;1)BLUE BIAS 
oat 0.0 (�1;1)ALPHA BIAS 
oat 0.0 (�1;1)DEPTH BIAS 
oat 0.0 (�1;1)Table 3.2: PixelTransfer parameters.integer. The integer version of the command may also be used to set anytype of parameter; if the parameter is boolean, then it is set to FALSE if thepassed value is 0 and TRUE otherwise, while if the parameter is a 
oating-point value, then the passed value is converted to 
oating-point.3.6.2 Pixel Transfer ModesPixel transfer modes a�ect the operation ofDrawPixels,ReadPixels, andCopyPixels at the time when one of these commands is executed (whichmay di�er from the time the command is issued). Some pixel transfer modesare set withvoid PixelTransferfifg( enum param, T value ) ;param is a symbolic constant indicating a parameter to be set, and value isthe value to set it to. Table 3.2 summarizes the pixel transfer parametersthat are set with PixelTransfer, their types, their initial values, and theirallowable ranges. Setting a parameter to a value outside the given rangeresults in the error INVALID VALUE. The same versions of the command existas for PixelStore, and the same rules apply to accepting and convertingpassed values to set parameters.
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74 CHAPTER 3. RASTERIZATIONMap Name Address Value Init. Size Init. ValuePIXEL MAP I TO I color idx color idx 1 0PIXEL MAP S TO S stencil idx stencil idx 1 0PIXEL MAP I TO R color idx R 1 0.0PIXEL MAP I TO G color idx G 1 0.0PIXEL MAP I TO B color idx B 1 0.0PIXEL MAP I TO A color idx A 1 0.0PIXEL MAP R TO R R R 1 0.0PIXEL MAP G TO G G G 1 0.0PIXEL MAP B TO B B B 1 0.0PIXEL MAP A TO A A A 1 0.0Table 3.3: PixelMap parameters.The other pixel transfer modes are the various lookup tables used byDrawPixels, ReadPixels, and CopyPixels. These are set withvoid PixelMapfui us fgv( enum map, sizei size, T *val-ues ) ;map is a symbolic map name, indicating the map to set, size indicates thesize of the map, and values is a pointer to an array of size map values.The entries of a table may be speci�ed using one of three types: single-precision 
oating-point, unsigned short integer, or unsigned integer, depend-ing on which of the three versions of PixelMap is called. A table entry isconverted to the appropriate type when it is speci�ed. An entry giving acolor component value is converted according to Table 2.6. An entry givinga color index value is converted from an unsigned short integer or unsignedinteger to 
oating-point. An entry giving a stencil index is converted fromsingle-precision 
oating-point to an integer by rounding to nearest. The var-ious tables and their initial sizes and entries are summarized in Table 3.3.A table that takes an index as an address must have size = 2n or the errorINVALID VALUE results. The maximum allowable size of each table is imple-mentation dependent, but must be at least 32 (a single maximum appliesto all tables). The error INVALID VALUE is generated if a size larger than theimplemented maximum, or less than one, is given to PixelMap.



Version 1.1 - 4 March 1997

3.6. PIXEL RECTANGLES 753.6.3 Rasterization of Pixel RectanglesThe process of drawing pixels encoded in host memory is diagrammed inFigure 3.7. We describe the stages of this process in the order in which theyoccur.Pixels are drawn usingvoid DrawPixels( sizei width, sizei height, enum format,enum type, void *data ) ;format is a symbolic constant indicating what the values in memory repre-sent. width and height are the width and height, respectively, of the pixelrectangle to be drawn. data is a pointer to the data to be drawn. Thesedata are represented with one of seven GL data types, speci�ed by type.The correspondence between the eight type token values and the GL datatypes they indicate is given in Table 3.4. If the GL is in color index modeand format is not one of COLOR INDEX, STENCIL INDEX, or DEPTH COMPONENT,then the error INVALID OPERATION occurs. If type is BITMAP and format is notCOLOR INDEX or STENCIL INDEX then the error INVALID ENUM occurs.UnpackingData are taken from host memory as a sequence of signed or unsigned bytes(GL data types byte and ubyte), signed or unsigned short integers (GL datatypes short and ushort), signed or unsigned integers (GL data types intand uint), or 
oating point values (GL data type float). These elementsare grouped into sets of one, two, three, or four values, depending on theformat, to form groups. Table 3.5 summarizes the format of groups obtainedfrom memory; it also indicates those formats that yield indices and thosethat yield components.By default the values of each GL data type are interpreted as they wouldbe speci�ed in the language of the client's GL binding. If UNPACK SWAP BYTESis enabled, however, then the values are interpreted with the bit orderingsmodi�ed as per Table 3.6. The modi�ed bit orderings are de�ned only if theGL data type ubyte has eight bits, and then for each speci�c GL data typeonly if that type is represented with 8, 16, or 32 bits.The groups in memory are treated as being arranged in a rectangle. Thisrectangle consists of a series of rows, with the �rst element of the �rst groupof the �rst row pointed to by the pointer passed to DrawPixels. If thevalue of UNPACK ROW LENGTH is not positive, then the number of groups ina row is width; otherwise the number of groups is UNPACK ROW LENGTH. If p



Version 1.1 - 4 March 1997

76 CHAPTER 3. RASTERIZATION

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

unpack

convert
to [0,1]

convert
L to RGB

scale
and bias

RGBA to RGBA 
lookup

clamp
to [0,1]

RGBA, L

shift
and offset

index to index 
look up

index to RGBA 
looku p

mask to
(2n − 1)

Pixel Storage
Operations

Pixel Transfer
Operations

byte, short, int, o r float pixel
data stream (index or component)

RGBA pixel
data out

color index pixel
data out

color
index

Figure 3.7. Operation of DrawPixels. Output is RGBA pixels if the GLis in RGBA mode, color index pixels otherwise. (Depth and stencil pixelpaths are not illustrated.) RGBA-to-RGBA and index-to-index lookup areoptional.
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3.6. PIXEL RECTANGLES 77type Parameter Token Name Corresponding GL Data TypeUNSIGNED BYTE ubyteBITMAP ubyteBYTE byteUNSIGNED SHORT ushortSHORT shortUNSIGNED INT uintINT 32-bit integerFLOAT 
oatTable 3.4: DrawPixels and ReadPixels type parameter values and thecorresponding GL data types. Refer to table 2.2 for de�nitions of GL datatypes. Format Name Element Meaning and Order Target Bu�erCOLOR INDEX Color Index ColorSTENCIL INDEX Stencil Index StencilDEPTH COMPONENT Depth Component DepthRED R Component ColorGREEN G Component ColorBLUE B Component ColorALPHA A Component ColorRGB R, G, B Components ColorRGBA R, G, B, A Components ColorLUMINANCE Luminance Component ColorLUMINANCE ALPHA Luminance, A components ColorTable 3.5: DrawPixels andReadPixels formats. The second column givesa description of and the number and order of elements in a group.
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78 CHAPTER 3. RASTERIZATIONElement Size Default Bit Ordering Modi�ed Bit Ordering8 bit [7::0] [7::0]16 bit [15::0] [7::0][15::8]32 bit [31::0] [7::0][15::8][23::16][31::24]Table 3.6: Bit ordering modi�cation of elements when UNPACK SWAP BYTES isenabled. These reorderings are de�ned only when GL data type ubyte has8 bits, and then only for GL data types with 8, 16, or 32 bits. Bit 0 is theleast signi�cant.indicates the location in memory of the �rst element of the �rst row, thenthe �rst element of the Nth row is indicated byp+Nk (3.8)where N is the row number (counting from zero) and k is de�ned ask = ( nl s � a;a=s dsnl=ae s < a (3.9)where n is the number of elements in a group, l is the number of groups inthe row, a is the value of UNPACK ALIGNMENT, and s is the size, in units of GLubytes, of an element. If the number of bits per element is not 1, 2, 4, or 8times the number of bits in a GL ubyte, then k = nl for all values of a.There is a mechanism for selecting a sub-rectangle of groups from alarger containing rectangle. This mechanism relies on three integer param-eters: UNPACK ROW LENGTH, UNPACK SKIP ROWS, and UNPACK SKIP PIXELS. Beforeobtaining the �rst group from memory, the pointer supplied toDrawPixelsis e�ectively advanced by (UNPACK SKIP PIXELS)n+ (UNPACK SKIP ROWS)k ele-ments. Then width groups are obtained from contiguous elements in memory(without advancing the pointer), after which the pointer is advanced by kelements. height sets of width groups of values are obtained this way. SeeFigure 3.8.Calling DrawPixels with a type of BITMAP is a special case in which thedata are a series of GL ubyte values. Each ubyte value speci�es 8 1-bit ele-ments with its 8 least-signi�cant bits. The 8 single-bit elements are orderedfrom most signi�cant to least signi�cant if the value of UNPACK LSB FIRST isFALSE; otherwise, the ordering is from least signi�cant to most signi�cant.The values of bits other than the 8 least signi�cant in each ubyte are notsigni�cant.
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subimageFigure 3.8. Selecting a subimage from an image. The indicated param-eter names are pre�xed by UNPACK for DrawPixels and by PACK forReadPixels.The �rst element of the �rst row is the �rst bit (as de�ned above) of theubyte pointed to by the pointer passed to DrawPixels. The �rst elementof the second row is the �rst bit (again as de�ned above) of the ubyte atlocation p+ k, where k is computed ask = a �nl8a� (3.10)There is a mechanism for selecting a sub-rectangle of elements froma BITMAP image as well. Before obtaining the �rst element from mem-ory, the pointer supplied to DrawPixels is e�ectively advanced by(UNPACK SKIP ROWS)k ubytes. Then UNPACK SKIP PIXELS 1-bit elements areignored, and the subsequent width 1-bit elements are obtained, without ad-vancing the ubyte pointer, after which the pointer is advanced by k ubytes.height sets of width elements are obtained this way.Conversion to 
oating-pointThis step applies only to groups of components. It is not performed onindices. Each element in a group is converted to a 
oating-point valueaccording to the appropriate formula in Table 2.6 (section 2.13).
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80 CHAPTER 3. RASTERIZATIONConversion to RGBThis step is applied only if the format is LUMINANCE or LUMINANCE ALPHA. Ifthe format is LUMINANCE, then each group of one element is converted to agroup of R, G, and B (three) elements by copying the original single elementinto each of the three new elements. If the format is LUMINANCE ALPHA, theneach group of two elements is converted to a group of R, G, B, and A (four)elements by copying the �rst original element into each of the �rst threenew elements and copying the second original element to the A (fourth)new element.Final Expansion to RGBAThis step is performed only for non-depth component groups. Each groupis converted to a group of 4 elements as follows: if a group does not containan A element, then A is added and set to 1.0. If any of R, G, or B is missingfrom the group, each missing element is added and assigned a value of 0.0.Pixel Transfer OperationsThis step is actually a sequence of steps. Because the pixel transfer opera-tions are performed equivalently during the drawing, copying, and reading ofpixels, and during the speci�cation of texture images (either frommemory orfrom the framebu�er), they are described separately in section 3.6.4. Afterthe processing described in that section is completed, groups are processedas described in the following sections.Final ConversionFor a color index, �nal conversion consists of masking the bits of the indexto the left of the binary point by 2n� 1, where n is the number of bits in anindex bu�er. For RGBA components, each element is clamped to [0; 1]. Theresulting values are converted to �xed-point according to the rules given insection 2.13.9 (Final Color Processing).For a depth component, an element is �rst clamped to [0; 1] and thenconverted to �xed-point as if it were a window z value (see section 2.10.1,Controlling the Viewport).Stencil indices are masked by 2n � 1, where n is the number of bits inthe stencil bu�er.
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3.6. PIXEL RECTANGLES 81Conversion to FragmentsThe conversion of a group to fragments is controlled withvoid PixelZoom( float zx, float zy ) ;Let (xrp; yrp) be the current raster position (section 2.12). (If the currentraster position is invalid, then DrawPixels is ignored.) If a particulargroup (index or components) is the nth in a row and belongs to the mthrow, consider the region in window coordinates bounded by the rectanglewith corners(xrp + zxn; yrp + zym) and (xrp + zx(n + 1); yrp + zy(m+ 1))(either zx or zy may be negative). Any fragments whose centers lie insideof this rectangle (or on its bottom or left boundaries) are produced in cor-respondence with this particular group of elements.A fragment arising from a group consisting of color data takes on thecolor index or color components of the group; the depth and texture coordi-nates are taken from the current raster position's associated data. A frag-ment arising from a depth component takes the component's depth value;the color and texture coordinates are given by those associated with thecurrent raster position. In both cases texture coordinates s, t, and r are re-placed with s=q, t=q, and r=q, respectively. If q is less then or equal to zero,the results are unde�ned. Groups arising from DrawPixels with a formatof STENCIL INDEX are treated specially and are described in section 4.3.1.3.6.4 Pixel Transfer OperationsThe GL de�nes four kinds of pixel groups:1. RGBA component: Each group comprises four color components: red,green, blue, and alpha.2. Depth component: Each group comprises a single depth component.3. Color index: Each group comprises a single color index.4. Stencil index: Each group comprises a single stencil index.Each operation described in this section is applied sequentially to each pixelgroup in an image. Many operations are applied only to pixel groups ofcertain kinds; if an operation is not applicable to a given group, it is skipped.Future versions of GL may de�ne additional pixel transfer operations.
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82 CHAPTER 3. RASTERIZATIONArithmetic on ComponentsThis step applies only to RGBA component and depth component groups.Each component is multiplied by an appropriate signed scale factor:RED SCALE for an R component, GREEN SCALE for a G component, BLUE SCALEfor a B component, and ALPHA SCALE for an A component, or DEPTH SCALE fora depth component. Then the result is added to the the appropriate signedbias: RED BIAS, GREEN BIAS, BLUE BIAS, ALPHA BIAS, or DEPTH BIAS.Arithmetic on IndicesThis step applies only to color index and stencil index groups. If the indexis a 
oating-point value, it is converted to �xed-point, with an unspeci�ednumber of bits to the right of the binary point. Indices that are alreadyintegers remain so; any fraction bits in the resulting �xed-point value arezero.The �xed-point index is then shifted by jINDEX SHIFTj bits, left ifINDEX SHIFT > 0 and right otherwise. In either case the shift is zero-�lled.Then, the signed integer o�set INDEX OFFSET is added to the index.RGBA to RGBA LookupThis step applies only to RGBA component groups, and is skipped ifMAP COLOR is FALSE. First, each component is clamped to the range [0; 1].There is a table associated with each of the R, G, B, and A componentelements: PIXEL MAP R TO R for R, PIXEL MAP G TO G for G, PIXEL MAP B TO Bfor B, and PIXEL MAP A TO A for A. Each element is multiplied by an integerone less than the size of the corresponding table, and, for each element, anaddress is found by rounding this value to the nearest integer. For each ele-ment, the addressed value in the corresponding table replaces the element.Color Index LookupThis step applies only to color index groups. If the GL command thatinvokes the pixel transfer operation requires that RGBA component pixelgroups be generated, then a conversion is performed at this step. RGBAcomponent pixel groups are required if1. The groups will be rasterized, and the GL is in RGBA mode, or2. The groups will be loaded as an image into texture memory, or
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3.7. BITMAPS 833. The groups will be returned to client memory with a format other thanCOLOR INDEX.If RGBA component groups are required, then the integer part of the in-dex is used to reference 4 tables of color components: PIXEL MAP I TO R,PIXEL MAP I TO G, PIXEL MAP I TO B, and PIXEL MAP I TO A. Each of these ta-bles must have 2n entries for some integer value of n (n may be di�erentfor each table). For each table, the index is �rst rounded to the nearestinteger; the result is ANDed with 2n� 1, and the resulting value used as anaddress into the table. The indexed value becomes an R, G, B, or A value,as appropriate. The group of four elements so obtained replaces the index,changing the group's type to RGBA component.If RGBA component groups are not required, and if MAP COLOR is enabled,then the index is looked up in the PIXEL MAP I TO I table (otherwise, theindex is not looked up). Again, the table must have 2n entries for someinteger n, and the integer part of the index is ANDed with 2n�1, producinga value. This value addresses the table, and the value in the table replacesthe index. The 
oating-point table value is �rst rounded to a �xed-pointvalue with unspeci�ed precision. The group's type remains color index.Stencil Index LookupThis step applies only to stencil index groups. If MAP STENCIL is enabled,then the index is looked up in the PIXEL MAP S TO S table (otherwise, theindex is not looked up). The table must have 2n entries for some integer n,and the integer part of the index is ANDed with 2n � 1, producing a value.This value addresses the table, and the value in the table replaces the index.The 
oating-point table value is �rst rounded to a �xed-point value withunspeci�ed precision.3.7 BitmapsBitmaps are rectangles of zeros and ones specifying a particular pattern offragments to be produced. Each of these fragments has the same associateddata. These data are those associated with the current raster position.Bitmaps are sent usingvoid Bitmap( sizei w, sizei h, float xbo, float ybo,float xbi, float ybi, ubyte *data ) ;
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h = 12

w = 8

ybo = 1.0

xbo  = 2.5Figure 3.9. A bitmap and its associated parameters. xbi and ybi are notshown.w and h comprise the integer width and height of the rectangular bitmap,respectively. (xbo; ybo) gives the 
oating-point x and y values of the bitmap'sorigin. (xbi; ybi) gives the 
oating-point x and y increments that are addedto the raster position after the bitmap is rasterized. data is a pointer to abitmap.Like a polygon pattern, a bitmap is unpacked from memory according tothe procedure given in section 3.6.3 for DrawPixels; it is as if the width andheight passed to that command were equal to w and h, respectively, the typewere BITMAP, and the format were COLOR INDEX. The unpacked values (beforeany conversion or arithmetic would have been performed) are bitwise ANDedwith 1 to obtain a stipple pattern of zeros and ones. See Figure 3.9.A bitmap sent using Bitmap is rasterized as follows. First, if the cur-rent raster position is invalid (the valid bit is reset), the bitmap is ignored.Otherwise, a rectangular array of fragments is constructed, with lower leftcorner at (xll; yll) = (bxrp � xboc; byrp � yboc)and upper right corner at (xll+w; yll+h) where w and h are the width andheight of the bitmap, respectively. Fragments in the array are produced ifthe corresponding bit in the bitmap is 1 and not produced otherwise. The
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3.8. TEXTURING 85associated data for each fragment are those associated with the current rasterposition, with texture coordinates s, t, and r replaced with s=q, t=q, and r=q,respectively. If q is less then or equal to zero, the results are unde�ned. Oncethe fragments have been produced, the current raster position is updated:(xrp; yrp) (xrp + xbi; yrp + ybi):The z and w values of the current raster position remain unchanged.3.8 TexturingTexturing maps a portion of a speci�ed image onto each primitive for whichtexturing is enabled. This mapping is accomplished by using the color ofan image at the location indicated by a fragment's (s; t; r) coordinates tomodify the fragment's RGBA color (r is currently ignored). Texturing isspeci�ed only for RGBA mode; its use in color index mode is unde�ned.The GL provides a means to specify the details of how texturing of aprimitive is e�ected. These details include speci�cation of the image to betexture mapped, the means by which the image is �ltered when appliedto the primitive, and the function that determines what RGBA value isproduced given a fragment color and an image value.Texture Image Speci�cationThe commandvoid TexImage2D( enum target, int level, int internalfor-mat, sizei width, sizei height, int border, enum format,enum type, void *data ) ;is used to specify a two-dimensional texture image. target must be eitherTEXTURE 2D, or PROXY TEXTURE 2D in the special case discussed in section 3.8.3.width, height, format, type, and data correspond precisely to the correspond-ing arguments to DrawPixels (refer to section 3.6.3); they specify the im-age's width and height, a format of the image data, the type of those data, anda pointer to the image data in memory. The image is taken from memoryexactly as if these arguments were passed to DrawPixels, but the processstops just before �nal conversion. Each R, G, B, and A value so generatedis clamped to [0; 1]. (The formats STENCIL INDEX and DEPTH COMPONENT arenot allowed.) Components are then selected from the resulting R, G, B, andA values to obtain a texture with the base internal format speci�ed by (or
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86 CHAPTER 3. RASTERIZATIONderived from) internalformat. Table 3.7 summarizes the mapping of R, G,B, and A values to texture components, as a function of the base internalformat of the texture image. internalformat may be speci�ed as one of thesix base internal format symbolic constants listed in Table 3.7, or it may bespeci�ed as any one of the sized internal format symbolic constants listedin Table 3.8. (For compatibility with the 1.0 version of the GL, internal-format values 1, 2, 3, and 4 are equivalent to symbolic constants LUMINANCE,LUMINANCE ALPHA, RGB, and RGBA respectively.) Specifying a value for inter-nalformat that is not a base internal format, a sized internal format, 1, 2,3, or 4 generates the error INVALID VALUE. (For compatibility with the 1.0version of the GL, parameter internalformat is type int, not type enum.)The internal component resolution is the number of bits allocated toeach value in a texture image. If internalformat is speci�ed as a base in-ternal format, the GL stores the resulting texture with internal componentresolutions of its own choosing. If a sized internal format is speci�ed, themapping of the R, G, B, and A values to texture components is equivalentto the mapping of the corresponding base internal format's components, asspeci�ed in Table 3.7, and the memory allocation per texture component isassigned by the GL to match the allocations listed in Table 3.8 as closely aspossible. (The de�nition of closely is left up to the implementation. Imple-mentations are not required to support more than one resolution for eachbase internal format.)A GL implementation may vary its allocation of internal component res-olution based on any TexImage1D (see below) or TexImage2D parameter(except target), but the allocation must not be a function of any other state,and cannot be changed once it is established. Allocations must be invariant;the same allocation must be made each time a texture image is speci�edwith the same parameter values. These allocation rules also apply to proxytextures, which are described in section 3.8.3.The image itself (pointed to by data) is a sequence of groups of values.The �rst group is the lower left corner of the texture image. Subsequentgroups �ll out rows of width width from left to right; height rows are stackedfrom bottom to top. Each color component is converted (by rounding tonearest) to a �xed-point value with n bits, where n is the number of bitsof storage allocated to that component in the image array. We assume thatthe �xed-point representation used represents each value k=(2n � 1), wherek 2 f0; 1; : : : ; 2n � 1g, as k (e.g. 1.0 is represented in binary as a string ofall ones).The level argument to TexImage2D is an integer level-of-detail number.Levels of detail are discussed below, underMipmapping. The main texture
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3.8. TEXTURING 87Base Internal Format RGBA Values Texture ComponentsALPHA A ALUMINANCE R LLUMINANCE ALPHA R,A L,AINTENSITY R IRGB R,G,B R,G,BRGBA R,G,B,A R,G,B,ATable 3.7: Correspondence of texture components to pixel group R, G, B,and A values. See section 3.8.5 for a description of the texture componentsR, G, B, A, L, and I .image has a level of detail number of 0. If a level-of-detail less than zero isspeci�ed, the error INVALID VALUE is generated.The border argument to TexImage2D is a border width. The signi�-cance of borders is described below. The border width a�ects the requireddimensions of the texture image: it must be the case that ws = 2n + 2bsand hs = 2m + 2bs, where bs is the speci�ed (non-negative) border width,and ws and hs are the speci�ed image width and height. If width and heightdo not satisfy these relationships, then the error INVALID VALUE is generated.Currently the maximum border width bt is 1. If bs is less than zero, orgreater than bt, then the error INVALID VALUE is generated.The maximum allowable width or height of an image is an implemen-tation dependent function of the level-of-detail and internal format of theresulting image array. It must be at least 2k�lod + 2bt for image arrays oflevel-of-detail 0 through k, where k is the log base 2 of MAX TEXTURE SIZE,lod is the level-of-detail of the image array, and bt is the maximum borderwidth. It may be zero for image arrays of any level-of-detail greater than k.The error INVALID VALUE is generated if the speci�ed image is too large tobe stored under any conditions. Section 3.8.3 describes a query mechanismto determine the maximum dimensions of a texture array of a speci�c levelof detail and internal format. In order to allow the client to meaningfullyquery the maximum image array sizes that are supported, an implementa-tion must not allow an image array of level one or greater to be created if acomplete set of image arrays consistent with the requested array could notbe supported. The de�nition of a complete set of image arrays is providedbelow, under Mipmapping.Another command,



