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Preface

Overview

Computer graphics has come a long way from the early days of line drawings and
light pens. Today anyone can run interactive and realistic graphics applications on the
hardware available on an affordable personal computer. While hardware progress has
been impressive, widespread gains in software expertise has been more elusive. There
are many computer graphics professionals and enthusiasts out there, but a compre-
hensive understanding of the accelerated graphics pipeline and how to exploit it is less
widespread.

This book attempts to bring the computer graphics enthusiast, whether professional
or amateur, beyond the basics covered in computer graphics texts, and introduce them to
a mix of more intense practical and theoretical discussion that is hard to obtain outside
of a professional computer graphics environment.

We emphasize the algorithmic side of computer graphics, with a practical appli-
cation focus. We try to strike a balance between useful examples and approachable
theory. We present usable techniques for real world problems, but support them
with enough theory and background so the reader can extend and modify the ideas
presented here.

This book is about graphics techniques, techniques that don’t require esoteric hard-
ware or custom graphics libraries, that are written in a comprehensible style, and do
useful things. This book will teach you some graphics, especially areas that are some-
times underrepresented in graphics texts. But it also goes further, showing you how to
apply those techniques in real world applications, filling real world needs.

Since there are already a number of excellent books that provide an introduction
to computer graphics (Foley, 1994; Watt, 1989; Rogers, 1997; Angel, 1997; Newman,
1973) and to OpenGL programming (Neider, 1997; Angel, 1997) we have been necessar-
ily brief in these areas. We assume that the reader is comfortable with these fundamentals;
however, we have included extra introductory material where we thought it would
improve understanding of later sections.

We also note that the computer graphics field has a lot of competing notation
and vocabulary. We have tried to be consistent with terminology and notation used
in the OpenGL specification and the “standard” OpenGL books while at the same time
providing some mention of alternative terminology when it is relevent.
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xxiv Preface

OpenGL

We chose OpenGL as our base graphics language for a number of reasons. It is designed
to be full featured, to run efficiently on a wide range of graphics architectures, and is clean
and straightforward to use. It also dictates very little policy. It is easy to mix and match
graphics features in OpenGL to get new effects that may not have even been considered
when the language was designed. Its clear specification gives the application programmer
confidence that applications written in OpenGL will act predictably on many different
graphics hardware and driver implementations.

OpenGL is also widely available. It can be obtained for free on all the impor-
tant architectures today: Apple Machintosh, all flavors of Microsoft Windows, nearly
all Unix variants including Linux, and OS/2. Most commercial system and graphics
hardware vendors support OpenGL as well, and support for hardware accelerated imple-
mentations has grown rapidly, especially in the personal computer space. OpenGL runs
on a wide range of graphics hardware; from “big iron” compute clusters, to OpenGL ES,
which is designed to provide 3D graphics on embedded devices as small as a cell phone.

Given the broad applicability, scalability, and wide availability, OpenGL is an easy
choice as the basis for describing graphics algorithms. However, even if you don’t use
OpenGL, the graphics APIs in common use are conceptually similar enough that you
will still find this book useful. OpenGL remains an evolving specification. Through-
out the book we make references to various revisions of the specification (versions
1.0-1.5) and discuss both OpenGL architecture review board (ARB) extensions and
various vendor-specific extensions when we believe they enhance the discussion of a
particular subject. Rather than focus on the feature set of the most advanced versions
of OpenGL, we have included a broad range of algorithms with varying requirements.
For many techniques we describe algorithm variations that cover a range of earlier and
more advanced versions of OpenGL. We have followed this path since a wide range of
OpenGL versions are deployed across various environments including the burgeoning
embedded space.

Book Organization

This book is divided into three parts. We start with a conceptual overview of com-
puter graphics, emphasizing areas important to the techniques in this book, with extra
attention in some overlooked areas. Hand in hand with our introduction to computer
graphics, we’ll describe the OpenGL pipeline, with extra detail on the parts of the pipeline
most techniques rely on heavily: lighting, texture mapping, rasterization, and depth
buffering. We also use this opportunity to describe OpenGL system deployment, includ-
ing the platform embedding layer and an overview of common hardware acceleration
techniques for the pipeline.
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With this foundation in place, Part II introduces a set of important basic tech-
niques. Useful by themselves, they help re-enforce the insights gleaned from the overview.
These sequences are also used as building blocks for more complex and sophisticated
techniques. To help tie them more tightly to the graphics concepts described in the pre-
vious part, these techniques are presented and organized with respect to the OpenGL
architecture.

The third and final part covers more sophisticated and complex techniques. These
techniques are categorized into application areas to help organize the material. The start
of each application section has an introduction to the problems and issues important for
that area, making these sections more interesting and useful to readers not well versed in
that particular field.

The book is heavily cross-referenced. Complex techniques reference the simple
ones they build upon, and both levels of technique reference the conceptual overview.
This allows the reader to use the book as a self-guided tutorial, learning more about
techniques and concepts of interest in greater depth.

Example Code

To avoid cluttering the text with large fragments of example code, code fragments are
used sparingly. Algorithms are usually described as a sequence of steps. However, since
details are often the difference between a working program and a black screen, we have
tried to include full blown example programs for most algorithms. This example code is
available for internet download from www.mkp.com/openg].

Conventions

We use conventions and terminology similar to that found in the OpenGL specification
and in the “red-blue-green-white” series of OpenGL books. In addition, we use the
following conventions:

*  Equations involving matrices, vectors, and points use single uppercase letters for
most variables. Vectors are emboldened (V), whereas points and matrices are not
(M, P). In rare occasions vectors or points are in lower case.

*  Occasionally symbols are context specific, but generally the following meanings

hold:

— N - normal vector

— L - light vector
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R - reflection vector

T - tangent vector

B - binormal vector

s, t, 1, q - texture coordinates

X, Y, 2, w - vertex coordinates

6, ¢ - spherical coordinate angles

RGBA - red, green, blue, and alpha components

I - intensity

C - color (usually RGB or RGBA)

IV - length of vector V

[, m] a number between 7 and m including the end points
A - B - inner product of vectors A and B

A © B - max{0, A - B} — the clamped inner product

A x B - cross product of vectors A and B



Acknowledgments

This book reflects a significant part of our collective experience in working with
OpenGL applications for the past 13 years. While the book couldn’t possibly cover
everything known about using OpenGL, we are pleased to provide this useful subset.
Of course, we didn’t figure it out all on our own; we are indebted to the many people
that helped us one way or the other: either by providing ideas, correcting misconcep-
tions, prototyping early algorithms, teasing us about taking so long to complete the
book, or providing the occasional encouraging word. Many people contributed to this
effort: any omissions from the list below are inadvertent.

The following people contributed directly to the original 1996-2000 SIGGRAPH
course notes that were the genesis for this book: Celeste Fowler, Brad Grantham, Mark
Kilgard, Scott Nelson, Simon Hui, and Paula Womack.

We had invaluable production help with the course notes over the years from
Dany Galgani (illustrations), Linda Rae Sande (production editing), Bob Brown, and
Chris Everett.

Bowen ‘Cheetah’ Goletz helped with the logistics of sharing the source mate-
rial over the internet. We are also indebted to those who have made tools such as
TeX/LaTeX, GhostScript/Ghostview, and cvs freely available on the three different
computing platforms that we used for preparing the original course notes.

The original notes benefited from the patient attention of an army of reviewers. They
include Dave Shreiner, Paul Strauss, David Yu, Hansong Zhang, Sharon Clay, Robert
Grzeszczuk, Phil Lacroute, Mark Peercy, Lena Petrovic, Allan Schaffer, Mark Stadler,
John Airey, Allen Akin, Brian Cabral, Tom Davis, Bob Drebin, Ben Garlick, Michael
Gold, Paul Haeberli, Michael Jones, Phil Keslin, Erik Lindholm, Mark Young, and
Mark Segal.

This book would not exist without the wealth of experience, cool ideas, tricks, hacks,
and wisdom generously provided to us. It is hard to acknowledge everyone properly. Here
is our attempt to do so: Kurt Akeley, Brian Cabral, Amy Gooch, Wolfgang Heidrich,
Detlev Stalling, Hansong Zhang, Luis Barcena, Angus Dorbie, Bob Drebin, Mark
Peercy, Nacho Sanz-Pastor Revorio, Chris Tanner, David Yu, John Airey, Remi Arnaud,
Greg Ward, Phil Lacroute, and Peter-Pike Sloan. We would also like to acknowledge
Atul Narkhede, Rob Wheeler, Nate Robbins, and Chris McCue for coding prototype
algorithms.

A number of people helped refine the raw material from the course notes into this
manuscript and have earned our gratitude: Ben Luna, Jeff Somers, Brandy Lilly, and
Jessica Meehan in particular. We are also greatly indebted to our reviewers: Ian Ashdown,
Dave Shreiner, Noah Gibbs, Brian Paul, and Clay Budin.



Biographies

David Blythe

David Blythe has worked in the 3D graphics field professionally for the last 14 years,
including serving as Chief Engineer at Silicon Graphics, a representative on the OpenGL
Architecture Review Board, editor for the OpenGL ES 1.0 specification, and a fre-
quent SIGGRAPH course presenter. While at Silicon Graphics, David contributed to the
development of the RealityEngine and InfiniteReality graphics systems. He has worked
extensively on implementations of the OpenGL graphics library, OpenGL extension
specifications, and high-level toolkits built on top of OpenGL. David’s other industry
experience includes embedded and system-on-a-chip design, mobile devices, and wire-
less networking. David is currently a graphics architect in the Windows Graphics and
Gaming Technologies division at Microsoft working on DirectX and OpenGL graphics
technologies.

Tom McReynolds

Tom McReynolds has worked on 3D graphics at Sun Microsystems, Silicon Graphics,
Gigapixel, 3Dfx, and NVIDIA. He has worked in software organizations, writing graph-
ics libraries and drivers, and on the hardware side, writing simulators and verification
software for 3D hardware. He presented 3D graphics courses at a number of SIGGRAPH
conferences, as well as at a number of Silicon Graphics Developer conferences, an X
technical conference, and at Linux World. Tom is currently managing a development
team that writes 3D graphics drivers for embedded GPUs at NVIDIA, and contributing
to the evolution of OpenGL ES by participating in the Khronos working group.

xxviii









Geometry Representation
and Modeling

Two principal tasks are required to create an image of a three-dimensional scene: mod-
eling and rendering. The modeling task generates a model, which is the description of an
object that is going to be used by the graphics system. Models must be created for every
object in a scene; they should accurately capture the geometric shape and appearance
of the object. Some or all of this task commonly occurs when the application is being
developed, by creating and storing model descriptions as part of the application’s data.

The second task, rendering, takes models as input and generates pixel values for
the final image. OpenGL is principally concerned with object rendering; it does not
provide explicit support for creating object models. The model input data is left to
the application to provide. The OpenGL architecture is focused primarily on render-
ing polygonal models; it doesn’t directly support more complex object descriptions, such
as implicit surfaces. Because polygonal models are the central manner in which to define
an object with OpenGL, it is useful to review the basic ideas behind polygonal modeling
and how they relate to it.

1.1 Polygonal Representation

OpenGL supports a handful of primitive types for modeling two-dimensional (2D)
and three-dimensional (3D) objects: points, lines, triangles, quadrilaterals, and
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(convex) polygons. In addition, OpenGL includes support for rendering higher-order
surface patches using evaluators. A simple object, such as a box, can be represented using
a polygon for each face in the object. Part of the modeling task consists of determining
the 3D coordinates of each vertex in each polygon that makes up a model. To provide
accurate rendering of a model’s appearance or surface shading, the modeler may also
have to determine color values, shading normals, and texture coordinates for the model’s
vertices and faces.

Complex objects with curved surfaces can also be modeled using polygons. A curved
surface is represented by a gridwork or mesh of polygons in which each polygon vertex
is placed on a location on the surface. Even if its vertices closely follow the shape of the
curved surface, the interior of the polygon won’t necessarily lie on the surface. If a larger
number of smaller polygons are used, the disparity between the true surface and the polyg-
onal representation will be reduced. As the number of polygons increases, the approxi-
mation improves, leading to a trade-off between model accuracy and rendering overhead.

When an object is modeled using polygons, adjacent polygons may share edges. To
ensure that shared edges are rendered without creating gaps between them, polygons that
share an edge should use identical coordinate values at the edge’s endpoints. The limited
precision arithmetic used during rendering means edges will not necessarily stay aligned
when their vertex coordinates are transformed unless their initial values are identical.
Many data structures used in modeling ensure this (and save space) by using the same
data structure to represent the coincident vertices defining the shared edges.

1.2 Decomposition and Tessellation

Tessellation refers to the process of decomposing a complex surface, such as a sphere,
into simpler primitives such as triangles or quadrilaterals. Most OpenGL implementations
are tuned to process triangles (strips, fans, and independents) efficiently. Triangles are
desirable because they are planar and easy to rasterize unambiguously. When an OpenGL
implementation is optimized for processing triangles, more complex primitives such as
quad strips, quads, and polygons are decomposed into triangles early in the pipeline.

If the underlying implementation is performing this decomposition, there is a per-
formance benefit in performing it a priori, either when the database is created or at
application initialization time, rather than each time the primitive is issued. Another
advantage of having the application decompose primitives is that it can be done consis-
tently and independently of the OpenGL implementation. OpenGL does not specify a
decomposition algorithm, so different implementations may decompose a given quadri-
lateral or polygon differently. This can result in an image that is shaded differently and has
different silhouette edges when drawn on two different OpenGL implementations. Most
OpenGL implementations have simple decomposition algorithms. Polygons are trivially
converted to triangle fans using the same vertex order and quadrilaterals are divided into
two triangles; one triangle using the first three vertices and the second using the first plus
the last two vertices.
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These simple decomposition algorithms are chosen to minimize computation over-
head. An alternative is to choose decompositions that improve the rendering quality.
Since shading computations assume that a primitive is flat, choosing a decomposition
that creates triangles with the best match of the surface curvature may result in better
shading. Decomposing a quad to two triangles requires introducing a new edge along one
of the two diagonals.

A method to find the diagonal that results in more faithful curvature is to compare the
angles formed between the surface normals at diagonally opposing vertices. The angle
measures the change in surface normal from one corner to its opposite. The pair of
opposites forming the smallest angle between them (closest to flat) is the best candidate
diagonal; it will produce the flattest possible edge between the resulting triangles, as
shown in Figure 1.1. This algorithm may be implemented by computing the dot product
between normal pairs, then choosing the pair with the largest dot product (smallest angle).
If surface normals are not available, then normals for a vertex may be computed by taking
the cross products of the two vectors with origins at that vertex. Surface curvature isn’t the
only quality metric to use when decomposing quads. Another one splits the quadrilateral
into triangles that are closest to equal in size.

Tessellation of simple surfaces such as spheres and cylinders is not difficult.
Most implementations of the OpenGL Utility (GLU) library use a straightforward
latitude-longitude tessellation for a sphere. While this algorithm is easy to implement,
it has the disadvantage that the quads produced from the tessellation have widely

U=AXB

V=CXD

Figure 1.1 Quadrilateral decomposition.



6 Geometry Representation and Modeling

Figure 1.2 latitude-longitude tessellation of a sphere.

Figure 1.3 Triangle subdivision: starting octahedron.

varying sizes, as shown in Figure 1.2. The different sized quads can cause noticeable
artifacts, particularly if the object is lighted and rotating.

A better algorithm generates triangles with sizes that are more consistent. Octahedral
and icosahedral tessellations work well and are not very difficult to implement. An octahe-
dral tessellation starts by approximating a sphere with a single octahedron whose vertices
are all on the unit sphere, as shown in Figure 1.3. Since each face of the octahedron is a
triangle, they can each be easily split into four new triangles.
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Starting octahedron Find midpoints of Connect points to Normalize points to
each edge form new triangles coincide with surface
of unit sphere

Figure 1.4 Octahedron with each triangle being subdivided into four.

Figure 1.5 Triangle subdivision: starting icosahedron.

Each triangle is split by creating a new vertex in the middle of each of the triangle’s
existing edges, then connecting them, forming three new edges. The result is that four
new triangles are created from the original one; the process is shown in Figure 1.4. The
coordinates of each new vertex are divided by the vertex’s distance from the origin,
normalizing them. This process scales the new vertex so that it lies on the surface of the
unit sphere. These two steps can be repeated as desired, recursively dividing all of the
triangles generated in each iteration.

The same algorithm can be used with an icosahedron as the base object, as shown
in Figure 1.5, by recursively dividing all 20 sides. With either algorithm, it may not be
optimal to split the triangle edges in half when tesselating. Splitting the triangle by other
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amounts, such as by thirds, or even an arbitrary number, may be necessary to produce a
uniform triangle size when the tessellation is complete. Both the icosahedral and octahe-
dral algorithms can be coded so that triangle strips are generated instead of independent
triangles, maximizing rendering performance. Alternatively, indexed independent trian-
gle lists can be generated instead. This type of primitive may be processed more efficiently
on some graphics hardware.

1.3 Shading Normals

OpenGL computes surface shading by evaluating lighting equations at polygon vertices.
The most general form of the lighting equation uses both the vertex position and a vector
that is normal to the object’s surface at that position; this is called the normal vector.
Ideally, these normal vectors are captured or computed with the original model data, but
in practice there are many models that do not include normal vectors.

Given an arbitrary polygonal model without precomputed normals, it is easy to
generate polygon normals for faceted shading, but a bit more difficult to create correct
vertex normals when smooth shading is desired. Computing the cross-product of two
edges,

U=Vy—-V;
V=V, -V;
Uy Ve — UV,
N=UxV=|U,V,—-U\,V,
UyVy — Uy Vs
then normalizing the result,
N N

N /
IN]] N%+N}%+Nz2

yields a unit-length vector, N', called a facet normal. Figure 1.6 shows the vectors to
use for generating a triangle’s cross product (assuming counterclockwise winding for a
front-facing surface).

Computing the facet normal of a polygon with more than three vertices is more
difficult. Often such polygons are not perfectly planar, so the result may vary depending
on which three vertices are used. If the polygon is a quadrilateral, one good method is to
take the cross product of the vectors between opposing vertices. The two diagonal vectors
U=V0—-V2andV = V3 — V1 used for the cross product are shown in Figure 1.7.
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M

Figure 1.6 Computing a surface normal from edge cross-product.

Vi

V3

Vo

Figure 1.7 Computing quadrilateral surface normal from vertex cross-product.

For polygons with more than four vertices it can be difficult to choose the best vertices
to use for the cross product. One method is to to choose vertices that are the furthest
apart from each other, or to average the result of several vertex cross products.

13.1

To smoothly shade an object, a given vertex normal should be used by all polygons
that share that vertex. Ideally, this vertex normal is the same as the surface normal at
the corresponding point on the original surface. However, if the true surface normal
isn’t available, the simplest way to approximate one is to add all (normalized) normals
from the common facets then renormalize the result (Gouraud, 1971). This provides
reasonable results for surfaces that are fairly smooth, but does not look good for surfaces
with sharp edges.

In general, the polygonal nature of models can be hidden by smoothing the transition
between adjacent polygons. However, an object that should have hard edges, such as a
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Figure 1.8 Splitting normals for hard edges.

cube, should not have its edges smoothed. If the model doesn’t specify which edges are
hard, the angle between polygons defining an edge, called the crease angle, may be used
to distinguish hard edges from soft ones.

The value of the angle that distinguishes hard edges from soft can vary from model
to model. It is fairly clear that a 90-degree angle nearly always defines a hard edge, but
the best edge type for a 45-degree crease angle is less clear. The transition angle can be
defined by the application for tuning to a particular model; using 45 degrees as a default
value usually produces good results.

The angle between polygons is determined using the dot product of the unit-length
facet normals. The value of the dot product is equal to the cosine of the angle between
the vectors. If the dot product of the two normals is greater than the cosine of the desired
crease angle, the edge is considered soft, otherwise it is considered hard. A hard edge
is created by generating separate normals for each side of the edge. Models commonly
have a mixture of both hard and soft edges, and a single edge may transition from hard
to soft. The remaining normals common to soft edges should not be split to ensure that
those soft edges retain their smoothness.

Figure 1.8 shows an example of a mesh with two hard edges in it. The three vertices
making up these hard edges, v, v3, and v4, need to be split using two separate normals.
In the case of vertex v4, one normal would be applied to poly02 and poly03 while a
different normal would apply to poly12 and poly13. This ensures that the edge between
poly02 and poly03 looks smooth while the edge between poly03 and poly13 has a distinct
crease. Since vs is not split, the edge between poly04 and poly14 will look sharper near
v4 and will become smoother as it gets closer to vs. The edge between vs and vg would
then be completely smooth. This is the desired effect.
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Figure 1.9 Properwinding for shared edge of adjoining facets.

For an object such as a cube, three hard edges will share one common vertex. In this
case the edge-splitting algorithm needs to be repeated for the third edge to achieve the
correct results.

1.3.2

Some 3D models come with polygons that are not all wound in a clockwise or counter-
clockwise direction, but are a mixture of both. Since the polygon winding may be used
to cull back or front-facing triangles, for performance reasons it is important that models
are made consistent; a polygon wound inconsistently with its neighbors should have its
vertex order reversed. A good way to accomplish this is to find all common edges and
verify that neighboring polygon edges are drawn in the opposite order (Figure 1.9).

To rewind an entire model, one polygon is chosen as the seed. All neighbor-
ing polygons are then found and made consistent with it. This process is repeated
recursively for each reoriented polygon until no more neighboring polygons are found.
If the model is a single closed object, all polygons will now be consistent. However, if
the model has multiple unconnected pieces, another polygon that has not yet been
tested is chosen and the process repeats until all polygons are tested and made
consistent.

To ensure that the rewound model is oriented properly (i.e., all polygons are wound
so that their front faces are on the outside surface of the object), the algorithm begins
by choosing and properly orienting the seed polygon. One way to do this is to find the
geometric center of the object: compute the object’s bounding box, then compute its
mid-point. Next, select a vertex that is the maximum distance from the center point
and compute a (normalized) out vector from the center point to this vertex. One of the
polygons using that vertex is chosen as the seed. Compute the normal of the seed polygon,
then compute the dot product of the normal with the out vector. A positive result indicates
that seed is oriented correctly. A negative result indicates the polygon’s normal is facing
inward. If the seed polygon is backward, reverse its winding before using it to rewind the
rest of the model.
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1.4 Triangle Stripping

One of the simplest ways to speed up an OpenGL program while simultaneously saving
storage space is to convert independent triangles or polygons into triangle strips. If the
model is generated directly from NURBS data or from some other regular geometry, it
is straightforward to connect the triangles together into longer strips. Decide whether
the first triangle should have a clockwise or counterclockwise winding, then ensure all
subsequent triangles in the list alternate windings (as shown in Figure 1.10). Triangle fans
must also be started with the correct winding, but all subsequent triangles are wound in
the same direction (Figure 1.11).

Since OpenGL does not have a way to specify generalized triangle strips, the user
must choose between GL_TRIANGLE_STRIP and GL_TRIANGLE_FAN. In general, the
triangle strip is the more versatile primitive. While triangle fans are ideal for large convex
polygons that need to be converted to triangles or for triangulating geometry that is
cone-shaped, most other cases are best converted to triangle strips.

Figure 1.10 Triangle strip winding.

Figure 1.11 Triangle fan winding.
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Start of first strip
Start of second strip
Start of third strip

e

Figure 1.12 Amesh made up of multiple triangle strips.

For regular meshes, triangle strips should be lined up side by side as shown in
Figure 1.12. The goal here is to minimize the number of total strips and try to avoid
“orphan” triangles (also known as singleton strips) that cannot be made part of a longer
strip. It is possible to turn a corner in a triangle strip by using redundant vertices and
degenerate triangles, as described in Evans et al. (1996).

14.1

A fairly simple method of converting a model into triangle strips is often known as
greedy tri-stripping. One of the early greedy algorithms, developed for IRIS GL," allowed
swapping of vertices to create direction changes to the facet with the least neighbors.
In OpenGL, however, the only way to get behavior equivalent to swapping vertices is to
repeat a vertex and create a degenerate triangle, which is more expensive than the original
vertex swap operation was.

For OpenGL, a better algorithm is to choose a polygon, convert it to triangles, then
move to the polygon which has an edge that is shared with the last edge of the previous
polygon. A given starting polygon and starting edge determines the strip path. The strip
grows until it runs off the edge of the model or reaches a polygon that is already part
of another strip (Figure 1.13). To maximize the number of triangles per strip, grow the
strip in both directions from starting polygon and edge as far as possible.

A triangle strip should not cross a hard edge, since the vertices on that edge must
be repeated redundantly. A hard edge requires different normals for the two triangles
on either side of that edge. Once one strip is complete, the best polygon to choose for
the next strip is often a neighbor to the polygon at one end or the other of the previous
strip. More advanced triangulation methods do not try to keep all triangles of a polygon
together. For more information on such a method refer to Evans et al. (1996).

1. Silicon Graphics’ predecessor to OpenGL.
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0

Figure 1.13 "Greedy" triangle strip generation.

1.5 Vertices and Vertex Arrays

In addition to providing several different modeling primitives, OpenGL provides multi-
ple ways to specify the vertices and vertex attributes for each of the primitive types. There
are two reasons for this. The first is to provide flexibility, making it easier to match the
way the model data is transferred to the OpenGL pipeline with the application’s repre-
sentation of the model (data structure). The second reason is to create a more compact
representation, reducing the amount of data sent to the graphics accelerator to generate
the image — less data means better performance.

For example, an application can render a sphere tessellated into individual (inde-
pendent) triangles. For each triangle vertex, the application can specify a vertex position,
color, normal vector, and one or more texture coordinates. Furthermore, for each of these
attributes, the application chooses how many components to send (2 (x,y), 3 (x,y,z), or 4
(x,y,z,w) positions, 3 (r,g,b), or 4 (r,g, b, a) colors, and so on) and the representation for
each component: short integer, integer, single-precision floating-point, double-precision
floating-point.

If the application writer is not concerned about performance, they may always
specify all attributes, using the largest number of components (3 component vertices,
4 component colors, 3 component texture coordinates, etc.), and the most general com-
ponent representation. Excess vertex data is not a problem; in OpenGL it is relatively
straightforward to ignore unnecessary attributes and components. For example, if light-
ing is disabled (and texture generation isn’t using normals), then the normal vectors are
ignored. If three component texture coordinates are specified, but only two component
texture maps are enabled, then the r coordinate is effectively ignored. Similarly, effects
such as faceted shading can be achieved by enabling flat shading mode, effectively ignoring
the extra vertex normals.

However, such a strategy hurts performance in several ways. First, it increases the
amount of memory needed to store the model data, since the application may be storing
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attributes that are never used. Second, it can limit the efficiency of the pipeline, since the
application must send these unused attributes and some amount of processing must be
performed on them, if only to ultimately discard them. As a result, well written and tuned
applications try to eliminate any unused or redundant data.

In the 1.1 release of the OpenGL specification, an additional mechanism for speci-
fying vertices and vertex attributes, called vertex arrays, was introduced. The reason for
adding this additional mechanism was to improve performance; vertex arrays reduce the
number of function calls required by an application to specify a vertex and its attributes.
Instead of calling a function to issue each vertex and attribute in a primitive, the applica-
tion specifies a pointer to an array of attributes for each attribute type (position, color,
normal, etc.). It can then issue a single function call to send the attributes to the pipeline.
To render a cube as 12 triangles (2 triangles x 6 faces) with a position, color, and nor-
mal vector requires 108 (12 triangles x 3 vertices/triangle x 3 attributes/vertex) function
calls. Using vertex arrays, only 4 function calls are needed, 3 to set the vertex, color,
and normal array addresses and 1 to draw the array (2 more if calls to enable the color
and normal arrays are also included). Alternatively, the cube can be drawn as 6 triangle
strips, reducing the number of function calls to 72 for the separate attribute commands,
while increasing the number of calls to 6 for vertex arrays.

There is a catch, however. Vertex arrays require all attributes to be specified for each
vertex. For the cube example, if each face of the cube is a different color, using the the
function-per-attribute style (called the fine grain calls) results in 6 calls to the color func-
tion (one for each face). For vertex arrays, 36 color values must be specified, since color
must be specified for each vertex. Furthermore, if the number of vertices in the primitive is
small, the overhead in setting up the array pointers and enabling and disabling individual
arrays may outweigh the savings in the individual function calls (for example, if four
vertex billboards are being drawn). For this reason, some applications go to great lengths
to pack multiple objects into a single large array to minimize the number of array pointer
changes. While such an approach may be reasonable for applications that simply draw
the data, it may be unreasonable for applications that make frequent changes to it. For
example, inserting or removing vertices from an object may require extra operations to
shuffle data within the array.

15.1

The mechanisms for moving geometry and texture data to the rendering pipeline
continue to be an area of active development. One of the perennial difficulties in
achieving good performance on modern accelerators is moving geometry data into the
accelerator. Usually the accelerator is attached to the host system via a high speed
bus. Each time a vertex array is drawn, the vertex data is retrieved from application
memory and processed by the pipeline. Display lists offer an advantage in that the
opaque representation allows the data to be moved closer to the accelerator, includ-
ing into memory that is on the same side of the bus as the accelerator itself. This allows
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implementations to achieve high-performance display list processing by exploiting this
advantage.

Unfortunately with vertex arrays it is nearly impossible to use the same technique,
since the vertex data is created and managed in memory in the application’s address
space (client memory). In OpenGL 1.5, vertex buffer objects were added to the speci-
fication to enable the same server placement optimizations that are used with display
lists. Vertex buffer objects allow the application to allocate vertex data storage that
is managed by the OpenGL implementation and can be allocated from accelerator
memory. The application can store vertex data to the buffer using an explicit transfer
command (g1BufferData), or by mapping the buffer (g1MapBuffer). The vertex
buffer data can also be examined by the application allowing dynamic modification
of the data, though it may be slower if the buffer storage is now in the accelerator.
Having dynamic read-write access allows geometric data to be modified each frame,
without requiring the application to maintain a separate copy of the data or explicitly
copy it to and from the accelerator. Vertex buffer objects are used with the vertex array
drawing commands by binding a vertex buffer object to the appropriate array bind-
ing point (vertex, color, normal, texture coordinate) using the array point commands
(for example, glNormalPointer). When an array has a bound buffer object, the
array pointer is interpreted relative to the buffer object storage rather than application
memory addresses.

Vertex buffer objects do create additional complexity for applications, but they
are needed in order to achieve maximum rendering performance on very fast hard-
ware accelerators. Chapter 21 discusses additional techniques and issues in achieving
maximum rendering performance from an OpenGL implementation.

1.5.2

Most of this chapter has emphasized triangle strips and fans as the optimal perform-
ing primitive. It is worth noting that in some OpenGL implementations there are other
triangle-based representations that perform well and have their own distinct advan-
tages. Using the glDrawElements command with independent triangle primitives
(GL_TRTANGLES), an application can define lists of triangles in which vertices are
shared. A vertex is shared by reusing the index that refers to it. Triangle lists have the
advantage that they are simple to use and promote the sharing of vertex data; the index
is duplicated in the index list, rather than the actual triangle.

In the past, hardware accelerators did not process triangle lists well. They often
transformed and lit a vertex each time it was encountered in the index list, even if it
had been processed earlier. Modern desktop accelerators can cache transformed ver-
tices and reuse them if the indices that refer to them are “close together” in the array.
More details of the underlying implementation are described in Section 8.2. With these
improvements in implementations, triangle lists are a viable high-performance represen-
tation. It is often still advantageous to use strip and fan structures, however, to provide
more optimization opportunities to the accelerator.
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1.6 Modeling vs. Rendering Revisited

This chapter began by asserting that OpenGL is primarily concerned with rendering, not
modeling. The interactivity of an application, however, can range from displaying a single
static image, to interactively creating objects and changing their attributes dynamically.
The characteristics of the application have a fundamental influence on how their geo-
metric data is represented, and how OpenGL is used to render the data. When speed is
paramount, the application writer may go to extreme lengths to optimize the data repre-
sentation for efficient rendering. Such optimizations may include the use of display lists
and vertex arrays, pre-computing the lighted color values at each vertex, and so forth.
However, a modeling application, such as a mechanical design program, may use a more
general representation of the model data: double-precision coordinate representation,
full sets of colors and normals for each vertex. Furthermore, the application may re-use
the model representation for non-rendering purposes, such as collision detection or finite
element computations.

There are other possibilities. Many applications use multiple representations: they
start with a single “master” representation, then generate subordinate representations
tuned for other purposes, including rendering, collision detection, and physical model
simulations. The creation of these subordinate representations may be scheduled using
a number of different techniques. They may be generated on demand then cached,
incrementally rebuilt as needed, or constructed over time as a background task. The
method chosen depends on the needs of the application.

The key point is that there isn’t a “one size fits all” recipe for representing model
data in an application. One must have a thorough understanding of all of the require-
ments of the application to find the representation and rendering strategy that best
suits it.






3D Transformations

OpenGL has a simple and powerful transformation model. Vertices can be created with
position, normal direction, and sets of texture coordinates. These values are manipu-
lated by a series of affine transformations (a linear combinations of translation, rotation,
scaling, and shearing) that are set by the application. The fundamental transformation
representation in OpenGL is the 4 x 4 matrix. Application-controlled transforms, along
with the perspective division functionality available in both positional and texture coordi-
nate pipelines, offer substantial control to the application program. This chapter describes
the OpenGL transformation pipeline, providing insights needed to use it effectively, and
discusses the transformation issues that can affect visual accuracy.

2.1 Data Representation

Before describing the transformation mechanisms, it is helpful to discuss some details
about representations of the transformed data. OpenGL represents vertex coordinates,
texture coordinates, normal vectors, and colors generically as fuples. Tuples can be
thought of as 4-component vectors. When working with the 1D, 2D, and 3D forms
of commands the tuples are implicitly expanded to fill in unspecified components (e.g.,
for vertex coordinates, an unspecified z coordinate is set to O and an unspecified w
is set to 1, etc.). OpenGL represents transforms as 4 x 4 matrices, plane equations as
4-component tuples, etc. When thinking about matrix and vector operations on these
tuples, it’s helpful to treat them as column vectors, so a point p is transformed by a
matrix M by writing it as Mp.

19
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Figure 2.1 OpenGL transformation pipeline.

2.2 Overview of the Transformation Pipeline

The OpenGL transformation pipeline can be thought of as a series of cartesian coor-
dinate spaces connected by transformations that can be directly set by the application
(Figure 2.1). Five spaces are used: object space, which starts with the application’s coor-
dinates, eye space, where the scene is assembled, clip space, which defines the geometry
that will be visible in the scene, NDC space, the canonical space resulting from per-
spective division, and window space, which maps to the framebuffer’s pixel locations.
The following sections describe each space in the pipeline, along with its controlling
transform, in the order in which they appear in the pipeline.

2.2.1

The pipeline begins with texture, vertex, and light position coordinates, along with nor-
mal vectors, sent down from the application. These untransformed values are said to
be in object space. If the application has enabled the generation of object space texture
coordinates, they are created here from untransformed vertex positions.

Object space coordinates are transformed into eye space by transforming them with
the current contents of the modelview matrix; it is typically used to assemble a series of
objects into a coherent scene viewed from a particular vantage. As suggested by its name,
the modelview matrix performs both viewing and modeling transformations.

A modeling transform positions and orients objects in the scene. It transforms all of
the primitives comprising an object as a group. In general, each object in the scene may
require a different modeling transform to correctly position it. This is done, object by
object, by setting the transform then drawing the corresponding objects. To animate an
object, its modeling transformation is updated each time the scene is redrawn.

A viewing transform positions and orients the entire collection of objects as a single
entity with respect to the “camera position” of the scene. The transformed scene is said
to be in eye space. The viewing part of the transformation only changes when the camera
position does, typically once per frame.

Since the modelview matrix contains both a viewing transform and a modeling
transform, it must be updated when either transform needs to be changed. The mod-
elview matrix is created by multiplying the modeling transform (M) by the viewing
transform (V), yielding VM. Typically the application uses OpenGL to do the multi-
plication of transforms by first loading the viewing transform, then multiplying by a
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modeling transform. To avoid reloading the viewing transform each time the composite
transform needs to be computed, the application can use OpenGL matrix stack opera-
tions. The stack can be used to push a copy of the current model matrix or to remove it.
To avoid reloading the viewing matrix, the application can load it onto the stack, then
duplicate it with a push stack operation before issuing any modeling transforms.

The net result is that modeling transforms are being applied to a copy of the viewing
transform. After drawing the corresponding geometry, the composite matrix is popped
from the stack, leaving the original viewing matrix on the stack ready for another push,
transform, draw, pop sequence.

An important use of the modelview matrix is modifying the parameters of OpenGL
light sources. When a light position is issued using the g1L1ight command, the position
or direction of the light is transformed by the current modelview matrix before being
stored. The transformed position is used in the lighting computations until it’s updated
with a new call to g1L1ight. If the position of the light is fixed in the scene (a lamp in a
room, for example) then its position must be re-specified each time the viewing transform
changes. On the other hand, the light may be fixed relative to the viewpoint (a car’s
headlights as seen from the driver’s viewpoint, for example). In this case, the position of
the light is specified before a viewing transform is loaded (i.e., while the current transform
is the identity matrix).

2.2.2

The eye space coordinate system is where object lighting is applied and eye-space tex-
ture coordinate generation occurs. OpenGL makes certain assumptions about eye space.
The viewer position is defined to be at the origin of the eye-space coordinate system.
The direction of view is assumed to be the negative z-axis, and the viewer’s up position
is the y-axis (Figure 2.2).

X Viewing direction

Viewer
) .

Figure 2.2 Eye space orientation.
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Normals are consumed by the pipeline in eye space. If lighting is enabled, they are
used by the lighting equation — along with eye position and light positions —to modify
the current vertex color. The projection transform transforms the remaining vertex and
texture coordinates into clip space. If the projection transform has perspective elements
in it, the w values of the transformed vertices are modified.

223

Clip space is where all objects or parts of objects that are outside the view volume are
clipped away, such that

—Welip = Xelip = Welip
—Welip = Vclip = Welip

—Wlip = Zclip = Welip

If new vertices are generated as a result of clipping, the new vertices will have
texture coordinates and colors interpolated to match the new vertex positions. The exact
shape of the view volume depends on the type of projection transform; a perspective trans-
formation results in a frustum (a pyramid with the tip cut off), while an orthographic
projection will create a parallelepiped volume.

A perspective divide —dividing the clip space x, y, and z coordinate of each point
by its w value —is used to transform the clipped primitives into normalized device coor-
dinate (NDC) space. The effect of a perspective divide on a point depends on whether
the clip space w component is 1 or not. If the untransformed positions have a w of one
(the common case), the value of w depends on the projection transform. An orthographic
transform leaves the w value unmodified; typically the incoming w coordinate is one, so
the post-transform w is also one. In this case, the perspective divide has no effect.

A perspective transform scales the w value as a function of the position’s z value;
a perspective divide on the resulting point will scale, x y, and z as a function of the
untransformed z. This produces the perspective foreshortening effect, where objects
become smaller with increasing distance from the viewer. This transform can also pro-
duce an undesirable non-linear mapping of z values. The effects of perspective divide
on depth buffering and texture coordinate interpolation are discussed in Section 2.8 and
Section 6.1.4, respectively.

2.24

Normalized device coordinate or NDC space is a screen independent display coordinate
system; it encompasses a cube where the x, y, and ¢ components range from —1 to 1.
Although clipping to the view volume is specified to happen in clip space, NDC space can
be thought of as the space that defines the view volume. The view volume is effectively
the result of reversing the divide by wj;, operation on the corners of the NDC cube.
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The current viewport transform is applied to each vertex coordinate to generate
window space coordinates. The viewport transform scales and biases x,,4. and y,,4. com-
ponents to fit within the currently defined viewport, while the z,,5. component is scaled
and biased to the currently defined depth range. By convention, this transformed z value
is referred to as depth rather than z. The viewport is defined by integral origin, width,
and height values measured in pixels.

2.25

Window coordinates map primitives to pixel positions in the framebuffer. The integral
x and y coordinates correspond to the lower left corner of a corresponding pixel in the
window; the z coordinate corresponds to the distance from the viewer into the screen.
All z values are retained for visibility testing. Each z coordinate is scaled to fall within
the range 0 (closest to the viewer) to 1 (farthest from the viewer), abstracting away the
details of depth buffer resolution. The application can modify the z scale and bias so that
z values fall within a subset of this range, or reverse the mapping between increasing z
distance and increasing depth.

The term screen coordinates is also used to describe this space. The distinction is
that screen coordinates are pixel coordinates relative to the entire display screen, while
window coordinates are pixel coordinates relative to a window on the screen (assuming
a window system is present on the host computer).

2.3 Normal Transformation

OpenGL uses normal vectors for lighting computations and to generate texture coor-
dinates when environment mapping is enabled. Like vertices, normal vectors are
transformed from object space to eye space before being used. However, normal vectors
are different from vertex positions; they are covectors and are transformed differently
(Figure 2.3). Vertex positions are specified in OpenGL as column vectors; normals and
some other direction tuples are row vectors. Mathematically, the first is left-multiplied

- E——

90 degrees > 90 degrees

/

~

Non-Uniform Scaling affects vectors and vertices differently; normal
vectors are no longer normal to surface after scaling by Sx =2, Sy =1

Figure 2.3 Preserving vector and vertex orientation.
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by a matrix, the other has the matrix on the right. If they are both to be transformed
the same way (which is commonly done to simplify the implementation code), the matrix
must be transposed before being used to transform normals.

T
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When transforming normals, it’s not enough to simply transpose the matrix. The
transform that preserves the relationship between a normal and its surface is created by
taking the transpose of the inverse of the modelview matrix (M—1)T, sometimes called
the adjoint transpose of M (Figure 2.4). That is, the transformed normal N’ is:

N =NM~! = ((M*1 )TNT)T

For a “well-behaved” set of transforms consisting of rotations and translations, the

resulting modelview matrix is orthonormal.! In this case, the adjoint transpose of M
is M and no work needs to be done.

However, if the modelview matrix contains scaling transforms then more is required.

If a single uniform scale s is included in the transform, then M = sI. Therefore

M~1 = (1/s)I and the transformed normal vector will be scaled by 1/s, losing its impor-

tant unit length property (N - N = 1). If the scale factor is non-uniform, then the

scale factor computation becomes more complicated (figure 2.3). If the scaling factor

1. Orthnormal means that MMT = I.
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is uniform, and the incoming normals started out with unit lengths, then they can be
restored to unit length by enabling GL_RESCALE_NORMAL. This option instructs the
OpenGL transformation pipeline to compute s and scale the transformed normal. This
is opposed to GL_NORMALIZE, which has OpenGL compute the length of each trans-
formed normal in order to normalize them to unit length. Normalize is more costly, but
can handle incoming vectors that aren’t of length one.

2.4 Texture Coordinate Generation
and Transformation

Texture coordinates have their own transformation pipeline (Figure 2.5), simpler than the
one used for geometry transformations. Coordinates are either provided by the applica-
tion directly, or generated from vertex coordinates or normal vectors. In either case,
the texture coordinates are transformed by a 4 x 4 texture transform matrix. Like
vertex coordinates, texture coordinates always have four components, even if only one,
two, or three components are specified by the application. The missing components are
assigned default values; O for s, ¢, and r values (these coordinates can be thought of as
x, y, and z equivalents in texture coordinate space) while the g coordinate (the equivalent
of w) is assigned the default value of 1.

24.1

After being transformed by the texture matrix, the transformed coordinates undergo
their own perspective divide, using g to divide the other components. Since texture maps
may use anywhere from one to four components, texture coordinate components that
aren’t needed to index a texture map are discarded at this stage. The remaining com-
ponents are scaled and wrapped (or clamped) appropriately before being used to index
the texture map. This full 4 x 4 transform with perspective divide applied to the coordi-
nates for 1D or 2D textures will be used as the basis of a number of techniques, such as
projected textures (Section 14.9) and volume texturing (Section 20.5.8), described later
in the book.

2.4.2

The texture coordinate pipeline can generate texture coordinates that are a function
of vertex attributes. This functionality, called texture coordinate generation (texgen),
is useful for establishing a relationship between geometry and its associated textures.
It can also be used to improve an application’s triangle rate performance, since explicit
texture coordinates don’t have to be sent with each vertex. The source (x, y, z, w) values
can be untransformed vertices (object space), or vertices transformed by the modelview
matrix (eye space).
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A great deal of flexibility is available for choosing how vertex coordinates are
mapped into texture coordinates. There are several categories of mapping functions in
core OpenGL; two forms of linear mapping, a version based on vertex normals, and
two based on reflection vectors (the last two are used in environment mapping). Linear
mapping generates each texture coordinate from the dot product of the vertex and an
application-supplied coefficient vector (which can be thought of as a plane equation).
Normal mapping copies the vertex normal vector components to s, ¢, and 7. Reflection
mapping computes the reflection vector based on the eye position and the vertex and its
normal, assigning the vector components to texture coordinates. Sphere mapping also
calculates the reflection vector, but then projects it into two dimensions, assigning the
result to texture coordinates s and ¢.

There are two flavors of linear texgen; they differ on where the texture coordinates
are computed. Object space linear texgen uses the x, y, z, and w components of untrans-
formed vertices in object space as its source. Eye-space linear texgen uses the positional
components of vertices as its source also, but doesn’t use them until after they have been
transformed by the modelview matrix.

Textures mapped with object-space linear texgen appear fixed to their objects; eye-
space linear textures are fixed relative to the viewpoint and appear fixed in the scene.
Object space mappings are typically used to apply textures to the surface of an object
to create a specific surface appearance, whereas eye-space mappings are used to apply
texturing effects to all or part of the environment containing the object.

One of OpenGL’s more important texture generation modes is environment
mapping. Environment mapping derives texture coordinate values from vectors (such
as normals or reflection vectors) rather than points. The applied textures simulate effects
that are a function of one or more vectors. Examples include specular and diffuse reflec-
tions, and specular lighting effects. OpenGL directly supports two forms of environment
mapping; sphere mapping and cube mapping. Details on these features and their use are
found in Section 5.4.

2.5 Modeling Transforms

Modeling transforms are used to place objects within the scene. Modeling trans-
forms can position objects, orient them, change their size and shape through scaling
and shearing, assemble complex objects by proper placement and orientation of their
components, and animate objects by changing these attributes from frame to frame.
Modeling transforms can be thought of as part of an object’s description (Figure 2.6).
When an application defines a geometric primitive, it can include modeling transforms
to modify the coordinates of the primitive’s vertices. This is useful since it allows re-use
of objects. The same object can be used in another part of the scene, with a different size,
shape, position, or orientation. This technique can reduce the amount of geometry that
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Figure 2.6 Modeling transform as part of model description.

the application has to store and send to the graphics pipeline, and can make the modeling
process simpler.

Modeling transforms are even more important if an object needs to be animated.
A modeling transform can be updated each frame to change the position, orientation,
and other properties of an object, animating it without requiring the application to
compute and generate new vertex positions each frame. The application can describe
a modeling transform parametrically (for example, the angle through which a wheel
should be rotated), update the parameter appropriately each frame, then generate a new
transform from the parametric description. Note that generating a new transform each
frame is generally better than incrementally updating a particular transformation, since
the latter approach can lead to large accumulation of arithmetic errors over time.

2.6 Visualizing Transform Sequences

Using transformations to build complex objects from simpler ones, then placing and
orienting them in the scene can result in long sequences of transformations concate-
nated together. Taking full advantage of transform functionality requires being able to
understand and accurately visualize the effect of transform combinations.

There are a number of ways to visualize a transformation sequence. The most basic
paradigm is the mathematical one. Each transformation is represented as a 4 x 4 matrix.
A vertex is represented as a 4 x 1 column vector. When a vertex is sent through the
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transformation pipeline, the vertex components are transformed by multiplying the col-
umn vector v by the current transformation M, resulting in a modified vector ¢/ that is
equal to Mv. An OpenGL command stream is composed of updates to the transformation
matrix, followed by a sequence of vertices that are modified by the current transform.
This process alternates back and forth until the entire scene is rendered.

Instead of applying a single transformation to each vertex, a sequence of transforma-
tions can be created and combined into a single 4 x 4 matrix. An ordered set of matrices,
representing the desired transform sequence, is multiplied together, and the result is mul-
tiplied with the vertices to be transformed. OpenGL provides applications with the means
to multiply a new matrix into the current one, growing a sequence of transformations
one by one.

In OpenGL, adding a matrix to a sequence means right multiplying the new matrix
with the current transformation. If the current transformation is matrix C, and the new
matrix is N, the result of applying the matrix will be a new matrix containing CN. The
matrices can be thought of acting from right to left: matrix N can be thought of as acting
on the vertex before matrix C. If the sequence of transforms should act in the order A,
then B, then C, they should be concatenated together as CBA, and issued to OpenGL in
the order C, then B, then A (Figure 2.7).

draw object

glRotate(45,0,0,1);
7 draw object

glRotate(45,0,0,1);
glTranslatef(3,3,0);
-« draw object

Figure 2.7 Transform concatenation order.
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2.7 Projection Transform

The projection transform establishes which part of the modeled scene will be visible,
and what sort of projection will be applied. Although any transformation that can be
represented with a 4 x4 matrix and a perspective divide can be modeled, most applications
will use either a parallel (orthographic) or a perspective projection (Figure 2.8).

The view volume of a parallel projection is parallelepiped (box shape). The viewer
position establishes the front and back of the viewing volume by setting the front and
back clipping planes. Objects both in front of and behind the viewer will be visible, as
long as they are within the view volume. The g10rtho command establishes a parallel
projection, or alternatively, a sequence of translations and scales can be concatenated
directly by the application.

A perspective projection changes the value of vertex coordinates being transformed,
so the perspective divide step will modify the vertex x, y, and z values. As mentioned
in the viewing section, the view volume is now a frustum (truncated pyramid), and
the view position relative to the objects in the scene is very important. The degree to
which the sides of the frustum diverge will determine how quickly objects change in
size as a function of their z coordinate. This translates into a more “wide angle” or
“telephoto” view.

2.8 The Z Coordinate and Perspective Projection

The depth buffer is used to determine which portions of objects are visible within the
scene. When two objects cover the same x and y positions but have different z values, the
depth buffer ensures that only the closer object is visible.

Depth buffering can fail to resolve objects whose z values are nearly the same value.
Since the depth buffer stores z values with limited precision, z values are rounded as
they are stored. The z values may round to the same number, causing depth buffering
artifacts.

Since the application can exactly specify the desired perspective transformation,
it can specify transforms that maximize the performance of the depth buffer. This can
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reduce the chance of depth buffer artifacts. For example, if the g1 Frustum call is used
to set the perspective transform, the properties of the z values can be tuned by changing
the ratio of the near and far clipping planes. This is done by adjusting the near and far
parameters of the function. The same can be done with the gTuPerspective command,
by changing the values of zNear and zFar.

To set these values correctly, it is important to understand the characteristics of
the window z coordinate. The z value specifies the distance from the fragment to the
plane of the eye. The relationship between distance and z is linear in an orthographic
projection, but not in a perspective one. Figure 2.9 plots the window coordinate z value
vs. the eye-to-pixel distance for several ratios of far to near. The non-linearity increases
the resolution of the z values when they are close to the near clipping plane, increasing
the resolving power of the depth buffer, but decreasing the precision throughout the rest
of the viewing frustum. As a result, the accuracy of the depth buffer in the back part of
the viewing volume is decreased.

For an object a given distance from the eye, however, the depth precision is not as
bad as it looks in Figure 2.9. No matter how distant the far clip plane is, at least half
of the available depth range is present in the first “unit” of distance. In other words, if
the distance from the eye to the near clip plane is one unit, at least half of the z range is
used up traveling the same distance from the near clip plane toward the far clip plane.
Figure 2.10 plots the z range for the first unit distance for various ranges. With a million
to one ratio, the z value is approximately 0.5 at one unit of distance. As long as the data
is mostly drawn close to the near plane, the z precision is good. The far plane could be set
to infinity without significantly changing the accuracy of the depth buffer near the viewer.

To achieve the best depth buffer precision, the near plane should be moved as far
from the eye as possible without touching the object of interest (which would cause part
or all of it to be clipped away). The position of the near clipping plane has no effect
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on the projection of the x and y coordinates, so moving it has only a minimal effect on
the image. As a result, readjusting the near plane dynamically shouldn’t cause noticeable
artifacts while animating. On the other hand, allowing the near clip plane to be closer to
the eye than to the object will result in loss of depth buffer precision.

2.8.1

In addition to depth buffering, the z coordinate is also used for fog computations.
Some implementations may perform the fog computation on a per-vertex basis, using
the eye-space z value at each vertex, then interpolate the resulting vertex colors.
Other implementations may perform fog computations per fragment. In the latter case,
the implementation may choose to use the window z coordinate to perform the fog
computation. Implementations may also choose to convert the fog computations into
a table lookup operation to save computation overhead. This shortcut can lead to
difficulties due to the non-linear nature of window z under perspective projections.
For example, if the implementation uses a linearly indexed table, large far to near ratios
will leave few table entries for the large eye z values. This can cause noticeable Mach
bands in fogged scenes.

2.9 Vertex Programs

Vertex programs, sometimes known as “Vertex Shaders”? provide additional flexibility
and programmability to per-vertex operations. OpenGL provides a fixed sequence of

2. The name comes from the “shader” construct used in the RenderMan shading language.
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operations to perform transform, coordinate generation, lighting and clipping operations
on vertex data. This fixed sequence of operations is called the fixed-function pipeline.
The OpenGL 1.4 specification includes the ARB_vertex_program extension which
provides a restricted programming language for performing these operations and varia-
tions on them, sending the results as vertex components to the rest of the pipeline. This
programmable functionality is called the programmable pipeline. While vertex programs
provide an assembly language like interface, there are also a number of more “C”-like
languages. The OpenGL Shading Language® (GLSL) [KBR03] and Cg [NVI04] are two
examples. Vertex programs not only provide much more control and generality when
generating vertex position, normal, texture, and color components per-vertex, but also
allow micropass sequences to be defined to implement per-vertex shading algorithms.

In implementations that support vertex programs, part of the transformation
pipeline can be switched between conventional transform mode and vertex program
mode. Switching between the two modes is controlled by enabling or disabling the
GL_VERTEX_PROGRAM_ARB state value. When enabled, vertex programs bypass the
traditional vertex and normal transform functionality, texture coordinate generation and
transformation, normal processing (such as renormalization) and lighting, clipping by
user-defined clip planes, and per-vertex fog computations. Transform and light exten-
sions, such as vertex weighting and separate specular color, are also replaced by vertex
program functionality when it is enabled. Figure 2.11 shows how the two modes are
related.

The vertex programming language capabilities are limited to allow efficient hardware
implementations: for example, there is no ability to control the flow of the vertex program;
it is a linear sequence of commands. The number and type of intermediate results and
input and output parameters are also strictly defined and limited. Nevertheless, vertex
programming provides a powerful tool further augmenting OpenGL’s use as a graphics
assembly language.

model
clip
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texgen
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texture
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texgen

Figure 2.11 Vertex program and conventional transform modes.

3. An ARB extension in OpenGL 1.5.
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2.10 Summary

This chapter only provides an overview of vertex, normal, and texture coordinate trans-
formations and related OpenGL functionality. There are a number of texts that go into
these topics in significantly more depth. Beyond the classic computer graphics texts such
as that by Foley et al. (1990), there a number of more specialized texts that focus on
transformation topics, as well as many excellent linear algebra texts.



Color, Shading,
and Lighting

In this chapter we cover the basics of color representation, lighting models, and shading
objects. Geometric modeling operations are responsible for accurately reproducing shape,
size, position, and orientation. Knowledge of the basics of color, lighting, and shading
are the next step in reproducing the visual appearance of an object.

3.1 Representing Color

To produce more realistic images, objects being rendered must be shaded with accurate
colors. Modern graphics accelerators can faithfully generate colors from a large, but
finite palette. In OpenGL, color values are specified to be represented with a triple of
floating-point numbers in the range [0, 1]. These values specify the amount of red, green,
and blue (RGB) primaries in the color. RGB triples are also used to store pixel colors in
the framebuffer, and are used by the video display hardware to drive a cathode ray tube
(CRT) or liquid crystal display (LCD) display.

A given color representation scheme is referred to as a color space. The RGB
space used by OpenGL is a cartesian space well suited for describing colors for dis-
play devices that emit light, such as color monitors. The addition of the three primary

35
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colors mimics the mixing of three light sources. Other examples of color spaces
include:

Hue Saturation Value (HSV) model is a polar color space that is often used by artists
and designers to describe colors in a more intuitive fashion. Hue specifies the
spectral wavelength, saturation the proportion of the color present (higher
saturation means the color is more vivid and less gray), while value specifies the
overall brightness of the color.

Cyan Magenta Yellow blacK (CMYK) is a subtractive color space which mimics the
process of mixing paints. Subtractive color spaces are used in publishing, since the
production of colors on a printed medium involves applying ink to a substrate,
which is a subtractive process. Printing colors using a mixture of four inks is called
process color. In contrast, printing tasks that involve a small number of different
colors may use a separate ink for each color. These are referred to as spot colors.
Spot colors are frequently specified using individual codes from a color matching
system such as Pantone (2003).

YCbCr is an additive color space that models colors using a brightness (Y) component
and two chrominance components (Cb and Cr). Often the luminance signal is
encoded with more precision than the chrominance components. YCbCr! is used
in digital video processing [Jac96].

sRGB is a non-linear color space that better matches the visual perception of brightness.
sRGB serves as a standard for displaying colors on monitors (CRT and LCD) with
the goal of having the same image display identically on different devices [Pac01].
Since it also matches human sensitivity to intensity, it allows colors to be more
compactly or efficiently represented without introducing perceptual errors.
For example, 8-bit SRGB values require 12-bit linear values to preserve accuracy
across the full range of values.

The choice of an RGB color space is not critical to the functioning of the OpenGL
pipeline; an application can use the rendering pipeline to perform processing on data
from other color spaces if done carefully.

3.1.1

The number of colors that can be represented, or palette size, is determined by the number
of bits used to represent each of the R, G, and B color components. An accelerator that
uses 8 bits per component can represent 224 (about 16 million) different colors. Color
components are typically normalized to the range [0, 1], so an 8-bit color component

1. The term YCrCb is also used and means the same thing except the order of the two color difference
signals Cb and Cr is exchanged. The name may or may not imply something about the order of the
components in a pixel stream.
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can represent or resolve changes in [0, 1] colors by as little as 1/256. For some types of
rendering algorithms it is useful to represent colors beyond the normal [0, 1] range. In
particular, colors in the range [—1, 1] are useful for subtractive operations. Natively rep-
resenting color values beyond the [—1, 1] range is becoming increasingly useful to support
algorithms that use high dynamic range intermediate results. Such algorithms are used to
achieve more realistic lighting and for algorithms that go beyond traditional rendering.

An OpenGL implementation may represent color components with different num-
bers of bits in different parts of the pipeline, varying both the resolution and the range. For
example, the colorbuffer may store 8 bits of data per component, but for performance rea-
sons, a texture map might store only 4 bits per component. Over time, the bit resolution
has increased; ultimately most computations may well be performed with the equivalent
of standard IEEE-754 32-bit floating-point arithmetic. Today, however, contemporary
consumer graphics accelerators typically support 32-bit float values when operating on
vertex colors and use 8 bits per component while operating on fragment (pixel) col-
ors. Higher end hardware increases the resolution (and range) to 10, 12, or 16 bits per
component for framebuffer and texture storage and as much as 32-bit floating-point for
intermediate fragment computations.

Opinions vary on the subject of how much resolution is necessary, but the human
eye can resolve somewhere between 10 and 14 bits per component. The sRGB represen-
tation provides a means to use fewer bits per component without adding visual artifacts.
It accomplishes this using a non-linear representation related to the concept of gamma.

3.1.2

Gamma describes the relationship between a color value and its brightness on a particular
device. For images described in an RGB color space to appear visually correct, the display
device should generate an output brightness directly proportional (linearly related) to the
input color value. Most display devices do not have this property. Gamma correction is
a technique used to compensate for the non-linear display characteristics of a device.

Gamma correction is achieved by mapping the input values through a correction
function, tailored to the characteristics of the display device, before sending them to the
display device. The mapping function is often implemented using a lookup table, typically
using a separate table for each of the RGB color components. For a CRT display, the
relationship between the input and displayed signal is approximately* D = I?, as shown
in Figure 3.1. Gamma correction is accomplished by sending the signal through the inverse
function I'/? as shown in Figure 3.2.

The gamma value for a CRT display is somewhat dependent on the exact character-
istics of the device, but the nominal value is 2.5. The story is somewhat more complicated
though, as there is a subjective aspect to the human perception of brightness (actually
lightness), that is influenced by the viewing environment. CRTs are frequently used for

2. More correctly, the relationship is D = (I + €)?, where € is a black level offset. The black level is
adjusted using the brightness control on a CRT. The gamma value is adjusted using the contrast control.
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Figure 3.2 Displayed ramp intensity with gamma correction.

viewing video in a dim environment. To provide a correct subjective response in this
environment, video signals are typically precompensated, treating the CRT as if it has a
gamma value of 2.2. Thus, the well-known 2.2 gamma value has a built-in dim view-
ing environment assumption [Poy98]. The sRGB space represents color values in an
approximate gamma 2.2 space.

Other types of display devices have non-linear display characteristics as well, but
the manufacturers typically include compensation circuits so that they appear to have a
gamma of 2.5. Printers and other devices also have non-linear characteristics and these
may or may not include compensation circuitry to make them compatible with moni-
tor displays. Color management systems (CMS) attempt to solve problems with variation
using transfer functions. They are controlled by a system of profiles that describes the char-
acteristics of a device. Application or driver software uses these profiles to appropriately
adjust image color values as part of the display process.

Gamma correction is not directly addressed by the OpenGL specification; it is usually
part of the native windowing system in which OpenGL is embedded. Even though gamma
correction isn’t part of OpenGL, it is essential to understand that the OpenGL pipeline
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computations work best in a linear color space, and that gamma correction typically
takes place between the framebuffer and the display device. Care must be taken when
importing image data into OpenGL applications, such as texture maps. If the image
data has already been gamma corrected for a particular display device, then the linear
computations performed in the pipeline and a second application of gamma correction
may result in poorer quality images.

There are two problems that typically arise with gamma correction: not enough cor-
rection and too much correction. The first occurs when working with older graphics
cards that do not provide gamma correction on framebuffer display. Uncorrected scenes
will appear dark on such displays. To address this, many applications perform gamma
correction themselves in an ad hoc fashion; brightening the input colors and using com-
pensated texture maps. If the application does not compensate, then the only recourse
for the user is to adjust the monitor brightness and contrast controls to brighten the
image. Both of these lead to examples of the second problem, too much gamma correc-
tion. If the application has pre-compensated its colors, then the subsequent application of
gamma correction by graphics hardware with gamma correction support results in overly
bright images. The same problem occurs if the user has previously increased the monitor
brightness to compensate for a non-gamma-aware application. This can be corrected by
disabling the gamma correction in the graphics display hardware, but of course, there are
still errors resulting from computations such as blending and texture filtering that assume
a linear space.

In either case, the mixture of gamma-aware and unaware hardware has given rise
to a set of applications and texture maps that are mismatched to hardware and leads to
a great deal of confusion. While not all graphics accelerators contain gamma correction
hardware, for the purposes of this book we shall assume that input colors are in a linear
space and gamma correction is provided in the display subsystem.

3.13

In addition to the red, green, and blue color components, OpenGL uses a fourth com-
ponent called alpha in many of its color computations. Alpha is mainly used to perform
blending operations between two different colors (for example, a foreground and a back-
ground color) or for modeling transparency. The role of alpha in those computations is
described in Section 11.8 . The alpha component also shares most of the computations
of the RGB color components, so when advantageous, alpha can also be treated as an
additional color component.

3.14

In addition to operating on colors as RGBA tuples (usually referred to as RGB mode),
OpenGL also allows applications to operate in color index mode (also called pseudo-color
mode, or ramp mode). In index mode, the application supplies index values instead of
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RGBA tuples to OpenGL. The indexes represent colors as references into a color lookup
table (also called a color map or palette). These index values are operated on by the
OpenGL pipeline and stored in the framebuffer. The conversion from index to RGB color
values is performed as part of display processing. Color index mode is principally used to
support legacy applications written for older graphics hardware. Older hardware avoided
a substantial cost burden by performing computations on and saving in framebuffer
memory a single index value rather than three color components per-pixel. Of course,
the savings comes at the cost of a greatly reduced color palette.

Today there are a very few reasons for applications to use color index mode. There
are a few performance tricks that can be achieved by manipulating the color map rather
than redrawing the scene, but for the most part the functionality of color index mode can
be emulated by texture mapping with 1D texture maps. The main reason index mode is
still present on modern hardware is that the native window system traditionally required
it and the incremental work necessary to support it in an OpenGL implementation is
usually minor.

3.2 Shading

Shading is the term used to describe the assignment of a color value to a pixel. For photo-
realistic applications —applications that strive to generate images that look as good as
photographs of a real scene — the goal is to choose a color value that most accurately cap-
tures the color of the light reflected from the object to the viewer. Photorealistic rendering
attempts to take into account the real world interactions between objects, light sources,
and the environment. It describes the interactions as a set of equations that can be eval-
uated at each surface point on the object. For some applications, photorealistic shading
is not the objective. For instance, technical illustration, cartoon rendering, and image
processing all have different objectives, but still need to perform shading computations
at each pixel and arrive at a color value.

The shading computation is by definition a per-pixel-fragment operation, but
portions of the computation may not be performed per-pixel. Avoiding per-pixel com-
putations is done to reduce the amount of processing power required to render a scene.
Figure 3.3 illustrates schematically the places in the OpenGL pipeline where the color for
a pixel fragment may be modified by parts of the shading computation.

There are five fundamental places where the fragment color can be affected: input
color, vertex lighting, texturing, fog, and blending. OpenGL maintains the concept of a
current color (with the caveat that it is undefined after a vertex array drawing command
has been issued), so if a new color is not issued with the vertex primitive, then the current
color is used. If lighting is enabled, then the vertex color is replaced with the result of the
vertex lighting computation.

There is some subtlety in the vertex lighting computation. While lighting uses
the current material definition to provide the color attributes for the vertex, if
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GL_COLOR_MATERTAL is enabled, then the current color updates the current material
definition before being used in the lighting computation.’

After vertex lighting, the primitive is rasterized. Depending on the shading model
(GL_FLAT or GL_SMOQTH), the resulting pixel fragments will have the color associated
with the vertex or a color interpolated from multiple vertex colors. If texturing is enabled,
then the color value is further modified, or even replaced altogether by texture environ-
ment processing. If fog is enabled, then the fragment color is mixed with the fog color,
where the proportions of the mix are controlled by the distance of the fragment from the
viewer. Finally, if blending is enabled, then the fragment color value is modified according
to the enabled blending mode.

By controlling which parts of the pipeline are enabled and disabled, some simple
shading models can be implemented:

Constant Shading If the OpenGL shading model is set to GL_FLAT and all other parts
of the shading pipeline disabled, then each generated pixel of a primitive has the
color of the provoking vertex of the primitive. The provoking vertex is a term that
describes which vertex is used to define a primitive, or to delineate the individual
triangles, quads, or lines within a compound primitive. In general it is the last
vertex of a line, triangle, or quadrilateral (for strips and fans, the last vertex to

3. Note that when color material is enabled, the current color updates the material definition.
In hindsight, it would have been cleaner and less confusing to simply use the current color in the lighting
computation, but not replace the current material definition as a side effect.
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define each line, triangle or quadrilateral within the primitive). For polygons it
is the first vertex. Constant shading is also called flat or faceted shading.

Smooth Shading If the shading model is set to GL_SMOQOTH, then the colors of each

vertex are interpolated to produce the fragment color. This results in smooth
transitions between polygons of different colors. If all of the vertex colors are the
same, then smooth shading produces the same result as constant shading. If vertex
lighting is combined with smooth shading, then the polygons are Gouraud shaded
[Gou71].

Texture Shading If the input color and vertex lighting calculations are ignored or

disabled, and the pixel color comes from simply replacing the vertex color with

a color determined from a texture map, we have texture shading. With texture
shading, the appearance of a polygon is determined entirely by the texture map
applied to the polygon including the effects from light sources. It is quite common
to decouple lighting from the texture map, for example, by combining vertex
lighting with texture shading by using a GL_MODULATE texture environment with
the result of computing lighting values for white vertices. In effect, the lighting
computation is used to perform intensity or Lambertian shading that modulates the
color from the texture map.

Phong Shading Early computer graphics papers and books have occasionally confused

the definition of the lighting model (lighting) from how the lighting model is
evaluated (shading). The original description of Gouraud shading applies a
particular lighting model to each vertex and linearly interpolates the colors
computed for each vertex to produce fragment colors. We prefer to generalize that
idea to two orthogonal concepts per-vertex lighting and smooth shading. Similarly,
Phong describes a more advanced lighting model that includes the effects of
specular reflection. This model is evaluated at each pixel fragment to avoid artifacts
that can result from evaluating the model at vertices and interpolating the colors.
Again, we separate the concept of per-pixel lighting from the Phong lighting
model.

In general, when Phong shading is discussed, it often means per-pixel lighting, or,

for OpenGL, it is more correctly termed per-fragment lighting. The OpenGL specifi-
cation does not define support for per-fragment lighting in the fixed-function pipeline,
but provides several features and OpenGL Architectural Review Board (ARB) exten-
sions, notably fragment programs, that can be used to evaluate lighting equations at each
fragment. Lighting techniques using these features are described in Chapter 15.

In principle, an arbitrary computation may be performed at each pixel to find the

pixel value. Later chapters will show that it is possible to use OpenGL to efficiently
perform a wide range of computations at each pixel. It is still useful, at least for the
photorealistic rendering case, to separate the concept of a light source and lighting model
as distinct classes of shading computation.
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3.3 Lighting

In real-world environments, the appearance of objects is affected by light sources. These
effects can be simulated using a lighting model. A lighting model is a set of equations that
approximates (models) the effect of light sources on an object. The lighting model may
include reflection, absorption, and transmission of a light source. The lighting model
computes the color at one point on the surface of an object, using information about
the light sources, the object position and surface characteristics, and perhaps information
about the location of the viewer and the rest of the environment containing the object (such
as other reflective objects in the scene, atmospheric properties, and so on) (Figure 3.4).

Computer graphics and physics research have resulted in a number of lighting models
(Cook and Torrance, 1981; Phong, 1975; Blinn, 1977; Ward, 1994; Ashikhmin et al.,
2000). These models typically differ in how well they approximate reality, how much
information is required to evaluate the model, and the amount of computational power
required to evaluate the model. Some models may make very simple assumptions about
the surface characteristics of the object, for example, whether the object is smooth or
rough, while others may require much more detailed information, such as the index of
refraction or spectral response curves.

OpenGL provides direct support for a relatively simple lighting model called Phong
lighting [Pho75].* This lighting model separates the contributions from the light sources
reflecting off the object into four intensity contributions—ambient, diffuse, specular,
and emissive (I;or = Lam + 14; + Isp + Iem) — that are combined with surface properties to
produce the shaded color.

The ambient term models directionless illumination coming from inter-object reflec-
tions in the environment. The ambient term is typically expressed as a constant value for

4. The name Phong lighting is a misnomer, the equations used in the OpenGL specification are from
Blinn [Bli77].
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the scene, independent of the number of light sources, though OpenGL provides both
scene ambient and light source ambient contributions.

The diffuse term models the reflection of a light source from a rough surface. The
intensity at a point on the object’s surface is proportional to the cosine of the angle made
by a unit vector from the point to the light source, L, and the surface normal vector at
that point, N,

I;=N-L.

If the surface normal is pointing away from the light source, then the dot product is
negative. To avoid including a negative intensity contribution, the dot product is clamped
to zero. In the OpenGL specification, the clamped dot product expression max(N - L, 0)
is written as N © L. This notation is used throughout the text.

As the discussion of a clamped dot product illustrates, considering lighting equations
brings up the notion of sideness to a surface. If the object is a closed surface (a sphere,
for example), then it seems clear that a light shining onto the top of the sphere should
not illuminate the bottom of the sphere. However, if the object is not a closed surface (a
hemisphere, for example), then the exterior should be illuminated when the light source
points at it, and the interior should be illuminated when the light source points inside. If
the hemisphere is modeled as a single layer of polygons tiling the surface of the hemisphere,
then the normal vector at each vertex can either be directed inward or outward, with the
consequence that only one side of the surface is lighted regardless of the location of the
light source.

Arguably, the solution to the problem is to not model objects with open surfaces, but
rather to force everything to be a closed surface as in Figure 3.5. This is, in fact, the rule
used by CAD programs to solve this and a number of related problems. However, since
this may adversely complicate modeling for some applications, OpenGL also includes
the notion of fwo-sided lighting. With two-sided lighting, different surface properties are
used and the direction of the surface normal is flipped during the lighting computation
depending on which side of a polygon is visible. To determine which side is visible, the
signed area of the polygon is computed using the polygon’s window coordinates. The
orientation of the polygon is give by the sign of the area computation.

Closed Open Closed

Figure 3.5 Closed and open surface cross-sections.
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Figure 3.6 Diffuse and specular reflection patterns.

The specular term models the reflection of a light source from a smooth surface,
producing a highlight focused in the direction of the reflection vector. This behavior is
much different than the diffuse term, which reflects light equally in all directions, as shown
in Figure 3.6. Things get a little more complicated when light isn’t equally reflected in all
directions; the location of the viewer needs to be included in the equation. In the original
Phong formulation, the angle between the reflection of the light vector, R;, and viewing
vector (a unit vector between the surface point and the viewer position, V) determines
amount of specular reflection in the direction of the viewer.’

In the Blinn formulation used in OpenGL, however, the angle between the surface
normal, and the unit bisector, H, of the light vector L, and the view vector V, is used.
This bisector is also called the half-angle vector. It produces an effect similar to V-R, but
Blinn argues that it more closely matches observed behavior, and in some circumstances
is less expensive to compute.

To model surfaces of differing smoothness, this cosine term is raised to a power:

(V+L) )”
Iyp=| ——ON
v <||V+L|| ©

The larger this shininess exponent, n, the more polished the surface appears, and the
more rapidly the contribution falls off as the reflection angle diverges from the reflection
of the light vector. In OpenGL the exponent is limited to the range [0, 128], but there is
least one vendor extension to allow a larger range.®

The specular term is also called the power function. OpenGL supports two different
positions for the viewer: at the origin of eye space and infinitely far away along the positive

5. V-R; can equivalently be written as L - Ry, where Ry, is the reflection of the view vector V.

6. NV_Tlight_max_exponent
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z-axis. If the viewer is at infinity, (0,0, 1)T is used for the view vector. These two viewing
variations are referred to as local viewer and infinite viewer. The latter model makes the
specular computation independent of the position of the surface point, thereby making
it more efficient to compute. Note that this approximation is not really correct for large
objects in the foreground of the scene.