Version 1.1 - 4 March 1997

88 CHAPTER 3. RASTERIZATIONSized Base R G B A L IInternal Format Internal Format bits bits bits bits bits bitsALPHA4 ALPHA 4ALPHA8 ALPHA 8ALPHA12 ALPHA 12ALPHA16 ALPHA 16LUMINANCE4 LUMINANCE 4LUMINANCE8 LUMINANCE 8LUMINANCE12 LUMINANCE 12LUMINANCE16 LUMINANCE 16LUMINANCE4 ALPHA4 LUMINANCE ALPHA 4 4LUMINANCE6 ALPHA2 LUMINANCE ALPHA 2 6LUMINANCE8 ALPHA8 LUMINANCE ALPHA 8 8LUMINANCE12 ALPHA4 LUMINANCE ALPHA 4 12LUMINANCE12 ALPHA12 LUMINANCE ALPHA 12 12LUMINANCE16 ALPHA16 LUMINANCE ALPHA 16 16INTENSITY4 INTENSITY 4INTENSITY8 INTENSITY 8INTENSITY12 INTENSITY 12INTENSITY16 INTENSITY 16R3 G3 B2 RGB 3 3 2RGB4 RGB 4 4 4RGB5 RGB 5 5 5RGB8 RGB 8 8 8RGB10 RGB 10 10 10RGB12 RGB 12 12 12RGB16 RGB 16 16 16RGBA2 RGBA 2 2 2 2RGBA4 RGBA 4 4 4 4RGB5 A1 RGBA 5 5 5 1RGBA8 RGBA 8 8 8 8RGB10 A2 RGBA 10 10 10 2RGBA12 RGBA 12 12 12 12RGBA16 RGBA 16 16 16 16Table 3.8: Correspondence of sized internal formats to base internal formats,and desired component resolutions for each sized internal format.
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3.8. TEXTURING 89void TexImage1D( enum target, int level, int internalfor-mat, sizei width, int border, enum format, enum type,void *data ) ;is used to specify one-dimensional texture images. target must be eitherTEXTURE 1D or PROXY TEXTURE 1D. (It is TEXTURE 1D except in the special casediscussed in section 3.8.3.) For the purposes of decoding the texture image,TexImage1D is equivalent to calling TexImage2D with correspondingarguments and height of 1, except that the height of the image is always 1,regardless of the value of border. It must be the case that ws = 2n + 2bs forsome integer n where bs is the value of border and ws is the value of width,or the error INVALID VALUE is generated.An image with zero height or width (or zero width, for TexImage1D)indicates the null texture. If the null texture is speci�ed for level-of-detailzero, it is as if texturing were disabled.The image indicated to the GL by the image pointer is decoded andcopied into the GL's internal memory. This copying e�ectively places thedecoded image inside a border of the maximum allowable width (currently1) whether or not a border has been speci�ed (see Figure 3.10). If noborder or a border smaller than the maximum allowable width has beenspeci�ed, then the image is still stored as if it were surrounded by a borderof the maximum possible width. Any excess border (which surrounds thespeci�ed image, including any border) is assigned unspeci�ed values. Aone-dimensional texture has a border only at its left and right ends.We shall refer to the (possibly border augmented) decoded image as thetexture array. A two-dimensional texture array has width wt = 2n+2bt andheight ht = 2m + 2bt, where bt is the maximum allowable border width; aone-dimensional texture array has width wt = 2n + 2bt and height ht = 1.An element (i; j) of the texture array is called a texel (for a 1-dimensionaltexture, j is irrelevant). The texture value used in texturing a fragment isdetermined by that fragment's associated (s; t) coordinates, but may notcorrespond to any actual texel. See Figure 3.10.If the data argument of TexImage1D or TexImage2D is a null pointer(a zero-valued pointer in the C implementation), a one-dimensional or two-dimensional texture array is created with the speci�ed target, level, inter-nalformat, width, and height, but with unspeci�ed image contents. In thiscase no pixel values are accessed in client memory, and no pixel processingis performed. Errors are generated, however, exactly as though the datapointer were valid.
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Figure 3.10. A texture image and the coordinates used to access it. This is atwo-dimensional texture with n = 3 and m = 2. A one-dimensional texturewould consist of a single horizontal strip. � and �, values used in blendingadjacent texels to obtain a texture value, are also shown.
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3.8. TEXTURING 91Alternate Texture Image Speci�cation CommandsTexture images may also be speci�ed using image data taken directly fromthe framebu�er, and rectangular subregions of existing texture images maybe respeci�ed.The commandvoid CopyTexImage2D( enum target, int level, enum in-ternalformat, int x, int y, sizei width, sizei height,int border ) ;de�nes a two-dimensional texture array in exactly the manner of TexIm-age2D, except that the image data are taken from the framebu�er ratherthan from client memory. Currently, target must be TEXTURE 2D. x, y, width,and height correspond precisely to the corresponding arguments to Copy-Pixels (refer to section 4.3.3); they specify the image's width and height,and the lower left (x; y) coordinates of the framebu�er region to be copied.The image is taken from the framebu�er exactly as if these arguments werepassed toCopyPixels, with argument type set to COLOR, stopping after pixeltransfer processing is complete. Subsequent processing is identical to thatdescribed for TexImage2D, beginning with clamping of the R, G, B, andA values from the resulting pixel groups. Parameters level, internalformat,and border are speci�ed using the same values, with the same meanings, asthe equivalent arguments of TexImage2D, except that internalformat maynot be speci�ed as 1, 2, 3, or 4. An invalid value speci�ed for internalfor-mat generates the error INVALID ENUM. The constraints on width, height, andborder are exactly those for the equivalent arguments of TexImage2D.The commandvoid CopyTexImage1D( enum target, int level, enum inter-nalformat, int x, int y, sizei width, int border ) ;de�nes a one-dimensional texture array in exactly the manner of TexIm-age1D, except that the image data are taken from the framebu�er, ratherthan from client memory. Currently, target must be TEXTURE 1D. For thepurposes of decoding the texture image, CopyTexImage1D is equivalentto calling CopyTexImage2D with corresponding arguments and height of1, except that the height of the image is always 1, regardless of the valueof border. level, internalformat, and border are speci�ed using the same val-ues, with the same meanings, as the equivalent arguments of TexImage1D,except that internalformat may not be speci�ed as 1, 2, 3, or 4. The con-straints on width and border are exactly those of the equivalent argumentsof TexImage1D.
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92 CHAPTER 3. RASTERIZATIONFour additional commands,void TexSubImage1D( enum target, int level, int xo�set,sizei width, enum format, enum type, void *data ) ;void TexSubImage2D( enum target, int level, int xo�-set, int yo�set, sizei width, sizei height, enum format,enum type, void *data ) ;void CopyTexSubImage1D( enum target, int level,int xo�set, int x, int y, sizei width ) ;void CopyTexSubImage2D( enum target, int level,int xo�set, int yo�set, int x, int y, sizei width,sizei height ) ;respecify only a rectangular subregion of an existing texture array. Nochange is made to the internalformat, width, height, or border parame-ters of the speci�ed texture array, nor is any change made to texel valuesoutside the speci�ed subregion. Currently the target arguments of Tex-SubImage1D and CopyTexSubImage1D must be TEXTURE 1D, and thetarget arguments of TexSubImage2D and CopyTexSubImage2D mustbe TEXTURE 2D. The level parameter of each command speci�es the level ofthe texture array that is modi�ed. If level is less than zero or greater thanthe base 2 logarithm of the maximum texture width or height, the errorINVALID VALUE is generated.TexSubImage2D arguments width, height, format, type, and datamatch the corresponding arguments to TexImage2D, meaning that theyare speci�ed using the same values, and have the same meanings. Likewise,TexSubImage1D arguments width, format, type, and datamatch the corre-sponding arguments to TexImage1D. CopyTexSubImage2D argumentsx, y, width, and height match the corresponding arguments to CopyTex-Image2D. And CopyTexSubImage1D arguments x, y, and width matchthe corresponding arguments toCopyTexImage1D. Each of the four Tex-SubImage commands interprets and processes pixel groups in exactly themanner of its TexImage counterpart, except that the assignment of R, G,B, and A pixel group values to the texture components is controlled by theinternalformat of the texture array, not by an argument to the command.Arguments xo�set and yo�set of TexSubImage2D and CopyTex-SubImage2D specify the lower left texel coordinates of a width-wide byheight-high rectangular subregion of the texture array. Negative values of