To ensure that the specular contribution is zero when the surface normal is pointing
away from the light source, the specular term is gated (multiplied) by a function derived
from the inner product of the surface normal and light vector: fgze = (0if NOL =051
otherwise).

The specular term is an example of a bidirectional reflectance distribution function
or BRDF —a function that is described by both the angle of incidence (the light direction)
and angle of reflection (the view direction) p(8;, ¢;, 0y, ¢,). The angles are typically defined
using spherical coordinates with 8, the angle with the normal vector, and ¢, the angle in
the plane tangent to the normal vector. The function is also written as p(w;, w,). The BRDF
represents the amount of light (in inverse steradians) that is scattered in each outgoing
angle, for each incoming angle.

The emissive term models the emission of light from an object in cases where the
object itself acts as a light source. An example is an object that fluoresces. In OpenGL,
emission is a property of the object being shaded and does not depend on any light
source. Since neither the emissive or ambient terms are dependent on the location of the
light source, they don’t use a gating function the way the diffuse and specular terms do
(note that the diffuse term gates itself).

33.1

So far, we have described the lighting model in terms of producing intensity values for
each contribution. These intensity values are used to scale color values to produce a set
of color contributions. In OpenGL, both the object and light have an RGBA color, which
are multiplied together to get the final color value:

Chinat = Materialyy, * Sceneay
Material gy, * Light g * Ly
Material 3; x Lightg; * 1
Materialg, s Lightg, + I

+ + 4+ +

Material,,,

The colors associated with the object are referred to as reflectance values or reflectance
coefficients. They represent the amount of light reflected (rather than absorbed or trans-
mitted) from the surface. The set of reflectance values and the specular exponent are
collectively called material properties. The color values associated with light sources are
intensity values for each of the R, G, and B components. OpenGL also stores alpha com-
ponent values for reflectances and intensities, though they aren’t really used in the lighting
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computation. They are stored largely to keep the application programming interface (API)
simple and regular, and perhaps so they are available in case there’s a use for them in
the future. The alpha component may seem odd, since one doesn’t normally think of
objects reflecting alpha, but the alpha component of the diffuse reflectance is used as the
alpha value of the final color. Here alpha is typically used to model transparency of the
surface. For conciseness, the abbreviations a,;,, d;,, S, aj, dj, and s; are used to represent
the ambient, diffuse, specular material reflectances and light intensities; e, represents the
emissive reflectance (intensity), while as. represents the scene ambient intensity.

The interaction of up to 8 different light sources with the object’s material are
evaluated and combined (by summing them) to produce a final color.

3.3.2

In addition to intensity values, OpenGL also defines additional properties of the light
sources. Both directional (infinite lights) and positional (local lights) light sources can
be emulated. The directional model simulates light sources, such as the sun, that are so
distant that the lighting vector doesn’t change direction over the surface of the primitive.
Since the light vector doesn’t change, directional lights are the simplest to compute.
If both an infinite light source and an infinite viewer model are set, the half-angle vector
used in the specular computation is constant for each light source.

Positional light sources can show two effects not seen with directional lights. The first
derives from the fact that a vector drawn from each point on the surface to the light source
changes as lighting is computed across the surface. This leads to changes in intensity that
depend on light source position. For example, a light source located between two objects
will illuminate the areas that face the light source. A directional light, on the other hand,
illuminates the same regions on both objects (Figure 3.7). Positional lights also include
an attenuation factor, modeling the falloff in intensity for objects that are further away
from the light source:

1
ke + kyd + kyd?

attenuation =
OpenGL distinguishes between directional and positional lights with the w coordi-
nate of the light position. If w is 0, then then the light source is at infinity, if it is non-zero
then it is not. Typically, only values of 0 and 1 are used. Since the light position is
transformed from object space to eye space before the lighting computation is performed
(when a light position is specified), applications can easily specify the positions of light
sources relative to other objects in the scene.
In addition to omnidirectional lights radiating uniformly in all directions (sometimes
called point lights), OpenGL also models spotlight sources. Spotlights are light sources

that have a cone-shaped radiation pattern: the illumination is brightest along the the axis
of the cone, decreases from the center to the edge of the cone, and drops to zero outside
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Figure 3.7 Directional and positional light sources.

Figure 3.8 Spotlight sources.

the cone (as shown in Figure 3.8). This radiation pattern is parameterized by the spotlight
direction (sd), cutoff angle (co), and spotlight exponent (se), controlling how rapidly the
illumination falls off between the center and the edge of the cone:

spot = (L © sd)*®
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If the angle between the light vector and spot direction is greater than the cutoff angle
(dot product is less than the cosine of the cutoff angle), then the spot attenuation is set
to zero.

333

OpenGL provides great flexibility for setting material reflectance coefficients, light inten-
sities, and other lighting mode parameters, but doesn’t specify how to choose the proper
values for these parameters.

Material properties are modeled with four groups of reflectance coefficients (ambient,
diffuse, specular, and emissive) and a specular exponent. In practice, the emissive term
doesn’t play a significant role in modeling normal materials, so it will be ignored in this
discussion.

For lighting purposes, materials can be described by the type of material, and the
smoothness of its surface. Surface smoothness is simulated by the overall magnitude of
the three reflectances, and the value of the specular exponent. As the magnitude of the
reflectances get closer to one, and the specular exponent value increases, the material
appears to have a smoother surface.

Material type is simulated by the relationship between three of the reflectances (ambi-
ent, diffuse, and specular). For classification purposes, simulated materials can be divided
into four categories: dielectrics, metals, composites, and other materials.

Dielectrics This is the most common category. Dielectrics are non-conductive materials,
such as plastic or wood, which don’t have free electrons. As a result, dielectrics
have relatively low reflectivity; what reflectivity they do have is independent of
light color. Because they don’t strongly interact with light, some dielectrics are
transparent. The ambient, diffuse, and specular colors tend to have similar values
in dielectric materials.

Powdered dielectrics tend to look white because of the high surface area between
the powdered dielectric and the surrounding air. Because of this high surface area,
they also tend to reflect diffusely.

Metals Metals are conductive and have free electrons. As a result, metals are opaque
and tend to be very reflective, and their ambient, diffuse, and specular colors tend
to be the same. The way free electrons react to light can be a function of the light’s
wavelength, determining the color of the metal. Materials like steel and nickel have
nearly the same response over all visible wavelengths, resulting in a grayish
reflection. Copper and gold, on the other hand, reflect long wavelengths more
strongly than short ones, giving them their reddish and yellowish colors.

The color of light reflected from metals is also a function angle between the
incident or reflected light directions and the surface normal. This effect can’t be
modeled accurately with the OpenGL lighting model, compromising the
appearance of metallic objects. However, a modified form of environment mapping
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(such as the OpenGL sphere mapping) can be used to approximate the angle
dependency. Additional details are described in Section 15.9.1.

Composite Materials Common composites, like plastic and paint, are composed of a
dielectric binder with metal pigments suspended in them. As a result, they combine
the reflective properties of metals and dielectrics. Their specular reflection is
dielectric, while their diffuse reflection is like metal.

Other Materials Other materials that don’t fit into the above categories are materials
such as thin films and other exotics. These materials are described further in
Chapter 15.

As mentioned previously, the apparent smoothness of a material is a function of how
strongly it reflects and the size of the specular highlight. This is affected by the overall
magnitude of the GL_AMBIENT, GL_DIFFUSE, and GL_SPECULAR parameters, and the
value of GL_SHININESS. Here are some heuristics that describe useful relationships
between the magnitudes of these parameters:

1. The spectral color of the ambient and diffuse reflectance parameters should be the
same.

2. The magnitudes of diffuse and specular reflectance should sum to a value close
to 1. This helps prevent color value overflow.

3. The value of the specular exponent should increase as the magnitude of specular
reflectance approaches 1.

Using these relationships, or the values in Table 3.1, will not result in a perfect imita-
tion of a given material. The empirical model used by OpenGL emphasizes performance,
not physical exactness. Improving material accuracy requires going beyond the OpenGL
lighting model to more sophisticated multipass techniques or use of the programmable
pipeline. For an excellent description of material properties see Hall (1989).

3.34

Ideally the lighting model should be evaluated at each point on the object’s surface.
When rendering to a framebuffer, the computation should be recalculated at each
pixel. At the time the OpenGL specification was written, however, the amount of pro-
cessing power required to perform these computations at each pixel was deemed too
expensive to be widely available. Instead the specification uses a basic vertex lighting
model.

This lighting model can provide visually appealing results with modest computation
requirements, but it does suffer from a number of drawbacks. One drawback related to
color representation occurs when combining lighting with texture mapping. To texture
a lighted surface, the intent is to use texture samples as reflectances for the surface.
This can be done by using vertex lighting to compute an intensity value at the vertex
color (by setting all of the material reflectance values to 1.0) then multiplying by the
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Material

Brass

Bronze

Polished Bronze

Chrome

Polished Copper

Polished Gold

GL_AMBIENT

0.329412
0.223529
0.027451
1.0

0.2125
0.1275
0.054
1.0

0.25
0.148
0.06475
1.0

0.25
0.25
0.25
1.0

0.19125
0.0735
0.0225
1.0

0.2295
0.08825
0.0275
1.0

0.24725
0.1995
0.0745
1.0

0.24725
0.2245
0.0645
1.0

0.105882
0.058824
0.113725
1.0

GL_DIFFUSE

0.780392
0.568627
0.113725
1.0

0.714
0.4284
0.18144
1.0

0.4
0.2368
0.1036
1.0

0.4
0.4
0.4
1.0

0.7038
0.27048
0.0828
1.0

0.5508
0.2118
0.066
1.0

0.75164
0.60648
0.22648
1.0

0.34615
0.3143
0.0903
1.0

0.427451
0.470588
0.541176
1.0

GL_SPECULAR

0.992157
0.941176
0.807843
1.0

0.393548
0.271906
0.166721
1.0

0.774597
0.458561
0.200621
1.0

0.774597
0.774597
0.774597
1.0

0.256777
0.137622
0.086014
1.0

0.580594
0.223257
0.0695701
1.0

0.628281
0.555802
0.366065
1.0

0.797357
0.723991
0.208006
1.0

0.333333
0.333333
0.521569
1.0

Lighting 51

GL_SHININESS

27.8974

25.6

76.8

76.8

12.8

51.2

51.2

83.2

9.84615

continued
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Table 3.1 Parameters for Common Materials (Continued)

Material GL_AMBIENT GL_DIFFUSE GL_SPECULAR GL_SHININESS
Silver 0.19225 0.50754 0.508273 51.2
0.19225 0.50754 0.508273
0.19225 0.50754 0.508273
1.0 1.0 1.0
Polished Silver 0.23125 0.2775 0.773911 89.6
0.23125 0.2775 0.773911
0.23125 0.2775 0.773911
1.0 1.0 1.0
Emerald 0.0215 0.07568 0.633 76.8
0.1745 0.61424 0.727811
0.0215 0.07568 0.633
0.55 0.55 0.55
0.135 0.54 0.316228 12.8
0.2225 0.89 0.316228
0.1575 0.63 0.316228
0.95 0.95 0.95
Obsidian 0.05375 0.18275 0.332741 38.4
0.05 0.17 0.328634
0.06625 0.22525 0.346435
0.82 0.82 0.82
0.25 1.0 0.296648 11.264
0.20725 0.829 0.296648
0.20725 0.829 0.296648
0.922 0.922 0.922
0.1745 0.61424 0.727811 76.8
0.01175 0.04136 0.626959
0.01175 0.04136 0.626959
0.55 0.55 0.55
Turquoise 0.1 0.396 0.297254 12.8
0.18725 0.74151 0.30829
0.1745 0.69102 0.306678
0.8 0.8 0.8
Black Plastic 0.0 0.01 0.50 32
0.0 0.01 0.50
0.0 0.01 0.50
1.0 1.0 1.0
Black Rubber 0.02 0.01 0.4 10
0.02 0.01 0.4
0.02 0.01 0.4

1.0 1.0 1.0
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reflectance value from the texture map, using the GL_MODULATE texture environment.
This approach can have problems with specular surfaces, however. Only a single intensity
and reflectance value can be simulated, since texturing is applied only after the lighting
equation has been evaluated to a single intensity. Texture should be applied separately
to compute diffuse and specular terms.

To work around this problem, OpenGL 1.2 adds a mode to the vertex lighting model,
GL_SEPARATE_SPECULAR_COLOR, to generate two final color values— primary and
secondary. The first color contains the sum of all of the terms except for the specular
term, the second contains just the specular color. These two colors are passed into the
rasterization stage, but only the primary color is modified by texturing. The secondary
color is added to the primary after the texturing stage. This allows the application to use
the texture as the diffuse reflectance and to use the material’s specular reflectance settings
to define the object’s specular properties.

This mode and other enhancements to the lighting model are described in detail in

Chapter 15.

3.4 Fixed-Point and Floating-Point Arithmetic

There is more to color representation than the number of bits per color component.
Typically the transformation pipeline represents colors using some form of floating-point,
often a streamlined IEEE single-precision representation. This isn’t much of a burden since
the need for floating-point representation already exists for vertex, normal, and texture
coordinate processing. In the transformation pipeline, RGB colors can be represented
in the range [—1,1]. The negative part of the range can be used to perform a limited
amount of subtractive processing in the lighting stage, but as the colors are passed to
the rasterization pipeline, toward their framebuffer destination (usually composed of
unsigned integers), they are clamped to the [0, 1] range.

Traditionally, the rasterization pipeline uses a fixed-point representation with the
requisite reduction in range and precision. The fixed-point representation requires care-
ful implementation of arithmetic operations to avoid artifacts. The principal complexity
comes from the difficulty in representing the number 1.0. A traditional fixed-point rep-
resentation using 8 bits might use the most significant bit as the integer part and the
remaining 7 bits as fraction. This straightforward interpretation can represent numbers
in the range [0,1.9921875], which is [0, 1 + %].

This representation wastes 1 bit, since it represents numbers almost up to 2, when
only 1 is required. Most rasterization implementations don’t use any integer bits, instead
they use a somewhat more complicated representation in which 1.0 is represented with
the “all ones” bit pattern. This means that an 8-bit number x in the range [0, 1] con-
verts to this representation using the formula f = x255. The complexity enters when
implementing multiplication. For example, the identity a x 1 = a should be preserved,
but the naive implementation, using a multiplication and a shift, will not do so.
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For example multiplying (255 % 255) and shifting right produces 254. The correct
operation is (255 % 255)/255, but the expensive division operation is often replaced with
a faster, but less accurate approximation.

Later revisions to OpenGL added the ability to perform subtractions at various stages
of rasterization and framebuffer processing (subtractive blend’, subtractive texture envi-
ronment®) using fixed-point signed values. Accurate fixed-point representation of signed
values is difficult. A signed representation should preserve three identities: a * 1 = a4,
a*x0=0,and a*—1 = —a. Fixed step sizes in value should result in equal step sizes in
the representation, and resolution should be maximized.

One approach is to divide the set of fixed-point values into three pieces: a 0 value,
positive values increasing to 1, and negative values decreasing to negative one. Unfor-
tunately, this can’t be done symmetrically for a representation with 2" bits. OpenGL
compromises, using the representation (2” x value — 1)/2. This provides a 0, 1, and
negative one value, but does so asymmetrically; there is an extra value in the negative
range.

3.4.1

Although the accumulation buffer is the only part of the OpenGL framebuffer that
directly represents negative colors, it is possible for an application to subtract color val-
ues in the framebuffer by scaling and biasing the colors and using subtractive operations.
For example, numbers in the range [—1, 1] can be mapped to the [0, 1] range by scaling
by 0.5 and biasing by 0.5. This effectively converts the fixed-point representation into
a sign and magnitude representation.’

Working with biased numbers requires modifying the arithmetic rules (Figure 3.9).
Assume a and b are numbers in the original representation and @ and b are in the biased

4
\
4
y

Figure 3.9 Biased representation.

7. In the OpenGL 1.2 ARB imaging subset.
8. OpenGL 1.3.

9. In traditional sign and magnitude representation, the sign bit is 1 for a negative number; in ours a
sign bit of 0 represents a negative number.



Fixed-Point and Floating-Point Arithmetic 55

representation. The two representations can be converted back and forth with the
following equations:

G=al2+12
a=2G-1/2)

When converting between representations, the order of operations must be controlled
to avoid losing information when OpenGL clamps colors to [0, 1]. For example, when
converting from a to a, the value of 1/2 should be subtracted first, then the result should
be scaled by 2, rather than rewriting the equation as 2a — 1. Biased arithmetic can
be derived from these equations using substitution. Note that biased arithmetic values
require special treatment before they can be operated on with regular (2’s complement)
computer arithmetic; they can’t just be added and subtracted:

a+b=a+(b—172)

—

a—b=a—(b—1/2)

-~

The equation @ + (b — 1/2) is supported directly by the GL_COMBINE texture function
GL_ ADD_SIGNED.X

The following equations add or subtract a regular number with a biased number,
reducing the computational overhead of converting both numbers first:

—

a+b=a+bl2
a—b=3—0bl2

This representation allows us to represent numbers in the range [—1,1]. We can
extend the technique to allow us to increase the range. For example, to represent
a number in the range [—#, 7], we use the equations:

a
a=—+1/2
a 2n+ /
a=2n(@a—1/2)

10. OpenGL 1.3.
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and alter the arithmetic as above. The extended range need not be symmetric. We can
represent a number in the range [—m1, n] with the formula:

a m

a=

n—+m n—+m

. m
a:(n+m)<a— )
n+m

and modify the the equations for addition and subtraction as before.

With appropriate choices of scale and bias, the dynamic range can be increased,
but this comes at the cost of precision. For each factor of 2 increase in range, 1 bit of
precision is lost. In addition, some error is introduced when converting back and forth
between representations. For an 8-bit framebuffer it isn’t really practical to go beyond
[—1, 1] before losing too much precision. With higher precision framebuffers, a little more
range can be obtained, but the extent to which the lost precision is tolerable depends on
the application. As the rendering pipeline evolves and becomes more programmable and
floating-point computation becomes pervasive in the rasterization stage of the pipeline,
many of these problems will disappear. However, the expansion of OpenGL implemen-
tations to an ever-increasing set of devices means that these same problems will remain
on smaller, less costly devices for some time.

3.5 Summary

This chapter provided an overview of the representation and manipulation of color values
in the OpenGL pipeline. It also described some of the computational models used to shade
an object, focusing on the vertex lighting model built into OpenGL. The next chapter
covers some of the principles and complications involved in representing an image as an
array of discrete color values.



Digital Images and Image
Manipulation

Geometric rendering is, at best, half of a good graphics library. Modern rendering tech-
niques combine both geometric and image-based rendering. Texture mapping is only the
simplest example of this concept; later chapters in this book cover more sophisticated tech-
niques that rely both on geometry rendering and image processing. This chapter reviews
the characteristics of a digital image and outlines OpenGL’s image manipulation capa-
bilities. These capabilities are traditionally encompassed by the pipeline’s “pixel path”,
and the blend functionality in the “fragment operations” part of the OpenGL pipeline.
Even if an application doesn’t make use of sophisticated image processing, familiarity
with the basics of image representation and sampling theory guides the crafting of good
quality images and helps when fixing many problems encountered when rendering and

texture mapping.

4.1 Image Representation

The output of the rendering process is a digital image stored as a rectangular array of
pixels in the color buffer. These pixels may be displayed on a CRT or LCD display device,
copied to application memory to be stored or further manipulated, or re-used as a texture
map in another rendering task. Each pixel value may be a single scalar component, or a
vector containing a separate scalar value for each color component.

57
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Details on how a geometric primitive is converted to pixels are given in Chapter 6;
for now assume that each pixel accurately represents the average color value of the
geometric primitives that cover it. The process of converting a continuous function into
a series of discrete values is called sampling. A geometric primitive, projected into 2D,
can be thought of as defining a continuous function of its spatial coordinates x and y.

For example, a triangle can be represented by a function fiousinmous(x,y). It returns
the color of the triangle when evaluated within the triangle’s extent, then drops to zero
if evaluated outside of the triangle. Note that an ideal function has an abrupt change of
value at the triangle boundaries. This instantaneous drop-off is what leads to problems
when representing geometry as a sampled image. The output of the function isn’t limited
to a color; it can be any of the primitive attributes: intensity (color), depth, or texture
coordinates; these values may also vary across the primitive. To avoid overcomplicating
matters, we can limit the discussion to intensity values without losing any generality.

A straightforward approach to sampling the geometric function is to evaluate the
function at the center of each pixel in window coordinates. The result of this process is a
pixel image; a rectangular array of intensity samples taken uniformly across the projected
geometry, with the sample grid aligned to the x and y axes. The number of samples per
unit length in each direction defines the sample rate.

When the pixel values are used to display the image, a reproduction of the original
function is reconstructed from the set of sample values. The reconstruction process pro-
duces a new continuous function. The reconstruction function may vary in complexity;
for example, it may simply repeat the sample value across the sample period

Freconstructed (%> y) = pixel[|x]1[v]]

or compute a weighted sum of pixel values that bracket the reconstruction point.
Figure 4.1 shows an example of image reconstruction.

When displaying a graphics image, the reconstruction phase is often implicit; the
reconstruction is part of the video display circuitry and the physics of the pixel display.
For example, in a CRT display, the display circuitry uses each pixel intensity value to
adjust the intensity of the electron beam striking a set of phosphors on the screen. This
reconstruction function is complex, involving not only properties of the video circuitry,
but also the shape, pattern, and physics of the phosphor on the screen. The accuracy of a

A A ML

Ideal Sampled Filtered Filtered/resampled

Figure 4.1 Example of image reconstruction.
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P1 P2 P3

Actual intensity

Sampled intensity

Figure 4.2 Undersampling: Intensity varies wildly between sample points P and P;.

reconstructed triangle may depend on the alignment of phosphors to pixels, how abruptly
the electron beam can change intensity, the linearity of the analog control circuitry, and
the design of the digital to analog circuitry. Each type of output device has a different
reconstruction process. However, the objective is always the same, to faithfully reproduce
the original image from a set of samples.

The fidelity of the reproduction is a critical aspect of using digital images. A fun-
damental concern of sampling is ensuring that there are enough samples to accurately
reproduce the desired function. The problem is that a set of discrete sample points cannot
capture arbitrarily complicated detail, even if we use the most sophisticated reconstruc-
tion function. This is illustrated by considering an intensity function that has the similar
values at two sample points P and P3, but between these points P, the intensity varies
significantly, as shown in Figure 4.2. The result is that the reconstructed function doesn’t
reproduce the original function very well. Using too few sample points is called under-
sampling; the effects on a rendered image can be severe, so it is useful to understand the
issue in more detail.

To understand sampling, it helps to rely on some signal processing theory, in partic-
ular, Fourier analysis (Heidrich and Seidel, 1998; Gonzalez and Wintz, 1987). In signal
processing, the continuous intensity function is called a signal. This signal is traditionally
represented in the spatial domain as a function of spatial coordinates. Fourier analysis
states that the signal can be equivalently represented as a weighted sum of sine waves
of different frequencies and phase offsets. This is a bit of an oversimplification, but it
doesn’t affect the result. The corresponding frequency domain representation of a signal
describes the magnitude and phase offset of each sine wave component. The frequency
domain representation describes the spectral composition of the signal.
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Frequency domain Spatial domain

Figure 4.3 Ideal reconstruction function.

The sine wave decomposition and frequency domain representation are tools that
help simplify the characterization of the sampling process. From sine wave decomposition,
it becomes clear that the number of samples required to reproduce a sine wave must be
twice its frequency, assuming ideal reconstruction. This requirement is called the Nyquist
limit. Generalizing from this result, to accurately reconstruct a signal, the sample rate must
be at least twice the rate of the maximum frequency in the original signal. Reconstructing
an undersampled sine wave results in a different sine wave of a lower frequency. This
low-frequency version is called an alias. An aliased signal stands in for the original, since
at the lower sampling frequency, the original signal and its aliases are indistinguishable.
Aliased signals in digital images give rise to the familiar artifacts of jaggies, or staircasing
at object boundaries. Techniques for avoiding aliasing artifacts during rasterization are
described in Chapter 10.

Frequency domain analysis also points to a technique for building a reconstruction
function. The desired function can be found by converting its frequency domain repre-
sentation to one in the spatial domain. In the frequency domain, the ideal function is
straightforward; the function that captures the frequency spectrum of the original image
is a comb function. Each “tooth” of the comb encloses the frequencies in the original
spectrum; in the interests of simplicity, the comb is usually replaced with a single “wide
tooth” or box that encloses all of the original frequencies (Figure 4.3). Converting this
box function to the spatial domain results in the sizc function. Signal processing theory
provides a framework for evaluating the fidelity of sampling and reconstruction in both
the spatial and frequency domain. Often it is more useful to look at the frequency domain
analysis since it determines how individual spectral components (frequencies) are affected
by the reconstruction function.

4.2 Digital Filtering

Consider again the original continuous function representing a primitive. The function
drops to zero abruptly at the edge of the polyon, representing a step function at the
polygon boundaries. Representing a step function in the frequency domain results in
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frequency components with non-zero values at infinite frequencies. Avoiding creating
undersampling artifacts when reconstructing a sampled step function requires changing
the input function, or the way it is sampled. In essence, the boundaries of the polygon
must be “smoothed” so that the transition can be represented by a bounded frequency
representation. The frequency bound is chosen so that it can be captured by the samples.
This process is an application of filtering.

As alluded to in the discussion above, filtering goes hand in hand with the concept of
sampling and reconstruction. Conceptually, filtering applies a function to an input signal
to produce a new one. The filter modifies some of the properties of the original signal, such
as removing frequency components above or below some threshold (low- and high-pass
filters). With digital images, filtering is often combined with reconstruction followed by
resampling. Reconstruction produces a continuous signal for the filter to operate on and
resampling produces a set of sample values from the filtered signal, possibly at a different
sample rate. The term filter is frequently used to mean all three parts: reconstruction,
filtering, and resampling. The objective of applying the filter is most often to transform
the spectral composition of the signal.

As an example, consider the steps to produce a new version of an image that is half the
size in the x and y dimensions. One way to generate the new image is to copy every second
pixel into the new image. This process can be viewed as a reconstruction and resampling
process. By skipping every other pixel (which represents a sample of the original image),
we are sampling at half the rate used to capture the original image. Reducing the rate is
a form of undersampling, and will introduces new signal aliases.

These aliased signals can be avoided by eliminating the frequency components that
cannot be represented at the new, lower sampling rate. This is done by applying a low-
pass filter during signal reconstruction, before the new samples are computed. There are
many useful low-pass filter functions; one of the simplest is the box filter. The 2x2-box
filter computes a new sample by taking an equally weighted average of four adjacent
samples. The effect of the box filter on the spectrum of the signal can be evaluated by
converting it to the frequency domain. Although simple, the box filter isn’t a terrific low-
pass filter, it corresponds to multiplying the spectrum by a sinc function in the frequency
domain (Figure 4.4). This function doesn’t cut off the high frequencies very cleanly, and
leads to its own set of artifacts.

Spatial domain Frequency domain

Figure 4.4 Box filterin spatial and frequency domain.



62 Digital Images and Image Manipulation

4.3 Convolution

Both the reconstruction and spectrum-shaping filter functions compute weighted sums
of surrounding sample values. These weights are values from a second function and the
computation of the weighted sum is called convolution. In one dimension, the convolution
of two continuous functions f(x) and g(x) produces a third function:

+00

h(x) = flx) ® glx) = f Flr)glx — v)de (41)

—00

g(x) is referred to as the filter. The integral only needs to be evaluated over the range
where g(x — t) is non-zero, called the support of the filter.

The discrete form of convolution operates on two arrays, the discretized signal F[x]
and the convolution kernel G[0...(width — 1)]. The value of width defines the support of
the filter and Equation 4.1 becomes:

width—1
Hix]= Y Flx+ilGli] (4.2)
i=0

The 1D discrete form is extended to two dimensions as:

height—1 width—1
Hixliyl= ) > Flx+illy +/1GLllj] (43)

j=0 i=0

As shown in Figure 4.5, a convolution kernel is positioned over each pixel in an
image to be convolved, and an output pixel is generated. The kernel can be thought of as
an array of data values; these values are applied to the input pixels that the convolution
kernel covers. Multiplying and summing the kernel against its footprint in the image
creates a new pixel value, which is used to update the convolved image. Note that the

Filter covers area,
writes a pixel

Filter Input image .
Output image

Kernel ......
| B | |

I:' Input Image is smaller,

N
reduce mode
D Input/output .... T-....

Kernel here sets this pixel

Figure 4.5 Convolution.
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results of a previous convolution step don’t affect any subsequent steps; each output pixel
is independent of the surrounding output pixels.

The formalization and use of the convolution operation isn’t accidental; it relates
back to Fourier analysis. The significance of convolution in the spatial domain is that it
is equivalent to multiplying the frequency domain representations of the two functions.
This means that a filter with some desired properties can be constructed in the frequency
domain and then converted to the spatial domain to perform the filtering. In some cases it
is more efficient to transform the signal to the frequency domain, perform the multiplica-
tion, and convert back to the spatial domain. Discussion of techniques for implementing
filters and of different types of filters is in Chapter 12. For the rest of this chapter we shall
describe the basic mechanisms OpenGL provides for operating on images.

4.4 Images in OpenGL

The OpenGL API contains a pixel pipeline for performing many traditional image process-
ing operations, such as scaling or rotating an image. The use of hybrid 3D rasterization
and image processing techniques has increased over recent years, giving rise to the term
image-based rendering [MB95, LH96, GGSC96] . More recent versions of OpenGL have
increased the power and sophistication of the pixel pipeline to match the demand for
these capabilities.

Image processing operations can be applied while loading pixel images and textures
into OpenGL, reading them back to the host, or copying them. The ability to modify
textures during loading operations and to modify framebuffer contents during copy opera-
tions provides high-performance paths for image processing operations. These operations
may be performed entirely within the graphics accelerator, so they can be independent of
the performance of the host.

OpenGL distinguishes between several types of images. Pixel images, or pixmaps are
transferred using the g1DrawPixels command. Pixmaps can represent index or RGB
color values, depth values, or stencil values. Bitmap images are a special case of pixmaps
consisting of single-bit per-pixel images. When bitmaps are drawn they are expanded into
constant index or RGB colors. The g1Bitmap command is used to draw bitmaps and
includes extra support for adjusting the current drawing position so that text strings can be
efficiently rendered and positioned as bitmap glyphs. A third image type is texture images.
Texture images are virtually identical to pixmap images, but special commands are used
to transfer texture image data to texture objects. Texture maps are specialized to support
1D, 2D and 3D images as well as 6-sided cube maps. Texture maps also include support
for image pyramids (also called mipmaps), used to provide additional filtering support.

Figure 4.6 shows a block diagram of the base OpenGL pixel pipeline. The pipeline
is divided into two major blocks of operations: pixel storage operations that control
how pixels are read or written to application memory, and pixel transfer operations that
operate on streams of pixels in a uniform format inside the pipeline. At the end of the
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Figure 4.6 Basic pixel pipeline.

RGBA to RGBA Index to RGBA Index to
lookup lookup index lookup

PIXEL TRANSFER
OPERATIONS

PIXEL STORAGE
OPERATIONS

To host

TRANSFERING PIXELS TO THE HOST (READPIXELS)



Positioning Images 65

pixel pipeline is a pixel zoom operation that allow simple (unfiltered) scaling of images.
After the zoom operation, pixel images are converted into individual fragments, where the
fragments are processed in exactly the same way as fragments generated from geometry.

4.5 Positioning Images

Each of the image types (pixmaps, bitmaps, and textures) has slight variations in how they
are specified to the pipeline. Both pixmaps and bitmaps share the notion of the current
raster position defining the window coordinates of the bottom left corner of the image.
The raster position is specified and transformed as a 3D homogeneous point similar to
the vertices of other geometric primitives. The raster position also undergoes frustum clip
testing and the entire primitive is discarded if the raster position is outside the frustum. The
window coordinate raster position can be manipulated directly using the gTWindowPos!
or g1Bitmap commands. Neither the absolute position of the window position command
or the result of adding the relative adjustment from the bitmap command are clip tested,
so they can be used to position images partially outside the viewport.

The texture image commands have undergone some evolution since OpenGL 1.0 to
allow incremental update to individual images. The necessary changes include commands
that include offsets within the texture map and the ability to use a null image to initialize
texture map with a size but no actual data.

4.6 Pixel Store Operations

OpenGL can read and write images with varying numbers, sizes, packings, and orderings
of pixel components into system memory. This diversity in storage formats provides a
great deal of control, allowing applications to fine tune storage formats to match external
representations and maximize performance or compactness. Inside the pipeline, images
are converted to a stream of RGBA pixels at an implementation-specific component res-
olution. There are few exceptions: depth, stencil, color index, and bitmap images are
treated differently since they don’t represent RGBA color values. OpenGL also distin-
guishes intensity and luminance images from RGBA ones. Intensity images are single
component images that are expanded to RGBA images by copying the intensity to each
of the R, G, B, and A components.? Luminance images are also single component images,
but are expanded to RGB in the pipeline by copying the luminance to the R component
while setting the G and B components to zero.

1. OpenGL 1.4.

2. Intensity images are only used during texture mapping.
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Figure 4.7 2Dimage memory layout.

Pixel storage operations process an image as it is read or written into host memory,
converting to and from OpenGL’s internal representation and the application’s memory
format. The storage operations do not affect how the image is stored in the framebuffer;
that information is implementation-dependent. Pixel storage operations are divided into
two symmetric groups: the pack group, controlling how data is stored to host memory,
and the unpack group, controlling how image data is read from host memory.

2D images are stored in application memory as regularly spaced arrays, ordered so
they can be transfered one row at a time to form rectangular regions. The first row starts
at the lowest memory address and the first pixel corresponds to the bottom left pixel of
the image when rendered (assuming no geometric transforms). A 3D image is stored as
a series of these rectangles, stacked together to form a block of image data starting with
the slice nearest to the image pointer, progressively moving to the furthest.

In addition to component ordering and size, the pixel storage modes provide some
additional control over the layout of images in memory, including the ability to address a
subrectangle within a memory image. Figure 4.7 shows the layout of an image in memory
and the effect of the alignment and spacing parameters. Additional parameters facili-
tate portability between different platforms: byte swapping within individual component
representations and bit ordering for bitmaps.

From an application writer’s point of view, the pixel store operations provide an
opportunity for the OpenGL pipeline to efficiently accelerate common conversion oper-
ations, rather than performing the operations on the host. For example, if a storage
format operates with 16-bit (unsigned short) components, OpenGL can read and write
those directly. Similarly, if a very large image is to be operated on in pieces, OpenGL’s
ability to transfer a subrectangle can be exploited, avoiding the need to extract and
transfer individual rows of the subrectangle.

One feature that OpenGL does not provide is support for reading images directly
from files. There are several reasons for this: it would be difficult to support all the
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existing image file formats, and keep up with their changes. Providing a simple file access
format for all PC architectures would probably not result in the maximum performance
implementation. It is also generally better for an application to control the I/O operations
themselves. Having no file format also keeps OpenGL cleanly separated from operating
system dependencies such as file I/O.

Even if a file interface was implemented, it wouldn’t be sufficient for some applica-
tions. In some cases, it can be advantageous to stream image data directly to the graphics
pipeline without first transferring the data into application memory. An example is
streaming live video from a video capture device. Some vendors have supported this by cre-
ating an additional window-like resource that acts as a proxy for the video stream as part
of the OpenGL embedding layer. The video source is bound as a read-only window and
pixel copy operations are used to read from the video source and push the stream through
the pixel pipeline. More details on the platform embedding layer are covered in Chapter 7.

For these reasons OpenGL has no native texture image format, external display list
format, or any entrenched dependency on platform capabilities beyond display resource
management.

4.7 Pixel Transfer Operations

Pixel transfer operations provide ways of operating on pixel values as they are moved
to, read from, or copied within the framebuffer; or as pixels are moved to texture maps.
In the base pipeline there are two types of transfer operations: scale and bias and pixel

mapping.

417.1

Scale operations multiply each pixel component by a constant scale factor. The bias
operation follows the scale and adds a constant value. RGBA and depth components
are operated on with floating-point scales and biases. Analogous operations for indexed
components (color index and stencil) use signed integer shift and offset values. Scale and
bias operations allow simple affine remapping of pixel components. One example of scale
and bias is changing the range of pixel values from [0, 1] to [0.5, 1] for later computations
using biased arithmetic. Pixel operations are performed using signed arithmetic and the
pixel storage modes support signed component representations; however, at the end of
the transfer pipeline component values are clamped to the [0, 1] range.

4.1.2

Pixel mapping operations apply a set of one-dimensional lookup tables to each pixel,
making it possible to remap its color components. There are multiple lookup tables, each
handling a specific color component. For RGBA colors, there are four maps for converting
each color component independently. For indexed colors, there is only one map. Four
maps are available for converting indexed colors to RGBA.
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A lookup table group applies an application-defined, non-linear transform to image
pixels at a specific point in the pixel pipeline. The contents of the lookup tables describe
the function; the size of the tables, also application-specified, sets the resolution of the
transform operation. Some useful lookup table transforms are: gamma correction, image
thresholding, and color inversion. Unfortunately, this feature has an important limitation:
a lookup applied to one component cannot change the value of any other component in
the pixel.

4.8 ARB Imaging Subset

The OpenGL ARB has defined an additional set of features to significantly enhance
OpenGL’s basic image processing capabilities. To preserve OpenGL’s role as an API
that can run well on a wide range of graphics hardware, these resource-intensive imaging
features are not part of core OpenGL, but grouped into an imaging extension, with the
label GL_ARB_imaging.

The imaging subset adds convolution, color matrix transform, histogram, and min-
max statistics to the pixel transfer block, connecting them with additional color lookup
tables. It also adds some additional color buffer blending functionality. Figure 4.8 shows
a block diagram of the extended pixel processing pipeline.

48.1

The imaging subset defines 1D and 2D convolution operations, applied individually to
each color component. The maximum kernel width is implementation-dependent but is
typically in the range of 7 to 11 pixels. Convolution support includes additional modes for
separable 2D filters allowing the filter to be processed as two 1D filters. It also provides
different border modes allowing the application different ways of handling the image
boundary. Convolution operations, including methods for implementing them without
using the imaging subset, are described in more detail in Chapter 12.

A convolution filter is treated similarly to an OpenGL pixel image, except for
implementation-specific limitations on the maximum filter dimensions. A filter is loaded
by transferring an image to a special OpenGL target. Only pixel storage operations are
available to process a filter image while it is being loaded.

4.8.2

OpenGL’s color matrix provides a 4x4 matrix transform that operates on pixel color
components. Each color component can be modified as a linear function of the other
components in the pixel. This can’t be done with color lookup tables, since they operate
independently on each color component. The matrix is manipulated using the same
commands available for manipulating the modelview, texture, and projection matrices.
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The histogram operation divides each RGBA pixel in the image into four separate color
components. Each color component is categorized by its intensity and a counter in the
corresponding bin for that component is incremented. The results are kept in four arrays,
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one for each color component. Effectively, the arrays record the number of occurrences
of each intensity range. The size of each range or bin is determined by the length of
the application-specified array. For example, a 2-element array stores separate counts
for intensity ranges 0 < i < 0.5 and 0.5 < i < 1. The maximum size of the array is
implementation-dependent and can be determined using the proxy mechanism.

Histogram operations are useful for analyzing an image by measuring the distribution
of its component intensity values. The results can also be used as parameters for other
pixel operations. The image may be discarded after the histogram operation is performed,
if the image itself is not of interest.

484

The minmax operation looks through all the pixels in an image, finding the largest and
smallest intensity value for each color component. The results are saved in a set of two-
element arrays, each array corresponding to a different color component. The application
can also specify that the image be discarded after minmax information is generated.

4.8.5

Color tables provide additional lookup tables in the OpenGL pixel transfer pipeline.
Although the capabilities of color tables and pixel maps are similar, color tables reflect
an evolutionary improvement over pixel maps, making them easier to use. Color tables
only operate on color components, including luminance and intensity (not color indices,
stencil, or depth). Color tables can be defined that affect only a subset of the color
components, leaving the rest unmodified.

Color tables are specified as images (like convolution filters). Specifying the complete
table at once enables better performance when updating tables often, compared to spec-
ifying pixel maps one component at a time. The capability to leave selected components
unchanged parallels a similar capability in texturing; this design is simpler than the cor-
responding functionality in pixel maps, which requires loading an identity map to leave
a component unmodified. Color tables don’t operate on depth, stencil, or color index
values since those operations don’t occur frequently in applications; the existing pixel
map functionality is adequate for these cases.

The additional tables are defined at places in the pipeline where a component nor-
malization operation is likely to be required: before convolution (GL_COLOR_TABLE),
after convolution (GL_POST_CONVOLUTION_COLOR_TABLE), and after the color
matrix operations (GL_POST_COLOR_MATRIX_COLOR_TABLE). Sometimes normaliza-
tion operation can be implemented more efficiently using scale and bias operations. To
support this, the latter two color tables are preceded by scale and bias operators which
may be used in conjunction with, or instead of, the corresponding color tables.
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4.8.6

Beyond the pixel path, OpenGL provides an opportunity for the application to manipu-
late the image in the fragment operations path. OpenGL’s blending function supports
additive operations, where scaled versions of the source and destination pixel are added
together:

In the equation above, S and D are the source and destination scale factors. Figure 4.9
shows the relationships between the source fragment, target pixel, and source and desti-
nation weighting factors. If the g1BlendEquation command is supported,®> OpenGL
defines additional equations for generating the final pixel value from the source and
destination pixels. The new equations are:

subtract C=CS-CyD
reverse subtract C=CyD — C,S
min C=min(Cs, Cy)
max C=max(Cs, Cy)

The ARB imaging extension includes an additional blending feature, constant color
blending, providing more ways to manipulate the image being blended. Constant color
blending adds an additional constant blending factor specified by the application. It
is usable as either a source or destination blending factor. This functionality makes it
possible for the application to introduce an additional color, set by g1BTendColor,
that can be used to scale the source or destination image during blending.

Both the blend equation and constant color blending functionality were promoted to
the base standard in OpenGL 1.4, since they are useful in many other algorithms besides
those for image processing. As with texture mapping (see Section 5.14), OpenGL provides

3. gIBlendEquation is an extension in OpenGL implementations before version 1.4.
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proxy support on convolution filters and lookup tables in the pixel pipeline. These are
needed to help applications work within the limits an implementation may impose for
these images.

4.9 0ff-Screen Processing

Image processing or rendering operations don’t always have to produce a transient image
for display as part of an application. Some applications may generate images and save
them to secondary storage for later use. Batches of images may be efficiently processed
without need for operator intervention, for example, filtering an image sequence captured
from some other source. Also, some image processing operations may use multiple images
to generate the final one. For situations such as these, off-screen storage is useful for
holding intermediate images or for accumulating the final result. Support for off-screen
rendering is part of the platform embedding layer and is described in Section 7.4.

4.10 Summary

The OpenGL image pipeline is still undergoing evolution. With the transition to a more
programmable pipeline, some image manipulation operations can be readily expressed in
fragment processing, but many sophisticated operations still require specialized support
or more complex algorithms that will be described in Chapter 12.

Image representation and manipulation are essential to the rendering pipeline, not
only for generating the final image for viewing, but as part of the rendering process itself.
In the next chapter, we will describe the role of images in the texture mapping process.
All of the representation issues and the pipeline mechanisms for manipulating images play
an important part in the correct application of texture mapping.
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Texture mapping is a fundamental method for controlling the appearance of rendered
objects. A common use of texturing is to provide surface detail to geometry by modifying
surface color on a per-pixel basis. A digital image is used as a source of surface color
information. Texture mapping can do much more than this, however. It is a powerful
and general technique for combining images and geometry. To take advantage of its
capabilities, the application designer should understand texturing in depth. This chapter
reviews OpenGL’s texture mapping abilities with an emphasis on features important to
more complex rendering techniques.

5.1 Loading Texture Images

At the heart of a texture map are the map images, each an n-dimensional array of color
values. The individual elements of the array are called texels. The texture image array has
one, two, or three dimensions. Core OpenGL requires that the texture image have power-
of-two dimensions. The main reason for this is to simplify the computations required to
map texture coordinates to addresses of individual texels. This simplification comes at
a cost; non-power-of-two sized images need to be padded to a power-of-two size before
they can be used as a texture map. There are OpenGL extensions that remove this limit,
usually at the expense of some functionality; for example, there is an extension that allows
the creation of textures with arbitrary sizes, but restricts the parameter values that can
be bound to it, and prohibits mipmapped versions of the texture.!

1. ARB_texture_non_power_of_two.
3
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The glTexImagelD, glTexImage2D, and glTexImage3D commands load
a complete texture image, referencing the data in system memory that should be used
to create it. These commands copy the texture image data from the application’s address
space into texture memory. OpenGL pixel store unpack state describes how the texture
image is arranged in memory. Other OpenGL commands update rectangular subregions
of an existing texture image (subimage loads). These are useful for dynamically updat-
ing an existing texture; in many implementations re-using an existing texture instead of
creating a new one can save significant overhead.

The OpenGL pixel transfer pipeline processes the texture image data when texture
images are specified. Operations such as color space conversions can be performed dur-
ing texture image load. If optimized by the OpenGL implementation, the pixel transfer
operations can significantly accelerate common image processing operations applied to
texture data. Image processing operations are described in Chapter 12.

Texture images are referenced using texture coordinates. The coordinates of a texture
map, no matter what the image resolution, range from 0 to 1. Individual texels are
referenced by scaling the coordinate values by the texture dimensions. When a texture
coordinate is outside the [0, 1] range, OpenGL can be set to wrap the coordinate (use
the fractional part of the number), or clamp to the boundaries, based on the value of the
texture wrap mode.

5.1.1

A useful (and sometimes misunderstood) feature of OpenGL is the texture border
(Figure 5.1). The border is used by certain wrapping modes to compute texel colors

—— Border textels

Interior textels
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Figure 5.1 Texture borders.
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needed by linear filtering when the edge of a texture image is sampled. By definition, the
texture border is outside the texture coordinate range of [0, 1]. Texture borders come
into play when a texture is sampled near the boundaries of the [0,1] range and the tex-
ture wrap mode is set to GL_CLAMP. Textures using GL_NEAREST filtering never sample
the border, since this filtering method always uses the nearest texel to the sample point,
which is always in the range of [0,1].

When the texture filter is GL_LINEAR, however, texture coordinates near the
extremes of 0 or 1 will generate texture colors which are a mix of the border and edge
texels of the texture image. This is because linear filtering samples the four texels closest
to the sample point. Depending on sample position, up to 3 of these texels may be in the
texture border.

The texture border can be specified as a one texel-wide ring of texels surrounding the
texture image or as a single color. Individual texels are supplied as part of a slightly bigger
texture image; the g1 TexImage command provides a border parameter to indicate that a
border is being supplied. If a border consisting of a single constant color is needed, no bor-
der is specified with g1 TexImage, instead GL_TEXTURE_BORDER_COLOR is specified
with the g1 TexParameter command.

Texture borders are very useful if multiple textures are being tiled together to form a
larger one. Without borders, the texture color at the edge of textures using GL_LINEAR
filtering would be improperly sampled, forming visible edges. This problem is solved by
using edge texels from adjacent textures in the border; each texture is then seamlessly
sampling its neighbor’s texels at the edges.

The texture border is one way of ensuring that there are no filtering artifacts at texture
boundaries. Another way to avoid filtering artifacts at the tile edges is to use a different
clamping mode, called clamp to edge. This mode, added in OpenGL 1.2 and set using
the texture parameter GL_CLAMP_TO_EDGE, restricts the sampled texture coordinates
so that the texture border is never sampled. The sample is displaced away from the edge
so that linear filtering only uses texels that are part of the texture image.

Unlike OpenGL’s standard texture clamping, the clamp to edge behavior is unable
to guarantee a consistent border appearance when used with mipmapping, because the
clamping range changes with each mipmap level. The clamping range is defined in terms
of the texture’s dimensions, which are different at each mipmap level. The clamp to edge
behavior is easier to implement in hardware than texture borders because the texture
dimensions are not augmented by additional border texels, so the dimensions are always
efficient powers of two. As a result, there are OpenGL implementations that support
clamp to edge well, but texture border poorly.

5.1.2

An application can make trade-offs between texel resolution, texture size, and load band-
width requirements by choosing the appropriate texture format. For example, choosing a
GL_LUMINANCE format instead of GL_RGB reduces texture memory usage to one third.
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A size-specific internal format such as GL_RGBA8 or GL_RGBA4 directs the OpenGL
implementation to store the texture with the specified resolution, if it’s supported. The
more general internal formats, such as GL_RGBA, leave the implementation free to pick the
“most appropriate” format for the particular implementation. If maintaining a particular
level of format resolution is important, select a size-specific internal format.

Not all OpenGL implementations support all the available internal texture formats.
Requesting GL_LUMINANCE12_ALPHAA4, for example, does not guarantee that the tex-
ture will be stored in this format. The size-specific internal texture formats are merely
hints. The application can exercise more control by querying the OpenGL implementation
for supported formats using proxy textures, and picking the most appropriate one.

When choosing lower resolution color formats, some reduction in image quality
is unavoidable. Choosing the right trade-off between color resolution and size is not a
simple matter. Since textures are applied to particular surfaces, there is more flexibility
trading quality for size and load speed than when choosing framebuffer resolutions. For
example, a surface texture on an object that will never be close to the viewer, or whose
image is composed of similar, low contrast colors, will suffer less if the texture uses a
compact texel format. Even texture size is not the dominant issue when and how often
the texture will be loaded are also factors to consider. If the texture is static, and its load
time doesn’t affect overall performance, then there’s little motivation to improve load
bandwidth performance by going to a smaller texel format.

All of these trade-offs are necessarily highly dependent on the details of the appli-
cation. The best approach is to carefully analyze the use of texture in the application,
and use more texel resolution where it has the most impact and the fewest drawbacks.
In come cases, re-designing the layout of textures on the objects in the scene makes it
possible to get more leverage out of compact texel formats.
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As another way to reduce the size of texture images, OpenGL includes infrastructure
to load texture images using more elaborate compression schemes.> Reducing the res-
olution of components can be thought of as one type of compression technique, but
other image compression algorithms also exist. The characteristics of a good texture
compression algorithm are that it does not reduce the fidelity of an image too much and
that individual texels can be easily retrieved from the compressed representation. The
glCompressedTexImage commands allow other forms of compressed images to be
loaded as texture maps. The core OpenGL specification doesn’t actually define or require
any specific compression formats, largely because there isn’t a suitable publicly-available
standard format. However, there are some popular vendor-specific formats available as
extensions, for example, EXT_texture_compression_s3tc.

2. Added in OpenGL 1.3.
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5.14

Texture memory is a limited resource on most graphics hardware; it is possible to run out
of it. It is not a trivial task for the application to manage it; the amount of texture memory
a particular texture will use is hard to predict and very implementation-dependent. Many
graphics applications are also very sensitive to texture load performance; there may be
an unacceptable performance penalty if the application simply tries to load the textures
that it needs, and executes a recovery scheme when the load fails.

To make it possible for an application to see if a texture will fit before it is loaded,
OpenGL provides a proxy texture scheme. The same texture load commands are used,
the difference is in the texture target: GL_PROXY_TEXTURE_1D is used in place of
GL_TEXTURE_1D, GL_PROXY_TEXTURE_2D in place of GL_TEXTURE_2D, and so on.
If these targets are used, the implementation doesn’t load any texture data. Instead it
does a “dry run”, indicating to the application whether the texture load would have
been successful. This approach may appear awkward, but upon close examination it is
actually a superior approach. It works well because of its flexibility; it can accurately
report back whether space is available for the texture specified regardless of the number
of texture loads that have already happened, what internal texture format the OpenGL
implementation has chosen, or details of the underlying graphics hardware.

If the load would not have succeeded, OpenGL doesn’t signal an error, but instead
sets all the texture state to zero. The application can read back any element of this state
to determine the success of the load request. A simple way to check for success is to
callglGetTexlLevelParameter, again using the proxy texture target, the appropriate
level, and a state parameter that shouldn’t be zero, such as GL_TEXTURE_WIDTH. If the
width is zero, the texture load would have failed.

Determining whether there is space for a full mipmap array requires a subtle change.
Rather than loading the base image level, normally zero, a level greater than the base
level is loaded. This indicates to the proxy mechanism whether to calculate space for just
the base level or to compute it for the entire array, starting from the base level and ending
at the maximum array level.

Proxy texture requests don’t simply check for available space; they check the entire
texture state. A proxy texture command will fail if an invalid state is specified, even if
there is enough room for the texture. However, this type of failure shouldn’t occur for
debugged production programs.

5.2 Texture Coordinates

Texture coordinates associate positions on the texture image to the textured primitive’s
vertices. The per-vertex assignment of texture coordinates provide an overall mapping of
a texture image to rendered geometry. During rasterization, the texture coordinates of a
primitive’s vertices are interpolated over the primitive, assigning each rasterized fragment
its own texture coordinates.
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Texture coordinates Object coordinates

Figure 5.2 Vertices with texture coordinates. Texture coordinates determine how a texture maps to the triangle.

In OpenGL, a vertex of any primitive (and the raster position of pixel images) can
have texture coordinates associated with it. Figure 5.2 shows how a primitive’s position
and texture coordinate values at each vertex establish a relationship between a texture
image and the primitive.

OpenGL generalizes the notion of a two-component texture coordinate (s,) into a
four-component homogeneous texture coordinate (s,t,7,q). The g coordinate is analogous
to the w component found in vertex coordinates, making texture coordinates homoge-
neous. Homogeneous coordinates make correct texturing possible even if the texture
coordinates are perspectively projected. The 7 coordinate allows for 3D texturing in
implementations that support it.> The r coordinate is interpolated in a manner similar to
s and . OpenGL provides default values for both 7 (0) and g (1).

A primitive being rasterized may have w values that aren’t unity. This commonly
occurs when the projection matrix is loaded with a perspective projection. To apply a
texture map on such a primitive without perspective artifacts, the texture coordinates
must be interpolated with a method that works correctly with perspective projection.
A well-known method is to divide the texture coordinates at each vertex by the vertex’s
w component, interpolate the resulting values for each fragment, then divide the resulting
values by a 1/w component that has also been interpolated from 1/w values computed
at the vertices (Blinn, 1992). For a more detailed discussion of perspective correct vertex
interpolation see Section 6.1.4.

Since OpenGL supports a texture transform matrix, the texture coordinates them-
selves can be projected through a perspective transform. To avoid artifacts created by
projected texture coordinates, the texture values should also be scaled by the interpo-
lated g value. So rather than interpolating (s/w,t/w,r/w) at each fragment, then dividing
by 1/w, the division step becomes a division by g/w, where g/w is also interpolated to

3. 3D textures were available as an extension and later became part of the core standard in OpenGL 1.2.
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the fragment position. Thus, in implementations that perform perspective correction,
there is no extra rasterization burden associated with processing g (Segal and Akeley,
2003).

OpenGL can apply a general 4x4 transformation matrix followed by a perspective
divide to texture coordinates before using them to apply the texture map. This transform
capability allows textures to be rotated, scaled, and translated on the geometry. It also
allows texture coordinates to be projected onto an arbitrary plane before being used
to map texture to geometry. Although the texture pipeline only has a single transform
matrix compared to the geometry pipeline’s two, the distinction can still be made between
modelview and projective transforms. The difference is now conceptual, however, since
all transforms must share a single matrix.

5.2.1

An alternative to assigning texture coordinates explicitly is to have OpenGL generate
them. OpenGL texture coordinate generation (called texgen for short) generates texture
coordinates from other components in the vertex. Sources include position, normal vector,
or reflection vector (computed from the texture position and its normal). Texture coor-
dinates computed from vertex positions are created from a linear function of eye-space
or object-space coordinates. Texture coordinates computed from reflection vectors can
have three components, or be two-component coordinates produced from a projection
formula.

OpenGL provides a 4x4 texture matrix used to transform the texture coordinates,
whether supplied explicitly with each vertex, or implicitly through texture coordinate
generation. The texture matrix provides a means to rescale, translate, or even project
texture coordinates before the texture is applied during rasterization.

Figure 5.3 shows where texture coordinates are generated in the transforma-
tion pipeline and how they are processed by the texture transform matrix. Only
GL_OBJECT_LINEAR and GL_EYE_LINEAR modes are shown here. Note that the tex-
ture transformation matrix transforms the results, just like it does if texture coordinates
are sent explicitly.

5.3 Loading Texture Images from the Frame Buffer

Texture map images are created by storing bitmaps into a texture. The direct approach
is for the application to supply the image, then load it with g1 TexImage2D. A less
obvious but powerful approach is to create the texture dynamically instead; rendering
an image into the framebuffer, then copying it into a texture. Transferring an image from
the color buffer to a texture is a simple procedure in OpenGL. The image is rendered,
then the resulting image is read back into system memory buffer using g1ReadPixels.
The application can then use the buffer to load a texture with g1 TexImage?2D.
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Figure 5.3 Linear texture coordinate generation.

In later versions of OpenGL,* the process was streamlined. A region of a framebuffer
image can now be copied directly into a texture using g1CopyTexImage, bypassing the
glReadPixels step and improving performance. This technique is so useful thata WGL
extension, ARB_render_texture, makes the method even more efficient. It does away
with the copy step entirely, making it possible to render an image directly into a texture.
The new feature is not an extension of core OpenGL. It is an extension of the OpenGL
embedding layer (described in Chapter 7), adding the ability to configure a texture map
as a rendering target. OpenGL can be used to render to it, just as if it was a color
buffer. See Section 14.1 for more information on transferring images between textures
and framebuffers, and how it can be a useful building block for graphics techniques.

5.4 Environment Mapping

Scene realism can be improved by modeling the lighting effects that result from inter-
object reflections. OpenGL provides an ambient light term in its lighting equation, but
this is only the crudest approximation to the lighting environment that results from light
reflecting off of other objects. A more sophisticated approach is available through the use
of OpenGL texturing functionality. The term environment mapping describes a texturing
technique used to model some of the influences of the surrounding environment on an
object’s appearance.

4. Introduced in OpenGL 1.1.
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Environment mapping, like regular surface texturing, changes an object’s appearance
by applying a texture map to its surface. An environment texture map, however, takes
into account the surrounding view of the object’s environment. If the object’s surface has
high specularity, the texture map shows surrounding objects reflected off of the surface.
Objects with low specularity can be textured with an image approximating the radiance
coming from the surrounding environment.

The environment map, once created, must be properly applied to an object’s surface.
Since it is simulating a lighting effect, texels are selected as a function of the normal
vector or reflection vector at each point on the surface. These vectors are converted into
texture coordinates at each vertex, then interpolated to each point on the surface, as
they would for a regular surface texture. Using these vectors as inputs to the texture
generation function makes it possible to simulate the behavior of diffuse and specular
lighting artifacts.

54.1

The OpenGL environment mapping functionality is divided into two parts: a set of texture
coordinate generation functions, and an additional texture map type called a cube map.
To maximize flexibility, the two groups are orthogonal; texture generation functions can
be used with any type of texture map, and cube map textures can be indexed normally
with three texture coordinates. There are three texture generation functions designed for
environment mapping; normal mapping, reflection vector mapping, and sphere mapping.
A function can be selected by setting the appropriate parameter to g1 TexGen command:
GL_NORMAL_MAP, GL_REFLECTION_MAP, or GL_SPHERE_MAP.

Normal vector texture generation makes it possible to apply a texture map onto a
surface based on the direction of the surface normals. It uses the three component vertex
normals as texture coordinates, mapping Ny, Ny, and N into s, ¢, and 7, respectively.
Normal vectors are assumed to be unit length, so the generated texture coordinates range
from —1 to 1. This technique is useful for environment mapping an object’s diffuse
reflections; the surface color becomes a function of the surface’s orientation relative to
the light sources of its surroundings.

Reflection texture generation indexes a surface texture based on the component val-
ues of the reflection vector. The reflection vector is computed using the vertex normal
and an eye vector. The eye vector is of unit length, pointing from the eye position toward
the vertex. Both the eye vector U, and the reflection vector R, are computed in eye space.
The reflection vector is generated by applying the equation R = U — 2NT(U - N), where
N is the vertex normal transformed into eye space. The reflection equation used is the
standard for computing the reflection vector given a surface normal and incident vector.’

5. Many texts (Foley et al., 1990; Foley et al., 1994; Rogers, 1997) present this reflection vector formula
with a sign reversed, but it is the same fundamental formula. The difference is simply one of convention:
the OpenGL U vector points from the eye to the surface vertex (an eye-space position), while many texts
use a light vector pointing from the surface to the light.
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Figure 5.4 Sphere map coordinate generation.

Once the reflection vector is computed, its components are converted to texture
coordinates, mapping Ry, Ry, and R; to s, ¢, and r, respectively. Because N and U
are normalized, the resulting R is normalized as well, so the texture coordinates will
range from —1 to 1. This function is useful for modeling specular objects, whose lighting
depends on both object and viewer position.

Sphere map texture generation has been supported by OpenGL since version 1.0.
While the other two texture generation modes create three texture coordinates, sphere
map generation only produces twoj; s and ¢. It does this by generating a reflection vector,
as defined previously, then scaling the Ry and R, components by a modified reflection

vector length, called m. The m length is computed as 2\/R§ + R} + (R, + 1)?. Dividing

the R and Ry, by this 7z length projects the two components into a vector describing a unit
circle in the R; = 0 plane. When these scaled Ry and Ry, vectors are scaled by % and biased
by %, they are bounded to a [0,1] range and can be used as s and ¢ coordinates. While
the other texture generation modes create three texture coordinates, requiring a texture
map that can index them (usually a cube map), the sphere map generation function can
be used with a normal 2D texture (Figure 5.4).

5.4.2

The following sections describe the two basic OpenGL environment mapping techniques:
sphere mapping and cube mapping (for a description of another environment mapping
method, dual paraboloid mapping, see Section 14.8).

We’ll consider the creation and application of environment textures, as well as the
limitations associated with their usage. In both cases, sampling issues are paramount. Any
functionality that converts normal vectors into texture coordinates will have sampling
issues. Since texture maps themselves are not spherical, any coordinate generation method
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will produce sampling rates that vary across the texture. Another important consideration
when evaluating environment maps is the effort required to create an environment map
texture. This issue looms larger when environment maps must be created dynamically,
or if the environment mapping technique is not view-independent.

543

From its first specification, OpenGL supported environment mapping, but only through
sphere map texture generation. With OpenGL 1.3, cube map textures, partnered with nor-
mal and reflection texture coordinate generation, have been added to augment OpenGL’s
environment mapping capabilities. A cube map texture is composed of six 2D texture
maps, which can be thought of as covering the six faces of an axis-aligned cube. The
s, t, and 7 texture coordinates form the components of a normalized vector emanating
from the cube’s center. Each component of the vector is bound to the range [—1, 1]. The
vector’s major axis, the axis of the vector’s largest magnitude component, is used to select
the texture map (cube face). The remaining two components index the texels used for
filtering. Since the components range from —1 to 1, the filtering step scales and biases the
values into the normal 0 to 1 range so they can be used to index into the cube face’s 2D
texture.

Cube map functionality has been added to the OpenGL in a very orthogonal manner,
so the OpenGL commands and methodology needed to use them should be familiar.
To use a cube map, the cube map textures must be loaded, configured, and enabled.
The appropriate texture coordinates must be set or generated (the latter is the more
common case) for each vertex. A cube map texture can be loaded with the usual OpenGL
functions, including g1 TexImage2D and g1CopyTexImage2D. The target must be set
to one of the six cube map faces, listed in Table 5.1.

The OpenGL enumeration values are consecutive, and increase from the top to the
bottom of the table. This enumerant ordering makes it easier to load the images using a
loop construct in the application code. Cube map texturing is enabled using g1Enable
with an argument of GL_TEXTURE_CUBE_MAP.

Each cube map face can be a single 2D texture level or a mipmap. The usual pro-
cedures apply; the only difference is in the texture target name. The appropriate texture

Tahle 5.1 Cube Map Texture Targets

GL_TEXTURE_CUBE_MAP_POSITIVE_X
GL_TEXTURE_CUBE_MAP_NEGATIVE_X
GL_TEXTURE_CUBE_MAP_POSITIVE_Y
GL_TEXTURE_CUBE_MAP_NEGATIVE_Y
GL_TEXTURE_CUBE_MAP_POSITIVE_Z
GL_TEXTURE_CUBE_MAP_NEGATIVE_Z
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target shown in Table 5.1 must be used in the place of GL_TEXTURE_2D. The same
caveats and limitations also apply; if the cube map does not have mipmapped faces, its
minification filter must be set to an appropriate type, such as GL_LINEAR. The minifica-
tion filter of GL_LINEAR_MIPMAP_LINEAR is the default minification value, just as it is
for 2D textures.

If the application enables multiple texture maps at the same time, cube map textures
take precedence over 1D, 2D, or 3D texture maps. If multitexturing is used, cube map
textures can be bound to one or more texture units. Multiple cube maps can also be
managed with texture objects.

As noted previously, a cube map can be indexed directly using texture coordinates.
A 3D set of texture coordinates must be applied to each vertex, using a command such as
glTexCoord3f. Although setting texture coordinates directly can be useful, especially
for debugging, the most common way to index cube map textures is with a texture
generation function. In this case, the texture generation function should create s, #, and
7 components. To set the s coordinate to reflection texture generation, the g1 TexGen
function is set with the GL_S coordinate, the GL_TEXTURE_GEN_MODE parameter, and
the GL_REFLECTION_MAP value.

The combination of a texture generation function and a cube map can be thought of
as a programmable function that can take as input one of two types of 3D vectors.; the
texture map provides the filtered table lookup, while the texture coordinate generation
provides the input vector. The GL_EYE_LINEAR texgen provides the eye vector to the
vertex, GL_NORMAL_MAP provides the vertex’s normal, and GL_REFLECTION_MAP
provides its reflection vector.

Cube Map Texture Limitations

Although very powerful, cube map texturing has a number of important limitations.
Since the textures aren’t spherical, the sampling rate varies across each texture face.
The sample rate is best at the center of each texture face; a fixed angular change in
direction cuts through the smallest number of texels at this point. The ratio between the
best and worst sampling rates is signficant; although better than sphere maps, it is worse
than dual paraboloid maps.

Sampling across cube face boundaries can also be an issue. Since a cube texture
is composed of six non-overlapping pieces, creating textures that provide good border
sampling isn’t trivial. Cube map textures with borders must correctly sample texel values
from their neighbors; because of the cube geometry, simply using a strip of texels from
adjacent textures will result in slightly inaccurate sampling. The border texels must be
projected back along the line to the cube center to find the adjacent cube samples that
provide their colors.

Things get more complex if mipmapped textures with borders are used. Border texels
cover different areas, depending on the coarseness of the mipmap level. Mipmap textures
with borders handle texture coordinates generated from rapidly changing vertex vectors.
An example is a small triangle, covering only a few pixels on the screen, containing
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Figure 5.5 Cube map texture border calculations.

three highly divergent vertex normals. Normal or reflection vector interpolation leads to
adjacent pixels sampled from different faces of the cube map; only good texture generation
will avoid aliasing artifacts in these conditions.

If a geometry primitive with antiparallel vectors is interpolated, the interpolated
vector may become degenerate. In this case, the sampled texel will be arbitrary. A cube
map with mipmapped face textures will reduce the chance of aliasing in this case. Such
interpolations have a large derivative value, and the coarse mipmap levels of the cube
faces tend to have similar texel colors. Cube map textures also consume lots of texture
memory. For any given texture resolution (which because of the sampling rate variations,
tend to be large to maintain quality), the texture memory usage must be multipled by six
to take into account all of the cube faces.

544 Sphere Mapping

Sphere mapping is the original environment mapping method for OpenGL; it has been a
core feature since OpenGL 1.0. A sphere map texture is a normal 2D texture with a spe-
cially distorted image on it. The sphere map image is inscribed in the interior of a circle in
the texture map with radius % centered at (%, %) in texture coordinates. The image within
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the circle can be visualized as the image of a chrome sphere reflecting its surroundings.
The silhouette edge of the sphere is seen as an extreme grazing reflection of whatever
is directly behind the sphere. Visualize the sphere as infinitely small; it doesn’t obscure
any objects, and its grazing reflection is of only one point behind it. This implies that,
ignoring sampling issues, every point on the circle’s edge of a properly generated sphere
map should be the same color. Properly normalized reflection vectors are guaranteed to
fall within the sphere map’s circle, so texels outside the circle will never be filtered.

Since sphere mapping requires only a single texture, configuring OpenGL for sphere
mapping is straightforward. The desired sphere map texture is made current, then tex-
turing is done in the usual manner. The sphere map texture image is designed to map
texture coordinates derived from reflection vectors at each vertex. Although regular tex-
ture coordinates can be used, OpenGL provides a special texture coordinate generation
mode that can be used to map texture coordinates from reflection vectors. Since a sphere
map texture is 2D, only the s and ¢ coordinates need to be generated:

glTexGeni(GL_S, GL_TEXTURE_GEN_MODE, GL_SPHERE_MAP);
glTexGeni(GL_T, GL_TEXTURE_GEN_MODE, GL_SPHERE_MAP);

glEnable(GL_TEXTURE_GEN_S);
glEnable(GL_TEXTURE_GEN_T);

As with any environment mapping technique, the combination of sphere map texture
and sphere map texture coordinate generation can be thought of as a 2D mapping function
converting reflection vector directions into color values.

Sphere Map Limitations

Although sphere mapping can be used to create convincing environment mapped objects,
sphere-mapped reflections are not physically correct. Most of the artifacts come from
the discrepancy between a sphere map image generation and its application onto tex-
tured geometry. A sphere map image is mapped as if its reflection vectors originate from
a single location. On the other hand, a sphere map texture is often applied over the
extended area of an object’s surface. As a result, sphere-mapped objects can’t accu-
rately reproduce the optical effect of reflecting a nearby object, or represent a reflective
object that is self-reflecting. Sphere mapping results are only completely accurate when
the assumption is made that all of the reflected surroundings are infinitely far from the
reflective object.

The variable sampling rate of sphere map can also lead to sampling artifacts. The
computed texture coordinates are perspective correct at the vertices, but linearly inter-
polated across each polygon. Unfortunately, a sphere map image is highly non-linear,
so this interpolation is not correct. This can lead to poor sampling rates for the parts of
the textured primitive that sample near the edge of the sphere map circle, with the usual
aliasing artifacts.



Environment Mapping 87

Reasonably sampled polygons Reasonable: Intended environment ‘Wrong: But 2D texturing hardware
that do not cross behind the wrap through the sphere map simply crosses the environment
spere map perimeter instead of wrapping

Figure 5.6 The source of sphere mapping sparkles.

Additionally, the points at the edge of the sphere-map circle all map to the same
location. This can lead to multiple valid but varying interpolations for the same set of
vertex texture coordinates; interpolating within the sphere map circle, or interpolating
the “long way around,” across the sphere-map circle boundary. This type of interpolation
is necessary when the reflecting primitive is nearly edge on to the viewer. In these cases,
sphere map coordinates will be interpolated incorrectly, since they always interpolate
within the sphere map circle. Figure 5.6 illustrates this ambiguity.

The failure to wrap around the sphere map edge is responsible for an unsightly artifact
that appears as random “sparkles” or “dirt” at the silhouette edge of a sphere-mapped
object. The wrong texels are used to texture the polygons, causing the object to have
miscolored regions. Generally the incorrectly sampled polygons are small, causing the
artifacts to look like “dirt”. Because these grazing polygons are small in screen space,
the number of affected pixels is usually small. Still the effectively random sparkling can
be objectionable, particularly in animated scenes. Figure 5.7 shows a scene with sparkle
artifacts, a zoomed in section of the scene sparkles at the silhouette edge of the sphere-
mapped object.

This problem can be solved by careful splitting of silhouette polygons, forcing the
correct texels to be sampled in the resulting polygons. The polygons should be split
along the boundary of the polygon where the interpolated reflection vector is parallel to
the direction of view (and maps to the the sphere map edge). This can be an expensive
operation, however. It may be better to use a more robust technique such as cube mapping.

The final major limitation of sphere maps is that their construction assumes that the
center of the sphere map reflects directly back at the viewer. When constructing sphere
maps, the construction is based on a particular view orientation. The sphere map image is
view-dependent. This means unless the sphere map is regenerated for different views, the
sphere map will be incorrect as the viewer’s relationship to the textured object changes.



88 Texture Mapping

(a)

Figure 5.7 Example showing sparkle artifacts.

To avoid artifacts, new sphere map texture images must be created and loaded as
the viewer/object relationship changes. If the environment mapped object is reflecting a
dynamic environment, this continuous updating may be required anyway. This require-
ment is a major limitation for using sphere maps in dynamic scenes with a moving
viewer.

5.5 3D Texture

An important point to note about 3D textures in OpenGL is how similar they are to
their 1D and 2D relatives. From the beginning, OpenGL texturing was designed to be
extensible. As a result, 3D textures are implemented as a straightforward extension of 2D
and 1D textures. Texture command parameters are similar; a GL_TEXTURE_3D target
is used in place of GL_TEXTURE_2D or GL_TEXTURE_1D.® The texture environment
remains unchanged. 3D texture internal and external formats and types are the same,
although a particular OpenGL implementation may limit the availability of 3D texture
formats.

A 3D texture is indexed with s, ¢, and r texture coordinates instead of just s and ¢.
The additional texture coordinate complexity, combined with the common uses for 3D
textures, means texture coordinate generation is used more commonly for 3D textures

6. 3D textures were added to OpenGL 1.2; prior to 1.2 they are available as an extension.
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Figure 5.8 3D Texture Maps.

than for 1D and 2D. Figure 5.8 shows a 3D texture, its 2D image components, and how
it is indexed with s, ¢, and 7.

3D texture maps take up a large amount of texture memory, and are expensive to
change dynamically. This can affect the performance of multipass algorithms that require
multiple passes with different textures.