Version 1.1 - 4 March 1997

3.8. TEXTURING 93xo�set and yo�set correspond to the coordinates of border texels, addressedas in Figure 3.10. Taking ws, hs, and bs to be the speci�ed width, height,and border width of the texture array, (not the actual array dimensions wt,ht, and bt), and taking x, y, w, and h to be the xo�set, yo�set, width, andheight argument values, any of the following relationships generates the errorINVALID VALUE: x < �bsx + w > ws � bsy < �bsy + h > hs � bs(Recall that ws and hs include twice the speci�ed border width bs.) Countingfrom zero, the nth pixel group is assigned to the texel with (u; v) coordinates(i; j), where i = x+ (n mod w)j = y + (bn=wc mod h)The xo�set argument of TexSubImage1D and CopyTexSubIm-age1D speci�es the left texel coordinate of a width-wide subregion of thetexture array. Negative values of xo�set correspond to the coordinates ofborder texels. Taking ws and bs to be the speci�ed width and border widthof the texture array, and x and w to be the xo�set and width argument val-ues, either of the following relationships generates the error INVALID VALUE:x < �bsx + w > ws � bsCounting from zero, the nth pixel group is assigned to the texel with internalinteger coordinates [i], wherei = x+ (n mod w)Texture ParametersVarious parameters control how the texture array is treated when appliedto a fragment. Each parameter is set by callingvoid TexParameterfifg( enum target, enum pname,T param ) ;
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94 CHAPTER 3. RASTERIZATIONName Type Legal ValuesTEXTURE WRAP S integer CLAMP, REPEATTEXTURE WRAP T integer CLAMP, REPEATTEXTURE MIN FILTER integer NEAREST, LINEAR,NEAREST MIPMAP NEAREST,NEAREST MIPMAP LINEAR,LINEAR MIPMAP NEAREST,LINEAR MIPMAP LINEARTEXTURE MAG FILTER integer NEAREST, LINEARTEXTURE BORDER COLOR 4 
oats any 4 values in [0; 1]TEXTURE PRIORITY 
oat any value in [0; 1]Table 3.9: Texture parameters and their values.void TexParameterfifgv( enum target, enum pname,T params ) ;target is the target, either TEXTURE 1D or TEXTURE 2D, pname is a symbolicconstant indicating the parameter to be set; the possible constants and cor-responding parameters are summarized in Table 3.9. In the �rst form of thecommand, param is a value to which to set a single-valued parameter; in thesecond form of the command, params is an array of parameters whose typedepends on the parameter being set. If the values for TEXTURE BORDER COLORare speci�ed as integers, the conversion for signed integers from Table 2.6 isapplied to convert the values to 
oating-point. Each of the four values setby TEXTURE BORDER COLOR is clamped to lie in [0; 1].Texture Wrap ModesIf TEXTURE WRAP S or TEXTURE WRAP T is set to REPEAT, then the GL ignoresthe integer part of s or t coordinates, respectively, using only the fractionalpart. (For a number r, the fractional part is r � brc, regardless of the signof r; recall that the 
oor function truncates towards �1.) CLAMP causes sor t coordinates to be clamped to the range [0; 1]. The initial state is forboth s and t behavior to be that given by REPEAT.3.8.1 Texture Mini�cationApplying a texture to a primitive implies a mapping from texture imagespace to framebu�er image space. In general, this mapping involves a recon-
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3.8. TEXTURING 95struction of the sampled texture image, followed by a homogeneous warpingimplied by the mapping to framebu�er space, then a �ltering, followed �-nally by a resampling of the �ltered, warped, reconstructed image beforeapplying it to a fragment. In the GL this mapping is approximated by oneof two simple �ltering schemes. One of these schemes is selected based onwhether the mapping from texture space to framebu�er space is deemed tomagnify or minify the texture image. The choice is governed by a scale fac-tor �(x; y) and �(x; y) � log2[�(x; y)]; if �(x; y) is less than or equal to someconstant (the selection of the constant is described below in section 3.8.2)the texture is said to be magni�ed; if it is greater, the texture is mini�ed. �is called the level of detail.Let s(x; y) be the function that associates an s texture coordinate witheach set of window coordinates (x; y) that lie within a primitive; de�net(x; y) analogously. Let u(x; y) = 2ns(x; y) and v(x; y) = 2mt(x; y) (for aone-dimensional texture, de�ne v(x; y) � 0). For a polygon, � is given at afragment with window coordinates (x; y) by� = max8<:s�@u@x�2 + �@v@x�2;s�@u@y�2 + �@v@y�29=; (3.11)where @u=@x indicates the derivative of u with respect to window x, andsimilarly for the other derivatives. For a line, the formula is� = s�@u@x�x+ @u@y�y�2 + �@v@x�x+ @v@y�y�2�l; (3.12)where �x = x2 � x1 and �y = y2 � y1 with (x1; y1) and (x2; y2) being thesegment's window coordinate endpoints and l = p�x2 + �y2. For a point,pixel rectangle, or bitmap, � � 1.While it is generally agreed that equations 3.11 and 3.12 give the bestresults when texturing, they are often impractical to implement. Therefore,an implementation may approximate the ideal � with a function f(x; y)subject to these conditions:1. f(x; y) is continuous and monotonically increasing in each of j@u=@xj,j@u=@yj, j@v=@xj, and j@v=@yj,2. Let mu = max�����@u@x���� ; ����@u@y ����� and mv = max�����@v@x ���� ; ����@v@y ����� :Then maxfmu; mvg � f(x; y) � mu +mv.
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96 CHAPTER 3. RASTERIZATIONWhen � indicates mini�cation, the value assigned to TEXTURE MIN FILTERis used to determine how the texture value for a fragment is selected. WhenTEXTURE MIN FILTER is NEAREST, the texel nearest (in Manhattan distance) tothat speci�ed by (s; t) is obtained. This means the texel at location (i; j)becomes the texture value, with i given byi = ( buc; s < 1;2n � 1; s = 1: (3.13)(Recall that if TEXTURE WRAP S is REPEAT, then 0 � s < 1.) Similarly, j isfound as j = ( bvc; t < 1;2m � 1; t = 1: (3.14)For a one-dimensional texture, j is irrelevant; the texel at location i becomesthe texture value.When TEXTURE MIN FILTER is LINEAR, a 2� 2 square of texels is selected.This square is obtained by �rst computingi0 = ( bu � 1=2c mod 2n; TEXTURE WRAP S is REPEAT;bu � 1=2c; TEXTURE WRAP S is CLAMPand j0 = ( bv � 1=2c mod 2m; TEXTURE WRAP T is REPEATbv � 1=2c; TEXTURE WRAP T is CLAMP:Then i1 = ( (i0 + 1) mod 2n; TEXTURE WRAP S is REPEAT;i0 + 1; TEXTURE WRAP S is CLAMPand j1 = ( (j0 + 1) mod 2m; TEXTURE WRAP T is REPEAT;j0 + 1; TEXTURE WRAP T is CLAMP:Let � = frac(u� 1=2) and � = frac(v � 1=2)where frac(x) denotes the fractional part of x. Let �ij be the texel at location(i; j) in the texture image. Then the texture value, � is found as� = (1� �)(1� �)�i0j0 + �(1� �)�i1j0 + (1� �)��i0j1 + ���i1j1 (3.15)for a two-dimensional texture. For a one-dimensional texture,� = (1� �)�i0 + ��i1
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3.8. TEXTURING 97where �i indicates the texel at location i in the one-dimensional texture. Ifany of the selected �ij (or �i) in the above equations refer to a border texelwith i < �bs, j < �bs, i � ws � bs, or j � hs � bs, then the border colorgiven by the current setting of TEXTURE BORDER COLOR is used instead of theunspeci�ed value or values. The RGBA values of the TEXTURE BORDER COLORare interpreted to match the texture's internal format in a manner consistentwith Table 3.7.MipmappingTEXTURE MIN FILTER values NEAREST MIPMAP NEAREST, NEAREST MIPMAP LINEAR,LINEAR MIPMAP NEAREST, and LINEAR MIPMAP LINEAR each require the use of amipmap. A mipmap is an ordered set of arrays representing the same image;each array has a resolution lower than the previous one. If the texture hasdimensions 2n � 2m, then there are maxfn;mg + 1 mipmap arrays. The�rst array is the original texture with dimensions 2n� 2m. Each subsequentarray has dimensions 2(k�1)� 2(l�1) where 2k � 2l are the dimensions of theprevious array. This is the case as long as both k > 0 and l > 0. Once eitherk = 0 or l = 0, each subsequent array has dimension 1� 2(l�1) or 2(k�1)� 1,respectively, until the last array is reached with dimension 1� 1.Each array in a mipmap is transmitted to the GL using TexImage2Dor TexImage1D; the array being set is indicated with the level-of-detailargument. Level-of-detail numbers proceed from 0 for the original texturearray through p = maxfn;mg with each unit increase indicating an array ofhalf the dimensions of the previous one as already described. If texturing isenabled (and TEXTURE MIN FILTER is one that requires a mipmap) at the timea primitive is rasterized and if the set of arrays 0 through p is incomplete,based on the dimensions of array 0, then it is as if texture mapping weredisabled. The set of arrays 0 through p is incomplete if the internal formats ofall the mipmap arrays were not speci�ed with the same symbolic constant,or if the border widths of the mipmap arrays are not the same, or if thedimensions of the mipmap arrays do not follow the sequence described above.Arrays indexed greater than p are insigni�cant.The mipmap is used in conjunction with the level of detail to approx-imate the application of an appropriately �ltered texture to a fragment.Let p = maxfn;mg and let c be the value of � at which the transitionfrom mini�cation to magni�cation occurs (since this discussion pertains tomini�cation, we are concerned only with values of � where � > c). ForNEAREST MIPMAP NEAREST, if c < � � 0:5 then the mipmap array with level-of-detail of 0 is selected. Otherwise, the dth mipmap array is selected when
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98 CHAPTER 3. RASTERIZATIONd� 12 < � � d+ 12 as long as 1 � d � p. If � > p+ 12 , then the pth mipmaparray is selected. The rules for NEAREST are then applied to the selectedarray.The same mipmap array selection rules apply for LINEAR MIPMAP NEARESTas for NEAREST MIPMAP NEAREST, but the rules for LINEAR are applied to theselected array.For NEAREST MIPMAP LINEAR, the level d�1 and the level d mipmap arraysare selected, where d�1 � � < d, unless � � p, in which case the pth mipmaparray is used for both arrays. The rules for NEAREST are then applied to eachof these arrays, yielding two corresponding texture values �d�1 and �d. The�nal texture value is then found as� = [1� frac(�)]�d�1+ frac(�)�d:LINEAR MIPMAP LINEAR has the same e�ect as NEAREST MIPMAP LINEAR exceptthat the rules for LINEAR are applied for each of the two mipmap arrays togenerate �d�1 and �d.3.8.2 Texture Magni�cationWhen � indicates magni�cation, the value assigned to TEXTURE MAG FILTERdetermines how the texture value is obtained. There are two possible val-ues for TEXTURE MAG FILTER: NEAREST and LINEAR. NEAREST behaves exactly asNEAREST for TEXTURE MIN FILTER (equation 3.13 and 3.14 are used); LINEARbehaves exactly as LINEAR for TEXTURE MIN FILTER (equation 3.15 is used).The level-of-detail 0 texture array is always used for magni�cation.Finally, there is the choice of c, the mini�cation vs. magni�cation switch-over point. If the magni�cation �lter is given by LINEAR and the mini�cation�lter is given by NEAREST MIPMAP NEAREST or NEAREST MIPMAP LINEAR, then c =0:5. This is done to ensure that a mini�ed texture does not appear \sharper"than a magni�ed texture. Otherwise c = 0.3.8.3 Texture State and Proxy StateThe state necessary for texture can be divided into two categories. First,there are the two sets of mipmap arrays (one-dimensional and two-dimensional) and their number. Each array has associated with it a widthand height (two-dimensional only), a border width, a 42-valued integer de-scribing the internal format of the image, and six integer values describingthe resolutions of each of the red, green, blue, alpha, luminance, and inten-sity components of the image. Each initial texture array is null (zero width
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3.8. TEXTURING 99and height, zero border width, internal format 1, with zero-sized compo-nents). Next, there are the two sets of texture properties; each consists ofthe selected mini�cation and magni�cation �lters, the wrap modes for s andt (two-dimensional only), the TEXTURE BORDER COLOR, and the priority associ-ated with each set of properties. (See subsection 3.8.4.) In the initial state,the value assigned to TEXTURE MIN FILTER is NEAREST MIPMAP LINEAR, and thevalue for TEXTURE MAG FILTER is LINEAR. Both s and t wrap modes are set toREPEAT. The priority is set to 1. TEXTURE BORDER COLOR is (0,0,0,0).In addition to the one-dimensional and two-dimensional sets of imagearrays, partially instantiated one- and two-dimensional sets of proxy im-age arrays are maintained. Each proxy array includes width, height (2Darrays only), border width, and internal format state values, as well asstate for the red, green, blue, alpha, luminance, and intensity componentresolutions. Proxy arrays do not include image data, nor do they includetexture properties. When TexImage2D is executed with target speci�edas PROXY TEXTURE 2D, the two-dimensional proxy state values of the speci-�ed level-of-detail are recomputed and updated. If the texture array is toolarge, no error is generated, but the proxy width, height, border width, andcomponent resolutions are set to zero. If the texture array would be accom-modated by TexImage2D called with target set to TEXTURE 2D, the proxystate values are set exactly as though the actual image array were beingspeci�ed. No pixel data are transferred or processed in either case.One-dimensional proxy arrays are operated on in the same way whenTexImage1D is executed with target speci�ed as PROXY TEXTURE 1D.3.8.4 Texture ObjectsIn addition to the default textures TEXTURE 1D and TEXTURE 2D, named one-and two-dimensional texture objects can be created and operated upon. Thename space for texture objects is the unsigned integers, with zero reservedby the GL.A texture object is created by binding an unused name to TEXTURE 1D orTEXTURE 2D. The binding is e�ected by callingvoid BindTexture( enum target, uint texture ) ;with target set to the desired texture target (either TEXTURE 1D or TEXTURE 2D)and texture set to the unused name. The resulting texture object is a newstate vector, comprising all the state values listed in subsection 3.8.3, set tothe same initial values. If the new texture object is bound to TEXTURE 1D,it is and remains a one-dimensional texture until it is deleted. Likewise,
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100 CHAPTER 3. RASTERIZATIONif the new texture object is bound to TEXTURE 2D, it is and remains a two-dimensional texture until it is deleted.BindTexture may also be used to bind an existing texture object toeither TEXTURE 1D or TEXTURE 2D. The error INVALID OPERATION is generated ifan attempt is made to bind a one-dimensional texture object to TEXTURE 2D,or to bind a two-dimensional texture object to TEXTURE 1D. If the bind issuccessful no change is made to the state of the bound texture object, andany previous binding to target is broken.While a texture object is bound, GL operations on the target to whichit is bound a�ect the bound object, and queries of the target to which itis bound return state from the bound object. If texture mapping of thedimensionality of the target to which a texture object is bound is enabled,the state of the bound texture object directs the texturing operation.In the initial state TEXTURE 1D and TEXTURE 2D have one-dimensional andtwo-dimensional texture state vectors associated with them. In order thataccess to these initial textures not be lost, they are treated as texture ob-jects whose names are both 0. The initial one-dimensional texture is there-fore operated upon, queried, and applied as TEXTURE 1D while 0 is boundto TEXTURE 1D. Likewise, the initial two-dimensional texture is thereforeoperated upon, queried, and applied as TEXTURE 2D while 0 is bound toTEXTURE 2D.Texture objects are deleted by callingvoid DeleteTextures( sizei n, uint *textures ) ;textures contains n names of texture objects to be deleted. After a textureobject is deleted, it has no contents or dimensionality, and its name is againunused. If a texture that is currently bound to TEXTURE 1D is deleted, it is asthough BindTexture had been executed with argument values TEXTURE 1Dand zero, respectively. Likewise, if a texture that is currently bound toTEXTURE 2D is deleted, it is as though BindTexture had been executed withargument values TEXTURE 2D and zero. Unused names in textures are silentlyignored, as is the value zero.The commandvoid GenTextures( sizei n, uint *textures ) ;returns n previously unused texture object names in textures. These namesare marked as used, but they acquire texture state and a dimensionalityonly when they are �rst bound, just as if they were unused.An implementation may choose to establish a working set of textureobjects on which binding operations are performed with higher performance.
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3.8. TEXTURING 101A texture object that is currently part of the working set is said to beresident. The commandboolean AreTexturesResident( sizei n, uint *textures,boolean *residences ) ;returns TRUE if all of the n texture objects named in textures are resident, orif the implementation does not distinguish a working set. If at least one ofthe texture objects named in textures is not resident, then FALSE is returned,and the residence of each texture object is returned in residences. Otherwisethe contents of residences are not changed. If any of the names in textures isnot the name of a texture object, FALSE is returned, the error INVALID VALUEis generated, and the contents of residences are indeterminate. The residencestatus of a single bound texture object can also be queried by calling Get-TexParameteriv or GetTexParameterfv with target set to the targetto which the texture object is bound, and pname set to TEXTURE RESIDENT.AreTexturesResident indicates only whether a texture object is cur-rently resident, not whether it could not be made resident. An implemen-tation may choose to make a texture object resident only on �rst use, forexample. The client may guide the GL implementation in determining whichtexture objects should be resident by specifying a priority for each textureobject. The commandvoid PrioritizeTextures( sizei n, uint *textures,clampf *priorities ) ;sets the priorities of the n texture objects named in textures to the valuesin priorities. Each priority value is clamped to the range [0,1] before it isassigned. Zero indicates the lowest priority, with the least likelihood of beingresident. One indicates the highest priority, with the greatest likelihood ofbeing resident. The priority of a single bound texture object may also bechanged by calling TexParameteri, TexParameterf, TexParameteriv,or TexParameterfv with target set to the target to which the textureobject is bound, pname set to TEXTURE PRIORITY, and param or paramsspecifying the new priority value (which is clamped to the range [0,1] beforebeing assigned). PrioritizeTextures silently ignores attempts to prioritizeunused texture object names or default textures.3.8.5 Texture Environments and Texture FunctionsThe command
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102 CHAPTER 3. RASTERIZATIONvoid TexEnvfifg( enum target, enum pname, T param ) ;void TexEnvfifgv( enum target, enum pname, T params ) ;sets parameters of the texture environment that speci�es how texture valuesare interpreted when texturing a fragment. target must currently be thesymbolic constant TEXTURE ENV. pname is a symbolic constant indicating theparameter to be set. In the �rst form of the command, param is a valueto which to set a single-valued parameter; in the second form, params is apointer to an array of parameters: either a single symbolic constant or avalue or group of values to which the parameter should be set. The pos-sible environment parameters are TEXTURE ENV MODE and TEXTURE ENV COLOR.TEXTURE ENV MODE may be set to one of REPLACE, MODULATE, DECAL, or BLEND;TEXTURE ENV COLOR is set to an RGBA color by providing four single-precision
oating-point values in the range [0; 1] (values outside this range are clampedto it). If integers are provided for TEXTURE ENV COLOR, then they are convertedto 
oating-point as speci�ed in Table 2.6 for signed integers.The value of TEXTURE ENV MODE speci�es a texture function. The resultof this function depends on the fragment and the texture array value. Theprecise form of the function depends on the base internal formats of thetexture arrays that were last speci�ed. In the following two tables, Rf , Gf ,Bf , and Af are the color components of the incoming fragment; Rt, Gt,Bt, At, Lt, and It are the �ltered texture values; Rc, Gc, Bc, and Ac arethe texture environment color values; and Rv, Gv, Bv , and Av are the colorcomponents computed by the texture function. All of these color values arein the range [0; 1]. The REPLACE and MODULATE texture functions are speci�edin Table 3.10, and the DECAL and BLEND texture functions are speci�ed inTable 3.11.The state required for the current texture environment consists of thefour-valued integer indicating the texture function and four 
oating-pointTEXTURE ENV COLOR values. In the initial state, the texture function is givenby MODULATE and TEXTURE ENV COLOR is (0; 0; 0; 0).3.8.6 Texture ApplicationTexturing is enabled or disabled using the generic Enable andDisable com-mands, respectively, with the symbolic constant TEXTURE 1D or TEXTURE 2D toenable the one-dimensional or two-dimensional texture, respectively. If bothone- and two-dimensional textures are enabled, the two-dimensional textureis used. If all texturing is disabled, a rasterized fragment is passed on unal-tered to the next stage of the GL (although its texture coordinates may be
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3.8. TEXTURING 103Base REPLACE MODULATEInternal Format Texture Function Texture FunctionALPHA Rv = Rf Rv = RfGv = Gf Gv = GfBv = Bf Bv = BfAv = At Av = AfAtLUMINANCE Rv = Lt Rv = RfLt(or 1) Gv = Lt Gv = GfLtBv = Lt Bv = BfLtAv = Af Av = AfLUMINANCE ALPHA Rv = Lt Rv = RfLt(or 2) Gv = Lt Gv = GfLtBv = Lt Bv = BfLtAv = At Av = AfAtINTENSITY Rv = It Rv = RfItGv = It Gv = GfItBv = It Bv = Bf ItAv = It Av = AfItRGB Rv = Rt Rv = RfRt(or 3) Gv = Gt Gv = GfGtBv = Bt Bv = BfBtAv = Af Av = AfRGBA Rv = Rt Rv = RfRt(or 4) Gv = Gt Gv = GfGtBv = Bt Bv = BfBtAv = At Av = AfAtTable 3.10: Replace and modulate texture functions.
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104 CHAPTER 3. RASTERIZATIONBase DECAL BLENDInternal Format Texture Function Texture FunctionALPHA unde�ned Rv = RfGv = GfBv = BfAv = AfAtLUMINANCE unde�ned Rv = Rf(1� Lt) + RcLt(or 1) Gv = Gf (1� Lt) + GcLtBv = Bf (1� Lt) + BcLtAv = AfLUMINANCE ALPHA unde�ned Rv = Rf(1� Lt) + RcLt(or 2) Gv = Gf (1� Lt) + GcLtBv = Bf (1� Lt) + BcLtAv = AfAtINTENSITY unde�ned Rv = Rf(1� It) + RcItGv = Gf (1� It) + GcItBv = Bf (1� It) + BcItAv = Af (1� It) + AcItRGB Rv = Rt Rv = Rf(1�Rt) + RcRt(or 3) Gv = Gt Gv = Gf (1� Gt) + GcGtBv = Bt Bv = Bf (1�Bt) + BcBtAv = Af Av = AfRGBA Rv = Rf (1� At) + RtAt Rv = Rf(1�Rt) + RcRt(or 4) Gv = Gf(1�At) +GtAt Gv = Gf (1� Gt) + GcGtBv = Bf (1� At) + BtAt Bv = Bf (1�Bt) + BcBtAv = Af Av = AfAtTable 3.11: Decal and blend texture functions.
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3.9. FOG 105discarded). Otherwise, a texture value is found according to the parametervalues of the currently bound texture image of the appropriate dimension-ality using the rules given in sections 3.8.1 and 3.8.2. This texture value isused along with the incoming fragment in computing the texture functionindicated by the currently bound texture environment. The result of thisfunction replaces the incoming fragment's R, G, B, and A values. Theseare the color values passed to subsequent operations. Other data associatedwith the incoming fragment remain unchanged, except that the texture co-ordinates may be discarded.The required state is two bits indicating whether each of one- or two-dimensional texturing is enabled or disabled. In the initial state, all textur-ing is disabled.3.9 FogIf enabled, fog blends a fog color with a rasterized fragment's post-texturingcolor using a blending factor f . Fog is enabled and disabled with the Enableand Disable commands using the symbolic constant FOG.This factor f is computed according to one of three equations:f = exp(�d � z); (3.16)f = exp(�(d � z)2); or (3.17)f = e� ze� s (3.18)(z is the eye-coordinate distance from the eye, (0; 0; 0; 1) in eye coordinates,to the fragment center). The equation, along with either d or e and s, isspeci�ed withvoid Fogfifg( enum pname, T param ) ;void Fogfifgv( enum pname, T params ) ;If pname is FOG MODE, then parammust be, or paramsmust point to an integerthat is one of the symbolic constants EXP, EXP2, or LINEAR, in which caseequation 3.16, 3.17, or 3.18, respectively, is selected for the fog calculation (if,when 3.18 is selected, e = s, results are unde�ned). If pname is FOG DENSITY,FOG START, or FOG END, then param is or params points to a value that is d,s, or e, respectively. If d is speci�ed less than zero, the error INVALID VALUEresults.An implementation may choose to approximate the eye-coordinate dis-tance from the eye to each fragment center by jzej. Further, f need not
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106 CHAPTER 3. RASTERIZATIONbe computed at each fragment, but may be computed at each vertex andinterpolated as other data are.No matter which equation and approximation is used to compute f , theresult is clamped to [0; 1] to obtain the �nal f .f is used di�erently depending on whether the GL is in RGBA or colorindex mode. In RGBA mode, if Cr represents a rasterized fragment's R, G,or B value, then the corresponding value produced by fog isC = fCr + (1� f)Cf :(The rasterized fragment's A value is not changed by fog blending.) The R,G, B, and A values of Cf are speci�ed by calling Fog with pname equal toFOG COLOR; in this case params points to four values comprising Cf . If theseare not 
oating-point values, then they are converted to 
oating-point usingthe conversion given in Table 2.6 for signed integers. Each component of Cfis clamped to [0; 1] when speci�ed. If if is a color index, then a single valuespeci�es if . Its integer part is masked with 2n � 1, where n is the numberof bits in a color index framebu�er.In color index mode, the formula for fog blending isI = ir + (1� f)ifwhere ir is the rasterized fragment's color index and if is a single-precision
oating-point value. (1 � f)if is rounded to the nearest �xed-point valuewith the same number of bits to the right of the binary point as ir. In thiscase, if is set by calling Fog with pname set to FOG INDEX and param beingor params pointing to the single 
oating-point value that is if . Finally, theinteger portion of I is masked (bitwise ANDed) with 2n � 1, where n is thenumber of bits in a color in the color index bu�er (bu�ers are discussed inchapter 4).The state required for fog consists of a three valued integer to select thefog equation, three 