The texture matrix operates on 3D texture coordinates in the same way that it does
for 1D and 2D textures. A 3D texture volume can be translated, rotated, scaled, or
have any other combination of affine and perspective transforms applied to it. Applying
a transformation to the texture matrix is a convenient and high-performance way to
manipulate a 3D texture, especially when it is too expensive to alter the texel values
directly.

A clear distinction should be made between 3D textures and mipmapped 2D textures.
3D textures can be thought of as a solid block of texture, requiring a third texture
coordinate 7, to access any given texel. A 2D mipmap is a series of 2D texture maps,
each filtered to a different resolution. Texels from the appropriate level(s) are chosen and
filtered, based on the relationship between texel and pixel size on the primitive being
textured.

Like 2D textures, 3D texture maps may be mipmapped. Instead of resampling a
2D image, at each level the entire texture volume is resampled down to an eighth of its
volume. This is done by averaging a group of eight adjacent texels on one level down
to a single texel on the next. Mipmapping serves the same purpose in both 2D and 3D
texture maps; it provides a means of accurately filtering when the projected texel size is
small relative to the pixels being rendered.

5.5.1

A straightforward 3D texture application renders solid objects composed of heteroge-
neous material. A good example would be rendering an object made of solid marble
or wood. The object itself is composed of polygons or non-uniform rational B-splines
(NURBS) surfaces bounding the solid. Combined with proper texgen values, rendering
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the surface using a 3D texture of the material makes the object appear cut out of the mate-
rial. In contrast, with 2D textures, objects often appear to have the material laminated
on the surface. The difference can be striking when there are obvious 3D coherencies in
the material texture, especially if the object has sharp angles between its surfaces.

Creating a solid 3D texture starts with material data. The material color data
is organized as a three dimensional array. If mipmap filtering is desired, use
g1Build3DMipmaps to create the mipmap levels. Since 3D textures can use up a lot of
texture memory, many implementations limit their maximum allowed size. Verify that the
size of the texture to be created is supported by the system and there is sufficient texture
memory available for it by calling g1TexImage3D with GL_PROXY_TEXTURE_3D to
find a supported size. Alternatively, g1Get with GL_MAX_3D_TEXTURE_SIZE retrieves
the maximum allowed size of any dimension in a 3D texture for the OpenGL implemen-
tation, though the result may be more conservative than the result of a proxy query, and
doesn’t take into account the amount of available texture memory.

The key to applying a solid texture accurately on the surface is using the right texture
coordinates at the vertices. For a solid surface, using g1TexGen to create the texture
coordinates is the easiest approach. Define planes for s, #, and 7 in object space to orient
the solid material to the object. Adjusting the scale has more effect on texture quality
than the position and orientation of the planes, since scaling affects the spacing of the
texture samples.

Texturing itself is straightforward. Using g1Enable(GL_TEXTURE_3D) to enable
3D texture mapping and setting the texture parameters and texture environment appro-
priately is all that is required. Once properly configured, rendering with a 3D texture is
no different than other types of texturing. See Section 14.1 for more information on using
3D textures.

5.6 Filtering

While texture image is a discrete array of texels, texture coordinates vary continu-
ously (at least conceptually) as they are interpolated across textured primitives during
rendering. This creates a sampling problem. When rendering textured geometry, the dif-
ference between texture and geometric coordinates causes a pixel fragment to cover an
arbitrary region of the texture image (called the pixel footprint). Ideally, texture filter-
ing integrates weighted contributions from all the texels covered by the pixel footprint.
The discussions in Section 4.1 regarding digital image representation and sampling are
equally valid when applied to texture mapping. Texture mapping operations can intro-
duce aliasing artifacts if inadequate sampling is performed. In practice, texture mapping
doesn’t approach ideal sampling because of the large performance penalty incurred by
accessing and integrating all contributing sample values. In some circumstances, filtering
results can be improved using special techniques inside the application. For example,
Section 14.7 describes techniques for dealing with anisotropic footprints.
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OpenGL provides a set of filtering methods for sampling and integrating texel values.
The available filtering choices depend on whether the texels are being magnified (when
the pixel footprint is smaller than a single texel) or minified (the pixel footprint is larger
than a single texel).

The simplest filter method is point sampling: only a single texel value, from the texel
nearest the texture coordinate’s sample point, is selected. This type of sampling, called
GL_NEAREST in OpenGL, is useful when an application requires access to unmodified
texel values (e.g., when a texture map is being used as a lookup table). Point sampling
seldom gives satisfactory results when used to add surface detail, often creating distracting
aliasing artifacts. Instead, most applications use an interpolating filter.

Bilinear texturing is the next step up for filtering texture images. It performs a
linear interpolation of the four texels closest to the sample point. In image process-
ing parlance, this is a tent or triangle filter using a 2x2 filter kernel. In OpenGL
this type of filtering is referred to as GL_LINEAR. For magnified textures, OpenGL
supports GL_LINEAR and GL_NEAREST filtering. For minification, OpenGL supports
GL_NEAREST and GL_LINEAR, as well as a number of different mipmapping (Williams,
1983) approaches. The highest quality (and most computationally expensive) mipmap
method core OpenGL supports is tri-linear mipmapping. This mipmapping method,
called GL_LINEAR_MIPMAP_LINEAR, performs bilinear filtering on the two closest
mipmap levels, then interpolates the resulting values based on the sample point’s level of
detail.

Some OpenGL implementations support an extension called
SGIS_texture_filterd. This is a texture filtering method that provides a larger
filter kernel. It computes the weighted sum of the 4x4 texel array closest to the sam-
ple point. Anisotropic texturing, which handles textures with a higher minification
value in a certain direction (this is common in textures applied to geometry that is
viewed nearly edge on), is also supported by some OpenGL implementations with the
EXT_texture_filter_anisotropic extension. Anisotropic texturing samples a
texture along the line of maximum minification. The number of samples depends on
the ratio between the maximum and minimum minification at that location.

5.7 Additional Control of Texture Level of Detail

In OpenGL 1.0 and 1.1, all of the mipmap levels of a texture must be specified and con-
sistent. To be consistent, every mipmap level of a texture must have half the dimensions
of the previous mipmap level of detail (LOD) until reaching a level having one or both
dimensions of length one, excluding border texels. In addition, all of a mipmap’s levels
must use the same internal format and border configuration (Figure 5.9).

If mipmap filtering is requested for a texture, but all the mipmap levels of a texture
are not present or are not consistent, OpenGL silently disables texturing. A common
pitfall for OpenGL programmers is to accidently supply an inconsistent or incomplete set
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Figure 5.9 Multiple levels of texture detail using mipmaps.

of mipmap levels, resulting in polygons being rendered without texturing. For a common
example of this problem, consider an application that specifies a single texture level
without setting the minification filter setting. The default minification filter in OpenGL,
GL_LINEAR_MIPMAP_LINEAR, requires a consistent mipmap. As a result, the texture is
inconsistent with the minification filter being used, and texturing is disabled.

OpenGL 1.2 relaxes the texture consistency requirement by allowing the application
to specify a contiguous subset of mipmap levels to use. Only the levels specified must
exist and be consistent. For example, this feature permits an application to specify only
the 1x1 through 256 x256 mipmap levels of a texture with a 1024x 1024 level O texture,
and still mipmap with these levels, even if the 512x512 and 1024 x 1024 levels are not
loaded. The application can do this by setting the texture’s GL_TEXTURE_BASE_LEVEL
and GL_TEXTURE_MAX_LEVEL parameters appropriately. An OpenGL application will
not use texture levels outside the range specified by these values, even if the level of detail
parameter indicates that they are the most appropriate ones to use.

The level of detail parameter, A, is used in the OpenGL specification to describe the
size relationship between a pixel in window space, and the corresponding texel(s) that
covers it. If the texture coordinates of a textured primitive were overlayed onto the prim-
itive in screen space, and the texture coordinates were scaled by the texture dimensions,
the ratio of these coordinates shows how the texels in the texture map correspond to the
pixels in the primitive. A ratio can be computed for each texture coordinate relative to the
x and y coordinates in window space. Taking log, of the largest scale factor produces A.
This parameter is measured to choose between minification and magnification filters, and
to select mipmap levels when mipmap minification is enabled.

Limiting OpenGL to a limited range of texture levels is useful if an application must
guarantee a constant update rate. From the previous example, if texture load bandwidth
is a bottleneck, the application might constrain the base and maximum LODs when it
doesn’t have enough time to load the 512x 512 and 1024 x 1024 mipmap levels from disk.
In this case, the application chooses to settle for lower resolution LODs, possibly resulting
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Figure 5.10 Loadinga mipmap over multiple frames using LOD control.

in blurry textured surfaces, rather than not updating the image in time for the next frame.
On subsequent frames, when the application gets enough additional time to load the full
set of mipmap levels for the texture, it can load the finer levels, change the LOD limits,
and render with full texture quality. The OpenGL implementation can be configured to
use only the available levels by clamping the A LOD value to the range of available ones.

OpenGL provides finer control over LOD than specifying a range of texture levels.
The minimum and maximum allowable LOD values themselves can be specified. The
OpenGL 1.2 GL_TEXTURE_MIN_LOD and GL_TEXTURE_MAX_LOD texture parameters
provide a further means to clamp the A LOD value. The min and max values can be
fractional, allowing the application to control the blending of two mipmap levels.” An
application can use the min and max values to gradually “sharpen up” to a finer mipmap
level over a number of frames, or gradually “blur down” to a coarser level.

This functionality can be used to make the use of finer texture levels as they become
available less abrupt and noticeable to the user. Section 14.6 applies this feature to the
task of texture paging. Figure 5.10 shows how texture level and LOD ranges can work
together to allow the application fine control over loading and using a mipmap. In this
example, a mipmap’s levels are being loaded over a number of frames. LOD control is
used to ensure that the mipmap can be put to use while the loading occurs, with minimal
visual artifacts.

5.8 Texture Objects

Most texture mapping applications switch among many different textures during the
course of rendering a scene. To facilitate efficient switching among multiple textures

7. This same functionality for controlling texture level of detail is also available through the
SGIS_texture_Tlod extension.
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and to facilitate texture management, OpenGL uses fexture objects to maintain texture
state.b

The state of a texture object contains all of the texture images in the texture (including
all mipmap levels) and the values of the texturing parameters that control how tex-
els are accessed and filtered. Other OpenGL texture-related states, such as the texture
environment or texture coordinate generation modes, are not part of a texture object’s
state.

As with display lists, each texture object is identified by a 32-bit unsigned integer
which serves as the texture’s name. Like display list names, the application is free to
assign arbitrary unused names to new texture objects. The command g1GenTextures
assists in the assignment of texture object names by returning a set of names guaranteed
to be unused. A texture object is bound, prioritized, checked for residency, and deleted by
its name. Each texture object has its own texture target type. The four supported texture
targets are:

e GL_TEXTURE_ID
e GL_TEXTURE_Z2D
e GL_TEXTURE_3D
e GL_TEXTURE_CUBE_MAP

The value zero is reserved to name the default texture of each texture target type. Calling
glBindTexture binds the named texture object, making it the current texture for the
specified texture target. Instead of always creating a new texture object, g1BindTexture
creates a texture object only when a texture image or parameter is set to an unused texture
object name. Once created, a texture object’s target (1D, 2D, or 3D) can’t be changed.
Instead, the old object must be destroyed and a new one created.

TheglTexImage,glTexParameter,glGetTexParameter,glGetTexLevel-
Parameter,and g1 GetTexImage commands update or query the state of the currently
bound texture of the specified target type. Note that there are really four current textures,
one for each texture target type: 1D, 2D, 3D, and cube map. When texturing is enabled,
the current texture object (i.e., current for the highest priority enabled texture target)
is used for texturing. When rendering geometric objects using more than one texture,
glBindTexture can be used to switch among them.

Switching textures is a fairly expensive operation; if a texture is not already resident
in the accelerator texture memory, switching to a non-resident texture requires that the
texture be loaded into the hardware before use. Even if the texture is already loaded,
caches that maximize texture performance may be invalidated when switching textures.
The details of switching a texture vary with different OpenGL implementations, but

8. Texture objects were added in OpenGL 1.1.
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it’s safe to assume that an OpenGL implementation is optimized to maximize texturing
performance for the currently bound texture, and that switching textures should be
minimized.

Applications often derive significant performance gains sorting the objects they are
about to render by texture. The goal is to minimize the number of g1BindTexture
commands required to draw the scene. Take a simple example: if a scene uses three
different tree textures to draw several dozen trees within a scene, it is a good idea to
group the trees by the texture they use. Then each group can be rendered in turn, binding
the group’s texture, then rendering all the group’s members.

5.9 Multitexture

OpenGL 1.3 extends core texture mapping capability by providing a framework to sup-
port multiple texture units. This allows two or more distinct textures to be applied to a
fragment in one texturing pass.” This capability is generally referred to by the name mulzi-
texture. Each texture unit has the ability to access, filter, and supply its own texture color
to each rasterized fragment. Before multitexture, OpenGL only supported a single texture
unit. OpenGL’s multitexture support requires that every texture unit be fully functional
and maintain state that is independent of all other texture units. Each texture unit has its
own texture coordinate generation state, texture matrix state, texture enable state, and
texture environment state. However, each texture unit within an OpenGL context shares
the same set of texture objects.

Rendering algorithms that require multiple rendering passes can often be reimple-
mented to use multitexture and operate with fewer passes. Some effects, due to the number
of passes required or the need for high color precision, are only viable using multitexture.

Many games, such as Quake (id Software, 1999) and Unreal (Epic Games, 1999),
use light maps to improve the lighting quality within their scenes. Without multitexture,
light map textures must be modulated into the scene using a second blended rendering
pass, after the first pass renders the surface texture. With multitexture, the light maps
and surface texture can be rendered in a single rendering pass. This reduces the transfor-
mation overhead almost in half: rendering light maps as part of a single multitextured
rendering pass means the polygons are only transformed once. Framebuffer update over-
head is also lower when using multitexture to render light maps: when multitexture is
used, the overhead of blending in the second rendering pass is eliminated. The compu-
tation moves from the framebuffer blending part of the pipeline to the second texture
unit’s environment stage. This means the light maps only affect the processing of multi-
textured geometry, rather than the entire scene. Light maps are described in more detail in
Section 15.5.

9. This functionality was also available earlier as the ARB_multitexture extension.
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5.9.1

The multitexture API adds commands that control the state of one or more texture units.
The glActiveTexture command determines which texture unit will be affected by the
OpenGL texture commands that follow. For example, to enable 2D texturing on texture
unit 0 and 1D texturing on texture unit 1, issue the following OpenGL commands:

glActiveTexture(GL_TEXTUREOQ) ;
glEnable(GL_TEXTURE_2D);
glActiveTexture(GL_TEXTUREL);
glEnable(GL_TEXTURE_1D);

Note that the state of each texture unit is completely independent. When multitex-
ture is supported, other texture commands such as g1TexGen, glTexImage2D, and
glTexParameter affect the current active texture unit (as set by glActiveTexture).
Other commands, such as glDisable, glGetIntegerv, gIMatrixMode,
glPushMatrix, and gT1PopMatrix, also operate on the current active texture unit
when updating or querying texture state.

The number of texture units available in a given OpenGL implementation can be
found by querying the implementation-dependent constant GL_MAX_TEXTURE_UNITS.
using g1GetIntegerv. To be conformant with the OpenGL specification, implementa-
tions should support at least two units, but this may not always be the case. To be safe,
the application should query the number available before multitexturing.

OpenGL originally supported a single set of texture coordinates. With the addition
of multitexture, vertex attributes have been extended to include a number of texture
coordinate sets equal to the maximum number of texture units supported by the imple-
mentation. Rather than modifying the behavior of the existing g1 TexCoord command,
multitexture provides g1MultiTexCoord commands for setting texture coordinates for
each texture unit. For example:

gIMultiTexCoord2f(GL_TEXTUREO, sO, t0);
glMultiTexCoord4f(GL_TEXTUREL, s1, tl1, rl, ql);
gIMuTtiTexCoordli(GL_TEXTUREZ, s2);
glVertex3f(x, y, z);

The behavior of the g1TexCoord family of routines is specified to update just texture
unit zero.

Multitexture also supports vertex arrays for multiple texture coordinate sets. In
this case, an active texture paradigm is used. Because vertex arrays are considered
client state, the g1ClientActiveTexture command is added to control which ver-
tex array texture coordinate set the g1 TexCoordPointer, glEnableClientState,
glDisableClientState, and glGetPointerv commands effect or query. To illus-
trate, this example code fragment provides no texture coordinates for texture unit
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zero, but provides an array pointing to the data in tex_array_ptr for texture
unit one:

glClientActiveTexture(GL_TEXTUREQ);
glDisableClientState(GL_TEXTURE_COORD_ARRAY);
glClientActiveTexture(GL_TEXTUREI);
glTexCoordPointer(2, GL_FLOAT, 0, tex_array_ptr);
glEnableClientState(GL_TEXTURE_COORD_ARRAY);

Multitexturing also extends the current raster position to contain a distinct texture
coordinate set for each supported texture unit. Multitexture support was not provided
uniformly throughout OpenGL; evaluator and feedback functionality are not extended
to support multiple texture coordinate sets. Evaluators and feedback utilize only texture
coordinate set zero.

The g1PushAttrib,glPopAttrib,glPushClientAttrib,andglPopClient-
Attrib push and pop respectively all the respective server or client texture state of all
texture units when texture-related state is pushed or popped.

5.9.2

Much of the multitexture functionality, such as texture coordinate generation, texel
lookup, and texture filtering, can be thought of as operating independently in each texture
unit. But they must interact during the texture environment stage to provide a single
fragment color. The multitexture pipeline uses a cascade model to combine the incoming
fragment color with the fragment’s texture contribution from each texture unit. The first
enabled texture unit uses its state to control how to combine the incoming fragment color
with its corresponding texture color.

The resulting color is passed to the next enabled texture unit, where the process is
repeated. The texture unit uses its environment state to control how the incoming color
(which came from the previous active texture unit), is combined with the corresponding
texture color, then passes the resulting color to the next active unit.

This process continues until all the enabled texture units have modified the frag-
ment color. The texture units are accessed by increasing numerical order; texture unit 0
(if active), then texture unit 1 (if active), and so on. Figure 5.11 illustrates the multitexture
dataflow.

Multitexture with basic texture environment functionality is extremely useful for
streamlining multitexture algorithms such as light maps or environment mapping. But
modern multitexture hardware has evolved to support a substantially more flexible facility
for combining multiple textures. This evolution is reflected in a number of additions to the
texture environment functionality. Multitexturing techniques reach their fullest potential
when used with this more advanced version of texture environment. It is implemented
in OpenGL through the ARB_texture_env_combine, ARB_texture_env_dot3,
and ARB_texture_env_crossbar extensions. The first two extensions was added to
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Crossbar

Figure 5.11 Multitexture texture environments. Four texture units are shown; however, the number of units available
depends on the implementation. The input fragment color is successively combined with each texture according to the
state of the corresponding texture environment, and the resulting fragment color passed as input to the next texture unit
in the pipeline.

core OpenGL 1.3, while the last is in OpenGL 1.4. The following section describes this
functionality in more detail.

5.10 Texture Environment

The texturing stage that computes the final fragment color value is called the texture
environment function (g1 TexEnv). This stage takes the filtered texel color (the texture
color) and the untextured color that comes from rasterizing the untextured polygon,
called the fragment color. In addition to these two input values, the application can also
supply an additional color value, called the environment color. The application chooses
a method to combine these colors to produce a final color. OpenGL provides a fixed set
of methods for the application to choose from.

Each of the methods provided by OpenGL produce a particular effect. One of the
most commonly used is the GL_MODULATE environment function. The modulate function
multiplies or modulates the polygon’s fragment color with the texel color. Typically,
applications generate polygons with per-vertex lighting enabled and then modulate the
texture image with the fragment’s interpolated lighted color value to produce a lighted,
textured surface.

The GL_REPLACE texture environment!'® function is much simpler. It just replaces
the fragment color with the texture color. The replace function can be emulated in
OpenGL 1.0 by using the modulate environment with a constant white polygon color,
though the replace function has a lower computational cost.

The GL_DECAL environment function alpha-blends between the fragment color and
an RGBA texture’s texture color, using the texture’s alpha component to control the inter-
polation; for RGB textures it simply replaces the fragment color. Decal mode is undefined
for other texture formats (luminance, alpha, intensity). The GL_BLEND environment

10. Introduced by OpenGL 1.1.
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function is a little different. It uses the texture value to control the mixing of the fragment
color and the application-supplied texture environment color.

5.10.1

Modern graphics hardware has undergone a substantial increase in power and flexibil-
ity, adding multiple texture units and new ways to combine the results of the lookup
operations. OpenGL has evolved to better use this functionality by adding multitexturing
functionality and by providing more flexible and powerful fixed-function texture environ-
ment processing. This evolution has culminated in transition from a fixed-function model
to a programmable model, adding an interface for programming texturing hardware
directly with a special shading language.

As of OpenGL 1.3, three more environment function extensions were added to the
core specification. The ARB_texture_env_add extension adds the GL_ADD texture
environment function in which the final color is produced by adding the fragment and
texture color. This functionality is useful to support additive detail, such as specular
highlights, and additive lightmaps.

The ARB_texture_env_combine extension provides a fine-grain orthogonal set
of fixed-function texture environment settings. This reorganization of texture environ-
ment functionality can take better advantage of programmable texturing hardware. When
GL_COMBINE is specified, two different texture environment functions can be specified;
one for the RGB components and one for the alpha components of the incoming col-
ors. Each environment function is chosen from a corresponding set of RGB and alpha
functions.

Unlike previous texture environment functions, the combine functions are generic;
they operate on three arguments, named Arg0, Argl, and Arg2. These arguments are
specified with source and operand enumerants for each argument. Like the environ-
ment functions themselves, there are distinct sets of source and operand enumerants for
RGB and alpha color components. An argument source can be configured to be the
filtered texture color GL_TEXTURE, the application-specified texture environment color
GL_CONSTANT, the untextured fragment color from the primitive GL_PRIMARY_COLOR,
or the color from the previous texture stage GL_PREVIOUS. The components of the argu-
ment’s specified color are modified by the operand argument. An operand can choose the
RGB or alpha components of the source color, use them unchanged, or invert them
(apply a 1 — color operation to each component). Figure 5.12 illustrates the relationships
between the components that make up the combine function.

Configuring this new functionality may become clearer with an example. It uses
the GL_COMBINE functionality to mimic the GL_MODULATE function. The following
command sequence will produce the same effect as GL_MODULATE on an RGB texture:

glTexEnvi(GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_COMBINE);
gl TexEnvi(GL_TEXTURE_ENV, GL_COMBINE_RGB, GL_MODULATE);
gl TexEnvi (GL_TEXTURE_ENV, GL_SOURCEO_RGB, GL_PRIMARY_COLOR);
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Figure 5.12 The components of the combine texture function.

glTexEnvi(GL_TEXTURE_ENV, GL_SOURCEI_RGB, GL_TEXTURE);
glTexEnvi(GL_TEXTURE_ENV, GL_OPERANDO_RGB, GL_SRC_COLOR);
glTexEnvi(GL_TEXTURE_ENV, GL_OPERAND1_RGB, GL_SRC_COLOR);

glTexEnvi(GL_TEXTURE_ENV, GL_COMBINE_ALPHA, GL_REPLACE);
glTexEnvi(GL_TEXTURE_ENV, GL_SOURCEO_ALPHA, GL_PRIMARY_COLOR);
glTexEnvi(GL_TEXTURE_ENV, GL_OPERANDO_ALPHA, GL_SRC_COLOR);

The ARB_texture_env_dot3 extension augments the combine functionality, pro-
viding RGB and RGBA dot product RGB functions. Per-pixel dot product functions are
useful for a number of techniques, such as implementing a common bump mapping
technique.

With  OpenGL 1.4 another extension was added to the core;
ARB_texture_env_crossbhar. This extension also augments the combine interface.
Instead of restricting the source of a previously textured color value to the previous tex-
ture unit, the crossbar functionality makes it possible to use the output from any previous
active texture unit in the texturing chain. This makes texture environment sequences more
flexible; for example, a particular texture unit’s output can be used as input by multiple
texturing units. This functionality allows the fixed function combine interface to more
closely approximate a fully programmable one.

5.10.2

The evolution of texture environment functionality has progressed to the point
where OpenGL can support fully programmable texture (shading) hardware. The
ARB_fragment_program extension defines a programming language that can be
loaded in the pipeline through a set of new commands. Programs can be loaded, made
current, and have parameter values assigned.
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The programming language not only provides a fully programmable replacement for
texture environment operations (including support for depth textures), but also supplants
the color summation stage (for separate specular color) and fog computations, as shown
in Figure 5.13.

Besides a programming language, the fragment program extension provides addi-
tional commands for loading, selecting, and modifying fragment programs (which are
called program objects). The functionality provided is very similar to that used for texture
objects. The g1ProgramStringARB command loads a new fragment program; it can be
made current with g1BindProgramARB; and deleted with g1DeleteProgramsARB.
There are also queries and tests that can be used to retrieve a loaded program, or to check
for its existence.

Fragment programs can use environment and local variables, called parameters.
A local parameter can be thought of as a static variable, global to the program. Envi-
ronment parameters are variable values global to all programs in the implementation.
All parameters are an array of four floating-point values (eliminating a multitude of
dynamic range and precision problems in the fixed-function pipeline). These values can
be changed in a loaded program using various forms of g1ProgramEnvParameter
and gl1ProgramLocalParameter. Since these parameters can be modified in a pro-
gram even after it is loaded, it makes it possible to use a parameterized program multiple
ways, without having to reload it.

Going into the details of the fragment programming language is beyond the scope of
this book, but some general comments can give some idea of its capabilities. The currently
active fragment program operates on fragments generated during rasterization. Fragment
programs appear like assembly language, having simple instructions and operands. The
instructions have a digital signal processor (DSP) flavor, supporting trigonometric opera-
tions such as sine and cosine, dot and cross products, exponentiation, and multiply-add.
Special instructions provide texture lookup capability. Instructions operate on vector
and scalar floating-point values, they can come from attributes of the rasterized frag-
ment, temporary variables in the program, or parameters that can be modified by the
application. There is built-in support for swizzling vector arguments as well as negation.

As mentioned previously, the base extension provides no flow control or looping
constructs, but there are conditional set instructions, and instructions that can be used
to “kill” (discard) individual fragments. These instructions, in concert with local and
environment parameters that can be changed after a program is loaded, make it possible
to control (i.e., parameterize) the behavior of a fragment program. The final result of the
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program execution is a color and depth value that is passed down to the remainder of the
fragment pipeline (scissor test, alpha test, etc.).

When available, this extension can replace a significant number of multipass oper-
ations with programmable micropass ones. See Section 9.5 for details on the difference
between multipass and micropass approaches to complex rendering.

Fragment program functionality is still evolving. There are extensions to this func-
tionality, such as providing conditionals and looping constructs in the language, as well
as a set of higher level languages that are “compiled” into fragment programs, such as Cg
(NVIDIA, 2004) and GLSL (Kessenich, 2003). Other possible extensions might increase
fragment program scope to control more of the fragment processing pipeline, for example,
manipulating stencil values. At this time neither fragment or vertex program function-
ality is part of core OpenGL, but both are expected to be part of OpenGL 2.0. For this
reason, and because there are other texts covering fragment and vertex programming,
we limit our discussion of them in this book. For detailed information on this extension,
look at the documentation on the ARB_fragment_programextension and the OpenGL
Shading Language at the opengl.org website.

5.11 Summary

Texture mapping is arguably the most important functionality in OpenGL, and is still
undergoing significant evolution. Texture mapping functionality, while complex, is well
worth the time to study thoroughly. This chapter describes the basic texture mapping
machinery, Chapter 14 describes several “building block” techniques, and many of the
other chapters make extensive use of texture mapping algorithms as key parts of the
overall technique.



Rasterization and
Fragment Processing

OpenGL specifies a precise sequence of steps for converting primitives into patterns of
pixel values in the framebuffer. An in-depth understanding of this sequence is very useful;
proper manipulation of this part of the pipeline is essential to many of the techniques
described in this book. This chapter reviews the rasterization and fragment processing
parts of the OpenGL pipeline, emphasizing details and potential problems that affect
multipass rendering techniques.

OpenGL’s rasterization phase is divided into several stages, as shown in Figure 6.1.
This part of the pipeline can be broken into two major groups; rasterization and fragment
processing. Rasterization comes first: a primitive, described as a set of vertex coordinates,
associated colors and texture coordinates, is converted into a series of fragments. Here
the pixel locations covered by the primitive are determined, and the associated color and
depth values at these locations are computed. The current texturing and fog state are used
by the rasterizer to modify the fragments appropriately.

The result of the rasterization step is a set of fragments. A fragment is the part of
a primitive contained in (i.e. overlapping) a particular pixel; it includes color, window
coordinates, and depth information. After rasterization, the fragments undergo a series
of processing steps, called fragment operations. These steps include scissoring, alpha
test, depth, and stencil test and blending. At the end of fragment operations, the primi-
tive’s fragments have been used to update the framebuffer. If multisample antialiasing is
enabled, more complex fragments containing multiple color, texture coordinate, depth,
and stencil values are generated and processed for each pixel location the primitive covers.
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Figure 6.1 Rasterization pipeline.

6.1 Rasterization

OpenGL specifies a specific set of rules to determine which pixels a given primitive cov-
ers. Conceptually, the primitive is overlayed on the window space pixel grid. The pixel
coverage rules are detailed and vary per primitive, but all pixel coverage is determined by
comparing the primitive’s extent against one or more sample points in each pixel. This
point sampling method does not compute a primitive’s coverage area; it only computes
whether the primitive does or doesn’t cover each of the pixel’s sample points. This means
that a primitive can cover a significant portion of a pixel, yet still not affect its color, if
none of the pixel’s sample points are covered.

If multisampling is not being used, there is one sample point for each pixel, it is
located at the pixel center; in window coordinates this means a pixel at framebuffer
location (m,7) is sampled at (m + %, n+ %). When multisampling is enabled, the number
and location of sample points in each pixel is implementation-dependent. In addition to
some number of samples per-pixel, there is a single per-pixel coverage value with as many
bits as there are pixel samples. The specification allows the color and texture values to
be the same for all samples within a pixel; only the depth and stencil information must
represent the values at the sample point. When rasterizing, all sample information for a
pixel is bundled together into a single fragment. There is always exactly one fragment
per-pixel. When multisampling is disabled, two adjacent primitives sharing a common
edge also generate one fragment per-pixel. With multisampling enabled, two fragments
(one from each primitive) may be generated at pixels along the shared edge, since each
primitive may cover a subset of the sample locations within a pixel.

Irrespective of the multisample state, each sample holds color, depth, stencil, and
texture coordinate information from the primitive at the sample location. If multitexturing
is supported, the sample contains texture coordinates for each texture unit supported by
the implementation.

Often implementations will use the same color and texture coordinate values for
each sample position within a fragment. This provides a significant performance advan-
tage since it reduces the number of distinct sample values that need to be computed
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and transmitted through the remainder of the fragment processing path. This form of
multisample antialiasing is often referred to as edge antialiasing, since the edges of geo-
metric primitives are effectively supersampled but interior colors and texture coordinates
are not. When fragments are evaluated at a single sample position, care must be taken in
choosing it. In non-multisampled rasterization, the color and texture coordinate values
are computed at the pixel center. In the case of multisampling, the color value must be
computed at a sample location that is within the primitive or the computed color value
may be out of range. However, texture coordinate values are sampled at the pixel center
since the wrapping behavior defined for texture coordinates will ensure that an in-range
value is computed. Two reasonable choices an implementation may use for the color sam-
ple location are the sample nearest the center of the pixel or the sample location closest
to the centroid of the sample locations (the average) within the primitive.

6.1.1

The OpenGL specification does not dictate a specific algorithm for rasterizing a geometric
primitive. This lack of precision is deliberate; it allows implementors freedom to choose
the best algorithm for their graphics hardware and software. While good for the imple-
mentor, this lack of precision imposes restrictions on the design of OpenGL applications.
The application cannot make assumptions about exactly how a primitive is rasterized.
One practical implication: an application shouldn’t be designed to assume that a primi-
tive whose vertex coordinates don’t exactly match another primitive’s will still have the
same depth or color values. This can be restrictive on algorithms that require coplanar
polygons.

This lack of consistency also affects primitives that have matching vertices, but are
rendered with different rasterization modes. The same triangle drawn with GL_FTLL
and GL_LINE rendering modes may not generate matching depth or color values, or
even cover the same pixels along its outer boundary.

OpenGL consistency guidelines do require that certain changes, such as changes
in vertex color, texture coordinate position, current texture, and a host of other state
changes, will not affect the depth or pixel coverage of a polygon. If these consistency
rules were not required, it would be very difficult or impossible to perform many of the
techniques described in this book. This is because many of the book’s techniques draw
an object multiple times, each time with different parameter settings. These multipass
algorithms combine the results of rendering objects multiple times in order to create a
desired effect (Figure 6.2).

6.1.2

One consequence of inconsistent rendering is depth artifacts. If the depth information of
multiple objects (or the same object rendered multiple times) does not match fragment for
fragment, the results of depth testing can create artifacts in the color buffer. This prob-
lem, commonly known as z-fighting, creates unwanted artifacts that have a “stitched”
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Figure 6.2 Rasterization consistency.
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Figure 6.3 Coplanarz-fighting.

appearance. They appear where two objects are rasterized into fragments with depth
values that differ a very small amount, and were rendered using different algorithms.
Z-fighting can happen when attempting to position and draw two different objects
in the same plane. Because of differences in rasterization, the two coplanar objects may
not rasterize to the same depth values at all fragments. Figure 6.3 shows two triangles
drawn in the same plane. Some of the fragments from the farther triangle have replaced
fragments from the closer triangle. At these fragment locations, rasterization of the farther
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triangle has generated a depth value that is smaller than the one generated by the closer
one. The depth test discards the fragments from the closer triangle, since it is configured
to keep fragments with smaller depth values. The problem is exacerbated when the scene
is animated, since different pixels may bleed through as the primitives change orientation.
These problems result from numerical rounding errors; they become significant because
the depth values for the fragments are so close together numerically.

There are a number of ways to avoid z-fighting. If two coplanar polygons are required,
the application can take care to use the same vertices for both of them, and set their states
to ensure that the same rasterization method is used on both of them. If this isn’t possible,
the application can choose to disable depth testing altogether, and use the stencil buffer
for any masking that is required (Section 16.8). Another approach is to displace one
of the two polygons toward the viewer, so the polygons are separated enough in depth
that rasterization differences won’t cause one polygon to “bleed through” another. Care
should be taken with this last approach, since the choice of polygon that should be
displaced toward the viewer may be orientation-dependent. This is particularly true if
back-facing polygons are used by the application.

OpenGL does provide a mechanism to make the displacement method more con-
venient, called polygon offset. Using the g1Polygon0ffset command allows the
programmer to set a displacement for polygons based on their slope and a bias value. The
current polygon offset can be enabled separately for points, lines and polygons, and the
bias and slope values are signed, so that a primitive can be biased toward or away from
the viewer. This relieves the application from the burden of having to apply the appropri-
ate offset to primitive vertices in object space, or adjusting the modelview matrix. Some
techniques using polygon offset are described in Section 16.7.2.

6.1.3

Points, lines, and polygons are not the only primitives that are rasterized by OpenGL.
Bitmaps and pixel rectangles are also available. Since rasterized fragments require window
coordinates and texture coordinates as well as color values, OpenGL must generate the
x, y, and z values, as well as a set of texture coordinates for each pixel and bitmap
fragment. OpenGL uses the notion of a raster position to augment the pixel rectangles
and bitmaps with additional position information. A raster position corresponds to the
lower left corner of the rectangular pixel object. The gTRasterPos command provides
the position of the lower left corner of the pixel rectangle; it is similar to the g1Vertex
call in that there are 2-, 3-, and 4-component versions, and because it binds the current
texture coordinate set and color to the pixel primitive.

The coordinates of a raster position can be transformed like any vertex, but only
the raster position itself is transformed; the pixel rectangle is always perpendicular to
the viewer. Its lower left corner is attached to the raster position, and all of its depth
values match the raster position’s z coordinate. Similarly, the set texture coordinates and
color associated with the raster position are used as the texture coordinates for all the
fragments in the pixel primitive.
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6.1.4

Although it doesn’t define a specific algorithm, the OpenGL specification provides specific
guidelines on how texture coordinates, color values, and depth values are calculated for
each fragment of a primitive during rasterization. For example, rasterization of a polygon
involves choosing a set of fragments corresponding to pixels “owned” by the polygon,
interpolating the polygon’s vertex parameters to find their values at each fragment, then
sending these fragments down the rest of the pipeline. OpenGL requires that the algorithm
used to interpolate the vertex values must behave as if the parameters are calculated using
barycentric coordinates. It also stipulates that the x and y values used for the interpolation
of each fragment must be computed at the pixel center for that fragment.

Primitive interpolation generates a color, texture coordinates, and a depth value
for each fragment as a function of the x and y window coordinates for the fragment
(multiple depth values per-pixel may be generated if multisampling is active and mul-
tiple texture coordinates may be compared when multitexture is in use). Conceptually,
this interpolation is applied to primitives after they have been transformed into window
coordinates. This is done so pixel positions can be interpolated relative to the primitive’s
vertices. While a simple linear interpolation from vertices to pixel locations produces
correct depth values for each pixel, applying the same interpolation method to color val-
ues is problematic, and texture coordinates interpolated in this manner can cause visual
artifacts. A texture coordinate interpolated in window space may simply not produce
the same result as would interpolating to the equivalent location on the primitive in clip
space.