oating-point values d, e, and s, an RGBA fog color anda fog color index, and a single bit to indicate whether or not fog is enabled.In the initial state, fog is disabled, FOG MODE is EXP, d = 1:0, e = 1:0, ands = 0:0; Cf = (0; 0; 0; 0) and if = 0.3.10 Antialiasing ApplicationFinally, if antialiasing is enabled for the primitive from which a rasterizedfragment was produced, then the computed coverage value is applied to the
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3.10. ANTIALIASING APPLICATION 107fragment. In RGBA mode, the value is multiplied by the fragment's alpha(A) value to yield a �nal alpha value. In color index mode, the value is usedto set the low order bits of the color index value as described in section 3.2.
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Chapter 4Per-Fragment Operationsand the Framebu�erThe framebu�er consists of a set of pixels arranged as a two-dimensionalarray. The height and width of this array may vary from one GL imple-mentation to another. For purposes of this discussion, each pixel in theframebu�er is simply a set of some number of bits. The number of bitsper pixel may also vary depending on the particular GL implementation orcontext.Corresponding bits from each pixel in the framebu�er are grouped to-gether into a bitplane; each bitplane contains a single bit from each pixel.These bitplanes are grouped into several logical bu�ers. These are the color,depth, stencil, and accumulation bu�ers. The color bu�er actually consistsof a number of bu�ers: the front left bu�er, the front right bu�er, the backleft bu�er, the back right bu�er, and some number of auxiliary bu�ers. Typ-ically the contents of the front bu�ers are displayed on a color monitor whilethe contents of the back bu�ers are invisible. (Monoscopic contexts displayonly the front left bu�er; stereoscopic contexts display both the front leftand the front right bu�ers.) The contents of the auxiliary bu�ers are nevervisible. All color bu�ers must have the same number of bitplanes, althoughan implementation or context may choose not to provide right bu�ers, backbu�ers, or auxiliary bu�ers at all. Further, an implementation or contextmay not provide depth, stencil, or accumulation bu�ers.Color bu�ers consist of either unsigned integer color indices or R, G,B, and, optionally, A unsigned integer values. The number of bitplanesin each of the color bu�ers, the depth bu�er, the stencil bu�er, and theaccumulation bu�er is �xed and window dependent. If an accumulation108
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4.1. PER-FRAGMENT OPERATIONS 109
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Figure 4.1. Per-fragment operations.bu�er is provided, it must have at least as many bitplanes per R, G, and Bcolor component as do the color bu�ers.The initial state of all provided bitplanes is unde�ned.4.1 Per-Fragment OperationsA fragment produced by rasterization with window coordinates of (xw; yw)modi�es the pixel in the framebu�er at that location based on a number ofparameters and conditions. We describe these modi�cations and tests, dia-grammed in Figure 4.1, in the order in which they are performed. Figure 4.1diagrams these modi�cations and tests.4.1.1 Pixel Ownership TestThe �rst test is to determine if the pixel at location (xw; yw) in the frame-bu�er is currently owned by the GL (more precisely, by this GL context). Ifit is not, the window system decides the fate the incoming fragment. Pos-sible results are that the fragment is discarded or that some subset of thesubsequent per-fragment operations are applied to the fragment. This test
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110 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERallows the window system to control the GL's behavior, for instance, whena GL window is obscured.4.1.2 Scissor testThe scissor test determines if (xw; yw) lies within the scissor rectangle de�nedby four values. These values are set withvoid Scissor( int left, int bottom, sizei width,sizei height ) ;If left � xw < left + width and bottom � yw < bottom + height, then thescissor test passes. Otherwise, the test fails and the fragment is discarded.The test is enabled or disabled using Enable or Disable using the con-stant SCISSOR TEST. When disabled, it is as if the scissor test always passes.If either width or height is less than zero, then the error INVALID VALUE isgenerated. The state required consists of four integer values and a bitindicating whether the test is enabled or disabled. In the initial stateleft = bottom = 0; width and height are determined by the size of theGL window. Initially, the scissor test is disabled.4.1.3 Alpha testThis step applies only in RGBA mode. In color index mode, proceed to thenext step. The alpha test discards a fragment conditional on the outcome ofa comparison between the incoming fragment's alpha value and a constantvalue. The comparison is enabled or disabled with the generic Enable andDisable commands using the symbolic constant ALPHA TEST. When disabled,it is as if the comparison always passes. The test is controlled withvoid AlphaFunc( enum func, clampf ref ) ;func is a symbolic constant indicating the alpha test function; ref is a refer-ence value. ref is clamped to lie in [0; 1], and then converted to a �xed-pointvalue according to the rules given for an A component in section 2.13.9. Forpurposes of the alpha test, the fragment's alpha value is also rounded tothe nearest integer. The possible constants specifying the test function areNEVER, ALWAYS, LESS, LEQUAL, EQUAL, GEQUAL, GREATER, or NOTEQUAL, meaningpass the fragment never, always, if the fragment's alpha value is less than,less than or equal to, equal to, greater than or equal to, greater than, or notequal to the reference value, respectively.
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4.1. PER-FRAGMENT OPERATIONS 111The required state consists of the 
oating-point reference value, an eight-valued integer indicating the comparison function, and a bit indicating if thecomparison is enabled or disabled. The initial state is for the reference valueto be 0 and the function to be ALWAYS. Initially, the alpha test is disabled.4.1.4 Stencil testThe stencil test conditionally discards a fragment based on the outcome of acomparison between the value in the stencil bu�er at location (xw; yw) anda reference value. The test is controlled withvoid StencilFunc( enum func, int ref, uint mask ) ;void StencilOp( enum sfail, enum dpfail, enum dppass ) ;The test is enabled or disabled with the Enable andDisable commands, us-ing the symbolic constant STENCIL TEST. When disabled, the stencil test andassociated modi�cations are not made, and the fragment is always passed.ref is an integer reference value that is used in the unsigned stencil com-parison. It is clamped to the range [0; 2s� 1], where s is the number of bitsin the stencil bu�er. func is a symbolic constant that determines the stencilcomparison function; the eight symbolic constants are NEVER, ALWAYS, LESS,LEQUAL, EQUAL, GEQUAL, GREATER, or NOTEQUAL. Accordingly, the stencil testpasses never, always, if the reference value is less than, less than or equal to,equal to, greater than or equal to, greater than, or not equal to the maskedstored value in the stencil bu�er. The s least signi�cant bits of mask arebitwise ANDed with both the reference and the stored stencil value. TheANDed values are those that participate in the comparison.StencilOp takes three arguments that indicate what happens to thestored stencil value if this or certain subsequent tests fail or pass. sfailindicates what action is taken if the stencil test fails. The symbolic constantsare KEEP, ZERO, REPLACE, INCR, DECR, and INVERT. These correspond to keepingthe current value, setting it to zero, replacing it with the reference value,incrementing it, decrementing it, or bitwise inverting it. For purposes ofincrement and decrement, the stencil bits are considered as an unsignedinteger; values clamp at 0 and the maximum representable value. The samesymbolic values are given to indicate the stencil action if the depth bu�ertest (below) fails (dpfail), or if it passes (dppass).If the stencil test fails, the incoming fragment is discarded. The staterequired consists of the most recent values passed to StencilFunc and Sten-cilOp, and a bit indicating whether stencil testing is enabled or disabled.In the initial state, stenciling is disabled, the stencil reference value is zero,
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112 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERthe stencil comparison function is ALWAYS, and the stencil mask is all ones.Initially, all three stencil operations are KEEP. If there is no stencil bu�er, nostencil modi�cation can occur, and it is as if the stencil tests always pass,regardless of any calls to StencilOp.4.1.5 Depth bu�er testThe depth bu�er test discards the incoming fragment if a depth comparisonfails. The comparison is enabled or disabled with the generic Enable andDisable commands using the symbolic constant DEPTH TEST. When disabled,the depth comparison and subsequent possible updates to the depth bu�ervalue are bypassed and the fragment is passed to the next operation. Thestencil value, however, is modi�ed as indicated below as if the depth bu�ertest passed. If enabled, the comparison takes place and the depth bu�er andstencil value may subsequently be modi�ed.The comparison is speci�ed withvoid DepthFunc( enum func ) ;This command takes a single symbolic constant: one of NEVER, ALWAYS, LESS,LEQUAL, EQUAL, GREATER, GEQUAL, NOTEQUAL. Accordingly, the depth bu�er testpasses never, always, if the incoming fragment's zw value is less than, lessthan or equal to, equal to, greater than, greater than or equal to, or not equalto the depth value stored at the location given by the incoming fragment's(xw; yw) coordinates.If the depth bu�er test fails, the incoming fragment is discarded. Thestencil value at the fragment's (xw; yw) coordinates is updated according tothe function currently in e�ect for depth bu�er test failure. Otherwise, thefragment continues to the next operation and the value of the depth bu�erat the fragment's (xw; yw) location is set to the fragment's zw value. In thiscase the stencil value is updated according to the function currently in e�ectfor depth bu�er test success.The necessary state is an eight-valued integer and a single bit indicatingwhether depth bu�ering is enabled or disabled. In the initial state thefunction is LESS and the test is disabled.If there is no depth bu�er, it is as if the depth bu�er test always passes.4.1.6 BlendingBlending combines the incoming fragment's R, G, B, and A values with theR, G, B, and A values stored in the framebu�er at the incoming fragment's
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4.1. PER-FRAGMENT OPERATIONS 113Value Blend FactorsZERO (0; 0; 0; 0)ONE (1; 1; 1; 1)DST COLOR Rd; Gd; Bd; AdONE MINUS DST COLOR (1; 1; 1; 1)� (Rd; Gd; Bd; Ad)SRC ALPHA (As; As; As; As)ONE MINUS SRC ALPHA (1; 1; 1; 1)� (As; As; As; As)DST ALPHA (Ad; Ad; Ad; Ad)ONE MINUS DST ALPHA (1; 1; 1; 1)� (Ad; Ad; Ad; Ad)SRC ALPHA SATURATE (f; f; f; 1)Table 4.1: Values controlling the source blending function and the sourceblending values they compute. f = min(As; 1� Ad).(xw; yw) location. This blending is dependent on the incoming fragment'salpha value and that of the corresponding currently stored pixel. Blendingapplies only in RGBA mode; in color index mode it is bypassed. Blendingis enabled or disabled using Enable or Disable with the symbolic constantBLEND. If it is disabled, or if logical operation on color values is enabled(section 4.1.8), proceed to the next stage.The command that controls blending isvoid BlendFunc( enum src, enum dst ) ;src indicates how to compute a source blending factor, while dst indicateshow to compute a destination factor. The possible arguments and theircorresponding computed source and destination factors are summarized inTables 4.1 and 4.2. In these tables a subscript of s indicates a value from anincoming fragment; one of d indicates the corresponding current framebu�ervalue. Division of a quadruplet by a scalar means dividing each element bythat value. Addition or subtraction of quadruplets or triplets means addingor subtracting them component-wise.The computations in Tables 4.1 and 4.2 are e�ectively carried out in
oating-point and yield 
oating-point blending factors. Destination (frame-bu�er) components referred to in the tables are taken to be �xed-point val-ues represented according to the scheme given in section 2.13.9 (Final ColorProcessing), as are source (fragment) components. Any implied conversionto 
oating-point must leave 0 and 1 invariant.The computed source and destination blending quadruplets are appliedto the source and destination R, G, B, and A values to obtain a new set of
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114 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERValue Blend factorsZERO (0; 0; 0; 0)ONE (1; 1; 1; 1)SRC COLOR Rs; Gs; Bs; AsONE MINUS SRC COLOR (1; 1; 1; 1)� (Rs; Gs; Bs; As)SRC ALPHA (As; As; As; As)ONE MINUS SRC ALPHA (1; 1; 1; 1)� (As; As; As; As)DST ALPHA (Ad; Ad; Ad; Ad)ONE MINUS DST ALPHA (1; 1; 1; 1)� (Ad; Ad; Ad; Ad)Table 4.2: Values controlling the destination blending function and the des-tination blending values they compute.values that are sent to the next operation. Let the source and destinationblending quadruplets be S and D, respectively. Then a quadruplet of valuesis computed as CsS + CdD;where multiplication of quadruplets means multiplying them component-wise. Then each value in this quadruplet is clamped to 2n � 1, where n isthe number of bits allocated to that color component in the framebu�er,and the four values are sent to the next operation.The state required is two integers indicating the source and destina-tion blending functions and a bit indicating whether blending is enabledor disabled. The initial state of the blending functions is ONE for the sourcefunction and ZERO for the destination function; initially, blending is disabled.Blending occurs once for each color bu�er currently enabled for writing(section 4.2.1) using each bu�er's color for Cd. If a color bu�er has no Avalue, then it is as if the destination A value is 1.4.1.7 DitheringDithering selects between two color values or indices. In RGBA mode, con-sider the value of any of the color components as a �xed-point value with mbits to the left of the binary point, where m is the number of bits allocatedto that component in the framebu�er; call each such value c. For each c,dithering selects a value c1 such that c1 2 fmaxf0; dce � 1g; dceg (after thisselection, treat c1 as a �xed point value in [0,1] with m bits). This selec-tion may depend on the xw and yw coordinates of the pixel. In color index
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4.1. PER-FRAGMENT OPERATIONS 115mode, the same rule applies with c being a single color index. c must not belarger than the maximum value representable in the framebu�er for eitherthe component or the index, as appropriate.Many dithering algorithms are possible, but a dithered value producedby any algorithm must depend only the incoming value and the fragment's xand y window coordinates. If dithering is disabled, then each color compo-nent is truncated to a �xed-point value with as many bits as there are in thecorresponding component in the framebu�er; a color index is rounded to thenearest integer representable in the color index portion of the framebu�er.Dithering is enabled with Enable and disabled with Disable using thesymbolic constant DITHER. The state required is thus a single bit. Initially,dithering is enabled.4.1.8 Logical OperationFinally, a logical operation is applied between the incoming fragment's coloror index values and the color or index values stored at the correspondinglocation in the framebu�er. The result replaces the values in the framebu�erat the fragment's (x; y) coordinates. The logical operation on color indicesis enabled or disabled with Enable or Disable using the symbolic constantINDEX LOGIC OP. (For compatibility with GL version 1.0, the symbolic con-stant LOGIC OP may also be used.) The logical operation on color values isenabled or disabled with Enable or Disable using the symbolic constantCOLOR LOGIC OP. If the logical operation is enabled for color values, it is as ifblending were disabled, regardless of the value of BLEND.The logical operation is selected byvoid LogicOp( enum op ) ;op is a symbolic constant; the possible constants and corresponding opera-tions are enumerated in Table 4.3. In this table, s is the value of the incomingfragment and d is the value stored in the framebu�er. The numeric valuesassigned to the symbolic constants are the same as those assigned to thecorresponding symbolic values in the X window system.Logical operations are performed independently for each color indexbu�er that is selected for writing, or for each red, green, blue, and alphavalue of each color bu�er that is selected for writing. The required state isan integer indicating the logical operation, and two bits indicating whetherthe logical operation is enabled or disabled. The initial state is for the logicoperation to be given by COPY, and to be disabled.
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116 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERArgument value OperationCLEAR 0AND s ^ dAND REVERSE s ^ :dCOPY sAND INVERTED :s ^ dNOOP dXOR s xor dOR s _ dNOR :(s _ d)EQUIV :(s xor d)INVERT :dOR REVERSE s _ :dCOPY INVERTED :sOR INVERTED :s _ dNAND :(s ^ d)SET all 1'sTable 4.3: Arguments to LogicOp and their corresponding operations.4.2 Whole Framebu�er OperationsThe preceding sections described the operations that occur as individualfragments are sent to the framebu�er. This section describes operationsthat control or a�ect the whole framebu�er.4.2.1 Selecting a Bu�er for WritingThe �rst such operation is controlling the bu�er into which color values arewritten. This is accomplished withvoid DrawBu�er( enum buf ) ;buf is a symbolic constant specifying zero, one, two, or four bu�ers for writ-ing. The constants are NONE, FRONT LEFT, FRONT RIGHT, BACK LEFT, BACK RIGHT,FRONT, BACK, LEFT, RIGHT, FRONT AND BACK, and AUX0 through AUXn, where n+1is the number of available auxiliary bu�ers.The constants refer to the four potentially visible bu�ers front left,front right, back left, and back right, and to the auxiliary bu�ers. Argu-ments other than AUXi that omit reference to LEFT or RIGHT refer to both left
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4.2. WHOLE FRAMEBUFFER OPERATIONS 117symbolic front front back back auxconstant left right left right iNONEFRONT LEFT �FRONT RIGHT �BACK LEFT �BACK RIGHT �FRONT � �BACK � �LEFT � �RIGHT � �FRONT AND BACK � � � �AUXi �Table 4.4: Arguments to DrawBu�er and the bu�ers that they indicate.and right bu�ers. Arguments other than AUXi that omit reference to FRONTor BACK refer to both front and back bu�ers. AUXi enables drawing only toauxiliary bu�er i. Each AUXi adheres to AUXi = AUX0+ i. The constants andthe bu�ers they indicate are summarized in Table 4.4. If DrawBu�er isis supplied with a constant (other than NONE) that does not indicate any ofthe color bu�ers allocated to the GL context, the error INVALID OPERATIONresults.Indicating a bu�er or bu�ers usingDrawBu�er causes subsequent pixelcolor value writes to a�ect the indicated bu�ers. If more than one colorbu�er is selected for drawing, blending and logical operations are computedand applied independently for each bu�er. Calling DrawBu�er with avalue of NONE inhibits the writing of color values to any bu�er.Monoscopic contexts include only left bu�ers, while stereoscopic contextsinclude both left and right bu�ers. Likewise, single bu�ered contexts includeonly front bu�ers, while double bu�ered contexts include both front and backbu�ers. The type of context is selected at GL initialization.The state required to handle bu�er selection is a set of up to 4 + n bits.4 bits indicate if the front left bu�er, the front right bu�er, the back leftbu�er, or the back right bu�er, are enabled for color writing. The other nbits indicate which of the auxiliary bu�ers is enabled for color writing. Inthe initial state, the front bu�er or bu�ers are enabled if there are no backbu�ers; otherwise, only the back bu�er or bu�ers are enabled.
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118 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFER4.2.2 Fine Control of Bu�er UpdatesFour commands are used to mask the writing of bits to each of the logicalframebu�ers after all per-fragment operations have been performed. Thecommandsvoid IndexMask( uint mask ) ;void ColorMask( boolean r, boolean g, boolean b,boolean a ) ;control the color bu�er or bu�ers (depending on which bu�ers are currentlyindicated for writing). The least signi�cant n bits of mask, where n is thenumber of bits in a color index bu�er, specify a mask. Where a 1 appearsin this mask, the corresponding bit in the color index bu�er (or bu�ers) iswritten; where a 0 appears, the bit is not written. This mask applies only incolor index mode. In RGBA mode, ColorMask is used to mask the writingof R, G, B and A values to the color bu�er or bu�ers. r, g, b, and a indicatewhether R, G, B, or A values, respectively, are written or not (a value ofTRUE means that the corresponding value is written). In the initial state, allbits (in color index mode) and all color values (in RGBA mode) are enabledfor writing.The depth bu�er can be enabled or disabled for writing zw values usingvoid DepthMask( boolean mask ) ;If mask is non-zero, the depth bu�er is enabled for writing; otherwise, it isdisabled. In the initial state, the depth bu�er is enabled for writing.The commandvoid StencilMask( uint mask ) ;controls the writing of particular bits into the stencil planes. The leastsigni�cant s bits of mask comprise an integer mask (s is the number of bitsin the stencil bu�er), just as for IndexMask. The initial state is for thestencil plane mask to be all ones.The state required for the various masking operations is two integers anda bit: an integer for color indices, an integer for stencil values, and a bitfor depth values. A set of four bits is also required indicating which colorcomponents of an RGBA value should be written. In the initial state, theinteger masks are all ones as are the bits controlling depth value and RGBAcomponent writing.
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4.2. WHOLE FRAMEBUFFER OPERATIONS 1194.2.3 Clearing the Bu�ersThe GL provides a means for setting portions of every pixel in a particularbu�er to the same value. The argument tovoid Clear( bitfield buf ) ;is the bitwise OR of a number of values indicating which bu�ersare to be cleared. The values are COLOR BUFFER BIT, DEPTH BUFFER BIT,STENCIL BUFFER BIT, and ACCUM BUFFER BIT, indicating the bu�ers currentlyenabled for color writing, the depth bu�er, the stencil bu�er, and the accu-mulation bu�er (see below), respectively. The value to which each bu�er iscleared depends on the setting of the clear value for that bu�er. If the maskis not a bitwise OR of the speci�ed values, then the error INVALID VALUE isgenerated.void ClearColor( clampf r, clampf g, clampf b, clampf a ) ;sets the clear value for the color bu�ers in RGBAmode. Each of the speci�edcomponents is clamped to [0; 1] and converted to �xed-point according tothe rules of section 2.13.9.void ClearIndex( float index ) ;sets the clear color index. index is converted to a �xed-point value withunspeci�ed precision to the left of the binary point; the integer part of thisvalue is then masked with 2m � 1, where m is the number of bits in a colorindex value stored in the framebu�er.void ClearDepth( clampd d ) ;takes a 
oating-point value that is clamped to the range [0; 1] and con-verted to �xed-point according to the rules for a window z value given insection 2.10.1. Similarly,void ClearStencil( int s ) ;takes a single integer argument that is the value to which to clear the stencilbu�er. s is masked to the number of bitplanes in the stencil bu�er.void ClearAccum( float r, float g, float b, float a ) ;takes four 
oating-point arguments that are the values, in order, to whichto set the R, G, B, and A values of the accumulation bu�er (see the next
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120 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERsection). These values are clamped to the range [�1; 1] when they are spec-i�ed.When Clear is called, the only per-fragment operations that are applied(if enabled) are the pixel ownership test, the scissor test, and dithering. Themasking operations described in the last section (4.2.2) are also e�ective. Ifa bu�er is not present, then a Clear directed at that bu�er has no e�ect.The state required for clearing is a clear value for each of the color bu�er,the depth bu�er, the stencil bu�er, and the accumulation bu�er. Initially,the RGBA color clear value is (0,0,0,0), the clear color index is 0, and thestencil bu�er and accumulation bu�er clear values are all 0. The depthbu�er clear value is initially 1.0.4.2.4 The Accumulation Bu�erEach portion of a pixel in the accumulation bu�er consists of four values: onefor each of R, G, B, and A. The accumulation bu�er is controlled exclusivelythrough the use ofvoid Accum( enum op, float value ) ;(except for clearing it). op is a symbolic constant indicating an accumula-tion bu�er operation, and value is a 
oating-point value to be used in thatoperation. The possible operations are ACCUM, LOAD, RETURN, MULT, and ADD.The accumulation bu�er operations apply identically to every pixel, sowe describe the e�ect of each operation on an individual pixel. Accumulationbu�er values are taken to be signed values in the range [�1; 1]. Using ACCUMobtains R, G, B, and A components from the bu�er currently selected forreading (section 4.3.2). Each component, considered as a �xed-point valuein [0,1] (see section 2.13.9), is converted to 
oating-point. Each result is thenmultiplied by value. The results of this multiplication are then added to thecorresponding color component currently in the accumulation bu�er, andthe resulting color value replaces the current accumulation bu�er color value.The LOAD operation has the same e�ect as ACCUM, but the computed valuesreplace the corresponding accumulation bu�er components rather than beingadded to them.The RETURN operation takes each color value from the accumulationbu�er, multiplies each of the R, G, B, and A components by value. Theresulting color value is placed in the bu�ers currently enabled for color writ-ing as if it were a fragment produced from rasterization, except that the onlyper-fragment operations applied are the pixel ownership test and, if enabled,dithering (section 4.1); color masking (section 4.2.2) is also applied.



Version 1.1 - 4 March 1997

4.3. DRAWING, READING, AND COPYING PIXELS 121The MULT operation multiplies each R, G, B, and A in the accumulationbu�er by value and then returns the scaled color components to their corre-sponding accumulation bu�er locations. ADD is the same as MULT except thatvalue is added to each of the color components.The color components operated on by Accum must be clamped only ifthe operation is RETURN. In this case, a value sent to the enabled color bu�ersis �rst clamped to [0; 1]. Otherwise, results are unde�ned if the result of anoperation on a color component is out of the range [�1; 1]. When the scissortest is enabled (section 4.1.2), then only those pixels within the currentscissor box are updated by any Accum operation; otherwise, all pixels inthe window are updated. If there is no accumulation bu�er, or if the GL isin color index mode, Accum generates the error INVALID OPERATION.No state (beyond the accumulation bu�er itself) is required for accumu-lation bu�ering.4.3 Drawing, Reading, and Copying PixelsPixels may be written to and read from the framebu�er using the Draw-Pixels and ReadPixels commands. CopyPixels can be used to copy ablock of pixels from one portion of the framebu�er to another.4.3.1 Writing to the Stencil Bu�erThe operation of DrawPixels was described in section 3.6.3, except if theformat argument was STENCIL INDEX. In this case, all operations described forDrawPixels take place, but window (x; y) coordinates, each with the corre-sponding stencil index, are produced in lieu of fragments. Each coordinate-stencil index pair is sent directly to the per-fragment operations, bypassingthe texture, fog, and antialiasing application stages of rasterization. Eachpair is then treated as a fragment for purposes of the pixel ownership andscissor tests; all other per-fragment operations are bypassed. Finally, eachstencil index is written to its indicated location in the framebu�er, subjectto the current setting of StencilMask.The error INVALID OPERATION results if there is no stencil bu�er.4.3.2 Reading PixelsThe method for reading pixels from the framebu�er and placing them inclient memory is diagrammed in Figure 4.2. We describe the stages of thepixel reading process in the order in which they occur.
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122 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFER
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Figure 4.2. Operation of ReadPixels. RGBA and color index pixel pathsare shown; depth and stencil pixel paths are not shown. RGBA-to-RGBAlookup, index-to-index lookup, and RGB-to-L conversion are optional.
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4.3. DRAWING, READING, AND COPYING PIXELS 123Parameter Name Type Initial Value Valid RangePACK SWAP BYTES boolean FALSE TRUE/FALSEPACK LSB FIRST boolean FALSE TRUE/FALSEPACK ROW LENGTH integer 0 [0;1)PACK SKIP ROWS integer 0 [0;1)PACK SKIP PIXELS integer 0 [0;1)PACK ALIGNMENT integer 4 1,2,4,8Table 4.5: PixelStore parameters pertaining to ReadPixels.Pixels are read usingvoid ReadPixels( int x, int y, sizei width, sizei height,enum format, enum type, void *data ) ;The arguments after x and y to ReadPixels correspond to those of Draw-Pixels. The pixel storage modes that apply toReadPixels are summarizedin Table 4.5.Obtaining Pixels from the Framebu�erIf the format is DEPTH COMPONENT, then values are obtained from the depthbu�er. If there is no depth bu�er, the error INVALID OPERATION occurs. Ifthe format is STENCIL INDEX, then values are taken from the stencil bu�er;again, if there is no stencil bu�er, the error INVALID OPERATION occurs. Forall other formats, the bu�er from which values are obtained is one of thecolor bu�ers; the selection of color bu�er is controlled with ReadBu�er.The commandvoid ReadBu�er( enum src ) ;takes a symbolic constant as argument. The possible values are FRONT LEFT,FRONT RIGHT, BACK LEFT, BACK RIGHT, FRONT, BACK, LEFT, RIGHT, and AUX0through AUXn. FRONT and LEFT refer to the front left bu�er, BACK refersto the back left bu�er, and RIGHT refers to the front right bu�er. The otherconstants correspond directly to the bu�ers that they name. If the requestedbu�er is missing, then the error INVALID OPERATION is generated. The ini-tial setting for ReadBu�er is FRONT if there is no back bu�er and BACKotherwise.ReadPixels obtains values from the selected bu�er from each pixel withlower left hand corner at (x + i; y + j) for 0 � i < width and 0 � j <
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124 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERheight; this pixel is said to be the ith pixel in the jth row. If any of thesepixels lies outside of the window allocated to the current GL context, thevalues obtained for those pixels are unde�ned. Results are also unde�nedfor individual pixels that are not owned by the current context. Otherwise,ReadPixels obtains values from the selected bu�er, regardless of how thosevalues were placed there.If the GL is in RGBA mode, and format is one of RED, GREEN, BLUE, ALPHA,RGB, RGBA, LUMINANCE, or LUMINANCE ALPHA, then red, green, blue, and alphavalues are obtained from the selected bu�er at each pixel location. If theframebu�er does not support alpha values then the A that is obtained is1.0. If format is COLOR INDEX and the GL is in RGBA mode then the errorINVALID OPERATION occurs. If the GL is in color index mode, and format isnot DEPTH COMPONENT or STENCIL INDEX, then the color index is obtained ateach pixel location.Conversion of RGBA valuesThis step applies only if the GL is in RGBA mode, and then only if formatis neither STENCIL INDEX nor DEPTH COMPONENT. The R, G, B, and A valuesform a group of elements. Each element is taken to be a �xed-point value in[0,1] with m bits, where m is the number of bits in the corresponding colorcomponent of the selected bu�er (see section 2.13.9).Conversion of Depth valuesThis step applies only if format is DEPTH COMPONENT. An element is taken tobe a �xed-point value in [0,1] with m bits, where m is the number of bits inthe depth bu�er (see section 2.10.1).Pixel Transfer OperationsThis step is actually the sequence of steps that was described separately insection 3.6.4. After the processing described in that section is completed,groups are processed as described in the following sections.Conversion to LThis step applies only to RGBA component groups, and only if the formatis either LUMINANCE or LUMINANCE ALPHA. A value L is computed asL = R+G+ B
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4.3. DRAWING, READING, AND COPYING PIXELS 125type Parameter Index MaskUNSIGNED BYTE 28 � 1BITMAP 1BYTE 27 � 1UNSIGNED SHORT 216 � 1SHORT 215 � 1UNSIGNED INT 232 � 1INT 231 � 1Table 4.6: Index masks used by ReadPixels. Floating point data are notmasked.where R, G, and B are the values of the R, G, and B components. Thesingle computed L component replaces the R, G, and B components in thegroup.Final ConversionFor an index, if the type is not FLOAT, �nal conversion consists of maskingthe index with the value given Table 4.6; if the type is FLOAT, then theinteger index is converted to a GL 
oat data value. For a component,each component is �rst clamped to [0; 1]. Then, the appropriate conversionformula from Table 4.7 is applied to the component.Placement in Client MemoryGroups of elements are placed in memory just as they are taken from mem-ory for DrawPixels. That is, the ith group of the jth row (correspondingto the ith pixel in the jth row) is placed in memory just where the ith groupof the jth row would be taken from for DrawPixels. See Unpacking un-der section 3.6.3. The only di�erence is that the storage mode parameterswhose names begin with PACK are used instead of those whose names be-gin with UNPACK . If the format is RED, GREEN, BLUE, ALPHA, or LUMINANCE,only the corresponding single element is written. Likewise if the format isLUMINANCE ALPHA or RGB, only the corresponding two or three elements arewritten. Otherwise all the elements of each group are written.
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126 CHAPTER 4. FRAGMENTS AND THE FRAMEBUFFERtype Parameter GL Data Type Component Conversion FormulaUNSIGNED BYTE ubyte c = (28 � 1)fBYTE byte c = [(28 � 1)f � 1]=2UNSIGNED SHORT ushort c = (216 � 1)fSHORT short c = [(216� 1)f � 1]=2UNSIGNED INT uint c = (232 � 1)fINT int c = [(232� 1)f � 1]=2FLOAT 
oat c = fTable 4.7: Reversed component conversions - used when component dataare being returned to client memory. Color, normal, and depth componentsare converted from the internal 
oating-point representation (f) to a datumof the speci�ed GL data type (c) using the equations in this table. All arith-metic is done in the internal 
oating point format. These conversions applyto component data returned by GL query commands and to componentsof pixel data returned to client memory. The equations remain the sameeven if the implemented ranges of the GL data types are greater than theminimum required ranges. (Refer to table 2.2)4.3.3 Copying PixelsCopyPixels transfers a rectangle of pixel values from one region of theframebu�er to another. Pixel copying is diagrammed in Figure 4.3.void CopyPixels( int x, int y, sizei width, sizei height,enum type ) ;type is a symbolic constant that must be one of COLOR, STENCIL, or DEPTH,indicating that the values to be transferred are colors, stencil values, or depthvalues, respectively. The �rst four arguments have the same interpretationas the corresponding arguments to ReadPixels.Values are obtained from the framebu�er, converted (if appropriate),then subjected to the pixel transfer operations (see section 3.6.4), justas if ReadPixels were called with the corresponding arguments. If thetype is STENCIL or DEPTH, then it is as if the format for ReadPixels wereSTENCIL INDEX or DEPTH COMPONENT, respectively. If the type is COLOR, then ifthe GL is in RGBA mode, it is as if the format were RGBA, while if the GLis in color index mode, it is as if the format were COLOR INDEX.The groups of elements so obtained are then written to the framebu�erjust as if DrawPixels had been given width and height, beginning with
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4.3. DRAWING, READING, AND COPYING PIXELS 127
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Chapter 5Special FunctionsThis chapter describes additional GL functionality that does not �t easilyinto any of the preceding chapters. This functionality consists of evalua-tors (used to model curves and surfaces), selection (used to locate renderedprimitives on the screen), feedback (which returns GL results before raster-ization), display lists (used to designate a group of GL commands for laterexecution by the GL), 
ushing and �nishing (used to synchronize the GLcommand stream), and hints.5.1 EvaluatorsEvaluators provide a means to use a polynomial or rational polynomial map-ping to produce vertex, normal, and texture coordinates, and colors. Thevalues so produced are sent on to further stages of the GL as if they hadbeen provided directly by the client. Transformations, lighting, primitiveassembly, rasterization, and per-pixel operations are not a�ected by the useof evaluators.Consider the Rk-valued polynomial p(u) de�ned byp(u) = nXi=0Bni (u)Ri (5.1)with Ri 2 Rk and Bni (u) =  ni!ui(1� u)n�i;the ith Bernstein polynomial of degree n (recall that 00 � 1 and �n0� � 1).Each Ri is a control point. The relevant command is128
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5.1. EVALUATORS 129target k ValuesMAP1 VERTEX 3 3 x, y, z vertex coordinatesMAP1 VERTEX 4 4 x, y, z, w vertex coordinatesMAP1 INDEX 1 color indexMAP1 COLOR 4 4 R, G, B, AMAP1 NORMAL 3 x, y, z normal coordinatesMAP1 TEXTURE COORD 1 1 s texture coordinateMAP1 TEXTURE COORD 2 2 s, t texture coordinatesMAP1 TEXTURE COORD 3 3 s, t, r texture coordinatesMAP1 TEXTURE COORD 4 4 s, t, r, q texture coordinatesTable 5.1: Values speci�ed by the target to Map1. Values are given in theorder in which they are taken.void Map1ffdg( enum type, T u1, T u2, int stride, int order,T points ) ;type is a symbolic constant indicating the range of the de�ned polynomial.Its possible values, along with the evaluations that each indicates, are givenin Table 5.1. order is equal to n + 1; The error INVALID VALUE is generatedif order is less than one or greater than MAX EVAL ORDER. points is a pointerto a set of n+1 blocks of storage. Each block begins with k single-precision
oating-point or double-precision 
oating-point values, respectively. Therest of the block may be �lled with arbitrary data. Table 5.1 indicates howk depends on type and what the k values represent in each case.stride is the number of single- or double-precision values (as appropriate)in each block of storage. The error INVALID VALUE results if stride is less thank. The order of the polynomial, order, is also the number of blocks of storagecontaining control points.u1 and u2 give two 
oating-point values that de�ne the endpoints of thepre-image of the map. When a value u0 is presented for evaluation, theformula used is p0(u0) = p( u0 � u1u2 � u1 ):The error INVALID VALUE results if u1 = u2.Map2 is analogous to Map1, except that it describes bivariate polyno-mials of the form p(u; v) = nXi=0 mXj=0Bni (u)Bmj (v)Rij :
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oating-point, as appropriate) pastthe �rst value pointed to by points. u1, u2, v1, and v2 de�ne the pre-imagerectangle of the map; a domain point (u0; v0) is evaluated asp0(u0; v0) = p( u0 � u1u2 � u1 ; v0 � v1v2 � v1 ):The evaluation of a de�ned map is enabled or disabled with Enable andDisable using the constant corresponding to the map as described above.The error INVALID VALUE results if either ustride or vstride is less than k, orif u1 is equal to u2, or if v1 is equal to v2.Figure 5.1 describes map evaluation schematically; an evaluation of en-abled maps is e�ected in one of two ways. The �rst way is to usevoid EvalCoordf12gffdg( T arg ) ;void EvalCoordf12gffdgv( T arg ) ;
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5.1. EVALUATORS 131EvalCoord1 causes evaluation of the enabled 1-dimensional maps. The ar-gument is the value (or a pointer to the value) that is the domain coordinate,u0. EvalCoord2 causes evaluation of the enabled 2-dimensional maps. Thetwo values specify the two domain coordinates, u0 and v0, in that order.When one of the EvalCoord commands is issued, all currently enabledmaps of the indicated dimension are evaluated. Then, for each enabled map,it is as if a corresponding GL command were issued with the resulting co-ordinates, with one important di�erence. The di�erence is that when anevaluation is performed, the GL uses evaluated values instead of currentvalues for those evaluations that are enabled (otherwise, the current valuesare used). The order of the e�ective commands is immaterial, except thatVertex (for vertex coordinate evaluation) must be issued last. Use of eval-uators has no e�ect on the current color, normal, or texture coordinates. IfColorMaterial is enabled, evaluated color values a�ect the result of thelighting equation as if the current color was being modi�ed, but no changeis made to the tracking lighting parameters or to the current color.No command is e�ectively issued if the corresponding map (of the indi-cated dimension) is not enabled. If more than one evaluation is enabled for aparticular dimension (e.g. MAP1 TEXTURE COORD 1 and MAP1 TEXTURE COORD 2),then only the result of the evaluation of the map with the highest numberof coordinates is used.Finally, if either MAP2 VERTEX 3 or MAP2 VERTEX 4 is enabled, then thenormal to the surface is computed. Analytic computation, which sometimesyields normals of length zero is one method which may be used. If auto-matic normal generation is enabled, then this computed normal is used asthe normal associated with a generated vertex. Automatic normal gener-ation is controlled with Enable and Disable with symbolic the constantAUTO NORMAL. If automatic normal generation is disabled, then a correspond-ing normal map, if enabled, is used to produce a normal. If neither automaticnormal generation nor a normal map are enabled, then no normal is sentwith a vertex resulting from an evaluation (the e�ect is that the currentnormal is used).For MAP VERTEX 3, let q = p. For MAP VERTEX 4, let q = (x=w; y=w; z=w),where (x; y; z; w) = p. Then letm = @q@u � @q@v :Then the generated analytic normal, n, is given by n =m=kmk.The second way to carry out evaluations is to use a set of commandsthat provide for e�cient speci�cation of a series of evenly spaced values to
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132 CHAPTER 5. SPECIAL FUNCTIONSbe mapped. This method proceeds in two steps. The �rst step is to de�nea grid in the domain. This is done usingvoid MapGrid1ffdg( int n, T u01, T u02 ) ;for a 1-dimensional map orvoid MapGrid2ffdg( int nu, T u01, T u02, int nv, T v01,T v02 ) ;for a 2-dimensional map. In the case of MapGrid1 u01 and u02 describe aninterval, while n describes the number of partitions of the interval. Theerror INVALID VALUE results if n � 0. For MapGrid2, (u01; v01) speci�es onetwo-dimensional point and (u02; v02) speci�es another. nu gives the number ofpartitions between u01 and u02, and nv gives the number of partitions betweenv01 and v02. If either nu � 0 or nv � 0, then the error INVALID VALUE occurs.Once a grid is de�ned, an evaluation on a rectangular subset of that gridmay be carried out by callingvoid EvalMesh1( enum mode, int p1, int p2 ) ;mode is either POINT or LINE. The e�ect is the same as performing the fol-lowing code fragment, with �u0 = (u02 � u01)=n:Begin(type);for i = p1 to p2 step 1:0EvalCoord1(i * �u0 + u01);End();where EvalCoord1f or EvalCoord1d is substituted for EvalCoord1 asappropriate. If mode is POINT, then type is POINTS; if mode is LINE, then typeis LINE STRIP. The one requirement is that if either i = 0 or i = n, then thevalue computed from i ��u0 + u01 is precisely u01 or u02, respectively.The corresponding commands for two-dimensional maps arevoid EvalMesh2( enum mode, int p1, int p2, int q1,int q2 ) ;modemust be FILL, LINE, or POINT. Whenmode is FILL, then these commandsare equivalent to the following, with �u0 = (u02 � u01)=n and �v0 = (v02 �v01)=m:
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5.1. EVALUATORS 133for i = q1 to q2 � 1 step 1:0Begin(QUAD STRIP);for j = p1 to p2 step 1:0EvalCoord2(j * �u0 + u01 , i * �v0 + v01);EvalCoord2(j * �u0 + u01 , (i+ 1) * �v0 + v01);End();If mode is LINE, then a call to EvalMesh2 is equivalent tofor i = q1 to q2 step 1:0Begin(LINE STRIP);for j = p1 to p2 step 1:0EvalCoord2(j * �u0 + u01 , i * �v0 + v01);End();;for i = p1 to p2 step 1:0Begin(LINE STRIP);for j = q1 to q2 step 1:0EvalCoord2(i * �u0 + u01 , j * �v0 + v01);End();If mode is POINT, then a call to EvalMesh2 is equivalent toBegin(POINTS);for i = q1 to q2 step 1:0for j = p1 to p2 step 1:0EvalCoord2(j * �u0 + u01 , i * �v0 + v01);End();Again, in all three cases, there is the requirement that 0 � �u0 + u01 = u01,n ��u0 + u01 = u02, 0 ��v0 + v01 = v01, and m ��v0 + v01 = v02.An evaluation of a single point on the grid may also be carried out:void EvalPoint1( int p ) ;Calling it is equivalent to the commandEvalCoord1(p * �u0 + u01);with �u0 and u01 de�ned as above.void EvalPoint2( int p, int q ) ;is equivalent to the command
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134 CHAPTER 5. SPECIAL FUNCTIONSEvalCoord2(p * �u0 + u01 , q * �v0 + v01);The state required for evaluators potentially consists of 9 1-dimensionalmap speci�cations and 9 2-dimensional map speci�cations, as well as cor-responding 
ags for each speci�cation indicating which are enabled. Eachmap speci�cation consists of one or two orders, an appropriately sized ar-ray of control points, and a set of two values (for a 1-dimensional map) orfour values (for a 2-dimensional map) to describe the domain. The max-imum possible order, for either u or v, is implementation dependent (onemaximum applies to both u and v), but must be at least 8. Each controlpoint consists of between one and four 
oating-point values (depending onthe type of the map). Initially, all maps have order 1 (making them con-stant maps). All vertex coordinate maps produce the coordinates (0; 0; 0; 1)(or the appropriate subset); all normal coordinate maps produce (0; 0; 1);RGBA maps produce (1; 1; 1; 1); color index maps produce 1.0; texture co-ordinate maps produce (0; 0; 0; 1); In the initial state, all maps are disabled.A 
ag indicates whether or not automatic normal generation is enabled for2-dimensional maps. In the initial state, automatic normal generation is dis-abled. Also required are two 
oating-point values and an integer number ofgrid divisions for the 1-dimensional grid speci�cation and four 
oating-pointvalues and two integer grid divisions for the 2-dimensional grid speci�cation.In the initial state, the bounds of the domain interval for 1-D is 0 and 1:0, re-spectively; for 2-D, they are (0; 0) and (1:0; 1:0), respectively. The number ofgrid divisions is 1 for 1-D and 1 in both directions for 2-D. If any evaluationcommand is issued when no vertex map is enabled, nothing happens.5.2 SelectionSelection is used by a programmer to determine which primitives are drawninto some region of a window. The region is de�ned by the current model-view and perspective matrices.Selection works by returning an array of integer-valued names. Thisarray represents the current contents of the name stack. This stack is con-trolled with the commandsvoid InitNames( void ) ;void PopName( void ) ;void PushName( uint name ) ;void LoadName( uint name ) ;
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5.2. SELECTION 135InitNames empties (clears) the name stack. PopName pops one nameo� the top of the name stack. PushName causes name to be pushedonto the name stack. LoadName replaces the value on the top of thestack with name. Loading a name onto an empty stack generates the er-ror INVALID OPERATION. Popping a name o� of an empty stack generatesSTACK UNDERFLOW; pushing a name onto a full stack generates STACK OVERFLOW.The maximum allowable depth of the name stack is implementation depen-dent but must be at least 64.In selection mode, no fragments are rendered into the framebu�er. TheGL is placed in selection mode withint RenderMode( enum mode ) ;mode is a symbolic constant: one of RENDER, SELECT, or FEEDBACK. RENDERis the default, corresponding to rendering as described until now. SELECTspeci�es selection mode, and FEEDBACK speci�es feedback mode (describedbelow). Use of any of the name stack manipulation commands while the GLis not in selection mode has no e�ect.Selection is controlled usingvoid SelectBu�er( sizei n, uint *bu�er ) ;bu�er is a pointer to an array of unsigned integers (called the selectionarray) to be potentially �lled with names, and n is an integer indicating themaximum number of values that can be stored in that array. Placing the GLin selection mode before SelectBu�er has been called results in an error ofINVALID OPERATION as does calling SelectBu�er while in selection mode.In selection mode, if a point, line, polygon, or the valid coordinates pro-duced by a RasterPos command intersects the clip volume (section 2.11)then this primitive (or RasterPos command) causes a selection hit. In thecase of polygons, no hit occurs if the polygon would have been culled, butselection is based on the polygon itself, regardless of the setting of Poly-gonMode. When in selection mode, whenever a name stack manipulationcommand is executed or RenderMode is called and there has been a hitsince the last time the stack was manipulated or RenderMode was called,then a hit record is written into the selection array.A hit record consists of the following items in order: a non-negativeinteger giving the number of elements on the name stack at the time of thehit, a minimum depth value, a maximum depth value, and the name stackwith the bottommost element �rst. The minimum and maximum depthvalues are the minimum and maximum taken over all the window coordinate
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136 CHAPTER 5. SPECIAL FUNCTIONSz values of each (post-clipping) vertex of each primitive that intersects theclipping volume since the last hit record was written. The minimum andmaximum (each of which lies in the range [0; 1]) are each multiplied by232 � 1 and rounded to the nearest unsigned integer to obtain the valuesthat are placed in the hit record. No depth o�set arithmetic (section 3.5.5)is performed on these values.Hit records are placed in the selection array by maintaining a pointerinto that array. When selection mode is entered, the pointer is initialized tothe beginning of the array. Each time a hit record is copied, the pointer isupdated to point at the array element after the one into which the topmostelement of the name stack was stored. If copying the hit record into theselection array would cause the total number of values to exceed n, then asmuch of the record as �ts in the array is written and an over
ow 
ag is set.Selection mode is exited by calling RenderMode with an argumentvalue other than SELECT. Whenever RenderMode is called in selectionmode, it returns the number of hit records copied into the selection arrayand resets the SelectBu�er pointer to its last speci�ed value. Values arenot guaranteed to be written into the selection array until RenderModeis called. If the selection array over
ow 
ag was set, then RenderModereturns �1 and clears the over
ow 
ag. The name stack is cleared and thestack pointer reset whenever RenderMode is called.The state required for selection consists of the address of the selectionarray and its maximum size, the name stack and its associated pointer, aminimum and maximum depth value, and several 
ags. One 
ag indicatesthe currentRenderMode value. In the initial state, the GL is in the RENDERmode. Another 
ag is used to indicate whether or not a hit has occurredsince the last name stack manipulation. This 
ag is reset upon enteringselection mode and whenever a name stack manipulation takes place. One�nal 
ag is required to indicate whether the maximum number of copiednames would have been exceeded. This 
ag is reset upon entering selectionmode. This 
ag, the address of the selection array, and its maximum sizeare GL client state.5.3 FeedbackFeedback, like selection, is a GL mode. The mode is selected by callingRenderMode with FEEDBACK. When the GL is in feedback mode, no frag-ments are written to the framebu�er. Instead, information about primitivesthat would have been rasterized is fed back to the application using the GL.
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5.3. FEEDBACK 137Feedback is controlled usingvoid FeedbackBu�er( sizei n, enum type, float *bu�er ) ;bu�er is a pointer to an array of 
oating-point values into which feedback in-formation will be placed, and n is a number indicating the maximum numberof values that can be written to that array. type is a symbolic constant de-scribing the information to be fed back for each vertex (see Figure 5.2). Theerror INVALID OPERATION results if the GL is placed in feedback mode beforea call to FeedbackBu�er has been made, or if a call to FeedbackBu�eris made while in feedback mode.While in feedback mode, each primitive that would be rasterized (orbitmap or call to DrawPixels or CopyPixels, if the raster position isvalid) generates a block of values that get copied into the feedback array.If doing so would cause the number of entries to exceed the maximum, theblock is partially written so as to �ll the array (if there is any room left atall). The �rst block of values generated after the GL enters feedback modeis placed at the beginning of the feedback array, with subsequent blocksfollowing. Each block begins with a code indicating the primitive type, fol-lowed by values that describe the primitive's vertices and associated data.Entries are also written for bitmaps and pixel rectangles. Feedback occursafter polygon culling (section 3.5.1) and PolygonMode interpretation ofpolygons (section 3.5.4) has taken place. It may also occur after polygonswith more than three edges are broken up into triangles (if the GL imple-mentation renders polygons by performing this decomposition). x, y, and zcoordinates returned by feedback are window coordinates; if w is returned,it is in clip coordinates. No depth o�set arithmetic (section 3.5.5) is per-formed on the z values. In the case of bitmaps and pixel rectangles, thecoordinates returned are those of the current raster position. The texturecoordinates and colors returned are those resulting from the clipping oper-ations as described in (section 2.13.8).The ordering rules for GL command interpretation also apply in feedbackmode. Each command must be fully interpreted and its e�ects on both GLstate and the values to be written to the feedback bu�er completed beforea subsequent command may be executed.The GL is taken out of feedback mode by calling RenderMode with anargument value other than FEEDBACK. When called while in feedback mode,RenderMode returns the number of values placed in the feedback arrayand resets the feedback array pointer to be bu�er. The return value neverexceeds the maximum number of values passed to FeedbackBu�er.
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138 CHAPTER 5. SPECIAL FUNCTIONSType coordinates color texture total values2D x, y { { 23D x, y, z { { 33D COLOR x, y, z k { 3 + k3D COLOR TEXTURE x, y, z k 4 7 + k4D COLOR TEXTURE x, y, z, w k 4 8 + kTable 5.2: Correspondence of feedback type to number of values per vertex.k is 1 in color index mode and 4 in RGBA mode.If writing a value to the feedback bu�er would cause more values to bewritten than the speci�ed maximum number of values, then the value is notwritten and an over
ow 
ag is set. In this case, RenderMode returns �1when it is called, after which the over
ow 
ag is reset. While in feedbackmode, values are not guaranteed to be written into the feedback bu�er beforeRenderMode is called.Figure 5.2 gives a grammar for the array produced by feedback. Eachprimitive is indicated with a unique identifying value followed by some num-ber of vertices. A vertex is fed back as some number of 
oating-point valuesdetermined by the feedback type. Table 5.2 gives the correspondence be-tween feedback bu�er and the number of values returned for each vertex.The commandvoid PassThrough( float token ) ;may be used as a marker in feedback mode. token is returned as if it were aprimitive; it is indicated with its own unique identifying value. The orderingof any PassThrough commands with respect to primitive speci�cation ismaintained by feedback. PassThrough may not occur between Begin andEnd. It has no e�ect when the GL is not in feedback mode.The state required for feedback is the pointer to the feedback array, themaximum number of values that may be placed there, and the feedback type.An over
ow 
ag is required to indicate whether the maximum allowablenumber of feedback values has been written; initially this 
ag is cleared.These state variables are GL client state. Feedback also relies on the samemode 
ag as selection to indicate whether the GL is in feedback, selection,or normal rendering mode.
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5.3. FEEDBACK 139feedback-list:feedback-item feedback-listfeedback-itemfeedback-item:pointline-segmentpolygonbitmappixel-rectanglepassthroughpoint: POINT TOKEN vertexline-segment:LINE TOKEN vertex vertexLINE RESET TOKEN vertex vertexpolygon:POLYGON TOKEN n polygon-specpolygon-spec:polygon-spec vertexvertex vertex vertexbitmap:BITMAP TOKEN vertex
pixel-rectangle:DRAW PIXEL TOKEN vertexCOPY PIXEL TOKEN vertexpassthrough:PASS THROUGH TOKEN fvertex:2D: f f3D: f f f3D COLOR:f f f color3D COLOR TEXTURE:f f f color tex4D COLOR TEXTURE:f f f f color texcolor: f f f fftex: f f f fFigure 5.2: Feedback syntax. f is a 
oating-point number. n is a 
oating-point integer giving the number of vertices in a polygon. The symbolsending with TOKEN are symbolic 
oating-point constants. The labels underthe \vertex" rule show the di�erent data returned for vertices dependingon the feedback type. LINE TOKEN and LINE RESET TOKEN are identical exceptthat the latter is returned only when the line stipple is reset for that linesegment.
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140 CHAPTER 5. SPECIAL FUNCTIONS5.4 Display ListsA display list is simply a group of GL commands and arguments that hasbeen stored for subsequent execution. The GL may be instructed to processa particular display list (possibly repeatedly) by providing a number thatuniquely speci�es it. Doing so causes the commands within the list to beexecuted just as if they were given normally. The only exception pertainsto commands that rely upon client state. When such a command is accu-mulated into the display list (that is, when issued, not when executed), theclient state in e�ect at that time applies to the command. Only server stateis a�ected when the command is executed. As always, pointers which arepassed as arguments to commands are dereferenced when the command isissued. (Vertex array pointers are dereferenced when the commands Ar-rayElement, DrawArrays, or DrawElements are accumulated into adisplay list.)A display list is begun by callingvoid NewList( uint n, enum mode ) ;n is a positive integer to which the display list that follows is assigned, andmode is a symbolic constant that controls the behavior of the GL duringdisplay list creation. If mode is COMPILE, then commands are not executedas they are placed in the display list. If mode is COMPILE AND EXECUTE thencommands are executed as they are encountered, then placed in the displaylist. If n = 0, then the error INVALID VALUE is generated.After calling NewList all subsequent GL commands are placed in thedisplay list (in the order the commands are issued) until a call tovoid EndList( void ) ;occurs, after which the GL returns to its normal command execution state.It is only when EndList occurs that the speci�ed display list is actually asso-ciated with the index indicated withNewList. The error INVALID OPERATIONis generated if EndList is called without a previous matching NewList,or if NewList is called a second time before calling EndList. The errorOUT OF MEMORY is generated if EndList is called and the speci�ed display listcannot be stored because insu�cient memory is available. In this case GLimplementations of revision 1.1 or greater insure that no change is made tothe previous contents of the display list, if any, and that no other changeis made to the GL state, except for the state changed by execution of GLcommands when the display list mode is COMPILE AND EXECUTE.Once de�ned, a display list is executed by calling
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5.4. DISPLAY LISTS 141void CallList( uint n ) ;n gives the index of the display list to be called. This causes the commandssaved in the display list to be executed, in order, just as if they were issuedwithout using a display list. If n = 0, then the error INVALID VALUE isgenerated.The commandvoid CallLists( sizei n, enum type, void *lists ) ;provides an e�cient means for executing a number of display lists. n isan integer indicating the number of display lists to be called, and lists isa pointer that points to an array of o�sets. Each o�set is constructed asdetermined by lists as follows. First, type may be one of the constants BYTE,UNSIGNED BYTE, SHORT, UNSIGNED SHORT, INT, UNSIGNED INT, or FLOAT indicatingthat the array pointed to by lists is an array of bytes, unsigned bytes, shorts,unsigned shorts, integers, unsigned integers, or 
oats, respectively. In thiscase each o�set is found by simply converting each array element to aninteger (
oating point values are truncated). Further, type may be one of2 BYTES, 3 BYTES, or 4 BYTES, indicating that the array contains sequences of2, 3, or 4 unsigned bytes, in which case each integer o�set is constructedaccording to the following algorithm:offset  0for i = 1 to boffset  offset shifted left 8 bitsoffset  offset + byteadvance to next byte in the arrayb is 2, 3, or 4, as indicated by type. If n = 0, CallLists does nothing.Each of the n constructed o�sets is taken in order and added to a displaylist base to obtain a display list number. For each number, the indicateddisplay list is executed. The base is set by callingvoid ListBase( uint base ) ;to specify the o�set.Indicating a display list index that does not correspond to any displaylist has no e�ect. CallList orCallLists may appear inside a display list. (Ifthe mode supplied toNewList is COMPILE AND EXECUTE, then the appropriatelists are executed, but the CallList or CallLists, rather than those lists'constituent commands, is placed in the list under construction.) To avoid