These problems occur if the transformation applied to the primitive to go from clip
space into window space contains a perspective projection. This is a non-linear transform,
so a linear interpolation in one space won’t produce the same results in the other. To get
the same results in both spaces, even if a perspective transform separates them, requires
using an interpolation method that is perspective invariant.

A perspective-correct method interpolates the ratio of the interpolants and a w term
to each pixel location, then divides out the w term to get the interpolated value. Values
at each vertex are transformed by dividing them by the w value at the vertex. Assume a
clip-space vertex a with associated texture coordinates s, and #,, and a w value of w,. In
order to interpolate these values, create new values at the vertex, 2=, ;j‘ ,and . L Do this
for the values at each vertex in the primitive, then interpolate all the terms (mcludmg the
E values) to the desired pixel location. The interpolated texture coordinates ratios are

S t
obtained by dividing the interpolated = and £ values by the interpolated % # and # s

which results in a perspective-correct s and .

Here is another example, which shows a simple interpolation using this method in
greater detail. A simple linear interpolation of a parameter f, between points @ and b uses
the standard linear interpolation formula:

f=0~-afat+afy.
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Interpolating in a perspective-correct manner changes the formula to :

1 — ) e 1o lo
fzw (6.1)

(1—a)g +ag:

The OpenGL specification strongly recommends that texture coordinates be calcu-
lated in a “perspective correct” fashion, while depth values should not be (depth values
will maintain their correct depth ordering even across a perspective transform). Whether
to use a perspective correct interpolation of per-fragment color values is left up to the
implementation. Recent improvements in graphics hardware make it possible for some
OpenGL implementations to efficiently perform the interpolation operations in clip space
rather than window space.

Finally, note that the texture coordinates are subjected to their own perspective
division by g. This is included, as part of the texture coordinate interpolation, changing
Equation 6.1 to:

(1 —a)z% —}-ot,f)—hb

(1—a)de  odb

Wq wp

f=

6.1.5

Although the OpenGL specification specifies the use of the z,, fragment component for
depth testing, some implementations use a per-fragment w component instead. This may
be done to eliminate the overhead of interpolating a depth value; a per-pixel % value must
be computed for perspective correct texturing, so per-pixel computation and bandwidth
can be reduced by eliminating z and using w instead. The w component also has some
advantages when used for depth testing. For a typical perspective transform (such as the
one generated by using g1Frustum), the transformed w component is linearly related to
the pre-transformed z component. On the other hand, the post-transformed z is related to
the pre-transformed % (see Section 2.8 for more details on how z coordinates are modified
by a perspective projection).

Using w instead of z results in a depth buffer with a linear range. This has the
advantage that precision is distributed evenly across the range of depth values. However,
this isn’t always an advantage since some applications exploit the improved effective
resolution present in the near range of traditional depth buffering in w Pleasure, w Fun
(1998), Jim Blinn analyzes the characteristics in detail). Furthermore, depth buffer reads
on an implementation using w buffering produces very implementation-specific values,
returning w values or possibly % values (which are more “z-like”). Care should be taken
using an algorithm that depends on retrieving z values when the implementation uses w
buffering.
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6.2 Fragment Operations

A number of fragment operations are applied to rasterization fragments before they are
allowed to update pixels in the framebuffer. Fragment operations can be separated into
two categories, operations that test fragments, and operations that modify them. To
maximize efficiency, the fragment operations are ordered so that the fragment tests are
applied first. The most interesting tests for advanced rendering are: alpha test, stencil test,
and depth buffer test. These tests can either pass, allowing the fragment to continue, or
fail, discarding the fragment so it can’t pass on to later fragment operations or update
the framebuffer. The stencil test is a special case, since it can produce useful side effects
even when fragments fail the comparison.

All of the fragment tests use the same set of comparison operators: Never, Always,
Less, Less than or Equal, Equal, Greater than or Equal, Greater, and Not Equal. In each
test, a fragment value is compared against a reference value saved in the current OpenGL
state (including the depth and stencil buffers), and if the comparison succeeds, the test
passes. The details of the fragment tests are listed in Table 6.1.

The list of comparison operators is very complete. In fact, it may seem that some of the
comparison operations, such as GL_NEVER and GL_ALWAYS are redundant, since their
functionality can be duplicated by enabling or disabling a given fragment test. There is a
use for them, however. The OpenGL invariance rules require that invariance is maintained
if a comparison is changed, but not if a test is enabled or disabled. So if invariance must be
maintained (because the test is used in a multipass algorithm, for example), the application
should enable and disable tests using the comparison operators, rather than enabling or
disabling the tests themselves.

Tahle 6.1 Fragment Test

Constant Comparison
GL_ALWAYS always pass
GL_NEVER never pass
GL_LESS pass if incoming < ref
GL_LEQUAL pass if incoming < ref
GL_GEQUAL pass if incoming > ref
GL_GREATER pass if incoming > ref

GL_EQUAL pass if incoming = ref

GL_NOTEQUAL pass if incoming # ref
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6.2.1

Multisample operations provide limited ways to affect the fragment coverage and alpha
values. In particular, an application can reduce the coverage of a fragment, or convert the
fragment’s alpha value to another coverage value that is combined with the fragment’s
value to further reduce it. These operations are sometimes useful as an alternative to
alpha blending, since they can be more efficient.

6.2.2

The alpha test reads the alpha component value of each fragment’s color, and compares
it against the current alpha test value. The test value is set by the application, and can
range from zero to one. The comparison operators are the standard set listed in Table 6.1.
The alpha test can be used to remove parts of a primitive on a pixel by pixel basis. A
common technique is to apply a texture containing alpha values to a polygon. The alpha
test is used to trim a simple polygon to a complex outline stored in the alpha values of
the surface texture. A detailed description of this technique is available in Section 14.5.

6.2.3

The stencil test performs two tasks. The first task is to conditionally eliminate incoming
fragments based on a comparison between a reference value and stencil value from the
stencil buffer at the fragment’s destination. The second purpose of the stencil test is to
update the stencil values in the framebuffer. How the stencil buffer is modified depends
on the outcome of the stencil and depth buffer tests. There are three possible outcomes
of the two tests: the stencil buffer test fails, the stencil buffer test passes but the depth
buffer fails, or both tests fail. OpenGL makes it possible to specify how the stencil buffer
is updated for each of these possible outcomes.

The conditional elimination task is controlled with g1StencilFunc. It sets the
stencil test comparison operator. The comparison operator can be selected from the list
of operators in Table 6.1.

Setting the stencil update requires setting three parameters, each one corresponding
to one of the stencil/depth buffer test outcomes. The g1StencilOp command takes
three operands, one for each of the comparison outcomes (see Figure 6.4). Each operand
value specifies how the stencil pixel corresponding to the fragment being tested should
be modified. Table 6.2 shows the possible values and how they change the stencil pixels.

The stencil buffer is often used to create and use per-pixel masks. The desired stencil
mask is created by drawing geometry (often textured with an alpha pattern to produce a
complex shape). Before rendering this template geometry, the stencil test is configured to
update the stencil buffer as the mask is rendered. Often the pipeline is configured so that
the color and depth buffers are not actually updated when this geometry is rendered; this
can be done with the g1ColorMask and g1DepthMask commands, or by setting the
depth test to always fail.
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Tahle 6.2 Stencil Update Values

Constant Description

GL_KEEP stencil pixel <— old value
GL_ZERO stencil pixel < 0
GL_REPLACE stencil pixel < reference value
GL_INCR stencil pixel < old value + 1
GL_DECR stencil pixel < old value — 1
GL_INVERT stencil pixel <— old value

Stencil Test Depth Test

Stencil comparison Stencil comparison :> "Pass’ operator applied

operator operator

*Stencil Fail” operator applied ’Depth Fail” operator applied

Figure 6.4 Stencil/depth test functionality.

Once the stencil mask is in place, the geometry to be masked is rendered. This time,
the stencil test is pre-configured to draw or discard fragments based on the current value
of the stencil mask. More elaborate techniques may create the mask using a combination
of template geometry and carefully chosen depth and stencil comparisons to create a mask
whose shape is influenced by the geometry that was previously rendered. There are are also
some extensions for enhancing stencil functionality. One allows separate stencil opera-
tions, reference value, compare mask, and write mask to be selected depending on whether
the polygon is front- or back-facing.! A second allows the stencil arithmetic operations
to wrap rather than clamp, allowing a stencil value to temporarily go out of range, while
still producing the correct answer if the final answer lies within the representable range.>

6.24 blending

One of the most useful fragment modifier operations supported by OpenGL is blending,
also called alpha blending. Without blending, a fragment that passes all the filtering

1. EXT_stencil_two_side
2. EXT_stencil_wrap
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Tahle 6.3 Blend Factors

Constant Used In Action
GL_ZERO src, dst scale each color element by zero

GL_ONE src, dst scale each element by one

GL_SRC_COLOR dst scale color with source color

GL_DST_COLOR Src scale color with destination color

GL_ONE_MINUS_SRC_COLOR dst scale color with one minus source color
GL_ONE_MINUS_DST_COLOR dst scale color with one minus destination color

GL_SRC_ALPHA src, dst scale color with source alpha
GL_ONE_MINUS_SRC_ALPHA src, dst scale color with source alpha

GL_DST_ALPHA src, dst scale color with destination alpha
GL_ONE_MINUS_DST_ALPHA src, dst scale color with one minus destination alpha

src scale color by minimum of source alpha and

GL_SRC_ALPHA_SATURATE -
destination alpha

GL_CONSTANT_COLOR src, dst scale color with application-specified color
GL_ONE_MINUS_CONSTANT_COLOR {3 scale color with one minus application-specified colof

GL_CONSTANT_ALPHA src, dst scale color with alpha of application-specified color

src, dst scale color with one minus alpha of
application-specified color

GL_ONE_MINUS_CONSTANT_ALPHA

and modification steps simply replaces the appropriate color pixel in the framebuffer.
If blending is enabled, the incoming fragment, the corresponding target pixel, or an
application-defined constant color® are combined using a linear equation instead. The
color components (including alpha) of both the fragment and the pixel are first scaled by
a specified blend factor, then either added or subtracted.* The resulting value is used to
update the framebuffer.

There are two fixed sets of blend factors (also called weighting factors) for the
blend operation; one set is for the source argument, one for the destination. The entire
set is listed in Table 6.3; the second column indicates whether the factor can be used

3. In implementations supporting OpenGL 1.2 or newer.

4. In OpenGL 1.4 subtraction and min and max blend equations were moved from the ARB_imaging
extension to the core.



114 Rasterization and Fragment Processing

Tahle 6.4 Blend Equations

Operand Result

GL_ADD soruce + destination
GL_SUBTRACT source — destination
GL_REVERSE_SUBTRACT destination — source
GL_MIN min(source, dest)
GL_MAX max(source, dest)

with a source, a destination, or both. These factors take a color from one of the three
inputs, the incoming fragment, the framebuffer pixel, or the application-specified color,
modify it, and insert it into the blending equation. The source and destination argu-
ments are used by the blend equation, one of GL_FUNC_ADD, GL_FUNC_SUBTRACT,
GL_FUNC_REVERSE_SUBTRACT, GL_MIN, or GL_MAX. Table 6.4 lists the operations.
Note that the result of the subtract equation depends on the order of the arguments,
so both subtract and reverse subtract are provided. In either case, negative results are
clamped to zero.

Some blend factors are used more frequently than others: GL_ONE is commonly
used when an unmodified source or destination color is needed in the equation. Using
GL_ONE for both factors, for example, simply adds (or subtracts) the source pixel and
destination pixel value. The GL_ZERO factor is used to eliminate one of the two colors.
The GL_SRC_ALPHA/GL_ONE_MINUS_ALPHA combination is used for a common trans-
parency technique, where the alpha value of the fragment determines the opacity of the
fragment. Another transparency technique uses GL_SRC_ALPHA_SATURATE instead; it
is particularly useful for wireframe line drawings, since it minimizes line brightening
where multiple transparent lines overlap.

6.25 Logic Op

As of OpenGL 1.1, a new fragment processing stage, logical operation,” can be used
instead of blending (if both stages are enabled by the application, logic op takes prece-
dence, and blending is implicitly disabled). Logical operations are defined for both index
and RGBA colors; only the latter is discussed here. As with blending, logic op takes
the incoming fragment and corresponding pixel color, and performs an operation on it.
This bitwise operation is chosen from a fixed set by the application using the g1LogicOp
command. The possible logic operations are shown in Table 6.5 (C-style logical operands
are used for clarity).

5. In OpenGL 1.0, the logic op stage operated in color index mode only.
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Operand

GL_CLEAR

GL_AND
GL_AND_REVERSE
GL_COPY
GL_AND_INVERTED
GL_NOOP

GL_XOR

GL_OR

GL_NOR

GL_EQUIV
GL_INVERT
GL_OR_REVERSE
GL_COPY_INVERTED
GL_OR_INVERTED

GL_NAND

GL_SET

Framebuffer Operations

Result
0

source & destination

source & ~destination

source

~(source & destination)

destination

source ~ destination

source | destination

~(source | destination)

~(source " destination)

~destination
source | ~destination

~source

~source | destination

~(source & destination)

1 (all bits)
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Logic ops are applied separately for each color component. Color component updates
can be controlled per channel by using the g1ColorMask command. The default com-
mand is GL_COPY, which is equivalent to disabling logic op. Most commands are
self-explanatory, although the GL_EQUIV operation may lead to confusion. It can be
thought of as an equivalency test; a bit is set where the source and destination bits
match.

6.3 Framebuffer Operations

There are a set of OpenGL operations that are applied to the entire framebuffer at once.
The accumulation buffer is used in many OpenGL techniques and is described below.



116 Rasterization and Fragment Processing

6.3.1

The accumulation buffer provides accelerated support for combining multiple rendered
images together. It is an off-screen framebuffer whose pixels have very high color resolu-
tion. The rendered frame and the accumulation buffer are combined by adding the pixel
values together, and updating the accumulation buffer with the results. The accumulation
buffer has a scale value that can be used to scale the pixels in the rendered frame before
its contents are merged with the contents of the accumulation buffer.

Accumulation operations allow the application to combine frames to generate high-
quality images or produce special effects. For example, rendering and combining multiple
images modified with a subpixel jitter can be used to generate antialiased images.

It’s important to understand that the accumulation buffer operations only take input
from the color buffer; the OpenGL specification provides no way to render directly to the
accumulation buffer. There are a number of consequences to this limitation; it is impos-
sible, for example, to replace part of the image, since there is no depth or stencil buffer
available to mask part of the image. The accumulation buffer is best thought of as a place
to do high-precision scaling, blending, and clamping of color images. Figure 6.5 shows
how multiple images rendered to the color buffer are transferred to the accumulation
buffer to be combined together.

Besides having limited access from the rendering pipeline, the accumulation buffer
differs from a generic off-screen framebuffer in a number of ways. First, the color repre-
sentation is different. The accumulation buffer represents color values with component
ranges from [—1, 1], not just [0, 1] as in a normal OpenGL framebuffer. As mentioned

Only images transferred;
no depth testing on return

Color buffer

Accum buffer

Load Mult Accum Return

Figure 6.5 Accumulation buffer.
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Tahle 6.6 Accumulation Buffer Operations

Constant Description

GL_ACCUM scale the incoming image, add it to the accumulation buffer
GL_LOAD replace the accumulation buffer with the incoming scaled image
GL_ADD bias the accumulation buffer image

GL_MULT scale the accumulation bufferimage

GL_RETURN copy the scaled and clamped accumulation buffer into the color buffer

previously, the color precision of the accumulation buffer is higher than a normal color
buffer, often increasing the number of bits representing each color component by a factor
of two or more (depending on the implementation). This enhanced resolution increases
the number of ways the images can be combined and the number of accumulations that
can be performed without degrading image quality.

The accumulation buffer also provides additional ways to combine and modify
images. Incoming and accumulation buffer images can be added together, and the
accumulation buffer image can be scaled and biased. The return operation, which copies
the accumulation buffer back into the framebuffer, also provides implicit image pro-
cessing functionality: the returned image can be scaled into a range containing negative
values, which will be clamped back to the [0, 1] range as it’s returned. Images that are
loaded or accumulated into the accumulation buffer can also be scaled as they are copied
in. The operations are summarized in Table 6.6.

Note that the accumulation buffer is often not well accelerated on commodity graph-
ics hardware, so care must be taken when using it in a performance-critical application.
There are techniques mentioned later in the book that maximize accumulation buffer
performance, and even a slow accumulation buffer implementation can be useful for gen-
erating images “off line”. For example, the accumulation buffer can be used to generate
high-quality textures and bitmaps to be stored as part of the application, and thus used
with no performance penalty.

6.4 Summary

The details of this section of the OpenGL pipeline have a large influence on the design
of a multipass algorithm. The rasterization and fragment processing operations provide
many mechanisms for modifying a fragment value or discarding it outright.
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Over the last several chapters we have covered the rendering pipeline from front to
back. In the remainder of this part of the book we will round out our understanding
of the pipeline by describing how the rendering pipeline is integrated into the native
platform window system, examining some of the evolution of the OpenGL pipeline, and
exploring some of the techniques used in implementing hardware and software versions
of the pipeline.



Window System and
Platform Integration

The OpenGL API is primarily concerned with accepting procedural scene descriptions
and generating pixels corresponding to those descriptions. The OpenGL specification
per se doesn’t say where the generated pixels will end up. The final step of sending
pixels to their target, such as a window on the screen, is left up to the embedding or
platform layer. This layer defines how the OpenGL renderer attaches or binds onto the
output device or devices. There can be many possible window system targets; defining
this interface is the task of the window system, not the OpenGL rendering pipeline.
Most window systems have a specification that defines the OpenGL interaction. Some
of these specifications, like the OpenGL specification itself, include an extension mech-
anism; the specification can evolve over time to reflect the evolution of the underlying
window system. Here are embeddings of three of the most popular windows systems:
the X Window System embedding (Scheifler and Gettys, 1986), called GLX (Womaeck
and Leech, 1998); the embedding into the Win32 API (Microsoft, Inc., 2001b) used by
Microsoft’s Windows family of operating systems, called WGL (Microsoft, Inc., 2001a)
(pronounced wiggle); and the embedding connecting Apple’s Macintosh operating sys-
tem (MacOS) called AGL (Apple Computer, Inc., 2001). The OpenGL ES project (see
Section 8.3) also includes a more portable window system embedding layer called EGL
(Leech, 2003).

Of course, OpenGL isn’t limited to, or required to work with a window system.
It can just as readily render to a printer, a full screen video game console, or a linear
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array of memory in an application’s address space. Despite this flexibility, most of our
discussions will assume the presence of the most common target, a window system.
In particular, terms such as window space (described in Section 2.2.5), imply a window
system environment.

This chapter limits itself to describing aspects of window system embedding as useful
background for later chapters of the book. For more detailed information regarding using
GLX on UNIX systems and WGL on Windows systems, see the texts by Kilgard (1996)
and Fosner (1996).

7.1 Renderer and Window State

Since OpenGL is concerned with rendering and not display, we should clarify the roles
of the renderer and the window system. An application using OpenGL needs to main-
tain a bundle of OpenGL state, including the current color, normal, texture coordinate,
modelview matrix stack, projection matrix stack, and so forth. This collection of state
describes everything needed by an OpenGL renderer to convert a set of input primitives
into a set of output pixels. This collection of state is termed renderer state. The precise
definition and scope of OpenGL renderer state is described in the OpenGL specification.
The contents of the framebuffer (color, depth, stencil, and accumulation buffers), how-
ever, are not part of the renderer state. They are part of the window state. While renderer
state is governed by the OpenGL renderer, window state is controlled by the window sys-
tem. Ultimately, window state includes the position and size of the buffers on the display,
mapping which bits correspond to the OpenGL front and back buffer, color maps for
pseudo-color (color index) windows, gamma lookup tables that correct intensity levels
driving output displays, and so on.

The OpenGL renderer state is encapsulated by a context. The data types and meth-
ods for creating a context are specific to a particular window system embedding, for
example, g1 xCreateContext for GLX or wglCreateContext for WGL. To render
to a window, the context must be bound to that window using a method specific to the
window system binding API. This binding notion is not limited to attaching the OpenGL
context to a window; it also attaches the context to an application process or thread
(Figure 7.1). The exact details of a process or thread are specific to the platform (for
example, Windows or Unix). Application calls to OpenGL API methods modify the
contents of the current bound context and ultimately the current bound window.

This notion of binding a context to a thread is arguably a little unusual from an
API standpoint. One alternative is to pass a handle to the context to be updated as
a parameter to the API method. A C++ or Java API might define OpenGL operations
as methods of an OpenGL context object, making the context parameter implicit. The
downside of this approach is the extra overhead needed to call indirectly through a handle
to update the specified context. In the more stateful binding model, resolving information
about the target context is done once when the context is bound. There is less overhead
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Figure 7.1 Thread A drawing through context 1 to window X.

involved at the cost of some additional complexity. The OpenGL designers considered
the performance savings to be worth the complexity trade-off.

Most applications need only a single OpenGL context to do all of their rendering.
The requirements for multiple contexts depend on the window system embedding. As a
general rule, a window needs a separate context if it is in a different stacking layer or using
a pixel format sufficiently different from the other OpenGL windows. This requirement
reduces the complexity of an OpenGL implementation and ensures sensible behavior for
the renderer state when it is moved from one window to another. Allowing a context to
be moved from an RGB window to a color index window presents numerous problems,
since the state representations for each of the context types is quite different. It makes
more sense to require each window to have a separate context.

7.2 Address Space and Threads

The embedding layer is platform-specific beyond the details of the window system. Data
transfers to and from the OpenGL pipeline rely on the (conventional) notion of a process
and an address space. When memory addresses are used in OpenGL commands they refer
to the address space of the application process. Most OpenGL platform embeddings
also support the concept of a thread. A thread is an execution context (a thread of
execution) and a process may have multiple threads executing within it. The threads
share the process’s address space. The OpenGL embedding layer supports the notion of
multiple thread-context-window triplets being current (active) simultaneously. However,
a context cannot be used with (current to) multiple threads concurrently. Conversely in the
GLX embedding, a window can be current to multiple thread-context pairs concurrently,
though this seldom provides real utility unless there are multiple accelerators present in
the system. In practice, the most useful multi-thread and multi-context scenarios involve
using a single thread for rendering and other threads for non-rendering tasks. Usually, it
only makes sense to use multiple rendering threads to render to different accelerators in
parallel.
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7.3 Anatomy of a Window

In its simplest form a window is a rectangular region on a display,' described by an origin
and a size. From the rendering perspective, the window has additional attributes that
describe its framebuffer, color index vs. RGB, number of bits per-pixel, depth buffer size,
accumulation buffer size, number of color buffers (single buffered or double buffered),
and so forth. When the OpenGL context is bound to the window, these attributes are
used by the OpenGL renderer to determine how to render to it correctly.

7.3.1

Some window systems include the concept of an overlay window. An overlay window
always lies on top of non-overlay windows, giving the contents of the overlay window
visual priority over the others. In some window systems, notably the X Window System,
the overlay window may be opaque or transparent. If the overlay window is opaque,
then all pixels in the overlay window have priority over pixels in windows logically
underneath the overlay window (below it in the window stacking order). Transparent
overlay windows have the property of controlling the visual priority of a pixel using the
overlay pixel’s color value. Therefore, pixels assigned a special transparent color have
lower priority, so the pixel of the window logically underneath this window can be visible.

Overlay windows are useful for implementing popup menus and other graphical user
interface components. They can also be useful for overlaying other types of annotations
onto a rendered scene. The principal advantage of using an overlay window rather than
drawing directly into the main window is that the two windows can be updated indepen-
dently —to change window annotations requires redrawing only the overlay window.
This assumes that overlay window independence is really implemented by the window
system and display hardware, and not simulated.> Overlays become particularly useful
if the contents of the main window are expensive to regenerate. Overlay windows are
often used to display data decoded from a multimedia video source on top of other win-
dows with the hardware accelerator decoding the stream directly to a separate overlay
framebuffer.

Similar to the concept of overlays, there is the analogous concept of an underlay
window with the lowest visual priority. Such a window is only useful when the windows
logically above it contain transparent pixels. In general, the need for underlay windows
has been minimal; there are few OpenGL implementations that support them.

1. Some window systems support non-rectangular windows as well, but for our purposes we can use the
bounding rectangle.

2. Sometimes to indicate more clearly that this independence is reflected in the hardware
implementation, this support is referred to as hardware overlays.
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Figure 7.2 Three-display system using two accelerators.

13.2

Some operating system/window system combinations can support multiple displays. Some
configure multiple displays to share the same accelerator or, in the more general case,
multiple accelerators each drive multiple displays. In both cases the details of attaching
and using a context with windows on different displays becomes more complicated, and
depends on window system embedding details.

Figure 7.2 shows an example of a three-display system in which two of the displays
are driven from one graphics accelerator, while a third display is driven from a second
accelerator. To use all of the available displays typically involves the use of multiple
OpenGL contexts. Since an OpenGL context encapsulates the renderer state, and this
state may be contained inside hardware, it follows that each hardware accelerator needs
an independent context. If the two accelerators were built by different vendors, they
would likely use two different OpenGL implementations. A well-designed operating sys-
tem/window system embedding layer can allow both accelerators to be used from a single
application by creating a context corresponding to each accelerator/display combination.
For example, in a GLX-based system, the accelerator is identified by its DISPLAY name;
an application can create GLX contexts corresponding to the individual DISPLAY names.

Multiple display systems go by many different names (multimon, dual-head, Twin-
View are examples) but all are trying to achieve the same end. They all drive multiple
displays, monitors, or video channels from the same accelerator card. The simplest con-
figuration provides a large logical framebuffer from which individual rectangular video
or display channels are carved out (as shown in Figure 7.3). This is similar to the way win-
dows are allocated from a framebuffer on a single display. The amount of framebuffer
memory used by each channel depends on the resolution of the channel and the pixel
formats supported in each channel.
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Video channel
B

Figure 7.3 Two video channels allocated from one framebuffer.

7.4 0ff-Screen Rendering

As mentioned previously, an OpenGL renderer isn’t limited to rendering to a window or
a video output display device; it can render to any device that implements some sort of
framebuffer storage. One technique that has gained popularity is rendering to accelerated
framebuffer memory that isn’t visible as part of the display. For example, in Figure 7.3 a
third of the framebuffer memory isn’t allocated as part of a visible video channel, but could
be useful for generating intermediate images used to construct a more complicated final
image. The back buffer in a double-buffered window can also be used for intermediate
storage, but the application is limited to a single back buffer, and the buffer contents
cannot persist across multiple frames. The OpenGL specification includes the notion of
auxiliary buffers (or auxbufs) that serve as additional persistent color buffers, but they
suffer from a number of limitations. Auxilliary buffers are the same dimensions as the
main color buffer, and they don’t provide a way to save the depth buffer. The concept of
more general off-screen windows overcomes many of these limitations.

Off-screen windows introduce their own problems, however. The first is how to move
data from an off-screen window to some place useful. Assuming that the off-screen image
is intended for use as a rendering step in an on-screen window, a mechanism is needed to
allow an OpenGL context to use the off-screen window in conjunction with an on-screen
window. The mechanism chosen to do this is to separate a window into two components:
a read window and a write window. In most situations the read and write window are
one and the same, but when it’s necessary to retrieve data from another window, the
source window is bound to the OpenGL context as a read window —all OpenGL read-
related operations (g1ReadPixels, glCopyPixels, and glCopyTexture) use the
read window as the read source. Note that the read window does not change the window
used for pixel-level framebuffer read operations, such as blending, depth test, stencil, or
accumulation buffer returns. Figure 7.4 illustrates a thread-context pair with a separate
off-screen read source and a visible write window. The accelerator memory is divided
between framebuffers for two displays and a third partition for off-screen surfaces.

To use an off-screen window as part of a complex rendering algorithm, the appli-
cation renders the relevant parts of the scene to the off-screen window, then binds the
context to both the visible window and the off-screen window. The off-screen window
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Figure 7.4 Thread with on-screen write window and off-screen read window.

is bound as a read source, while the visible window is bound as a write source. Then the
application performs a pixel copy operation to merge the off-screen buffer contents with
the on-screen contents.

The second problem with using off-screen memory is managing the memory itself.
In the case of visible windows, the windows are allowed to overlap. The end user can
see where windows are being allocated and directly manage the “screen real-estate.”
For off-screen memory, the end user has no idea how much memory is available, the
“shape” of the memory, and whether there are implementation-specific constraints on
how the memory can be allocated. If the framebuffer memory can’t be treated as a one
dimensional array of bytes—this restriction is often true with sophisticated hardware
accelerators — the memory allocation and management problem becomes substantially
more complicated. In Figure 7.3 the off-screen part of framebuffer memory has an irreg-
ular shape that may affect the maximum allowed dimensions of an off-screen window.
If multiple off-screen memory allocation requests are made, the outcome of the requests
may depend on their order. The window system embedding layer attempts to provide a
90% solution to this problem as simply as possible, but doesn’t provide guarantees.

14.1

GLX provides support for rendering to off-screen memory as X Window System pixmaps.
However, X pixmaps are a little too general and don’t provide all of the necessary func-
tionality needed for efficient rendering. In fact, no known GLX+OpenGL implementation
supports accelerated rendering to pixmaps. To address the need for efficient off-screen
rendering, a form of off-screen drawable specifically for OpenGL rendering was added
to GLX 1.3. GLX calls these off-screen drawables pbuffers— short for pixel buffers.

To support the addition of pbuffers, substantial additions were made to the GLX 1.3
API. These changes separate the description of the framebuffer (bits per color component,
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depth buffer size, etc.) from the X Window System’s visual concept; instead, identifying a
framebuffer configuration description as an FBConfig rather than a visual. The end result
is that the original API using visuals can be layered on the new API using FBConfigs by
internally associating an FBConfig with each visual. This new API operates on the three
types of drawables: windows, pixmaps, and pbuffers. Windows and pixmaps are created
using X Window System commands, while pbuffers are created with a GLX-specific API.
The pbuffer creation command, glxCreatePbuffer, includes some additional
attributes that help with off-screen memory management. In addition to requesting a
pbuffer of specific dimension be created, the application can also specify that if that
request fails, a pbuffer of the largest available size should be allocated. This provides a
means of discovering the largest available pbuffer. The discovery routine also allocates the
pbuffer to avoid race conditions with other applications. The created pbuffer also includes
an attribute specifying whether the pbuffer is volatile; that is, whether the pbuffer contents
should be preserved. If the contents need not be preserved, then they may be damaged
by rendering operations on other drawables, in much the same way that the contents of
one window may be damaged by rendering to another overlapping window. When this
happens, the application can be notified by registering for GLX-specific buffer clobber
events. The idea is to provide a choice to application writers; if the contents of a pbuffer
can be regenerated easily or are transient, then volatile pbuffers are the best solution. If the
pbuffer contents cannot be easily regenerated, then the application can use a non-volatile
pbuffer and the system will save and restore the pbuffer contents when the resources are
needed by another drawable. Of course, the save and restore operations may slow the
application, so non-volatile pbuffers should only be used when absolutely necessary.

14.2

Pbuffers are also available on the Windows platform through the WGL_ARB_pbuffer,
WGL_ARB_pixel_format,and WGL_ARB_make_current_read extensions.

7.5 Rendering to Texture Maps

In many OpenGL implementations the storage for texture maps and the framebuffer
comes from the same physical pool of memory. Since they are in the same memory, it
suggests the opportunity to improve the efficiency of using the framebuffer contents as
a texture map (see Section 5.3) without copying the data from the framebuffer to the
texture map. The ARB_render_texture WGL extension provides a means to do this
using pbuffers.

An application using the extension creates a pbuffer, binds it to the context
using wglMakeCurrent, renders to it, then unbinds from it. Next, the application
binds to a new drawable and uses the extension command wg1BindTexImageARB to
bind the pbuffer to the current texture. In an optimized implementation, subsequent
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texture-mapped geometry will retrieve texel data directly from the pbuffer. The exten-
sion can still be implemented on pipeline implementations that don’t share texture and
framebuffer storage by simply copying the data from the pbuffer to the texture map. The
latter implementation is no worse than the application calling g1CopyTexture directly,
and on implementations that share storage it is considerably more efficient. After using the
pbuffer as a texture, it is unbound from the texture (using wg1ReTeaseTexImageARB)
and can again be used for rendering. The extension does not allow a pbuffer to
be used simultaneously for rendering and texturing since this can have unpredictable
implementation-specific behavior.

7.6 Direct and Indirect Rendering

Another factor that arises in a discussion of both the window system embedding and
the host operating system is the notion of direct and indirect rendering. For X Window
System embedding, these notions have a very precise meaning. Indirect rendering means
that each OpenGL command issued by a client application is encoded in the X11 protocol,
as defined by the GLX extension. The encoded stream is then decoded by the server
and sent to an OpenGL renderer. The advantage of indirect rendering is that it allows
OpenGL rendering to be used by any client that implements the client side of the GLX
protocol encoder. It can send rendering commands over a network to a remote server
and execute the rendering operations and display the results on the remote server. The
disadvantage is that the protocol encoding and decoding consumes extra processing and
memory resources that can limit the achievable performance. If both the client and server
are both on the same computer, then a more efficient mechanism to issue commands to
the hardware can be used — direct rendering.

GLX doesn’t specify a protocol for direct rendering; instead, it specifies a set of
ground rules that allow vendors some flexibility in doing their implementations, while
retaining indirect rendering compatibility. In a high-performance direct rendering imple-
mentation, once a context/window pair has been made current, the application issues
commands directly to the hardware mapped into the address space of the application.
There is no need to buffer commands or interact with device drivers or the operating
system kernel layer. The details for one such implementation are available in Graphics
Interface *95 by Kilgard et al. (1995).

In other embeddings the notion of direct and indirect rendering is more vague. The
Windows platform does not provide native support for remote rendering, so it can be said
to only support direct rendering. However, mechanisms used to achieve direct rendering
may be radically different from those used on UNIX platforms.
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The OpenGL specification offers considerable flexibility to implementors. The OpenGL
rendering pipeline is also an evolving design; as implementation technologies advance
and new ideas surface and are proven through trial and iteration, they become part of the
specification. This has both advantages and disadvantages. It ensures that the standard
remains relevant for new applications by embracing new functionality required by those
applications. At the same time it creates some fragmentation since different vendors may
ship OpenGL implementations that correspond to different versions of the specification.
This puts a greater burden on the application developer to understand the differences in
functionality between the different versions and also to understand how to take advantage
of the new functionality when it is available and how to do without in its absence.

In this chapter we will describe some ways in which OpenGL has evolved and is
currently evolving and also discuss some interesting aspects of implementing hardware
acceleration of the OpenGL pipeline.

8.1 OpenGL Versions

At the time of writing there are have been five revisions to the OpenGL specification (1.1
through 1.5). The version number is divided into a major and minor number. The change
in minor number indicates that these versions are backward-compatible; no pre-existing
functionality has been modified or removed. This means that applications written using
an older revision of OpenGL will continue to work correctly with a newer version.

129
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When a new version of the specification is released, it includes enhancements that
either incorporate new ideas or that generalize some existing part of the pipeline. These
enhancements are added as it becomes practical to implement them on existing platforms
or platforms that will be available in the near future. Some examples of new functionality
are the addition of vertex arrays and texture objects in OpenGL 1.1 or the addition of
multitexture and multisample in OpenGL 1.3. In the case of vertex arrays and texture
objects they were additions that did not really reflect new technologies. They were for the
most part additions that helped improve the performance an application could achieve.
Multitexture is a generalization of the texturing operation that allows multiple texture
maps to be applied to a single primitive. Multisample is a new feature that introduces a
new technology (multiple samples per-pixel) to achieve full-scene antialiasing.

This short list of features helps illustrate a point. Features that require new tech-
nologies or modifications to existing technologies are unlikely to be well supported on
platforms that were created before the specification was defined. Therefore older plat-
forms, i.e., older accelerators are unlikely to be refitted with new versions of OpenGL or
when they do, they typically implement the new features using the host processor and are
effectively unaccelerated. This means that application writers may need to be cautious
when attempting to use the features from a new version of OpenGL on an older (previous
generation) platform. Rather than repeat caveat emptor and your mileage may vary each
time we describe an algorithm that uses a feature from a later version of OpenGL to avoid
clutter we’ll only state it once here.

A fairly complete list of features added in different versions of the OpenGL
specification is as follows:

OpenGL 1.1 Vertex array, polygon offset, RGB logic operation, texture image formats,
texture replace environment function, texture proxies, copy texture, texture
subimage, texture objects.

OpenGL 1.2 3D textures, BGRA pixel formats, packed pixel formats, normal rescaling,
separate specular color, texture coordinate edge clamping, texture LOD control,
vertex array draw element range, imaging subset.

OpenGL 1.3 Compressed textures, cube map textures, multisample, multitexture,
texture add environment function, texture combine environment function, texture
dot3 combine environment operation, texture coordinate border clamp, transpose
matrix.

OpenGL 1.4 Automatic mipmap generation, squaring blend function, constant blend
color (promoted from the imaging subset), depth textures, fog coordinate, multiple
draw arrays, point parameters, secondary color, stencil wrap, texture crossbar
environment mode, texture LOD bias, texture coordinate mirror repeat wrap
mode, window raster position.