Version 1.1 - 4 March 1997

142 CHAPTER 5. SPECIAL FUNCTIONSthe possibility of in�nite recursion resulting from display lists calling oneanother, an implementation dependent limit is placed on the nesting levelof display lists during display list execution. This limit must be at least 64.Two commands are provided to manage display list indices.uint GenLists( sizei s ) ;returns an integer n such that the indices n; : : : ; n + s � 1 are previouslyunused (i.e. there are s previously unused display list indices starting at n).GenLists also has the e�ect of creating an empty display list for each ofthe indices n; : : : ; n+s�1, so that these indices all become used. GenListsreturns 0 if there is no group of s contiguous previously unused display listindices, or if s = 0.boolean IsList( uint list ) ;returns TRUE if list is the index of some display list.A contiguous group of display lists may be deleted by callingvoid DeleteLists( uint list, sizei range ) ;where list is the index of the �rst display list to be deleted and range isthe number of display lists to be deleted. All information about the displaylists is lost, and the indices become unused. Indices to which no display listcorresponds are ignored. If range = 0, nothing happens.Certain commands, when called while compiling a display list, are notcompiled into the display list but are executed immediately. These are: Is-List, GenLists, DeleteLists, FeedbackBu�er, SelectBu�er, Render-Mode,VertexPointer,NormalPointer,ColorPointer, IndexPointer,TexCoordPointer, EdgeFlagPointer, InterleavedArrays, Enable-ClientState, DisableClientState, PushClientAttrib, PopClientAt-trib, ReadPixels, PixelStore, GenTextures, DeleteTextures, Are-TexturesResident, IsTexture, Flush, Finish, as well as IsEnabledand all of the Get commands (see Chapter 6). TexImage2D is exe-cuted immediately only when the target argument is PROXY TEXTURE 2D, andTexImage1D is executed immediatedly only when the target argument isPROXY TEXTURE 1D.Display lists require one bit of state to indicate whether a GL commandshould be executed immediately or placed in a display list. In the initialstate, commands are executed immediately. If the bit indicates displaylist creation, an index is required to indicate the current display list beingde�ned. Another bit indicates, during display list creation, whether or not
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5.5. FLUSH AND FINISH 143commands should be executed as they are compiled into the display list.One integer is required for the current ListBase setting; its initial valueis zero. Finally, state must be maintained to indicate which integers arecurrently in use as display list indices. In the initial state, no indices are inuse.5.5 Flush and FinishThe commandvoid Flush( void ) ;indicates that all commands that have previously been sent to the GL mustcomplete in �nite time.The commandvoid Finish( void ) ;forces all previous GL commands to complete. Finish does not return untilall e�ects from previously issued commands on GL client and server stateand the framebu�er are fully realized.5.6 HintsCertain aspects of GL behavior, when there is room for variation, may becontrolled with hints. A hint is speci�ed usingvoid Hint( enum target, enum hint ) ;target is a symbolic constant indicating the behavior to be controlled, andhint is a symbolic constant indicating what type of behavior is desired.target may be one of PERSPECTIVE CORRECTION HINT, indicating the desiredquality of parameter interpolation; POINT SMOOTH HINT, indicating the desiredsampling quality of points; LINE SMOOTH HINT, indicating the desired samplingquality of lines; POLYGON SMOOTH HINT, indicating the desired sampling qualityof polygons; and FOG HINT, indicating whether fog calculations are done perpixel or per vertex. hint must be one of FASTEST, indicating that the moste�cient option should be chosen; NICEST, indicating that the highest qualityoption should be chosen; and DONT CARE, indicating no preference in thematter.The interpretation of hints is implementation dependent. An implemen-tation may ignore them entirely.
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Chapter 6State and State RequestsThe values of most GL state variables can be obtained using a set of Getcommands. There are four commands for obtaining simple state variables:void GetBooleanv( enum value, boolean *data ) ;void GetIntegerv( enum value, int *data ) ;void GetFloatv( enum value, float *data ) ;void GetDoublev( enum value, double *data ) ;The commands obtain boolean, integer, 
oating-point, or double-precisionstate variables. value is a symbolic constant indicating the state variable toreturn, data is a pointer to an array of the indicated type in which to placethe returned data. In additionboolean IsEnabled( enum value ) ;can be used to determine if value is currently enabled (as with Enable) ordisabled.If a Get command is issued that returns value types di�erent from thetype of the value being obtained, a type conversion is performed. If Get-Booleanv is called, a 
oating-point or integer value converts to FALSE ifand only if it is zero (otherwise it converts to TRUE). If GetIntegerv (orany of the Get commands below) is called, a boolean value is interpretedas either 1 or 0, and a 
oating-point value is rounded to the nearest integer,unless the value is a an RGBA color component, a DepthRange value, adepth bu�er clear value, or a normal coordinate. In these cases, the Getcommand converts the 
oating-point value to an integer according the INTentry of Table 4.7; a value not in [�1; 1] converts to an unde�ned value.If GetFloatv is called, a boolean value is interpreted as either 1:0 or 0:0,144
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145an integer is coerced to 
oating-point, and a double-precision 
oating-pointvalue is converted to single-precision. Analogous conversions are carriedout in the case of GetDoublev. If a value is so large in magnitude thatit cannot be represented with the requested type, then the nearest valuerepresentable using the requested type is returned.Other commands exist to obtain state variables that are indexed by atarget. These arevoid GetClipPlane( enum plane, double eqn[4] ) ;void GetLightfifgv( enum light, enum value, T data ) ;void GetMaterialfifgv( enum face, enum value, T data ) ;void GetTexEnvfifgv( enum env, enum value, T data ) ;void GetTexGenfifgv( enum coord, enum value, T data ) ;void GetTexParameterfifgv( enum target, enum value,T data ) ;void GetTexLevelParameterfifgv( enum target, int lod,enum value, T data ) ;void GetPixelMapfui us fgv( enum map, T data ) ;void GetMapfifdgv( enum map, enum value, T data ) ;GetClipPlane always returns four double-precision values in eqn; theseare the coe�cients of the plane equation of plane in eye coordinates (thesecoordinates are those that were computed when the plane was speci�ed).GetLight places information about value (a symbolic constant) for light(also a symbolic constant) in data. POSITION or SPOT DIRECTION returns val-ues in eye coordinates (again, these are the coordinates that were computedwhen the position or direction was speci�ed).GetMaterial, GetTexGen, GetTexEnv, and GetTexParameterare similar toGetLight, placing information about value for the target indi-cated by their �rst argument into data. The face argument toGetMaterialmust be either FRONT or BACK, indicating the front or back material, respec-tively. The env argument to GetTexEnv must currently be TEXTURE ENV.The coord argument to GetTexGen must be one of S, T, R, or Q. For Get-TexGen, EYE LINEAR coe�cients are returned in the eye coordinates thatwere computed when the plane was speci�ed; OBJECT LINEAR coe�cients arereturned in object coordinates.For GetTexParameter and GetTexLevelParameter, target mustcurrently be TEXTURE 1D or TEXTURE 2D, indicating the currently boundone-dimensional or two-dimensional texture object, or PROXY TEXTURE 1Dor PROXY TEXTURE 2D, indicating the one-dimensional or two-dimensional



Version 1.1 - 4 March 1997

146 CHAPTER 6. STATE AND STATE REQUESTSproxy state vector. value is a symbolic value indicating which tex-ture parameter is to be obtained. The lod argument to Get-TexLevelParameter determines which level-of-detail's state is returned.If the lod argument is less than zero or if it is larger than themaximum allowable level-of-detail then the error INVALID VALUE oc-curs. Queries of TEXTURE RED SIZE, TEXTURE GREEN SIZE, TEXTURE BLUE SIZE,TEXTURE ALPHA SIZE, TEXTURE LUMINANCE SIZE, and TEXTURE INTENSITY SIZEreturn the actual resolutions of the stored image array components, notthe resolutions speci�ed when the image array was de�ned. Queries ofTEXTURE WIDTH, TEXTURE HEIGHT, and TEXTURE BORDER return the width, height,and border as speci�ed when the image array was created. The inter-nal format of the image array is queried as TEXTURE INTERNAL FORMAT, oras TEXTURE COMPONENTS for compatibility with GL version 1.0.For GetPixelMap, the map must be a map name from Table 3.3. ForGetMap, map must be one of the map types described in section 5.1, andvalue must be one of ORDER, COEFF, or DOMAIN.GetTexImage is used to obtain texture images.void GetTexImage( enum tex, int lod, enum format,enum type, void *img ) ;It is somewhat di�erent from the other get commands; tex is a symbolicvalue indicating which texture is to be obtained. TEXTURE 1D indicates aone-dimensional texture, while TEXTURE 2D indicates a two-dimensional tex-ture. lod is a level-of-detail number, format is a pixel format from Table 3.5,type is a pixel type from Table 3.4, and img is a pointer to a block of memory.GetTexImage obtains component groups from a texture image with theindicated level-of-detail. The components are assigned among R, G, B, andA according to Table 6.1, starting with the �rst group in the �rst row, andcontinuing by obtaining groups in order from each row and proceeding fromthe �rst row to the last. These groups are then packed and placed in clientmemory as described in section 4.3.2 under ReadPixels. The row lengthand number of rows is determined by the size of the texture image (includ-ing any borders). Calling GetTexImage with lod less than zero or largerthan the maximum allowable causes the error INVALID VALUE. Calling Get-TexImage with format of COLOR INDEX, STENCIL INDEX, or DEPTH COMPONENTcauses the error INVALID ENUM.The commandboolean IsTexture( uint texture ) ;
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147Base Internal Format R G B AALPHA 0 0 0 AtLUMINANCE (or 1) Lt 0 0 1LUMINANCE ALPHA (or 2) Lt 0 0 AtINTENSITY It 0 0 1RGB (or 3) Rt Gt Bt 1RGBA (or 4) Rt Gt Bt AtTable 6.1: Texture return values. Rt, Gt, Bt, At, Lt, and It are texturearray values that are assigned to pixel values R, G, B, and A.returns TRUE if texture is the name of a texture object. If texture is zero, or isa non-zero value that is not the name of a texture object, or if an error condi-tion occurs, IsTexture returns FALSE. A name returned by GenTextures,but not yet bound, is not the name of a texture object.The commandvoid GetPolygonStipple( void *pattern ) ;obtains the polygon stipple. The pattern is packed into memory accordingto the procedure given in section 4.3.2 for ReadPixels; it is as if the heightand width passed to that command were both equal to 32, the type wereBITMAP, and the format were COLOR INDEX.The commandvoid GetPointerv( enum pname, void **params ) ;obtains the pointer or pointers named pname in the array params. Thepossible values for pname areSELECTION BUFFER POINTER, FEEDBACK BUFFER POINTER, VERTEX ARRAY POINTER,NORMAL ARRAY POINTER, COLOR ARRAY POINTER, INDEX ARRAY POINTER,TEXTURE COORD ARRAY POINTER, and EDGE FLAG ARRAY POINTER. Each returns asingle pointer value.Finally,ubyte *GetString( enum name ) ;returns a pointer to a static string describing some aspect of the currentGL connection. The possible values for name are VENDOR, RENDERER, VERSION,and EXTENSIONS. The format of the RENDERER and VERSION strings is imple-mentation dependent. The EXTENSIONS string contains a space separated list
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148 CHAPTER 6. STATE AND STATE REQUESTSof extension names (The extension names themselves do not contain anyspaces); the VERSION string is laid out as follows:<version number><space><vendor-speci�c information>The version number is either of the form major number.minor number ormajor number.minor number.release number, where the numbers all haveone or more digits. The vendor speci�c information is optional. However, ifit is present then it pertains to the server and the format and contents areimplementation dependent.GetString returns the version number (returned in the VERSION string)and the extension names (returned in the EXTENSIONS string) that can besupported on the connection. Thus, if the client and server support di�erentversions and/or extensions, a compatible version and list of extensions isreturned.The tables on the following pages indicate which state variables are ob-tained with what commands. State variables that can be obtained using anyof GetBooleanv, GetIntegerv, GetFloatv, or GetDoublev are listedwith just one of these commands { the one that is most appropriate giventhe type of the data to be returned. These state variables cannot be ob-tained using IsEnabled. However, state variables for which IsEnabled islisted as the query command can also be obtained using GetBooleanv,GetIntegerv, GetFloatv, and GetDoublev. State variables for whichany other command is listed as the query command can be obtained onlyby using that command.Unless otherwise indicated, multi-valued state variables return their mul-tiple values in the same order as they are given as arguments to the com-mands that set them. For instance, the two DepthRange parameters arereturned in the order n followed by f. Similarly, points for evaluator mapsare returned in the order that they appeared when passed toMap1. Map2returns Rij in the [(uorder)i + j]th block of values (see page 130 for i, j,uorder, and Rij ).Besides providing a means to obtain the values of state variables, theGL also provides a means to save and restore groups of state variables.The PushAttrib,PushClientAttrib, PopAttrib and PopClientAttribcommands are used for this purpose. The commandsvoid PushAttrib( bitfield mask ) ;void PushClientAttrib( bitfield mask ) ;take a bitwise OR of symbolic constants indicating which groups of statevariables to push onto an attribute stack. PushAttrib uses a server at-
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149tribute stack while PushClientAttrib uses a client attribute stack. Eachconstant refers to a group of state variables. The classi�cation of each vari-able into a group is indicated in the following tables of state variables. Theerror STACK OVERFLOW is generated if PushAttrib or PushClientAttrib isexecuted while the corresponding stack depth is MAX ATTRIB STACK DEPTH orMAX CLIENT ATTRIB STACK DEPTH respectively. The commandsvoid PopAttrib( void ) ;void PopClientAttrib( void ) ;reset the values of those state variables that were saved with the last cor-responding PushAttrib or PopClientAttrib. Those not saved remainunchanged. The error STACK UNDERFLOW is generated if PopAttrib or Pop-ClientAttrib is executed while the respective stack is empty.Table 6.2 shows the attribute groups with their corresponding symbolicconstant names and stacks.When PushAttrib is called with TEXTURE BIT set, the priorities, bordercolors, �lter modes, and wrap modes of the currently bound texture objects,as well as the current texture bindings and enables, are pushed onto theattribute stack. (Unbound texture objects are not pushed or restored.)When an attribute set that includes texture information is popped, thebindings and enables are �rst restored to their pushed values, then the boundtexture objects' priorities, border colors, �lter modes, and wrap modes arerestored to their pushed values.The depth of each attribute stack is implementation dependent but mustbe at least 16. The state required for each attribute stack is potentially 16copies of each state variable, 16 masks indicating which groups of variablesare stored in each stack entry, and an attribute stack pointer. In the initialstate, both attribute stacks are empty.In the tables that follow, a type is indicated for each variable. Table 6.3explains these types. The type actually identi�es all state associated withthe indicated description; in certain cases only a portion of this state isreturned. This is the case with all matrices, where only the top entry onthe stack is returned; with clip planes, where only the selected clip plane isreturned, with parameters describing lights, where only the value pertainingto the selected light is returned; with textures, where only the selectedtexture or texture parameter is returned; and with evaluator maps, whereonly the selected map is returned. Finally, a \{" in the attribute columnindicates that the indicated value is not included in any attribute group (andthus can not be pushed or popped with PushAttrib, PushClientAttrib,PopAttrib, or PopClientAttrib).
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150 CHAPTER 6. STATE AND STATE REQUESTSStack Attribute Constantserver accum-bu�er ACCUM BUFFER BITserver color-bu�er COLOR BUFFER BITserver current CURRENT BITserver depth-bu�er DEPTH BUFFER BITserver enable ENABLE BITserver eval EVAL BITserver fog FOG BITserver hint HINT BITserver lighting LIGHTING BITserver line LINE BITserver list LIST BITserver pixel PIXEL MODE BITserver point POINT BITserver polygon POLYGON BITserver polygon-stipple POLYGON STIPPLE BITserver scissor SCISSOR BITserver stencil-bu�er STENCIL BUFFER BITserver texture TEXTURE BITserver transform TRANSFORM BITserver viewport VIEWPORT BITserver ALL ATTRIB BITSclient vertex-array CLIENT VERTEX ARRAY BITclient pixel-store CLIENT PIXEL STORE BITclient select can't be pushed or pop'dclient feedback can't be pushed or pop'dclient ALL CLIENT ATTRIB BITSTable 6.2: Attribute groups
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151Type code ExplanationB BooleanC Color (
oating-point R, G, B, and A values)CI Color index (
oating-point index value)T Texture coordinates (
oating-point s, t, r, qvalues)N Normal coordinates (
oating-point x, y, zvalues)V Vertex, including associated dataZ IntegerZ+ Non-negative integerZk, Zk� k-valued integer (k� indicates k is minimum)R Floating-point numberR+ Non-negative 
oating-point numberR[a;b] Floating-point number in the range [a; b]Rk k-tuple of 
oating-point numbersP Position (x, y, z, w 
oating-point coordinates)D Direction (x, y, z 
oating-point coordinates)M4 4� 4 
oating-point matrixI ImageA Attribute stack entry, including maskY Pointer (data type unspeci�ed)n� type n copies of type type (n� indicates n isminimum)Table 6.3: State variable types
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Get value Type GetCmnd InitialValue Description Sec. Attribute{ Z11 { 0 When 6= 0, indicatesbegin/end object 2.6.1 {{ V { { Previous vertex inBegin/End line 2.6.1 {{ B { { Indicates if line-vertexis the �rst 2.6.1 {{ V { { First vertex of aBegin/End line loop 2.6.1 {{ Z+ { { Line stipple counter 3.4 {{ n� V { { Vertices inside ofBegin/End polygon 2.6.1 {{ Z+ { { Number ofpolygon-vertices 2.6.1 {{ 2� V { { Previous two verticesin a Begin/Endtriangle strip 2.6.1 {{ Z3 { { Number of vertices sofar in triangle strip: 0,1, or more 2.6.1 {{ Z2 { { Triangle strip A/Bvertex pointer 2.6.1 {{ 3� V { { Vertices of the quadunder construction 2.6.1 {{ Z4 { { Number of vertices sofar in quad strip: 0, 1,2, or more 2.6.1 {

Table6.4.GLInternalbegin-endstatevariables(inaccessible)



V
ersion 1.1 - 4 M

arch 1997 153

Get value Type GetCmnd InitialValue Description Sec. AttributeCURRENT COLOR C GetIntegerv,GetFloatv 1,1,1,1 Current color 2.7 currentCURRENT INDEX CI GetIntegerv,GetFloatv 1 Current color index 2.7 currentCURRENT TEXTURE COORDS T GetFloatv 0,0,0,1 Current texturecoordinates 2.7 currentCURRENT NORMAL N GetFloatv 0,0,1 Current normal 2.7 current{ C { - Color associated withlast vertex 2.6 {{ CI { - Color index associatedwith last vertex 2.6 {{ T { - Texture coordinatesassociated with lastvertex 2.6 {CURRENT RASTER POSITION R4 GetFloatv 0,0,0,1 Current raster position 2.12 currentCURRENT RASTER DISTANCE R+ GetFloatv 0 Current raster distance 2.12 currentCURRENT RASTER COLOR C GetIntegerv,GetFloatv 1,1,1,1 Color associated withraster position 2.12 currentCURRENT RASTER INDEX CI GetIntegerv,GetFloatv 1 Color index associatedwith raster position 2.12 currentCURRENT RASTER TEXTURE COORDS T GetFloatv 0,0,0,1 Texture coordinatesassociated with rasterposition 2.12 currentCURRENT RASTER POSITION VALID B GetBooleanv True Raster position validbit 2.12 currentEDGE FLAG B GetBooleanv True Edge 
ag 2.6.2 current

Table6.5.CurrentValuesandAssociatedData
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Get value Type GetCmnd InitialValue Description Sec. AttributeVERTEX ARRAY B IsEnabled False Vertex array enable 2.8 vertex-arrayVERTEX ARRAY SIZE Z+ GetIntegerv 4 Coordinates per vertex 2.8 vertex-arrayVERTEX ARRAY TYPE Z4 GetIntegerv FLOAT Type of vertex coordinates 2.8 vertex-arrayVERTEX ARRAY STRIDE Z+ GetIntegerv 0 Stride between vertices 2.8 vertex-arrayVERTEX ARRAY POINTER Y GetPointerv 0 Pointer to the vertex array 2.8 vertex-arrayNORMAL ARRAY B IsEnabled False Normal array enable 2.8 vertex-arrayNORMAL ARRAY TYPE Z5 GetIntegerv FLOAT Type of normal coordinates 2.8 vertex-arrayNORMAL ARRAY STRIDE Z+ GetIntegerv 0 Stride between normals 2.8 vertex-arrayNORMAL ARRAY POINTER Y GetPointerv 0 Pointer to the normal array 2.8 vertex-arrayCOLOR ARRAY B IsEnabled False Color array enable 2.8 vertex-arrayCOLOR ARRAY SIZE Z+ GetIntegerv 4 Colors per vertex 2.8 vertex-arrayCOLOR ARRAY TYPE Z8 GetIntegerv FLOAT Type of color components 2.8 vertex-arrayCOLOR ARRAY STRIDE Z+ GetIntegerv 0 Stride between colors 2.8 vertex-arrayCOLOR ARRAY POINTER Y GetPointerv 0 Pointer to the color array 2.8 vertex-arrayINDEX ARRAY B IsEnabled False Index array enable 2.8 vertex-arrayINDEX ARRAY TYPE Z4 GetIntegerv FLOAT Type of indices 2.8 vertex-arrayINDEX ARRAY STRIDE Z+ GetIntegerv 0 Stride between indices 2.8 vertex-arrayINDEX ARRAY POINTER Y GetPointerv 0 Pointer to the index array 2.8 vertex-arrayTEXTURE COORD ARRAY B IsEnabled False Texture coordinate array enable 2.8 vertex-arrayTEXTURE COORD ARRAY SIZE Z+ GetIntegerv 4 Coordinates per element 2.8 vertex-arrayTEXTURE COORD ARRAY TYPE Z4 GetIntegerv FLOAT Type of texture coordinates 2.8 vertex-arrayTEXTURE COORD ARRAY STRIDE Z+ GetIntegerv 0 Stride between texture coordinates 2.8 vertex-arrayTEXTURE COORD ARRAY POINTER Y GetPointerv 0 Pointer to the texture coordinate array 2.8 vertex-arrayEDGE FLAG ARRAY B IsEnabled False Edge 
ag array enable 2.8 vertex-arrayEDGE FLAG ARRAY STRIDE Z+ GetIntegerv 0 Stride between edge 
ags 2.8 vertex-arrayEDGE FLAG ARRAY POINTER Y GetPointerv 0 Pointer to the edge 
ag array 2.8 vertex-array