OpenGL 1.5 Buffer objects, occlusion queries, and shadow functions.
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8.2 OpenGL Extensions

To accommodate the rapid innovation in the field of computer graphics the OpenGL
design also allows an implementation to support additional features. Each feature is
packaged as a mini-specification that adds new commands, tokens, and state to the
pipeline. These extensions serve two purposes: they allow new features to be “field tested,”
and if they prove successful they are incorporated into a later version of the specification.
This also allows vendors to use their innovations as product differentiators: it provides a
mechanism for OpenGL implementation vendors to release new features as part of their
OpenGL implementation without having to wait for the feature to become mainstream
and go through a standardization process.

Over time it became useful to create standardized versions of some vendor-specific
extension specifications. The original idea was to promote an existing vendor-specific
extension to “EXT?” status when multiple vendors (two or more) supported the extension
in their implementation and agreed on the specification. It turned out that this process
wasn’t quite rigorous enough, so it evolved into a new process where the Architecture
Review Board creates a version of specific extensions with their own seal of approval.
These “ARB” extensions often serve as previews of new features that will be added in a
subsequent version of the standard. For example, multitexture was an ARB extension at
the time of OpenGL 1.2 and was added to the base standard as part of OpenGL 1.3. An
important purpose of an ARB extension is that it acts as a mini-standard that OpenGL
implementation vendors can include in their products when they can support it well.
This reduces the pressure to add new features to the base standard before they can be
well supported by a broad set of implementation vendors, yet at the same time gives
application writers a strong specification and an evolutionary direction.

Sometimes an ARB extension reflects a set of capabilities that are more market-
specific. The ARB_imaging_subset is an example of such an extension. For this class
of extensions the demand is strong enough to create a rigorously defined specification
that multiple vendors can consistently implement, but the demand is not broad enough
and the features are costly enough to implement so as not to incorporate it into the base
standard.

As we stated in the book preface, our intent is to make full use of features available
in OpenGL versions 1.0 through 1.5 as well as ARB extensions. Occasionally we will also
describe a vendor-specific extension when it is helpful to a particular algorithm. More
information about using extensions is included in Appendix A.

8.3 OpenGL ES for Embedded Systems

As applications for 3D graphics have arisen in areas beyond the more traditional personal
computers and workstations, the success of the OpenGL standard has made it attractive
for use in other areas.
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One rapidly growing area is 3D graphics for embedded systems. Embedded systems
range from mobile devices such as watches, personal digital assistants, and cellular hand-
sets; consumer appliances such as game consoles, settop boxes, and printers; to more
industrial aerospace, automotive, and medical imaging applications. The demands of
these systems also encompass substantial diversity in terms of processing power, memory,
cost, battery power, and robustness requirements. The most significant problem with the
range of potential 3D clients is that many of them can’t support a full “desktop” OpenGL
implementation. To solve this problem and address the needs of the embedded devices, in
2002 the Khronos Group created a group to work with Silicon Graphics (the owner of the
OpenGL trademark) and the OpenGL ARB (the overseer of the OpenGL specification)
to create a parallel specification for embedded devices called OpenGL ES. The operating
principles of the group are to oversee a standard for embedded devices based on a subset
of the existing desktop OpenGL standard. To handle the diverse requirements of all of the
different types of embedded devices the Khronos Group decided to create individualized
subsets that are tailored to the characteristics of a particular embedded market (Khronos
Group, 2002). These subsets are termed profiles.

8.3.1

To date, the Khronos Group has completed version 1.0 and 1.1 of the specifications for
two profiles (Blythe, 2003) and is in the process of creating the specification for a third.
Profile specifications are created by working groups, comprised of Khronos members
experienced in creating OpenGL implementations and familiar with the profile’s target
market. Since a profile is intended to address a specific market, the definition of a profile
begins with a characterization of the market being addressed, analyzing the demands
and constraints of that market. The characterization is followed by draft proposals
of features from the desktop OpenGL specification that match the market characteri-
zation document. From the feature proposals a more detailed specification document
is created. It defines the exact subset of the OpenGL pipeline included in the profile,
detailing the commands, enumerants, and pipeline behavior. Similar to OpenGL ARB
extensions, an OpenGL ES profile specification may include new OES extensions that
are standardized versions of extensions useful to the particular embedded market. Like
desktop OpenGL implementations, implementations of OpenGL ES profiles may also
include vendor-specific extensions. The set of extensions include those already defined
for desktop OpenGL, as well as new extensions created specifically to address additional
market-specific needs of the profile’s target market.

A profile includes a strict subset of the desktop OpenGL specification as its base
and then adds additional extensions as either required or optional extensions. Required
extensions must be supported by an implementation and optional extensions are at the
discretion of the implementation vendor. Similar to desktop OpenGL, OpenGL ES pro-
files must pass a profile-specific conformance test to be described as an OpenGL ES
implementation. The conformance test is also defined and overseen by the Khronos
Group.
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The two defined profiles are the Common and Common-Lite profiles. The third
profile design in progress is the Safety Critical profile.

8.3.2

The goal of the Common and Common-Lite profiles is to address a wide range of
consumer-related devices ranging from battery-powered hand-held devices such as mobile
phones and PDAs to line-powered devices such as kiosks and settop boxes. The require-
ments of these devices are small memory footprint, modest to medium processing power,
and a need for a wide range of 3D rendering features including lighted, texture mapped,
alpha blended, depth-buffered triangles, lines, and points.

To span this broad range of devices, there are two versions of the profile. The
Common profile effectively defines the feature subset of desktop OpenGL in the two
profiles. The Common-Lite profile further reduces the memory footprint and processing
requirements by eliminating the floating-point data type from the profile.

The version 1.0 Common profile subset is as follows: Only RGBA rendering is sup-
ported, color index mode is eliminated. The double-precision data type is dropped and
a new fixed-point data type called fixed (suffixed with ‘x’) is added. Desktop OpenGL
commands that only have a double-precision form, such as g1DepthRange are replaced
with single-precision floating-point and fixed-point versions.

Only triangle, line, and point-based primitives are supported (not pixel images
or bitmaps). Geometry is drawn exclusively using vertex arrays (no support for
glBegin/glEnd). Vertex arrays are extended to include the byte data type.

The full transformation stack is retained, but the modelview stack minimum is
reduced to 16 elements, and the transpose forms of the load and multiply commands are
removed. Application-specified clipping planes and texture coordinate generation are also
eliminated. Vertex lighting is retained with the exception of secondary color, local viewer
mode, and distinct front and back materials (only the combined GL_FRONT_AND_BACK
material can be specified). The only g1ColorMaterial mode supported is the default
GL_AMBIENT_AND_DIFFUSE.

Rasterization of triangles, lines, and points are retained including flat and smooth
shading and face culling. However, polygon stipple, line stipple, and polygon mode
(point and line drawing styles) are not included. Antialiased line and point drawing is
included using g1LineSmooth and g1PointSmooth, but not gl1PolygonSmooth.
Full scene antialiasing is supported through multisampling, though it is an optional
feature.

The most commonly used features of texture mapping are included. Only 2D tex-
ture maps without borders using either repeat or edge clamp wrap modes are supported.
Images are loaded using g1 TexImage2D or glCopyTexture2D but the number of
external image type and format combinations is greatly reduced. Table 8.1 lists the sup-
ported combinations of formats and types. The infrastructure for compressed texture
images is also supported. The Common and Common-Lite profiles also introduce a sim-
ple paletted form of compression. The extension is defined so that images can either be
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Tahle 8.1 OpenGL ES Texture Image Formats and Types

Internal Format External Format Type

GL_RGBA GL_RGBA GL_UNSIGNED_BYTE

GL_RGB GL_RGB GL_UNSIGNED_BYTE

GL_RGBA GL_RGBA GL_UNSIGNED_SHORT_4_4_4_4
GL_RGBA GL_RGBA GL_UNSIGNED_SHORT_5_5_5_1
GL_RGB GL_RGB GL_UNSIGNED_SHORT_5_6_5
CIERRURRAN SNV GL_LUMINANCE_ALPHA GL_UNSIGNED_BYTE
GL_LUMINANCE GL_LUMINANCE GL_UNSIGNED_BYTE

GL_ALPHA GL_ALPHA GL_UNSIGNED_BYTE

accelerated in their indexed form or expanded to their non-paletted form at load time
operating on them as regular images thereafter.

Multitexturing is supported, but only a single texture unit is required. Texture
objects are supported, but the set of texture parameters is reduced, leaving out sup-
port for texture priorities and level clamping. A subset of texture environments from
the OpenGL 1.3 version are supported: GL_MODULATE, GL_BLEND, GL_REPLACE,
GL_DECAL, and GL_ADD. The remainder of the pipeline: fog, scissor test, alpha test, sten-
cil/depth test, blend, dither, and logic op are supported in their entirety. The accumulation
buffer is not supported.

Support for operating on images directly is limited. Images can be loaded into texture
maps, and images can be retrieved to the host from the framebuffer or copied into a
texture map. The g1DrawPixels, glCopyPixels,and g1Bitmap commands are not
supported.

More specialized functionality including evaluators, feedback, and selection are not
included. Display lists are also omitted because of their sizable implementation burden.
State queries are also substantially limited; only static state can be queried. Static state is
defined as implementation-specific constants such as the depth of a matrix stack, or depth
of color buffer components, but does not include state that can be directly or indirectly
set by the application. Examples of non-static state include the current blend function,
and the current value of the modelview matrix.

Fixed-Point Arithmetic

One of the more significant departures from desktop OpenGL in the Common profile
is the introduction of a fixed-point data type. The definition of this type is a 32-bit
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representation with a 16-bit signed integer part and a 16-bit fraction part. Conver-
sions between a fixed-point representation, x, and a traditional integer or floating-point
representation, ¢, are accomplished with the formulas:

x=1t%x65536

t =x/65536,

which, of course, may use integer shift instructions in some cases to improve the efficiency
of the computation. The arithmetic rules for fixed-point numbers are:

add(a,b) =a+b
sub(a,b) = a —

mul(a,b) = (a x b)/65536
div(a,b) = (ax 65536)/b

Note that the simple implementation of multiplication and division need to compute a
48-bit intermediate result to avoid losing information.

The motivation for adding the fixed-point data type is to support a variety of devices
that do not include native hardware support for floating-point arithmetic. Given this
limitation in the devices, the standard could either:

1. Continue to support single-precision floating-point only, assuming that software
emulation will be used for all floating-point operations (in the application and in
the profile implementation).

2. Require a floating-point interface but allow the profile implementation to use
fixed-point internally by relaxing some of the precision and dynamic range
requirements. This assumes that an application will use software floating-point, or
will use its own form of fixed-point within the application, and convert to
floating-point representation when using profile commands.

3. Support a fixed-point interface and internal implementation including relaxing the
precision and dynamic range requirements.

Each of the choices has advantages and disadvantages, but the path chosen was to include
a fixed-point interface in both the Common and Common-Lite profiles, while requir-
ing the Common profile to continue to support a dynamic range consistent with IEEE
single-precision floating-point. This allows an application to make effective use of either
the floating-point data types and command interface while retaining compatibility with
Common-Lite profile applications. The Common-Lite profile only supports fixed-point
and integer data types and at minimum must support a dynamic range consistent with
a straightforward fixed-point implementation with 16 bits each of integer and fraction
parts. However, a Common-Lite profile implementation may support larger dynamic
range, for example, using floating-point representations and operations internally.
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This design decision places more burden on applications written using the fixed-
point interface to constrain the ranges of values used within the application, but
provides opportunities for efficient implementations across a much wider range of device
capabilities.

The principal application concern is avoiding overflow during intermediate calcu-
lations. This means that the combined magnitudes of values used to represent vertices
and modeling transformations must not exceed 215 — 1. Conversely, given the nature of
fixed-point arithmetic, values less than 1.0 will lose precision rapidly. Some useful rules
for avoiding overflow are:

Given a representation that supports numbers in the range [— X, X],

1. Data should start out within this range.

2. Differences between vertex components within a primitive (triangle or line) should
be within [—X, X].

3. For any pair of vertices g and p, |q; — pi| + |93 — p3] < X, fori =0...2 (the
subscript indices indicate the x,v, z, and w components).

These constraints need to be true for coordinates all the way through the transforma-
tion pipeline up to clipping. To check that this constraint is met for each object, examine
the composite transformation matrix (projection*modelview) and the components of the
object vertices. Take the absolute values of the largest scaling component from the upper
3 x 3 (s), the largest translational component from the 4th column (¢), and the largest
component from the object vertices (c), and test that ¢ x s + ¢ < X/2.

833

The Safety Critical profile addresses the market for highly robust or mission critical 3D
graphics implementations. Typical applications for this market include avionics and auto-
motive displays. The principal driving factor behind the Safety Critical profile is providing
the minimum required 3D rendering functionality and nothing more. Unlike the Com-
mon profile, processing power, battery power, and memory footprint are not constraints.
Instead, minimizing the number of code paths that need to be tested is much more impor-
tant. For these reasons, the Safety Critical profile greatly reduces the number of supported
input data types, and will make more drastic cuts to existing desktop features to simplify
the testing burden.

8.34

The OpenGL ES embedded profiles promise to extend the presence of the OpenGL
pipeline and OpenGL applications from tens of millions of desktop computers to hun-
dreds of millions of special purpose devices. Similar to the OpenGL specification, the
ES profile specifications are also revised at regular intervals, nominally yearly, so that
important new features can be incorporated into the standard in a timely fashion.
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8.4 OpenGL Pipeline Evolution

Looking at features added to new versions, the most significant changes in OpenGL
have occurred in the way data is managed and moved in and out of the pipeline (texture
objects, vertex arrays, vertex buffer objects, render-to-texture, pbuffers, packed pixels,
internal formats, subimages, etc.) and in the explosive improvement in the capabilities of
the texture mapping subsystem (cube maps, LOD control, multitexture, depth textures,
combine texture environment, crossbar environment, etc.). The first class of changes
reflect a better understanding of how applications manage data and an evolving strategy
to tune the data transfer model to the underlying hardware technologies. The second class
of changes reflect the desire for more advanced fragment shading capabilities.

However, these changes between versions only tell part of the story. The OpenGL
extensions serve as a harbinger of things to come. The most significant feature is the evolu-
tion from a fixed-function pipeline to a programmable pipeline. This evolution manifests
itself in two ways: vertex programs and fragment programs. Vertex programs allow an
application to tailor its own transform and lighting pipeline, enabling more sophisticated
modeling and lighting operations including morphing and skinning, alternate per-vertex
lighting models, and so on. Fragment programs bypass the increasingly complex multi-
texture pipeline API (combine and crossbar environments), replacing it with a complex
but much more expressive programming model allowing nearly arbitrary computation
and texture lookup to be performed at each fragment.

The two programmable stages of the pipeline continue to grow in sophistication, sup-
porting more input and computational resources. However, there is another evolutionary
stage just now appearing. The programmable parts of the pipeline are following the evo-
lution of traditional computing (to some extent), beginning with programs expressed in
a low-level assembly language and progressing through languages with increased expres-
siveness at a much higher level. These improvements are achieved through the greater
use of abstraction in the language. The programmable pipeline is currently making the
first transition from assembly language to a higher-level (C-like) language. This step is
embodied in the ARB_shading_Tanguage_100 extension, also called the OpenGL
Shading Language (Kessenich et al., 2003).

The transition to a higher-level shading language is unlikely to be the end of the
evolution, but it may signal a marked slow down in the evolution of the structure of the
pipeline and greater focus on supporting higher-level programming constructs. Regard-
less, the transition for devices to the programmable model will take some time, and in the
near term there will be devices that, for cost or other reasons, will be limited to earlier
versions of the OpenGL standard well after the programmable pipeline becomes part of
core OpenGL.!

The remainder of this chapter describes some of the details and technologies involved
in implementing hardware accelerators. Many of the techniques serve as a basis for

1. OpenGL 2.0
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hardware-accelerated OpenGL implementations independent of the target cost of the
accelerator. Many of the techniques can be scaled down for low-cost or scaled up for
very high-performance implementations and the techniques are applicable to both the
fixed-function and programmable parts of the pipeline.

8.5 Hardware Implementations of the Pipeline

The speed of modern processors makes it possible to implement the entire OpenGL
pipeline in software on the host processor and achieve the performance required to process
millions of vertices per second and hundreds of millions of pixels per second. However,
the trend to increase realism by increasing the complexity of rendered scenes calls for the
use of hardware acceleration on at least some parts of the OpenGL pipeline to achieve
interactive performance.

At the time of this writing, hardware acceleration can enable performance levels in
the range of 100 to 300 million vertices per second for geometry processing and 100
million to 5 billion pixels per second for rasterization. The raw performance is typically
proportional to the amount of hardware acceleration present and this is in turn reflected
in the cost and feature set of the accelerator. OpenGL pipelines are being implemented
across a tremendous range of hardware and software. This range makes it difficult to
describe implementation techniques that are applicable across devices with differing price
and performance targets. Instead, the following sections provide an overview of some
acceleration techniques in order to provide additional insight into how the pipeline works
and how applications can use it more efficiently.

The OpenGL pipeline can be roughly broken into three stages: transform and light-
ing, primitive setup, and rasterization and fragment processing. Accelerators are usually
designed to accelerate one or more of these parts of the pipeline. Usually there is more
benefit in accelerating the later stages of the pipeline since there is more data to process.

8.5.1

Rasterization accelerators take transformed and lighted primitives and convert them to
pixels writing them to the framebuffer. The rasterization pipeline can be broken down
into several operations which are described in the following paragraphs.

Scan Conversion

Scan conversion generates the set of fragments corresponding to each primitive. Each
fragment contains window coordinates x, y, and z, a color value, and texture coor-
dinates. The fragment values are generated by interpolating the attributes provided at
each vertex in the primitive. Scan conversion is computationally intensive since multiple
attribute values must be computed for each fragment. Scan conversion computations can
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be performed using fixed-point arithmetic, but several of the computations must be per-
formed at high precision to avoid producing artifacts. For example, color computations
may use 4- or 8-bit (or more) computations and produce satisfactory results, whereas
window coordinates and texture coordinates need substantially higher precision. During
scan conversion the generated fragments are also tested against the scissor rectangle, and
fragments outside the rectangle are discarded.

Texture

Texture mapping uses texture coordinates to look up one or more texel values in a tex-
ture map. The texel values are combined together to produce a single color, which is
used to update the fragment color. The update method is determined by the current tex-
ture environment mode. The texturing operation can be both computationally expensive
and memory intensive, depending on the filtering mode. For example, an RGBA texture
map using a GL_LINEAR_MIPMAP_LINEAR minification filter retrieves 8 texel values
split between 2 texture images. These 8 texel values are combined together using roughly
10 multiplications and 4 additions per color component. The amount of memory band-
width required is dependent on the component number and depth of the texture map as
well as the type of filtering used. It is common for hardware accelerators to design around
compact texel representations, for example, 16-bit texels (textures with component sizes
summing to 16-bits or less such as GL_RGBA4, GL_RGB5_A1) or a compressed texture
representation.

Multitexture increases the bandwidth requirement in a linear way, in that each active
texture stage requires a similar set of operations to produce the filtered result and then
the result must be combined with those from other texture stages.

Fog and Alpha

This stage calculates an attenuation value, used to blend the fragment color with a fog
color. The attenuation computation is dependent on the distance between the eye and
the fragment and the current fog mode. Many hardware accelerators use the window z
coordinate as an approximation to the distance, evaluating the fog function using a table
lookup scheme rather than providing circuitry to evaluate the fog function directly.

The alpha function compares the fragment alpha against a reference value and per-
forms an interpolation between the alpha and selected color components of the fragment.
The color components selected depend on the current alpha function.

Depth and Stencil

The depth and stencil tests are memory intensive, since the depth and stencil values
must be retrieved from the framebuffer before the tests can be performed. The amount
of memory bandwidth required depends on the size of the depth and stencil buffers.
Accelerator implementations will often pack the depth and stencil storage together for
simultaneous access. For example, a 23-bit depth value and 1-bit stencil value are packed
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into 3 bytes, or a 24-bit depth value and an 8-bit stencil value are packed into 4 bytes.
In the first example, the stencil operation may be no more expensive than the depth test
operation if memory is accessed in byte-units; but in the latter case the stencil operation
may cost an extra memory access, depending on the structure of the memory interface.

Blending

Framebuffer blending is also memory intensive since the contents of the color buffer
must be retrieved as part of the computation. If the blend function uses destination
alpha, additional memory bandwidth is required to retrieve the destination alpha value.
Depending on the blend function, a moderate number of multiplication and addition
operations may also be required. For example, for rendering of transparent surfaces, 6
multiplies and 3 adds are required for each fragment:

R4y < Roper + (1 — )Ry
Gyt < Goea + (1 —a)Gyg
By < Bsrear + (1 — ) B g

Framebuffer Operations

Rasterization accelerators typically accelerate some additional framebuffer operations
such as buffer clears and dithering. The clear operations are very memory intensive, since
every pixel within the window needs to be written. For example, a 1024 x 1024 window
requires 1 million memory operations to write each pixel in the window. If an application
is running at 85 frames per second, 85 million pixel writes per second are required just
to clear the window.

Accumulation buffer operations are also computation and memory intensive, but
frequently are not implemented directly in lower cost accelerators. The main reason
for this is that the accumulation buffer operations require larger multipliers and adders
to implement the higher precision arithmetic, but the cost is prohibitive for lower cost
accelerators.

The total number of rasterization computations performed for each pixel can exceed
100 operations. To support rasterization rates in excess of 100 million pixels per second
the rasterization pipeline must support as many as 1 billion operations per second or
more. This is why rasterization acceleration is found in all but the lowest-cost devices
that support 3D rendering.

OpenGL implementations that do not use an external accelerator may still take
advantage of special CPU instructions to assist with rasterization. For example, Intel’s
MMX (multimedia extensions) (Peleg et al., 1997) instructions allow the same operation
to be simultaneously applied to multiple data elements packed into a wide register. Such
instructions are particularly useful for computing all of the components of an RGBA color
value at once.
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8.5.2

Primitive setup refers to the set of computations that are required to generate input frag-
ments for the rasterization pipeline. In lowest cost accelerators, these computations are
performed on the host computer for each primitive and sent to the rasterizer. These com-
putations can easily become the bottleneck in the system, however, when a large number
of primitives are drawn. The computations require computing the edge equations for each
active parameter in a triangle’s vertices (color, depth, texture coordinates), performed at
high precision to avoid artifacts. There is a large amplification of the amount of data in
the pipeline, as each triangle generates a large number of fragments from three vertices.

853

Mid-range and high-end accelerators often provide hardware acceleration for the
OpenGL transform and lighting (also called geometry) operations. These operations
include the transformation of vertex coordinates to eye space, lighting computations, pro-
jection to window coordinates, clipping, texture coordinate generation, and transform.
These operations typically use IEEE-754 single-precision floating-point computations?
and require in excess of 90 operations per-vertex when lighting or texturing is enabled.
To achieve rates of 10 million triangles per second, more than 100 million floating-point
operations per second are necessary in addition to data movement and other operations.
High vertex rates preclude using the host CPU except in cost-sensitive applications.

Even with accelerator support, some operations need to be implemented carefully to
achieve good performance. For many computations, it is not necessary to evaluate the
result to full single-precision accuracy. For example, color computations may only need
8- or 12-bits of precision, and specular power and spotlight power functions are often
implemented using table lookup rather than direct function evaluation. The OpenGL
glRotate command may use limited precision polynomial approximations to evaluate
trigonometric functions. Division may be implemented using fast reciprocal approxima-
tions (Soderquist and Leeser, 1996) rather than a much more expensive divide operation.
The accelerator architecture may be tuned to compute inner product operations since
much of the transformation and lighting computations are composed of inner product
computations.

Implementations that support programmable vertex operations (vertex programs),
map or translate the application-specified vertex programs onto an internal instruction
set. This internal instruction set shares much in common with the operations required
to implement the fixed vertex pipeline: vector add, multiply, reciprocal, inner product,
matrix operations, limited conditional branching and looping, and miscellaneous opera-
tions to assist in computing some parts of the vertex lighting equation (e.g., attenuation or
specular power). Programmable fragment processing requires similar types of instructions

2. In practice, a subset of IEEE floating-point is used since some of the more expensive capabilities (e.g.,
support for different rounding modes), are unnecessary.
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as well, particularly to support per-fragment lighting computations, only in the near-term
with lower precision and range requirements than those needed for vertex processing.

Over the past five years, it has become cost-effective to fit rasterization, setup,
and transform and lighting acceleration into a single chip, paving the way for low-cost
implementations to hardware accelerate the majority of the OpenGL pipeline. These
implementations range from desktop to handheld devices. High-end desktop versions are
capable of rendering hundreds of millions of triangles per second and billions of pix-
els per second, while low-power consumption, low-cost implementations for hand-held
devices are capable of hundreds of thousands of triangles and tens of millions of pixels
per second.’

8.54

The data explosion that occurs as vertices are processed and converted to pixels leads to
the notion of balancing the stages of the pipeline to match the increases in the amount of
data to be processed. An unbalanced pipeline leaves a bottleneck at one of the pipeline
stages, leaving earlier and later stages idle, wasting resources. The question arises on
how to determine the correct balance between pipeline stages. The difficulty is that the
correct answer is application-dependent. An application that generates large numbers
of very small triangles may require more power in the earlier transform, lighting, and
setup stages of the pipeline, whereas applications that generate smaller numbers of trian-
gles with larger areas may require more rasterization and pixel fill capabilities. Sometimes
application classes can be grouped into categories such as geometry-limited or fill-limited.
Generally CAD applications fit in the former category, whereas games and visual simula-
tion applications fit in the latter, so it is not uncommon for accelerator designers to bias
their implementations toward their target audience.

One way to describe the balance is in terms of the number of input triangles (or other
primitives) and the average area of the primitive. For example, 100 million triangles per
second with 10 pixels per triangle requires 1 billion pixels to be processed per second.
Similarly, 50 million 10-pixel aliased lines may require 500 million pixels per second, and
50 million antialiased lines where each antialiased pixel has a 3-pixel footprint requires
1.5 billion pixels per second. System designers will then assign properties to the primitives
and pixels, (e.g., a single infinite light; normal, color, one texture coordinate per-vertex;
average triangle strip length 10; 2 mipmapped textures; depth buffering; 8-bit RGBA
framebuffer; 24-bit depth buffer, etc.) and determine the raw processing requirements to
meet these objectives.

The OpenGL specification allows the use of parallel processing to improve performance,
but imposes constraints on its use. The most important constraint requires that images are

3. In the year 2004.
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rendered as if their primitives were processed in the order they were received, through-
out the pipeline. This means that the fragments from one triangle shall not reach the
framebuffer before the fragments of a triangle that was sent to the pipeline earlier.
This constraint is essential for the correct operation of order-dependent algorithms such
as transparency. However, the specification does not prohibit primitives from being
processed out of order, as long as the end result isn’t changed.

Parallelism can be exploited in the transform and lighting stages by processing vertices
in parallel, that is, by processing two or more vertices simultaneously. Much of the vertex
processing can be performed completely in parallel (transforms, lighting, clip testing) and
the results accumulated for primitive assembly and rasterization. A parallel implementa-
tion can take several forms. Individual primitives can be sent to independent processors
for processing, and the resultant primitives merged back in order before rasterization,
as shown in Figure 8.1. In such an implementation, the incoming primitives are passed
through a distributor that determines to which geometry processor to send each primi-
tive. The distributor may choose processors in a round-robin fashion or implement a more
sophisticated load-balancing scheme to ensure that primitives are sent to idle processors.
The output of each geometry processor is sent to a recombiner that merges the processed
primitives in the order they were originally sent. This can be accomplished by tagging the
primitives in the distributor and then reassembling them in the order specified by the tags.

Using multiple-instruction-multiple-data (MIMD) processors, the processors can
run independently of one another. This allows different processors to process differ-
ing primitive types or lengths or even execute different processing paths, such as clipping
a primitive, in parallel. MIMD-based processing can support workloads with greater
variation, but incurs the extra cost of supporting a complete processor with instruction
sequencing and data processing. An alternative is to run the processors in lockstep using
a single instruction stream.

A single-instruction-multiple-data (SIMD) processor can be used to process the
vertices for a single primitive in parallel. For example, a SIMD processor with three
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Figure 8.1 MIMD vertex processing.
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Figure 8.2 SIMD vertex processing.

processors can simultaneously process the three vertices in an independent triangle, or
three vertices at a time from a triangle strip, as shown in Figure 8.2. Clipping compu-
tations are more difficult to process in parallel on an SIMD processor, so most SIMD
implementations use a single processor to clip a primitive.

In both these cases, difficulties arise from state changes, such as changing the mod-
elview matrix or the current color. These changes must be applied to the correct set of
primitives. One reason that OpenGL allows so few commands between g1Begin/g1End
sequences is to facilitate parallel processing without interference from state changes.

When there are no state changes between primitives, all of the vertices for the set
of primitives can be processed in the same way. This allows the simple SIMD model to
be extended to process vertices from multiple primitives at once, increasing the width
of the SIMD array. As the vertices are being processed, the information defining which
vertices are contained within each input primitive must be preserved and the primitives
re-assembled before clipping.

A single large SIMD array may not be effectively utilized if there are frequent state
changes between primitives, since that reduces the number of vertices that are processed
identically. One method to maintain efficiency is to utilize an MIMD array of smaller
SIMD processors where each MIMD element processes vertices with a particular set of
state. Multiple MIMD elements can work independently on different primitives, while
within each MIMD element, a SIMD array processes multiple vertices in parallel.

Vertex Efficiency

Most hardware accelerators are tuned to process connected primitives with no inter-
leaved state changes with maximum efficiency. Connected primitives, such as triangle
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strips, allow the cost of processing a vertex to be amortized over multiple primitives.
By avoiding state changes, the geometry accelerator is free to perform long sequences
of regular vector and matrix computations and make very efficient use of the arithmetic
logic in the accelerator. This an area where the use of vertex arrays can improve perfor-
mance, since state changes cannot be interspersed in the vertex data and the vertex array
semantics leave the current color, normal, and texture coordinate state undefined at the
end of the array.

Vertex Caching

Implicitly connected primitives such as strips and fans are not the only mechanism for
amortizing vertex computations. Vertex arrays can also be used to draw triangle lists, that
is, indexed arrays of triangles using the g1DrawElements command. At first glance,
indexed arrays may seem inefficient since an index must first be fetched before the vertex
data can be fetched. However, if the index values are compact (16-bits) and can be
fetched efficiently by the accelerator, indexing allows more complex topologies than
strips and fans to be specified in a single rendering command. This allows meshes to
be specified in which more than two primitives can share each vertex. For example, a
regular rectangular grid of triangles will reuse each vertex in four triangles in the interior.
This means that the cost of fetching index values can be overcome by the savings from
avoiding re-transforming vertices. To realize the savings the accelerator needs to be able
to track the post-transform vertex data and re-use it.

With connected primitives the vertex data is re-used immediately as part of the next
primitive. However, with mesh data each triangle must be specified completely, so some
vertices must be re-specified. Fortunately, vertices are uniquely indexed by their index
value, so the index value can also be used to index a post-transform vertex cache to retrieve
already transformed values. This cache can be implemented as a software-managed cache
(for example, in implementations that do software vertex processing), or it can be imple-
mented directly in hardware. A relatively small cache of 8 to 16 entries, combined with
careful ordering of the individual primitives in the triangle list, can result in very good
vertex re-use, so this technique is commonly employed.

Rasterization

Parallelism can be exploited in the rasterization stage during fragment processing. Once
a fragment is generated during scan conversion, it can be processed independently of
other fragments as long as order is preserved. One way to accomplish this is to subdivide
the screen into regions and assign fragment processors to different regions as shown in
Figure 8.3. After scan conversion, each fragment is assigned to a processor according
to its window coordinates. A coarse screen subdivision may result in poor processor
utilization if the polygons are not evenly distributed among the subdivided regions. To
achieve better load balancing, the screen may be more finely subdivided and multiple
regions assigned to a single fragment processor. Scan-line interleave is one such form of



146 CHAPTER 8 OpenGL Implementations

Processor O

Figure 8.3 Screentiling.

e ElEEEEEEEEEE

Figure 8.4 Scanlineinterleave.

fine-grain subdivision: each region is a scan line, and multiple scan lines are assigned to
a single processor using an interleaving scheme, as shown in Figure 8.4

Similar SIMD processing techniques can also be used for fragment processing. Since
all of the pixels of a primitive are subject to the identical processing, they can be processed
in parallel.
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One place where parallelism is particularly effective is in improving memory access
rates. Two places where external memories are heavily accessed are texture lookup and
framebuffer accesses. Rasterization bottlenecks often occur at the memory interfaces.
If external memory can’t keep up with the rest of the rasterizer, the pixel rate will be
limited by the rate at which memory can be accessed; that is, by the memory bandwidth.
Parallelism increases the effective memory bandwidth, by spreading the burden of memory
accesses over multiple memory interfaces. Since pixels can be processed independently, it
is straightforward to allocate memory interfaces to different pixel regions using the tiling
technique described previously.

For texture memory accesses, there are several ways of achieving some parallelism.
For mipmapping operations using GL_LINEAR_MIPMAP_LINEAR filtering, eight texel
values are retrieved from two mipmap levels. Rather than fetch the texel values serially,
waiting for each access to complete before starting the next one, the mipmap levels can
be distributed between multiple memories using a tiling pattern. Interleaving data across
multiple memory interfaces can benefit any texture filter that uses more than one sample.
In addition to interleaving, entire levels can also be replicated in independent memo-
ries, trading space for improved time by allowing parallel conflict-free access. Figure 8.5
illustrates an example where texture memory is replicated four ways and even and odd
mipmap levels are interleaved.

An alternative to multiple external texture memories is to use a hierarchical memory
system. This system has a single external interface, combined with an internal cache
memory, which allows either faster or parallel access. Hierarchical memory schemes rely
on coherency in the memory access pattern in order to re-use previous memory fetches.
Fortunately, mipmapping can exhibit a high level of coherency making caching effective.
The coherency can be further improved using texture compression to reduce the effective
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Figure 8.5 Mipmap levels replicated four ways and interleaved.
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memory footprint for a texture at the cost of additional hardware to decompress the
texture samples during lookup. The organization of memory affects the performance
of the texturing subsystem in significant way; in older accelerators it was common for
mipmapping to be slower than linear or other filters in the absence of replication and
interleaving. In modern low-cost accelerators it is common for applications using mipmap
filters to achieve better performance than linear filters since small mipmap levels have
better cache coherency than larger linear maps.

A second way to increase parallelism can be exploited for multitexturing operations.
If multiple textures are active and the texture coordinates are independent of one another,
then the texel values can be retrieved in parallel. Again, rather than multiple external
memories, a single external memory can be used with a parallel or high-speed internal
cache. Like modern processor memory systems, the caching system used for texturing
can have multiple levels creating a hierarchy. This is particularly useful for supporting
the multiple texture image references generated by multitexturing and mipmapping.

Latency Hiding

One of the problems with using memory caching is that that the completion times for
memory reads become irregular and unpredictable. This makes it much more difficult to
interleave memory accesses and computations in such a way as to minimize the time spent
idle waiting for memory reads to complete. There can be substantial inefficiency in any
processing scheme if the processing element spends a lot of time idle while waiting for
memory references to complete. One way to improve efficiency is to use a technique called
hyperthreading. In hyperthreading, instead of having the processing element sit idle, the
processor state is saved and the processor executes another waiting task, called a thread.
If the second thread isn’t referencing memory and executes some amount of computation,
it can overlap the waiting time or latency, of the memory reference from the first thread.
When the memory reference for the first thread completes, that thread is marked as
“ready” and executes the next time the processing element stalls waiting for a memory
reference. The cost of using the hyperthreading technique is that extra hardware resources
are required to store the thread state and some extra work to stop and start a thread.

Hyperthreading works well with highly parallel tasks such as fragment processing.
As fragments are generated during rasterization, new threads corresponding to fragments
are constructed and are scheduled to run on the processing elements. Hyperthreading can
be mixed with SIMD processing, since a group of fragments equal to the SIMD array
width can be treated as a single thread. SIMD processing has the nice property that its
lockstep execution means that all fragments require memory reads at the same instant.
This means that its thread can be suspended once while its read requests for all of the
fragments are serviced.

Early-Z Processing

Another method for improving rasterization and fragment processing performance is to
try to eliminate fragments that are not visible before they undergo expensive shading
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operations. One way to accomplish this is to perform the depth test as fragments are
generated. If the fragment is already occluded then it is discarded immediately avoiding
texture mapping and other operations. To produce correct images, the early test must
produce identical results compared to depth testing at the end of the pipeline. This means
that when depth testing is disabled, or the depth function is modified, the early depth test
must behave correctly.

While early testing against the depth buffer can provide a useful optimization, it
still requires comparing each fragment against the corresponding depth buffer location.
In implementations with deep buffers of fragments traveling through the fragment pro-
cessing path on the way to the framebuffer, the test may be using stale depth data.
An alternative is to try to reject more fragments from a primitive in a single test, by using a
coarser depth buffer consisting of a single value for a tile or super-pixel. The coarser buffer
need only store information indicating whether the super-pixel is completely occluded and
if so, its min and max depth values in the area covered. Correspondingly large areas from
an incoming primitive are tested against the depth range stored in the super-pixel. The
results of the test: completely behind the super-pixel, completely in front of the super-
pixel, or intersects determine if the incoming block of pixels is discarded, or processed as
normal (with the depth range in the super-pixel updated as necessary).