Table6.6.VertexArrayData
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Get value Type GetCmnd InitialValue Description Sec. AttributeMODELVIEW MATRIX 32 � �M4 GetFloatv Identity Model-view matrixstack 2.10.2 {PROJECTION MATRIX 2 � �M4 GetFloatv Identity Projection matrixstack 2.10.2 {TEXTURE MATRIX 2 � �M4 GetFloatv Identity Texture matrix stack 2.10.2 {VIEWPORT 4� Z GetIntegerv see 2.10.1 Viewport origin &extent 2.10.1 viewportDEPTH RANGE 2�R+ GetFloatv 0,1 Depth range near &far 2.10.1 viewportMODELVIEW STACK DEPTH Z+ GetIntegerv 1 Model-view matrixstack pointer 2.10.2 {PROJECTION STACK DEPTH Z+ GetIntegerv 1 Projection matrixstack pointer 2.10.2 {TEXTURE STACK DEPTH Z+ GetIntegerv 1 Texture matrix stackpointer 2.10.2 {MATRIX MODE Z3 GetIntegerv MODELVIEW Current matrix mode 2.10.2 transformNORMALIZE B IsEnabled False Current normalnormalization on/o� 2.10.3 transform/enableCLIP PLANEi 6 � �R4 GetClipPlane 0,0,0,0 User clipping planecoe�cients 2.11 transformCLIP PLANEi 6 � �B IsEnabled False xth user clipping planeenabled 2.11 transform/enable

Table6.7.Transformationstate
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Get value Type GetCmnd InitialValue Description Sec. AttributeFOG COLOR C GetFloatv 0,0,0,0 Fog color 3.9 fogFOG INDEX I GetFloatv 0 Fog index 3.9 fogFOG DENSITY R GetFloatv 1.0 Exponential fogdensity 3.9 fogFOG START R GetFloatv 0.0 Linear fog start 3.9 fogFOG END R GetFloatv 1.0 Linear fog end 3.9 fogFOG MODE Z3 GetIntegerv EXP Fog mode 3.9 fogFOG B IsEnabled False True if fog enabled 3.9 fog/enableSHADE MODEL Z+ GetIntegerv SMOOTH ShadeModel setting 2.13.7 lightingTable6.8.Coloring
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Get value Type GetCmnd InitialValue Description Sec. AttributeLIGHTING B IsEnabled False True if lighting isenabled 2.13.1 lighting/enableCOLOR MATERIAL B IsEnabled False True if color trackingis enabled 2.13.3 lighting/enableCOLOR MATERIAL PARAMETER Z5 GetIntegerv AMBIENT AND DIFFUSE Material propertiestracking current color 2.13.3 lightingCOLOR MATERIAL FACE Z3 GetIntegerv FRONT AND BACK Face(s) a�ected bycolor tracking 2.13.3 lightingAMBIENT 2� C GetMaterialfv (0.2,0.2,0.2,1.0) Ambient material color 2.13.1 lightingDIFFUSE 2� C GetMaterialfv (0.8,0.8,0.8,1.0) Di�use material color 2.13.1 lightingSPECULAR 2� C GetMaterialfv (0.0,0.0,0.0,1.0) Specular material color 2.13.1 lightingEMISSION 2� C GetMaterialfv (0.0,0.0,0.0,1.0) Emissive mat. color 2.13.1 lightingSHININESS 2�R GetMaterialfv 0.0 Specular exponent ofmaterial 2.13.1 lightingLIGHT MODEL AMBIENT C GetFloatv (0.2,0.2,0.2,1.0) Ambient scene color 2.13.1 lightingLIGHT MODEL LOCAL VIEWER B GetBooleanv False Viewer is local 2.13.1 lightingLIGHT MODEL TWO SIDE B GetBooleanv False Use two-sided lighting 2.13.1 lightingAMBIENT 8 � �C GetLightfv (0.0,0.0,0.0,1.0) Ambient intensity oflight i 2.13.1 lightingDIFFUSE 8 � �C GetLightfv see 2.5 Di�use intensity oflight i 2.13.1 lightingSPECULAR 8 � �C GetLightfv see 2.5 Specular intensity oflight i 2.13.1 lightingPOSITION 8 � �P GetLightfv (0.0,0.0,1.0,0.0) Position of light i 2.13.1 lightingCONSTANT ATTENUATION 8 � �R+ GetLightfv 1.0 Constant atten. factor 2.13.1 lightingLINEAR ATTENUATION 8 � �R+ GetLightfv 0.0 Linear atten. factor 2.13.1 lightingQUADRATIC ATTENUATION 8 � �R+ GetLightfv 0.0 Quadratic atten.factor 2.13.1 lightingSPOT DIRECTION 8 � �D GetLightfv (0.0,0.0,-1.0) Spotlight direction oflight i 2.13.1 lightingSPOT EXPONENT 8 � �R+ GetLightfv 0.0 Spotlight exponent oflight i 2.13.1 lightingSPOT CUTOFF 8 � �R+ GetLightfv 180.0 Spot. angle of light i 2.13.1 lightingLIGHTi 8 � �B IsEnabled False True if light i enabled 2.13.1 lighting/enableCOLOR INDEXES 2� 3� R GetMaterialfv 0,1,1 am, dm, and sm forcolor index lighting 2.13.1 lighting

Table6.9.Lighting(seealsoTable2.5fordefaults)
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Get value Type GetCmnd InitialValue Description Sec. AttributePOINT SIZE R+ GetFloatv 1.0 Point size 3.3 pointPOINT SMOOTH B IsEnabled False Point antialiasing on 3.3 point/enableLINE WIDTH R+ GetFloatv 1.0 Line width 3.4 lineLINE SMOOTH B IsEnabled False Line antialiasing on 3.4 line/enableLINE STIPPLE PATTERN Z+ GetIntegerv 1's Line stipple 3.4.2 lineLINE STIPPLE REPEAT Z+ GetIntegerv 1 Line stipple repeat 3.4.2 lineLINE STIPPLE B IsEnabled False Line stipple enable 3.4.2 line/enableCULL FACE B IsEnabled False Polygon cullingenabled 3.5.1 polygon/enableCULL FACE MODE Z3 GetIntegerv BACK Cull front/back facingpolygons 3.5.1 polygonFRONT FACE Z2 GetIntegerv CCW Polygon frontfaceCW/CCW indicator 3.5.1 polygonPOLYGON SMOOTH B IsEnabled False Polygon antialiasingon 3.5 polygon/enablePOLYGON MODE 2� Z3 GetIntegerv FILL Polygon rasterizationmode (front & back) 3.5.4 polygonPOLYGON OFFSET FACTOR R GetFloatv 0 Polygon o�set factor 3.5.5 polygonPOLYGON OFFSET UNITS R GetFloatv 0 Polygon o�set bias 3.5.5 polygonPOLYGON OFFSET POINT B IsEnabled False Polygon o�set enablefor POINT moderasterization 3.5.5 polygon/enablePOLYGON OFFSET LINE B IsEnabled False Polygon o�set enablefor LINE moderasterization 3.5.5 polygon/enablePOLYGON OFFSET FILL B IsEnabled False Polygon o�set enablefor FILL moderasterization 3.5.5 polygon/enable{ I GetPolygonStipple 1's Polygon stipple 3.5 polygon-stipplePOLYGON STIPPLE B IsEnabled False Polygon stipple enable 3.5.2 polygon/enable

Table6.10.Rasterization
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Get value Type GetCmnd InitialValue Description Sec. AttributeTEXTURE 1D B IsEnabled False True if 1D texturing isenabled 3.8.6 texture/enableTEXTURE 2D B IsEnabled False True if 2D texturing isenabled 3.8.6 texture/enableTEXTURE BINDING 1D Z+ GetIntegerv 0 Texture object boundto TEXTURE 1D 3.8.4 textureTEXTURE BINDING 2D Z+ GetIntegerv 0 Texture object boundto TEXTURE 2D 3.8.4 textureTEXTURE n� I GetTexImage see 3.8 xD texture image atl.o.d. i 3.8 {TEXTURE WIDTH n� Z+ GetTexLevelParameter 0 xD texture image i'sspeci�ed width 3.8 {TEXTURE HEIGHT n� Z+ GetTexLevelParameter 0 2D texture image i'sspeci�ed height 3.8 {TEXTURE BORDER n� Z+ GetTexLevelParameter 0 xD texture image i'sspeci�ed border width 3.8 {TEXTURE INTERNAL FORMAT(TEXTURE COMPONENTS) n� Z42 GetTexLevelParameter 1 xD texture image i'sinternal image format 3.8 {TEXTURE RED SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'sred resolution 3.8 {TEXTURE GREEN SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'sgreen resolution 3.8 {TEXTURE BLUE SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'sblue resolution 3.8 {TEXTURE ALPHA SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'salpha resolution 3.8 {TEXTURE LUMINANCE SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'sluminance resolution 3.8 {TEXTURE INTENSITY SIZE n� Z+ GetTexLevelParameter 0 xD texture image i'sintensity resolution 3.8 {TEXTURE BORDER COLOR 2+ �C GetTexParameter 0,0,0,0 Texture border color 3.8 textureTEXTURE MIN FILTER 2+ � Z6 GetTexParameter see 3.8 Texture mini�cationfunction 3.8.1 textureTEXTURE MAG FILTER 2+ � Z2 GetTexParameter see 3.8 Texture magni�cationfunction 3.8.2 textureTEXTURE WRAP S 2+ � Z2 GetTexParameter REPEAT Texture wrap mode S 3.8 textureTEXTURE WRAP T 1+ � Z2 GetTexParameter REPEAT Texture wrap mode T 3.8 textureTEXTURE PRIORITY 2+ � R[0;1] GetTexParameterfv 1 Texture object priority 3.8.4 textureTEXTURE RESIDENT 2+ � B GetTexParameteriv False Texture residency 3.8.4 texture

Table6.11.TextureObjects
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Get value Type GetCmnd InitialValue Description Sec. AttributeTEXTURE ENV MODE Z4 GetTexEnviv MODULATE Texture applicationfunction 3.8.5 textureTEXTURE ENV COLOR C GetTexEnvfv 0,0,0,0 Texture environmentcolor 3.8.5 textureTEXTURE GEN x 4� B IsEnabled False Texgen enabled (x isS, T, R, or Q) 2.10.4 texture/enableEYE PLANE 4�R4 GetTexGenfv see 2.10.4 Texgen plane equationcoe�cients (for S, T,R, and Q) 2.10.4 textureOBJECT PLANE 4�R4 GetTexGenfv see 2.10.4 Texgen object linearcoe�cients (for S, T,R, and Q) 2.10.4 textureTEXTURE GEN MODE 4� Z3 GetTexGeniv EYE LINEAR Function used fortexgen (for S, T, R,and Q 2.10.4 texture

Table6.12.TextureEnvironmentandGeneration
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Get value Type GetCmnd InitialValue Description Sec. AttributeSCISSOR TEST B IsEnabled False Scissoring enabled 4.1.2 scissor/enableSCISSOR BOX 4� Z GetIntegerv see 4.1.2 Scissor box 4.1.2 scissorALPHA TEST B IsEnabled False Alpha test enabled 4.1.3 color-bu�er/enableALPHA TEST FUNC Z8 GetIntegerv ALWAYS Alpha test function 4.1.3 color-bu�erALPHA TEST REF R+ GetIntegerv 0 Alpha test referencevalue 4.1.3 color-bu�erSTENCIL TEST B IsEnabled False Stenciling enabled 4.1.4 stencil-bu�er/enableSTENCIL FUNC Z8 GetIntegerv ALWAYS Stencil function 4.1.4 stencil-bu�erSTENCIL VALUE MASK Z+ GetIntegerv 1's Stencil mask 4.1.4 stencil-bu�erSTENCIL REF Z+ GetIntegerv 0 Stencil reference value 4.1.4 stencil-bu�erSTENCIL FAIL Z6 GetIntegerv KEEP Stencil fail action 4.1.4 stencil-bu�erSTENCIL PASS DEPTH FAIL Z6 GetIntegerv KEEP Stencil depth bu�erfail action 4.1.4 stencil-bu�erSTENCIL PASS DEPTH PASS Z6 GetIntegerv KEEP Stencil depth bu�erpass action 4.1.4 stencil-bu�erDEPTH TEST B IsEnabled False Depth bu�er enabled 4.1.5 depth-bu�er/enableDEPTH FUNC Z8 GetIntegerv LESS Depth bu�er testfunction 4.1.5 depth-bu�erBLEND B IsEnabled False Blending enabled 4.1.6 color-bu�er/enableBLEND SRC Z9 GetIntegerv ONE Blending sourcefunction 4.1.6 color-bu�erBLEND DST Z8 GetIntegerv ZERO Blending destinationfunction 4.1.6 color-bu�erDITHER B IsEnabled True Dithering enabled 4.1.7 color-bu�er/enableINDEX LOGIC OP (v1.0: GL LOGIC OP) B IsEnabled False Index logic op enabled 4.1.8 color-bu�er/enableCOLOR LOGIC OP B IsEnabled False Color logic op enabled 4.1.8 color-bu�er/enableLOGIC OP MODE Z16 GetIntegerv COPY Logic op function 4.1.8 color-bu�er

Table6.13.PixelOperations
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Get value Type GetCmnd InitialValue Description Sec. AttributeDRAW BUFFER Z10� GetIntegerv see 4.2.1 Bu�ers selected fordrawing 4.2.1 color-bu�erINDEX WRITEMASK Z+ GetIntegerv 1's Color index writemask 4.2.2 color-bu�erCOLOR WRITEMASK 4�B GetBooleanv True Color write enables; R,G, B, or A 4.2.2 color-bu�erDEPTH WRITEMASK B GetBooleanv True Depth bu�er enabledfor writing 4.2.2 depth-bu�erSTENCIL WRITEMASK Z+ GetIntegerv 1's Stencil bu�erwritemask 4.2.2 stencil-bu�erCOLOR CLEAR VALUE C GetFloatv 0,0,0,0 Color bu�er clearvalue (RGBA mode) 4.2.3 color-bu�erINDEX CLEAR VALUE CI GetFloatv 0 Color bu�er clear value(color index mode) 4.2.3 color-bu�erDEPTH CLEAR VALUE R+ GetIntegerv 1 Depth bu�er clearvalue 4.2.3 depth-bu�erSTENCIL CLEAR VALUE Z+ GetIntegerv 0 Stencil clear value 4.2.3 stencil-bu�erACCUM CLEAR VALUE 4�R+ GetFloatv 0 Accumulation bu�erclear value 4.2.3 accum-bu�er

Table6.14.Framebu�erControl
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Get value Type GetCmnd InitialValue Description Sec. AttributeUNPACK SWAP BYTES B GetBooleanv False Value ofUNPACK SWAP BYTES 4.3 pixel-storeUNPACK LSB FIRST B GetBooleanv False Value ofUNPACK LSB FIRST 4.3 pixel-storeUNPACK ROW LENGTH Z+ GetIntegerv 0 Value ofUNPACK ROW LENGTH 4.3 pixel-storeUNPACK SKIP ROWS Z+ GetIntegerv 0 Value ofUNPACK SKIP ROWS 4.3 pixel-storeUNPACK SKIP PIXELS Z+ GetIntegerv 0 Value ofUNPACK SKIP PIXELS 4.3 pixel-storeUNPACK ALIGNMENT Z+ GetIntegerv 4 Value ofUNPACK ALIGNMENT 4.3 pixel-storePACK SWAP BYTES B GetBooleanv False Value ofPACK SWAP BYTES 4.3 pixel-storePACK LSB FIRST B GetBooleanv False Value ofPACK LSB FIRST 4.3 pixel-storePACK ROW LENGTH Z+ GetIntegerv 0 Value ofPACK ROW LENGTH 4.3 pixel-storePACK SKIP ROWS Z+ GetIntegerv 0 Value ofPACK SKIP ROWS 4.3 pixel-storePACK SKIP PIXELS Z+ GetIntegerv 0 Value ofPACK SKIP PIXELS 4.3 pixel-storePACK ALIGNMENT Z+ GetIntegerv 4 Value ofPACK ALIGNMENT 4.3 pixel-store

Table6.15.Pixels
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Get value Type GetCmnd InitialValue Description Sec. AttributeMAP COLOR B GetBooleanv False True if colors aremapped 4.3 pixelMAP STENCIL B GetBooleanv False True if stencil valuesare mapped 4.3 pixelINDEX SHIFT Z GetIntegerv 0 Value of INDEX SHIFT 4.3 pixelINDEX OFFSET Z GetIntegerv 0 Value of INDEX OFFSET 4.3 pixelx SCALE R GetFloatv 1 Value of x SCALE; x isRED, GREEN, BLUE,ALPHA, or DEPTH 4.3 pixelx BIAS R GetFloatv 0 Value of x BIAS; x isone of RED, GREEN,BLUE, ALPHA, or DEPTH 4.3 pixelZOOM X R GetFloatv 1.0 x zoom factor 4.3 pixelZOOM Y R GetFloatv 1.0 y zoom factor 4.3 pixelx 8� 32 � �R GetPixelMap 0's RGBA PixelMaptranslation tables; x isa map name fromTable 3.3 4.3 {x 2� 32 � �Z GetPixelMap 0's Index PixelMaptranslation tables; x isa map name fromTable 3.3 4.3 {x SIZE Z+ GetIntegerv 1 Size of table x 4.3 {READ BUFFER Z3 GetIntegerv see 4.3.2 Read source bu�er 4.3 pixel

Table6.16.Pixels(cont.)
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Get value Type GetCmnd InitialValue Description Sec. AttributeORDER 9� Z8� GetMapiv 1 1d map order 5.1 {ORDER 9� 2� Z8� GetMapiv 1,1 2d map orders 5.1 {COEFF 9� 8 � �Rn GetMapfv see 5.1 1d control points 5.1 {COEFF 9� 8 � �8 � �Rn GetMapfv see 5.1 2d control points 5.1 {DOMAIN 9� 2� R GetMapfv see 5.1 1d domain endpoints 5.1 {DOMAIN 9� 4� R GetMapfv see 5.1 2d domain endpoints 5.1 {MAP1 x 9�B IsEnabled False 1d map enables: x ismap type 5.1 eval/enableMAP2 x 9�B IsEnabled False 2d map enables: x ismap type 5.1 eval/enableMAP1 GRID DOMAIN 2�R GetFloatv 0,1 1d grid endpoints 5.1 evalMAP2 GRID DOMAIN 4�R GetFloatv 0,1;0,1 2d grid endpoints 5.1 evalMAP1 GRID SEGMENTS Z+ GetFloatv 1 1d grid divisions 5.1 evalMAP2 GRID SEGMENTS 2� Z+ GetFloatv 1,1 2d grid divisions 5.1 evalAUTO NORMAL B IsEnabled False True if automaticnormal generationenabled 5.1 eval/enable

Table6.17.Evaluators(GetMaptakesamapname)
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Get value Type GetCmnd InitialValue Description Sec. AttributePERSPECTIVE CORRECTION HINT Z3 GetIntegerv DONT CARE Perspective correctionhint 5.6 hintPOINT SMOOTH HINT Z3 GetIntegerv DONT CARE Point smooth hint 5.6 hintLINE SMOOTH HINT Z3 GetIntegerv DONT CARE Line smooth hint 5.6 hintPOLYGON SMOOTH HINT Z3 GetIntegerv DONT CARE Polygon smooth hint 5.6 hintFOG HINT Z3 GetIntegerv DONT CARE Fog hint 5.6 hintTable6.18.Hints
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Get value Type GetCmnd MinimumValue Description Sec. AttributeMAX LIGHTS Z+ GetIntegerv 8 Maximum number oflights 2.13.1 {MAX CLIP PLANES Z+ GetIntegerv 6 Maximum number ofuser clipping planes 2.11 {MAX MODELVIEW STACK DEPTH Z+ GetIntegerv 32 Maximum model-viewstack depth 2.10.2 {MAX PROJECTION STACK DEPTH Z+ GetIntegerv 2 Maximum projectionmatrix stack depth 2.10.2 {MAX TEXTURE STACK DEPTH Z+ GetIntegerv 2 Maximum numberdepth of texturematrix stack 2.10.2 {SUBPIXEL BITS Z+ GetIntegerv 4 Number of bits ofsubpixel precision in x& y 3 {MAX TEXTURE SIZE Z+ GetIntegerv 64 See the discussion inSection 3.8. 3.8 {MAX PIXEL MAP TABLE Z+ GetIntegerv 32 Maximum size of aPixelMap translationtable 3.6.2 {MAX NAME STACK DEPTH Z+ GetIntegerv 64 Maximum selectionname stack depth 5.2 {MAX LIST NESTING Z+ GetIntegerv 64 Maximum display listcall nesting 5.4 {MAX EVAL ORDER Z+ GetIntegerv 8 Maximum evaluatorpolynomial order 5.1 {MAX VIEWPORT DIMS 2� Z+ GetIntegerv see 2.10.1 Maximum viewportdimensions 2.10.1 {MAX ATTRIB STACK DEPTH Z+ GetIntegerv 16 Maximum depth of theserver attribute stack 6 {MAX CLIENT ATTRIB STACK DEPTH Z+ GetIntegerv 16 Maximum depth of theclient attribute stack 6 {

Table6.19.ImplementationDependentValues
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Get value Type GetCmnd MinimumValue Description Sec. AttributeAUX BUFFERS Z+ GetIntegerv 0 Number of auxiliarybu�ers 4.2.1 {RGBA MODE B GetBooleanv { True if color bu�ersstore rgba 2.7 {INDEX MODE B GetBooleanv { True if color bu�ersstore indexes 2.7 {DOUBLEBUFFER B GetBooleanv { True if front & backbu�ers exist 4.2.1 {STEREO B GetBooleanv { True if left & rightbu�ers exist 6 {POINT SIZE RANGE 2� R+ GetFloatv 1,1 Range (lo to hi) ofantialiased point sizes 3.3 {POINT SIZE GRANULARITY R+ GetFloatv { Antialiased point sizegranularity 3.3 {LINE WIDTH RANGE 2� R+ GetFloatv 1,1 Range (lo to hi) ofantialiased line widths 3.4 {LINE WIDTH GRANULARITY R+ GetFloatv { Antialiased line widthgranularity 3.4 {

Table6.20.MoreImplementationDependentValues
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Get value Type GetCmnd InitialValue Description Sec. AttributeRED BITS Z+ GetIntegerv - Number of bits per redcomponent in colorbu�ers 4 {GREEN BITS Z+ GetIntegerv - Number of bits pergreen component incolor bu�ers 4 {BLUE BITS Z+ GetIntegerv - Number of bits perblue component incolor bu�ers 4 {ALPHA BITS Z+ GetIntegerv - Number of bits peralpha component incolor bu�ers 4 {INDEX BITS Z+ GetIntegerv - Number of bits perindex in color bu�ers 4 {DEPTH BITS Z+ GetIntegerv - Number of depthbu�er planes 4 {STENCIL BITS Z+ GetIntegerv - Number of stencilplanes 4 {ACCUM RED BITS Z+ GetIntegerv - Number of bits per redcomponent in theaccumulation bu�er 4 {ACCUM GREEN BITS Z+ GetIntegerv - Number of bits pergreen component inthe accumulationbu�er 4 {ACCUM BLUE BITS Z+ GetIntegerv - Number of bits perblue component in theaccumulation bu�er 4 {ACCUM ALPHA BITS Z+ GetIntegerv - Number of bits peralpha component inthe accumulationbu�er 4 {

Table6.21.ImplementationDependentPixelDepths
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Get value Type GetCmnd InitialValue Description Sec. AttributeLIST BASE Z+ GetIntegerv 0 Setting of ListBase 5.4 listLIST INDEX Z+ GetIntegerv 0 number of display listunder construction; 0if none 5.4 {LIST MODE Z+ GetIntegerv 0 Mode of display listunder construction;unde�ned if none 5.4 {{ 16 � �A { empty Server attribute stack 6 {ATTRIB STACK DEPTH Z+ GetIntegerv 0 Server attribute stackpointer 6 {{ 16 � �A { empty Client attribute stack 6 {CLIENT ATTRIB STACK DEPTH Z+ GetIntegerv 0 Client attribute stackpointer 6 {NAME STACK DEPTH Z+ GetIntegerv 0 Name stack depth 5.2 {RENDER MODE Z3 GetIntegerv RENDER RenderMode setting 5.2 {SELECTION BUFFER POINTER Y GetPointerv 0 Selection bu�erpointer 5.2 selectSELECTION BUFFER SIZE Z+ GetIntegerv 0 Selection bu�er size 5.2 selectFEEDBACK BUFFER POINTER Y GetPointerv 0 Feedback bu�erpointer 5.3 feedbackFEEDBACK BUFFER SIZE Z+ GetIntegerv 0 Feedback bu�er size 5.3 feedbackFEEDBACK BUFFER TYPE Z5 GetIntegerv 2D Feedback type 5.3 feedback{ n� Z8 GetError 0 Current error code(s) 2.5 {{ n �B { False True if there is acorresponding error 2.5 {

Table6.22.Miscellaneous
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Appendix AInvarianceThe OpenGL speci�cation is not pixel exact. It therefore does not guaranteean exact match between images produced by di�erent GL implementations.However, the speci�cation does specify exact matches, in some cases, forimages produced by the same implementation. The purpose of this appendixis to identify and provide justi�cation for those cases that require exactmatches.A.1 RepeatabilityThe obvious and most fundamental case is repeated issuance of a series ofGL commands. For any given GL and framebu�er state vector, and forany GL command, the resulting GL and framebu�er state must be identicalwhenever the command is executed on that initial GL and framebu�er state.One purpose of repeatability is avoidance of visual artifacts when adouble-bu�ered scene is redrawn. If rendering is not repeatable, swappingbetween two bu�ers rendered with the same command sequence may re-sult in visible changes in the image. Such false motion is distracting to theviewer. Another reason for repeatability is testability.Repeatability, while important, is a weak requirement. Given only re-peatability as a requirement, two scenes rendered with one (small) polygonchanged in position might di�er at every pixel. Such a di�erence, whilewithin the law of repeatability, is certainly not within its spirit. Additionalinvariance rules are desirable to ensure useful operation.171
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172 APPENDIX A. INVARIANCEA.2 Multi-pass AlgorithmsInvariance is necessary for a whole set of useful multi-pass algorithms. Suchalgorithms render multiple times, each time with a di�erent GL mode vec-tor, to eventually produce a result in the framebu�er. Examples of thesealgorithms include:� \Erasing" a primitive from the framebu�er by redrawing it, either ina di�erent color or using the XOR logical operation.� Using stencil operations to compute capping planes.On the other hand, invariance rules can greatly increase the complexityof high-performance implementations of the GL. Even the weak repeatabil-ity requirement signi�cantly constrains a parallel implementation of the GL.Because GL implementations are required to implement ALL GL capabili-ties, not just a convenient subset, those that utilize hardware accelerationare expected to alternate between hardware and software modules based onthe current GL mode vector. A strong invariance requirement forces thebehavior of the hardware and software modules to be identical, somethingthat may be very di�cult to achieve (for example, if the hardware does
oating-point operations with di�erent precision than the software).What is desired is a compromise that results in many compliant, high-performance implementations, and in many software vendors choosing toport to OpenGL.A.3 Invariance RulesFor a given instantiation of an OpenGL rendering context:Rule 1 For any given GL and framebu�er state vector, and for any givenGL command, the resulting GL and framebu�er state must be identical eachtime the command is executed on that initial GL and framebu�er state.Rule 2 Changes to the following state values have no side e�ects (the useof any other state value is not a�ected by the change):Required:� Framebu�er contents (all bitplanes)� The color bu�ers enabled for writing
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A.3. INVARIANCE RULES 173� The values of matrices other than the top-of-stack matrices� Scissor parameters (other than enable)� Writemasks (color, index, depth, stencil)� Clear values (color, index, depth, stencil, accumulation)� Current values (color, index, normal, texture coords, edge
ag)� Current raster color, index and texture coordinates.� Material properties (ambient, di�use, specular, emission, shini-ness)Strongly suggested:� Matrix mode� Matrix stack depths� Alpha test parameters (other than enable)� Stencil parameters (other than enable)� Depth test parameters (other than enable)� Blend parameters (other than enable)� Logical operation parameters (other than enable)� Pixel storage and transfer state� Evaluator state (except as it a�ects the vertex data generated bythe evaluators)� Polygon o�set parameters (other than enables, and except as theya�ect the depth values of fragments)Corollary 1 Fragment generation is invariant with respect to the state val-ues marked with � in Rule 2.Corollary 2 The window coordinates (x, y, and z) of generated fragmentsare also invariant with respect toRequired:� Current values (color, color index, normal, texture coords, edge-
ag)� Current raster color, color index, and texture coordinates� Material properties (ambient, di�use, specular, emission, shini-ness)
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174 APPENDIX A. INVARIANCERule 3 The arithmetic of each per-fragment operation is invariant exceptwith respect to parameters that directly control it (the parameters that controlthe alpha test, for instance, are the alpha test enable, the alpha test function,and the alpha test reference value).Corollary 3 Images rendered into di�erent color bu�ers, either simultane-ously or separately using the same command sequence, are pixel identical.(Note that this does not hold between X � pixmaps and color bu�ers, how-ever.)A.4 What All This MeansHardware accelerated GL implementations are expected to default to soft-ware operation when some GL state vectors are encountered. Even the weakrepeatability requirement means, for example, that OpenGL implementa-tions cannot apply hysteresis to this swap, but must instead guarantee thata given mode vector implies that a subsequent command always is executedin either the hardware or the software machine.The stronger invariance rules constrain when the switch from hardwareto software rendering can occur, given that the software and hardware ren-derers are not pixel identical. For example, the switch can be made whenblending is enabled or disabled, but it should not be made when a changeis made to the blending parameters.Because 
oating point values may be represented using di�erent formatsin di�erent renderers (hardware and software), many OpenGL state valuesmay change subtly when renderers are swapped. This is the type of statevalue change that Rule 1 seeks to avoid.
�X is a registered trademark of the MIT X Consortium.
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Appendix BCorollariesThe following observations are derived from the body and the other ap-pendixes of the speci�cation. Absence of an observation from this list in noway impugns its veracity.1. The CURRENT RASTER TEXTURE COORDINATES must be maintained cor-rectly at all times, including periods while texture mapping is notenabled, and when the GL is in color index mode.2. When requested, texture coordinates returned in feedback mode arealways valid, including periods while texture mapping is not enabled,and when the GL is in color index mode.3. The error semantics of upward compatible OpenGL revisions maychange. Otherwise, only additions can be made to upward compat-ible revisions.4. GL query commands are not required to satisfy the semantics of theFlush or the Finish commands. All that is required is that thequeried state be consistent with complete execution of all previouslyexecuted GL commands.5. Application speci�ed point size and line width must be returned asspeci�ed when queried. Implementation dependent clamping a�ectsthe values only while they are in use.6. Bitmaps and pixel transfers do not cause selection hits.7. The mask speci�ed as the third argument to StencilFunc a�ects theoperands of the stencil comparison function, but has no direct e�ect on175
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176 APPENDIX B. COROLLARIESthe update of the stencil bu�er. The mask speci�ed by StencilMaskhas no e�ect on the stencil comparison function; it limits the e�ect ofthe update of the stencil bu�er.8. Polygon shading is completed before the polygon mode is interpreted.If the shade model is FLAT, all of the points or lines generated by asingle polygon will have the same color.9. A display list is just a group of commands and arguments, so errorsgenerated by commands in a display list must be generated when thelist is executed. If the list is created in COMPILE mode, errors shouldnot be generated while the list is being created.10. RasterPos does not change the current raster index from its defaultvalue in an RGBA mode GL context. Likewise, RasterPos does notchange the current raster color from its default value in a color indexGL context. Both the current raster index and the current rastercolor can be queried, however, regardless of the color mode of the GLcontext.11. A material property that is attached to the current color via Color-Material always takes the value of the current color. Attempts tochange that material property via Material calls have no e�ect.12. Material and ColorMaterial can be used to modify the RGBA ma-terial properties, even in a color index context. Likewise, Materialcan be used to modify the color index material properties, even in anRGBA context.13. There is no atomicity requirement for OpenGL rendering commands,even at the fragment level.14. Because rasterization of non-antialiased polygons is point sampled,polygons that have no area generate no fragments when they are ras-terized in FILLmode, and the fragments generated by the rasterizationof \narrow" polygons may not form a continuous array.15. OpenGL does not force left- or right-handedness on any of its coor-dinates systems. Consider, however, the following conditions: (1) theobject coordinate system is right-handed; (2) the only commands usedto manipulate the model-view matrix are Scale (with positive scalingvalues only), Rotate, and Translate; (3) exactly one of either Frus-tum or Ortho is used to set the projection matrix; (4) the near value
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177is less than the far value for DepthRange. If these conditions are allsatis�ed, then the eye coordinate system is right-handed and the clip,normalized device, and window coordinate systems are left-handed.16. ColorMaterial has no e�ect on color index lighting.17. (No pixel dropouts or duplicates.) Let two polygons share an identicaledge (that is, there exist vertices A and B of an edge of one polygon,and vertices C and D of an edge of the other polygon, and the coordi-nates of vertex A (resp. B) are identical to those of vertex C (resp. D),and the state of the the coordinate transfomations is identical whenA, B, C, and D are speci�ed). Then, when the fragments producedby rasterization of both polygons are taken together, each fragmentintersecting the interior of the shared edge is produced exactly once.18. OpenGL state continues to be modi�ed in FEEDBACK mode and inSELECT mode. The contents of the framebu�er are not modi�ed.19. The current raster position, the user de�ned clip planes, the spot direc-tions and the light positions for LIGHTi, and the eye planes for texgenare transformed when they are speci�ed. They are not transformedduring a PopAttrib, or when copying a context.20. Dithering algorithms may be di�erent for di�erent components. Inparticular, alpha may be dithered di�erently from red, green, or blue,and an implementation may choose to not dither alpha at all.
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Appendix CVersion 1.1OpenGL version 1.1 is the �rst revision since the original version 1.0 wasreleased on 1 July 1992. Version 1.1 is upward compatible with version 1.0,meaning that any program that runs with a 1.0 GL implementation will alsorun unchanged with a 1.1 GL implementation. Several additions were madeto the GL, especially to the texture mapping capabilities, but also to thegeometry and fragment operations. Following are brief descriptions of eachaddition.C.1 Vertex ArrayArrays of vertex data may be transferred to the GL with many fewer com-mands than were previously necessary. Six arrays are de�ned, one eachstoring vertex positions, normal coordinates, colors, color indices, texturecoordinates, and edge 
ags. The arrays may be speci�ed and enabled inde-pendently, or one of the pre-de�ned con�gurations may be selected with asingle command.The primary goal was to decrease the number of subroutine calls requiredto transfer non-display listed geometry data to the GL. A secondary goal wasto improve the e�ciency of the transfer; especially to allow direct memoryaccess (DMA) hardware to be used to e�ect the transfer. The additionsmatch those of the EXT vertex array extension, except that static array dataare not supported (because they complicated the interface, and were notbeing used), and the pre-de�ned con�gurations are added (both to reducesubroutine count even further, and to allow for e�cient transfer of arraydata). 178
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C.2. POLYGON OFFSET 179C.2 Polygon O�setDepth values of fragments generated by the rasterization of a polygon may beshifted toward or away from the origin, as an a�ne function of the windowcoordinate depth slope of the polygon. Shifted depth values allow copla-nar geometry, especially facet outlines, to be rendered without depth bu�erartifacts. They may also be used by future shadow generation algorithms.The additions match those of the EXT polygon offset extension, with twoexceptions. First, the o�set is enabled separately for POINT, LINE, and FILLrasterization modes, all sharing a single a�ne function de�nition. (Shiftingthe depth values of the outline fragments, instead of the �ll fragments, allowsthe contents of the depth bu�er to be maintained correctly.) Second, theo�set bias is speci�ed in units of depth bu�er resolution, rather than in the[0,1] depth range.C.3 Logical OperationFragments generated by RGBA rendering may be merged into the frame-bu�er using a logical operation, just as color index fragments are in GLversion 1.0. Blending is disabled during such operation because it is rarelydesired, because many systems could not support it, and to match the se-mantics of the EXT blend logic op extension, on which this addition is looselybased.C.4 Texture Image FormatsStored texture arrays have a format, known as the internal format, ratherthan a simple count of components. The internal format is represented asa single enumerated value, indicating both the organization of the imagedata (LUMINANCE, RGB, etc.) and the number of bits of storage for each imagecomponent. Clients can use the internal format speci�cation to suggest thedesired storage precision of texture images. New base formats, ALPHA andINTENSITY, provide new texture environment operations. These additionsmatch those of a subset of the EXT texture extension.C.5 Texture Replace EnvironmentA common use of texture mapping is to replace the color values of generatedfragments with texture color data. This could be speci�ed only indirectly
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180 APPENDIX C. VERSION 1.1in GL version 1.0, which required that client speci�ed \white" geometrybe modulated by a texture. GL version 1.1 allows such replacement to bespeci�ed explicitly, possibly improving performance. These additions matchthose of a subset of the EXT texture extension.C.6 Texture ProxiesTexture proxies allow a GL implementation to advertise di�erent maximumtexture image sizes as a function of some other texture parameters, especiallyof the internal image format. Clients may use the proxy query mechanismto tailor their use of texture resources at run time. The proxy interface isdesigned to allow such queries without adding new routines to the GL inter-face. These additions match those of a subset of the EXT texture extension,except that implementations return allocation information consistent withsupport for complete mipmap arrays.C.7 Copy Texture and SubtextureTexture array data can be speci�ed from framebu�er memory, as well asfrom client memory, and rectangular subregions of texture arrays can berede�ned either from client or framebu�er memory. These additions matchthose de�ned by the EXT copy texture and EXT subtexture extensions.C.8 Texture ObjectsA set of texture arrays and their related texture state can be treated as asingle object. Such treatment allows for greater implementation e�ciencywhen multiple arrays are used. In conjunction with the subtexture capabil-ity, it also allows clients to make gradual changes to existing texture arrays,rather than completely rede�ning them. These additions match those of theEXT texture object extension, with slight additions to the texture residencysemantics.C.9 Other Changes1. Color indices may now be speci�ed as unsigned bytes.
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C.10. ACKNOWLEDGEMENTS 1812. Texture coordinates s, t, and r are divided by q during the rasterizationof points, pixel rectangles, and bitmaps. This division was documentedonly for lines and polygons in the 1.0 version.3. The line rasterization algorithm was changed so that vertical lines onpixel borders rasterize correctly.4. Separate pixel transfer discussions in chapter 3 and chapter 4 werecombined into a single discussion in chapter 3.5. Texture alpha values are returned as 1.0 if there is no alpha channelin the texture array. This behavior was unspeci�ed in the 1.0 version,and was incorrectly documented in the reference manual.6. Fog start and end values may now be negative.7. Evaluated color values direct the evaluation of the lighting equation ifColorMaterial is enabled.C.10 AcknowledgementsOpenGL 1.1 is the result of the contributions of many people, representinga cross section of the computer industry. Following is a partial list of thecontributors, including the company that they represented at the time oftheir contribution:Kurt Akeley, Silicon GraphicsBill Armstrong, Evans & SutherlandAndy Bigos, 3DlabsPat Brown, IBMJim Cobb, Evans & SutherlandDick Coulter, Digital EquipmentBruce D'Amora, GE Medical SystemsJohn Dennis, Digital EquipmentFred Fisher, Accel GraphicsChris Frazier, Silicon GraphicsTodd Frazier, Evans & SutherlandTim Freese, NCDKen Garnett, NCDMike Heck, Template Graphics SoftwareDave Higgins, IBMPhil Huxley, 3Dlabs
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Index of GL callsAccum, 120, 121AlphaFunc, 110AreTexturesResident, 101, 142ArrayElement, 19, 23, 24, 140Begin, 13, 15{20, 23, 24, 27, 52,60, 63, 66, 69, 132, 133,138BindTexture, 99, 100Bitmap, 83, 84BlendFunc, 113CallList, 19, 141CallLists, 19, 141Clear, 119, 120ClearAccum, 119ClearColor, 119ClearDepth, 119ClearIndex, 119ClearStencil, 119ClipPlane, 37Color, 19, 20, 40, 53Color3, 20Color4, 20ColorMask, 118ColorMaterial, 47, 49, 50, 131,176, 181ColorPointer, 19, 21, 22, 26, 142Colorub, 53Colorui, 53Colorus, 53CopyPixels, 71{74, 91, 121, 126,127, 137

CopyTexImage1D, 91, 92CopyTexImage2D, 91, 92CopyTexSubImage1D, 92, 93CopyTexSubImage2D, 92CullFace, 66, 67DeleteLists, 142DeleteTextures, 100, 142DepthFunc, 112DepthMask, 118DepthRange, 29, 144, 148, 177Disable, 33, 36, 37, 42, 47, 57, 60,63, 66, 67, 69, 71, 102,105, 110{113, 115, 130,131DisableClientState, 19, 23, 26, 142DrawArrays, 23, 24, 140DrawBu�er, 116, 117DrawElements, 24, 25, 140DrawPixels, 68, 71{79, 81, 84, 85,121, 123, 125, 126, 137EdgeFlag, 18, 19EdgeFlagPointer, 19, 21, 22, 142EdgeFlagv, 18Enable, 33, 36, 37, 42, 47, 57, 60,63, 66, 67, 69, 71, 102,105, 110{113, 115, 130,131, 144EnableClientState, 19, 23, 26, 142End, 13, 15{20, 23, 24, 27, 52, 60,66, 69, 132, 133, 138183
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184 INDEXEndList, 140EvalCoord, 19, 130, 131EvalCoord1, 131{133EvalCoord1d, 132EvalCoord1f, 132EvalCoord2, 131, 133, 134EvalMesh1, 132EvalMesh2, 132, 133EvalPoint, 19EvalPoint1, 133EvalPoint2, 133FeedbackBu�er, 137, 142Finish, 142, 143, 175Flush, 142, 143, 175Fog, 105, 106FrontFace, 46, 66Frustum, 30, 31, 176GenLists, 142GenTextures, 100, 142, 147Get, 29, 142, 144GetBooleanv, 144, 148GetClipPlane, 145GetDoublev, 144, 145, 148GetError, 11GetFloatv, 144, 148GetIntegerv, 144, 148GetLight, 145GetMap, 145, 146GetMaterial, 145GetPixelMap, 145, 146GetPointerv, 147GetPolygonStipple, 147GetString, 147, 148GetTexEnv, 145GetTexGen, 145GetTexImage, 146GetTexLevelParameter, 145, 146GetTexParameter, 145

GetTexParameterfv, 101GetTexParameteriv, 101Hint, 143Index, 19, 21IndexMask, 118IndexPointer, 19, 22, 142InitNames, 134, 135InterleavedArrays, 19, 25, 142IsEnabled, 142, 144, 148IsList, 142IsTexture, 142, 146, 147Light, 46{48LightModel, 46, 48LineStipple, 63LineWidth, 60ListBase, 141, 143LoadIdentity, 30LoadMatrix, 30LoadName, 134, 135LogicOp, 115, 116Map1, 129, 130, 148Map2, 129, 130, 148MapGrid1, 132MapGrid2, 132Material, 19, 46, 48, 51, 176MatrixMode, 30MultMatrix, 30NewList, 140, 141Normal, 19, 20Normal3, 8, 20, 33Normal3d, 8Normal3dv, 9Normal3f, 8Normal3fv, 9NormalPointer, 19, 22, 26, 142Ortho, 30, 32, 176
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INDEX 185PassThrough, 138PixelMap, 72, 74, 127PixelStore, 19, 72, 73, 123, 127,142PixelTransfer, 72, 73, 127PixelZoom, 81PointSize, 57PolygonMode, 66, 69{71, 135, 137PolygonO�set, 70PolygonStipple, 68PopAttrib, 148, 149, 177PopClientAttrib, 19, 142, 148, 149PopMatrix, 33PopName, 134, 135PrioritizeTextures, 101PushAttrib, 148, 149PushClientAttrib, 19, 142, 148,149PushMatrix, 33PushName, 134, 135RasterPos, 39, 135, 176RasterPos2, 39RasterPos3, 39RasterPos4, 39ReadBu�er, 123, 127ReadPixels, 71{74, 77, 79, 121{126, 142, 146, 147Rect, 27, 66RenderMode, 135{138, 142Rotate, 30, 31, 176Scale, 30, 31, 176Scissor, 110SelectBu�er, 135, 136, 142ShadeModel, 52StencilFunc, 111, 175StencilMask, 118, 121, 176StencilOp, 111, 112TexCoord, 19, 20

TexCoord1, 20TexCoord2, 20TexCoord3, 20TexCoord4, 20TexCoordPointer, 19, 21, 22, 26,142TexEnv, 102TexGen, 35, 36TexImage, 92TexImage1D, 86, 89, 91, 92, 97,99, 142TexImage2D, 85{87, 89, 91, 92,97, 99, 142TexParameter, 93, 94TexParameterf, 101TexParameterfv, 101TexParameteri, 101TexParameteriv, 101TexSubImage, 92TexSubImage1D, 92, 93TexSubImage2D, 92Translate, 30, 31, 176Vertex, 7, 19, 20, 39, 131Vertex2, 19, 27Vertex2sv, 7Vertex3, 19Vertex3f, 7Vertex4, 20VertexPointer, 19, 22, 26, 142Viewport, 29