Special cases arise when the incoming area intersects the depth range of the super-
pixel, or the incoming area is completely in front, but doesn’t completely cover the
super-pixel. In both cases the fragments in the incoming area proceeds through the rest
of the pipeline, but the super-pixel is invalidated since it isn’t completely covered by the
incoming primitive.

Despite the additional complexity of the coarser area approximation, it has two
advantages. First, it can reject larger groups of incoming fragments with few tests. Second,
if the areas are large enough (16 x 16), the buffer storing the depth range and valid flag for
the super-pixel becomes small enough to fit on-chip in a hardware accelerator, avoiding
additional delays retrieving values from memory. To further improve the efficiency of
rejection, the scheme can be extended to a hierarchy of tile sizes (Greene et al., 1993).

The early-Z processing mechanism is one of a number of places where processing steps
can be reordered to eliminate unnecessary work as a form of performance optimization.
The idea is to move work earlier in the pipeline to eliminate other potentially unnecessary
processing later in the pipeline. Some examples of this are trivial rejection of primitives
and backface culling. The logical order for processing primitives is to transform them to
eye-space; light them; project to clip space; clip or discard primitives outside the view
volume; perform the perspective division and viewport transformation. However, it can
be more efficient to defer the vertex lighting computation until after the trivial rejection
test, to avoid lighting vertices that will be discarded. Similarly, polygon face culling
logically happens as part of polygon rasterization, but it can be a significant performance
improvement to cull polygons first, before lighting them.
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In the rasterization and fragment processing stages, it is similarly common to perform
the scissor test during rasterization. This ensures that fragments are discarded before
texture mapping or expensive shading operations. Early-Z and stencil processing are
perhaps the most complex examples, since all application-visible side effects must be
maintained. This is the key constraint with reordering the pipeline; it must be done in
such a way that the application is unaware of the ordering change; all side effects must
be preserved. Side effects might include updates to ancillary buffers, correct output of
feedback and selection tokens, and so forth.

The idea of eliminating work as early as possible isn’t limited to the internal imple-
mentation of the pipeline. It is also beneficial for applications to try to take similar steps,
for example, using alpha testing with framebuffer blending to discard “empty” fragments
before they reach the more expensive blending stage of the pipeline. Chapter 21 discusses
these additional performance optimization techniques.

8.5.7

As OpenGL continues to evolve, and this single standard is used to satisfy a wide range of
applications over an even larger range of performance levels, it is rare for implementations
to hardware accelerate all OpenGL primitives for every possible combination of OpenGL
states.

Instead, most implementations have a mixture of hardware accelerated and unaccel-
erated paths. The OpenGL specification describes pipelines of steps that primitives must
go through to be rendered. These pipelines may be implemented in software or accel-
erated in hardware. One can think of an implementation containing multiple pipelines,
each associated with a set of OpenGL state settings, called a state vector. Each one of
these pipeline/state combinations is a path.

A hardware designer may choose to hardware accelerate only a subset of all possible
OpenGL states to reduce hardware costs. If an application sets a combination of state set-
tings that aren’t accelerated, primitives processed under that state will be rendered using
software on the host processor. This concept gives rise to a number of notions, including
fast paths, slow paths, and fall back to software, to indicate whether an implementation
is or is not using a high-performance path for a particular combination of modes.

The existence of software and hardware paths has obvious performance implications,
but it also introduces some subtler issues. In Section 6.1.1 the importance of invariance in
rasterization for multipass algorithms was emphasized. As a practical matter, however,
it can be very difficult for an implementation with mixed software and hardware paths to
guarantee consistency between them. For example, if a new blending mode is introduced,
a software rasterization path may be added to the implementation to support the new
mode on legacy hardware. It may be difficult to use this mode in a multipass algorithm
since the software rasterizer is unlikely to rasterize triangles in the same way as the
hardware.

It may not be an entire path that is implemented in software, but just a single opera-
tion. For example, accumulation buffer operations are commonly performed on the host



The Future 151

processor, as the extended precision arithmetic is too expensive to implement in com-
modity hardware. Another example is texture borders. Texture borders, by their nature,
tend to complicate hardware texturing implementations and they are not used by many
applications;* as a result, they are often relegated to software paths, or occasionally not
supported at all.

8.6 The Future

It’s difficult to predict exactly how the OpenGL pipeline will continue to evolve, but
some directions seem promising. In particular, the enhancement of the programmable
parts of the pipeline (vertex and fragment programs) will continue, adding storage and
computational resources, as well as enhanced arithmetic. Concurrently, new processing
structuring paradigms such as stream processing (Owens et al., 2000) may help scale
hardware accelerators to the next order of magnitude in performance improvement.
At the same time, interest continues in adding new functionality to the pipeline, such
as support for subdivision surfaces and displacement mapping (Lee et al., 2000). The
demand for efficient implementations of such features may see the evolution of the tradi-
tional polygon-based OpenGL rendering pipeline to other formulations such as REYES
(render everything you ever saw) (Cook et al., 1987; Owens et al., 2002) allowing hard-
ware accelerators to achieve the next level of interactive realism. In the meantime, the
software and hardware implementation techniques described here will enjoy continued
use across a variety of devices for the foreseeable future.

4. This is a catch-22, since lack of application support is a disincentive to accelerate a feature and vice
versa.












Multiple Rendering Passes

One of the most powerful features of the OpenGL pipeline is the ability to render a prim-
itive multiple times using different modes, combining the results together to produce the
final image (Figure 9.1). This approach implements the equation If,,,) = I10p;[20p; ... I,
where op; represents an arbitrary combining operation. In essence, a multipass approach
combines the individual functional elements of OpenGL into a programming language,
increasing the power and generality of the implementation. An application can do more
computations than can be performed in OpenGL during a single pass over each primitive,
and can achieve a wide variety of additional effects.

Using multiple rendering passes to draw a single frame can significantly impact ren-
dering performance, which can lead to unacceptable frame rates. As the raw performance
of graphics hardware improves, however, applications can budget multiple rendering
passes to increase the frame quality, yet still maintain their desired frame rate. Investing
computation time on multipass algorithms can often yield more improvement to image
quality than applying it to increasing polygon counts. Many of the algorithms described in
the remainder of the book use multiple rendering passes to implement algorithms; becom-
ing familiar with these basic multipass principles provides the framework for modifying
and extending them.

9.1 Invariance

Section 6.1.1 describes the concept of invariance and how it applies to rasterization oper-
ations. The invariance rules are vital to ensure correct multipass rendering; without
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Figure 9.1 Basic multipass concept: combine computations from multiple frames.

invariance there is no guarantee that a given primitive, re-rendered with different
attributes by a multipass algorithm, will render predictably and generate the desired
result. Application writers should be aware that sometimes the OpenGL invariance rules
can be subtle.

For example, a primitive doesn’t have to produce the same fragments if blending is
enabled and disabled, but it must do so if blending is effectively disabled by setting the
source and destination blend factors to GL_ONE and GL_ZERQO. Since the invariance rules
allow for a lot of diversity between implementations, many vendor’s implementations may
be invariant even when a feature such as blending is explicitly enabled or disabled. While
convenient, this additional implementation-dependent invariance can lure application
writers into believing that this is the case for all implementations.

Table 9.1 lists methods for effectively disabling a particular feature that still maintains
invariance. These methods are guaranteed by the OpenGL specification; they should work
on any compliant implementation.

9.2 Multipass Overview

Each stage of a multipass algorithm splits into two steps: how to render one or more
primitives, and how the resulting image should be merged with the image from previous
steps. Care must be taken at each step, not only to ensure that the desired effect was
achieved, but also to ensure that all the buffers affected by this step contain the proper
values for the operations that follow.
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Tahle 9.1 Disabling Operations while Maintaining Invariance

State Enable Function Disable Arguments
GL_POLYGON_OFFSET_POINT glPolygonOffset factor=0.0
GL_POLYGON_OFFSET_LINE units = 0.0

GL_POLYGON_OFFSET_FILL

GL_SCISSOR_TEST glScissor x=0

y=0

width = window width

height = window height
GL_ALPHA_TEST glAlphaFunc func=GL_ALWAYS

GL_DEPTH_TEST g1DepthFunc func=GL_ALWAYS
GL_STENCIL_TEST glStencilOp zfail= GL_KEEP
zpass = GL_KEEP

glStencilFunc func=GL_ALWAYS
GL_COLOR_LOGIC_OP glLogicOp opcode = GL_COPY
GL_INDEX_LOGIC_OP
GL_BLEND sfactor=GL_ONE

dfactor=GL_ZERO

A simple example that illustrates what must be considered when constructing mul-
tipass techniques is an implementation of separate specular color functionality. The
separate specular color is part of core OpenGL 1.2; it is described in Section 3.3.4.

The multipass implementation of this lighting mode requires two passes. In the first
pass, primitives are rendered with vertex lighting enabled, but with the material’s specular
reflectance set to zero. Zeroing the material specular component ensures that the color
from this pass doesn’t include a specular contribution. In the second pass, the primitives
are re-rendered, this time with the ambient, diffuse, and emissive reflectances set to zero,
and the specular reflectance set to the desired value. The result is two separate renderings
of the primitive; one with primary (diffuse), one with secondary (specular) colors.

In the specification of separate specular color, OpenGL computes the secondary color
separately, then adds it to the the fragment color after texturing. Since the secondary
color isn’t modified by texturing, our multipass algorithm can duplicate this algorithm
by disabling texturing during the second rendering pass. Adding together the primary
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and secondary light contributions can be done with blending. Blending is enabled during
the second pass, with both the source and destination blend factors set to GL_ONE.

This blending equation causes the fragment colors from the two computations to be
added together in the framebuffer. When blending two separate renderings of an object,
there are several details that must be considered. If depth testing is enabled for both passes,
the default depth function, GL_LESS, discards all of the fragments from the second pass
before blending. Changing the depth function to GL_EQUAL results in better behavior,
since fragments from the second pass with depth values equal to the visible fragments of
the first pass now pass the depth test and are blended.

For most situations this method is sufficient. If the rendered geometry is not well
behaved, however, multiple fragments might be rasterized to the same depth value as the
visible pixel. This effect would be invisible when blending isn’t enabled, but in this case
the extra fragments will be included in the blending computation, generating undesir-
able artifacts. One way around this problem is to render each image separately without
blending, trim to the geometry of interest (with stencil, for example), then blend the
color images in a separate step. In general, the complexity of the merge step can vary,
depending on details of the scene, the image quality required, and how the application
will use the modified buffers after the algorithm is finished.

To illustrate these trade-offs, consider the separate specular color example in more
detail. Care should be taken if the alpha component of the lighted polygon will be used
later by the application (for example, if the lighted geometry is being alpha tested or
a framebuffer containing alpha components is used to store the alpha components of
the pixels for use later on). There are some subtleties here; regular vertex lighting (and
therefore OpenGL’s separate specular color method) uses the alpha from the diffuse
material as the final alpha component of the lighted primitive; the alpha components of
the ambient, emissive, and specular reflectance are not used.

If the algorithm must compute the final alpha components correctly, we should con-
sider how these alpha values may be used. The requirement may be that only the final
alpha values stored in the framebuffer image must be correct. This could be done by ren-
dering the first, diffuse pass of the algorithm with the diffuse alpha components, and using
alpha values of zero for the second, specular pass. However, this approach doesn’t work
if the application is using alpha testing while the specular primitives are being rendered.
The specular components won’t have the correct alpha components, and the specular
highlights may be masked incorrectly by the alpha test.

To get both the correct final alpha values and the correct alpha test behavior, we
need to render both passes using the diffuse alpha components. If this is all we did, we
would get incorrect alpha values in the framebuffer; the blend equation we’re using
would add together the diffuse alpha values from both passes, doubling them. This
can be fixed by discarding the alpha component of the second blending pass with the
glColorMask(1,1,1,0). The first pass uses the diffuse alphas, producing proper
alpha test results, and updating the framebuffer with the proper alpha values. The second
pass would also be using the right alpha values, so the alpha test results for the specular
part of the image would be correct. The alpha results from this pass would be doubled
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by the blend, but then discarded by the color mask, leaving the proper alpha components
in the framebuffer.

So far, we have focused on creating the proper image in the color buffer. The color
buffer is a common target for multipass techniques, but not the only one. In some cases
the desired result of a rendering pass is not an updated color buffer, but changes in one
or more of the ancillary buffers: depth, stencil, or accumulation. These buffers may be
updated directly, or as a side effect of one or more multipass operations. For example,
updating the depth or stencil buffer is usually done as a side effect of rendering geometry.
Getting the final values of these buffers right (if they will be needed later) is part of the
algorithm design process.

9.3 The Multipass Toolbox

As the previous example illustrates, designing a good multipass algorithm requires atten-
tion to detail. But there is a more general framework that can be used to guide multipass
algorithm design. Here we provide a “toolbox” of building blocks within a programming
paradigm that is applicable to a wide range of algorithms.

A rendering algorithm or technique can be thought of as a specialized type of com-
puter algorithm. They can be expressed as a programming language, containing data
manipulation operations such as variable assignment, arithmetic and logic operations,
and control flow constructs such as loops and conditionals. The operations available in
the OpenGL pipeline itself can be mapped into constructs found in programming lan-
guages. This language can then be used to express rendering algorithms. From this more
general view of OpenGL, it becomes an easier task to map a rendering algorithm into a
sequence of OpenGL pipeline operations.

9.3.1

At every stage of the OpenGL pipeline some form of computation is performed. A few of
these stages can be controlled enough by applications so that general arithmetic operations
can be performed. In the two-pass specular lighting example, the arithmetic operations
available through blending were used. Using OpenGL 1.3 as a reference, the blending
functions provide operators for multiplication, addition, subtraction, minimum, and
maximum. The constant blending function in the ARB imaging subset provides efficient
operators for adding, subtracting, and multiplying by a constant. The logic op function
supplies bit-wise logical operations.

There are two difficulties with color buffer blending; the values are restricted to the
[0,1] range and the color precision available for each color component may be limited.
The use of scaled and biased arithmetic to work around the range limitation is described
in Section 3.4.1. The accumulation buffer also allows some arithmetic operations to be
performed with increased range and precision. The accumulation buffer doesn’t support
multiplication of a pixel color by another pixel color, but it does support multiplication by
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a constant. A disadvantage of the accumulation buffer is that it is not hardware accelerated
on some commodity hardware. Ultimately, this problem is solved on new implementa-
tions that support floating-point operations and programmable pipeline processing, but
for implementations without such support the problem is still cumbersome.

As OpenGL and hardware accelerators have evolved, the texture environment stage
has become increasingly sophisticated. With the advent of multitexture’s new texture
environment functions, many of the operators available for color buffer blending are
also available in texture environment functionality. OpenGL 1.3 provides important new
texture environment functionality: the texture environment function GL_COMBINE is a
generalization of texture environment functions, such as GL_MODULATE or GL_ADD.

The GL_COMBINE function supplies an orthogonal set of operations and sources for
texture functions. Sources, operators, and texgen functions can be selected separately
to provide a more orthogonal mix of possible texgen operations. RGB and alpha color
sources, operations, and texgen functions can be selected separately. Functionality in the
texgen stage of the OpenGL pipeline is important because of multitexturing. If the imple-
mentation supports multitexturing, chains of arithmetic operations can be performed in
a single pass, which can produce higher quality images and significant performance gains.
The implications of multitexturing are described in more detail in Section 9.5.1, later in
this chapter.

The GL_DOT3_RGB and GL_DOT3_RGBA texture environment functions go beyond
blending functionality by introducing dot product operations to the list of combine opera-
tions. Two types of dot products can be generated from a pair of color values; one operates
on RGB, the other on RGBA. As with the other GL_COMBINE functions, the alpha value
can be processed separately. See Section 5.10.1 for more details on texenv functionality.

If the OpenGL implementation supports the ARB imaging subset, some additional
powerful operators become available to the application. The color matrix function can
be used to perform affine operations on the components of a pixel, including swizzling
components from one channel to another. For example, the following matrix swaps the
R and G channels in an image:

S = O O
-0 O O

R
G
B
A

S O = O
SO O

Note that this functionality is only available when loading or reading images or tex-
ture maps. The highest performance path that provides pixel operations is usually
glCopyTexImage?D and glCopyPixels, since they don’t read or write pixels to
system memory.

9.3.2

Notably missing from the standard arithmetic operators is division. Division can be emu-
lated to some degree by multiplying by the reciprocal of the divisor. One advantage of
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using reciprocals is that the reciprocal often fits within the [0,1] range constraint for color
and texture components. Going beyond division, it is also often desirable to apply other
functions such as sine, cosine, and so on.

One way to efficiently approximate arbitrary functions is to implement them as
lookup tables. OpenGL provides several types of lookup tables: pixel maps, color tables,
and texture maps. Pixel maps and color tables provide a way to map an input color value
to an output color value; in other words, evaluate y = f(x), where the domain and the
range of f are constrained to [0,1].

Texture maps can be treated in a similar way, except that 1-, 2-, and 3-input functions
can be implemented using 1-, 2-, and 3-D texture maps. The difficulty comes in providing
a more flexible way to provide input values: we would like to provide greater control over
the texture coordinate values used to index the texture maps. Texture coordinates can
be supplied as vertex parameters, generated automatically, and transformed using the
texture matrix. This makes it possible to use simple functions of the object or eye space
x, y, or z values, but makes it difficult to use the results of arithmetic operations on
individual pixels as the input to these functions.

The SGIS_pixel_texture extension solves this problem by providing a
means to interpret color values in pixel images as texture coordinates. Using
SGIS_pixel_texture, the first pass of an algorithm can generate an image I, and
then the resulting image can be copied over itself using g1CopyPixels with texturing
enabled to compute f(I). The ARB_fragment_program extension also provides this
functionality, sometimes called dependent texturing, as part of a programmable texturing
interface. See Section 5.10.2 for more details on programmable texturing.

Using texel values to index into other textures doesn’t have to be enormously expen-
sive. If pixel colors are stored in the color buffer using 8-bit components, then the texture
memory requirements are modest for 1D and 2D functions, needing only 256 x 1 and
256 x 256 texture maps.

9.3.3

The OpenGL pipeline performs conditional or selection operations at a number of stages
in the pipeline. One or more of these stages can be used together to implement simple
conditional operations in a multipass algorithm. Examples include the depth and alpha
tests. Alpha test performs per-fragment comparisons against a reference value and rejects
the fragments that fail the test. Even though the test only examines the alpha value, it can
be made more general by using other OpenGL operators to map RGBA colors that need
testing to specific alpha values. For example, to reject pixels that have 0 for both the R
and G components, use the color matrix to put the sum of R + G in the A component
and reject pixels with A = 0.

Using the stencil and depth buffer together provides powerful conditional logic.
Simple arithmetic and logical operations such as counting and exclusive-or, can be per-
formed in the stencil buffer and the result used to selectively update the color buffer.
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Additional blending functions such min/max and constant factors are also useful accel-
erators for conditional logic. Logic operations (expanded to include RGBA support in
OpenGL 1.1) provide a large set of bitwise boolean operators, including AND, OR, XOR,
COPY, SET, and inverted versions of these operations.

Conditional tests in earlier stages of the pipeline may prove useful as well. Culling
and clipping operations use the value of vertices to reject all or part of a primitive. With
appropriate transformation matrices, these tests can be used to reject primitives subject
to more complex conditions than ‘inside’ or ‘outside’ the viewing frustum. For example,
the diffuse and specular terms of the lighting equation are clamped to zero if the surface
normal points away from the light source. The resulting color can be used as a flag that
can be tested in later parts of the pipeline.

These examples may seem odd or even absurd; after all, OpenGL isn’t a general
purpose programming language. But our intent isn’t to promote obfuscated or general
purpose programming with OpenGL. Instead the goal is to consider various parts of the
pipeline and think of them as building blocks for multipass algorithms. We are using
OpenGL functionality in a more general way, being true to the spirit of OpenGL as a
graphics assembly language. We don’t have to limit the use of a pipeline feature to the
specific intent or algorithms the OpenGL designers may have had in mind.

9.34

Early on in the evolution of OpenGL, it became clear that it was useful to have additional
color buffers to temporarily hold parts of an image or scene. When constructing multipass
algorithms, these temporary buffers play a role analogous to temporary variables in
regular programming languages, since they both hold intermediate results. To store a
result, the application could copy the contents of the color buffer to system memory
until it is needed again. But the performance of an algorithm using this approach would
suffer. It is usually much faster if the temporary results are stored in buffers managed
by the graphics accelerator. For applications that can tolerate some visual distractions,
both the front and back buffers of a double-buffered window can be used. Double-
buffered stereo windows (also called quad-buffered) provide 4 buffers, but at the time
of this writing, implementations that accelerate double-buffered stereo windows are not
common. OpenGL defines additional color buffers called auxiliary or aux buffers, but
again very few accelerators support these. One difficulty with quad buffers and aux
buffers is that they are constrained to be the same dimensions as the window, whereas
the application may need either a smaller or larger buffer.

One straightforward solution to the problem is to use texture memory for temporary
buffers. The g1CopyTexImage2D command added in OpenGL 1.1 provides an efficient
mechanism to copy the results of a computation to texture memory. The temporary value
can be “read” by drawing a textured quadrilateral with texture coordinates spanning the
texture, using the GL_REPLACE texture environment.

Though using textures as variable storage is a good general solution, there is another
more attractive location — off-screen memory. Even though off-screen memory (we will
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use the term drawables) may share the same location as texture memory in some accel-
erator implementations, there are still compelling reasons to expose it as a window-like
resource: drawables can have ancillary buffers such as depth and stencil, their dimensions
are not constrained to be a power of two, and they can be shared between multi-
ple applications more easily than textures.! In GLX and WGL OpenGL specifications,
these off-screen drawables are called pixel buffers, or pbuffers for short. They are sim-
ilar to aux buffers, in that they are off-screen memory, but unlike aux buffers, their
access is accelerated by the graphics hardware. For more information on pbuffers see
Section 7.4.1.

We can further augment the multipass paradigm by adding the notion of parameters. Just
as the parameters of a function call supply input to the body of the function, multipass
parameters supply data that a multipass algorithm uses as input. The most obvious source
of input data is the geometry’s vertex data and texture images supplied to the pixel
pipeline. Vertex position, normal direction, and color can all be used to supply data to
the pipeline executing a multipass algorithm. A problem may arise however: sometimes an
important input parameter, such as the normal vector for surface orientation, is discarded
early in the OpenGL pipeline but is needed by the algorithm in a later pipeline stage. The
general solution to this problem is simple; an input parameter can always be computed
in the application and sent down as a color or texture coordinate in order to reach later
pipeline stages.

However, this solution may lead to large amounts of computation being performed
on the host, or result in expensive pixel reads and writes to host memory. A better solution
is to use OpenGL to map the desired parameters into texture coordinates. OpenGL sup-
ports a number of ways to convert vertex positions and normals into texture coordinates.
Useful conversions include object or eye-space coordinates mapped to texture coordi-
nates or fragment colors; object- or eye-space normals mapped to texture coordinates;
eye reflection vector, light position, or light reflection vector, etc. mapped to texture
coordinates. Details on performing these conversions to make parameters available to
later pipeline stages are described below.

Vertex Coordinates Object coordinates enter the pipeline optionally with colors,
texture coordinates, and normals. Vertex coordinates may be mapped to texture
coordinates using texture-coordinate generation. Both object-space and eye-space
coordinates are available; it can be useful to use the latter to take advantage of the
transforms available with the modelview matrix. To avoid clamping, coordinates
need to be scaled and biased into the standard [0,1] texture coordinate range by
either folding the scaling operation into the texture-generation equations, or by

1. No OpenGL implementation known to the authors allows textures to be shared between independent
processes, though GLX and WGL both allow textures to be shared between threads in the same process.
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using the texture transform matrix. The texture matrix may also be used to project
the generated texture coordinates into two dimensions.

Mapping vertex coordinates to texture coordinates is a good way to generate
distance parameters. Such parameters include distance from the viewer, distance
from a light source, distances between objects, and so forth.

Vertex Normals Vertex normal vectors are discarded too early in the pipeline to be
useful in many algorithms. Normals can be converted into texture coordinates
within the application by issuing them directly as texture coordinates or as vertex
coordinates transformed by a texgen function. Normals issued as vertex
coordinates will be transformed by the modelview matrix directly, rather than the
adjoint transpose of the modelview as a normal vector would be (see Section 2.3 for
details).

The texture transform matrix can be used to apply a corrective transformation to
normal vectors processed as vertex, then texture values. A texture coordinate
standing in for a normal will have its components linearly interpolated during
rasterization. This isn’t the correct way to interpolate normals, but the discrepancy
may be acceptable if the surface triangles are small. Another approach is to apply a
mapping function using a texture map operation to create a more accurate
interpolation.

OpenGL 1.3 includes a more direct solution, the texture coordinate generation
function GL_NORMAL_MAP. This function uses the eye-coordinate normal vectors
as the texture coordinates. Again scaling and biasing using the texture matrix are
necessary to compress the range to [0, 1]. If the values should be in the range
[—1,1], indexing a cube map with the generated texture coordinates may be a
better solution. It will use all three texture coordinates to choose a cube map face
and location within that face. It is a good solution if the length of the normal is not
important.

Eye Reflection Vector If the eye-space reflection vector is needed, sphere map texture
generation can be used to capture it as a set of texture coordinates. The sphere map
texture generation computes an eye-space reflection vector and projects it to a set of
2D texture coordinates.

Again, after noting the usefulness of the reflection vector, OpenGL 1.3 also
provides a more direct solution via the GL_REFLECTION_MAP texture coordinate
generation function. As with normals, indexing with a cube map makes it possible
to use all three direction components.

Light Position Light position or direction information is frequently used in illumination
model computations (see Section 3.3). To perform similar types of computations,
using a light position in other parts of the vertex processing or fragment processing
pipeline may be necessary. For example, N - L may be computed as part of
texture-coordinate processing in the geometry pipeline. This can be accomplished
by copying the vertex normals into texture coordinates, and storing the light
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direction in the first row of the texture matrix, such that
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the resulting transform will compute the dot product of N and L and store the
result in . Similarly, the light vector may be used in color computations. This can
be done, for example, using the dot product texture environment function.

9.4 Multipass Limitations

Using multiple passes to implement rendering algorithms provides a very general way
to enhance the set of operations in the OpenGL pipeline. This process does incur per-
formance overhead; each pass requires re-issuing and re-rasterizing the object geometry.
If interactivity is an objective, then the amount of time available for rendering a frame at
the desired refresh rate places an upper bound on the number of passes that can be used.

Beyond the time limitation, there are also precision restrictions. The limited pre-
cision present in the color processing path of most hardware accelerators, particularly
fixed-function pipeline implementations, doesn’t allow a large number of passes with-
out introducing a substantial amount of error in the resulting image. The number of
passes that can be practically added to an interactive application typically will be less
than ten, limiting the opportunities for the application designer trying to minimize frame
rendering time.

Even without time and precision issues, it may be difficult to get exactly the set of
input parameters or derived parameters into the pipeline needed for further computation.
To work around this, the application may have to do additional processing on the host
computer, again limiting the speed of the algorithm. The evolution of the pipeline through
vertex and fragment programmability has improved the situation greatly, but OpenGL
needs to continue to evolve to make more operations and input parameters available to
the application.

9.5 Multipass vs. Micropass

One way to think about the multipass approach is to contrast it with an (perhaps hypo-
thetical) OpenGL implementation that allows the entire algorithm to be expressed in a
single pass. Each step must be expressible as a set of operations in the OpenGL pipeline
that occur in the correct sequence relative to the other steps. For example, the built-in
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secondary color support in OpenGL 1.2 makes it possible to add a specular contribution to
the texture computation without requiring a separate pass. When multiple computational
steps are performed within a single rendering pass, we refer to them as micropasses.

As OpenGL evolves, computational steps in popular multipass algorithms will
inevitably make their way into the OpenGL pipeline. This is one way to evolve the
pipeline in an incremental fashion. For example, rather than add all of the hardware
necessary to compute the entire Blinn lighting model per fragment, a more incremental
step might be to support part of the computation or to add functional blocks that can
be used to achieve the same result. For the case of fragment lighting, the secondary color
support is the first step to performing the entire lighting computation at each pixel.

Multitexture can be thought of as a similar incremental step: one texture map may
include the diffuse contribution and a second texture map may include the specular
contribution. Using texture maps as table lookup functions allows the application to
approximate simple illumination computations. Incremental improvements to the tex-
ture environments such as texture combine and texture dot product environment modes
are examples of small functional blocks that have been added to the fragment processing
pipeline and allow some parts of multipass algorithms to be converted to micropasses.
As we describe various multipass algorithms in later sections, we will point out steps that
can be converted to micropasses.

The clearest direction that OpenGL appears to be evolving is programmability. Both
vertex program and fragment program extensions have been accepted by the ARB, and
have been implemented in hardware by major graphics hardware vendors. These exten-
sions make parts of the the pipeline controlled by a programming language loaded by
the application. Programmability is expected to permeate more stages in the OpenGL
pipeline going forward, and these extensions will undoubtedly become an important part
of core OpenGL. See Section 2.9 and Section 5.10.2 for more details.

9.5.1

As mentioned previously, multitexture adds a form of programmable micropass support
to OpenGL. Multitexure provides the application with the ability to choose a sequence
of operations from a set of fixed choices, and chain them together. Texture maps are
used to pass in additional input data at each stage. The number of sequences in the
chain is limited to the number of texture units supported in the implementation. The
simple cascade of multitexture texture environments supports a fixed order of operations
starting with the fragment color and modifying it with a texture in each stage, Cg,q1 =
(((Cr opg Cro) opy Cr1) .. op, Cin). The GL_COMBINE environment function, along
with its crossbar extension, provides greater flexibility in controlling the inputs for each
texture environment stage and includes most of the arithmetic operations of framebuffer
blending, plus several additional capabilities, such as dot product.

Note that a multitexture sequence can be more efficient than the equivalent multi-
pass one. A multitexture sequence only executes the post-texturing part of the OpenGL
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pipeline once per sequence, reducing overhead. The hardware implementation may fur-
ther optimize the stages in a multitexture operation. It may parallelize texture operations,
for example, or cache the intermediate results between texture stages.

9.6 Deferred Shading

A general technique related to the idea of multipass processing, is deferred shading. In its
basic form, the idea behind deferred shading is to avoid performing expensive shading
computations until the visible pixels have been determined. One way to achieve this is to
render all of the geometry and store the attributes required to compute the shading values
at each pixel in the framebuffer with the pixel. After all of the geometry is rendered, a
second pass is done over the framebuffer pixels, computing the shading for each pixel
based on the saved attribute values.

There are several difficulties with this approach. The first is determining where to
store the attribute values. A small number of values can be stored in the color buffer and
later retrieved using a texture mapping operation. However, even with fragment programs
and complex packing of values into the color buffer it is difficult to store many attributes.
A second problem is aliasing of attribute values. Techniques such as multisampling and
area sampling (see Chapter 10) can be employed to solve some of the aliasing problems
during rendering, but these techniques operate on the final color and depth values and
are not suitable for merging multiple attribute values together. Super-sampling can be
used at some additional cost to store the high-resolution attribute samples.

An alternate two-pass approach is to draw the entire scene twice, relying on early-Z
processing (see Section 8.5) to eliminate extra work. In the first pass the geometry is
drawn without any shading computations with the objective of resolving the final depth
values for the scene. In the second pass the scene is drawn again, using the GL_EQUAL
depth comparison function and the shading computations enabled. The second pass relies
on early-Z processing to discard non-visible fragments before fragment shading computa-
tions are performed. This version can be very effective when complex fragment programs
are used in the programmable pipeline. It has the advantage of not requiring extra stor-
age at the cost of extra vertex processing and needing early-Z processing support in the
OpenGL implementation. Deferred techniques such as these and the compositing-based
techniques described in Chapter 11 are likely to see increased use in the future.

9.7 Summary

This chapter has provided some useful insights in thinking about OpenGL as a pro-
gramming language for implementing graphics algorithms. We have focused on general
approaches; it can be thought of as the theory supporting the practices demonstrated
elsewhere in this book.






Antialiasing

Aliasing refers to the jagged edges and other rendering artifacts commonly associated with
computer-generated images. They are caused by simplifications incorporated in various
algorithms in the rendering pipeline, resulting in inaccuracies in the generated image.
Usually these simplifications are necessary to create a pipeline implementation that is low
in cost and capable of achieving good interactive frame rates. In this chapter we will
review some of the causes of aliasing artifacts and describe some of the techniques that
can be used to reduce or eliminate them.

Chapter 4 provides some of the background information regarding how images are
represented digitally; the ideas behind sampling and reconstructing the spatial signals
comprising an image; and some of the problems that can arise. The spatial aliasing
problem appears when the sample rate of the digital image is insufficient to represent
all of the high-frequency detail in the original image signal. In computer-generated or
synthetic images the problem is acute because the algebraic representation of primitives
can define arbitrarily high frequencies as part of an object description. One place where
these occur is at the edges of objects. Here the abrupt change in the signal that occurs
when crossing the edge of an object corresponds to infinitely high-frequency components.
When a simple point-sampling rasterization process tries to represent these arbitrarily high
frequencies, the result is aliasing artifacts.

Object edges aren’t the only place spatial aliasing artifacts appear. Aliasing artifacts
are also introduced when a texture image is projected to an area that is much smaller than
the original texture map. Mipmapping reduces the amount of aliasing by first creating
multiple, alias-free texture images of progressively smaller sizes as a pre-processing step.
During texture mapping, the projected area is used to determine the two closest texture
image sizes that bracket the exact size. A new image is then created by taking a weighted
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sum of texels from the two images. This minimizes the more visually jarring artifacts
that can appear on moving objects that are textured without using mipmapping. This
aliasing problem is severe enough that mipmapping support is both defined and well-
implemented in most OpenGL implementations. Antialiasing for the edges of lines, points,
and polygons is also defined, but is traditionally less well supported by implementations.
In particular, polygon edge antialiasing using GL_POLYGON_SMOOQTH is often poorly
implemented.

The simple solution to the aliasing problem is to not introduce frequency aliases
during rasterization — or at least minimize them. This requires either increasing the spa-
tial sampling rate to correctly represent the original signals, or removing the frequency
components that would otherwise alias before sampling (prefiltering). Increasing the sam-
pling rate, storing the resulting image, and reconstructing that image for display greatly
increases the cost of the system. The infinitely high-frequency contributions from edge
discontinuities would also imply a need for arbitrarily high sampling rates. Fortunately,
the magnitude of the contribution typically decreases rapidly with increasing frequency,
and these lower-magnitude, high-frequency contributions can be made much less notice-
able. As a result, most of the benefit of increasing the sampling rate can be attained
by increasing it by a finite amount. Despite this upper limit, it is still not very practi-
cal to double or quadruple the size of the framebuffer and enhance the display circuitry
to accommodate the higher sampling rate; increasing the sampling rate alone isn’t the
solution.

A second solution is to eliminate the high-frequency signal contributions before the
pixel samples are created. The distortions to the image resulting from eliminating the high-
frequency components, blurring, are much less objectionable compared to the distortions
from aliasing. The process of eliminating the high-frequency components is referred to as
band-limiting; the resulting image contains a more limited number of frequency bands.
The filtering required to accomplish the band-limiting requires more computations to be
performed during rasterization; depending on the specifics of the algorithm, it can be a
practical addition to the rendering implementation.

10.1 Full-Scene Antialiasing

Ideally, after rendering a scene, the image should be free of aliasing artifacts. As previously
described, the best way to achieve this is by eliminating as much of the aliased high-
frequency information as possible while generating the pixel samples to be stored in the
color buffer. First we will describe some general techniques that work on any type of
primitive. Then we will describe methods that take advantage of the characteristics of
polygons, lines, and points that allow them to be antialiased more effectively. Primitive-
independent methods may be applied to an entire scene. Primitive-dependent methods
require grouping the rendering tasks by primitive type, or choosing and configuring the
appropriate antialiasing method before each primitive is drawn.
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10.2 Supersampling

One popular class of antialiasing techniques samples the image at a much higher sampling
rate than the color buffer resolution (for example, by a factor of 4 or 8), then postfilters
these extra samples to produce the final set of pixel values. Only the postfiltered values
are saved in the framebuffer; the high-resolution samples are discarded after they are
filtered. This type of antialiasing method is called supersampling and the high-resolution
pixels are called supersamples.*

The net effect of supersampling is to eliminate some of the high-frequency detail
that would otherwise alias to low-frequency artifacts in the sample values. The process
does not eliminate all of the aliasing, since the supersamples themselves contain aliased
information from frequencies above the higher resolution sample rate. The aliasing arti-
facts from these higher frequencies are usually less noticeable, since the magnitude of the
high-frequency detail does diminish rapidly as the frequency increases. There is a limit to
the amount of useful supersampling. In practice, the most significant improvement comes
with 4 to 16 samples; beyond that the improvements diminish rapidly.

When designing a supersampling method, the first decision to make is selecting the
number of samples. After that there are two other significant choices to make: the choice
of supersample locations, which we will call the sample pattern, and the method for
filtering the supersamples.

The natural choice for supersample locations is a regular grid of sample points, with a
spacing equal to the new sample rate. In practice, this produces poor results, particularly
when using a small number of supersamples. The reason for this is that remaining aliasing
artifacts from a regularly spaced sample grid tend to occur in regular patterns. These
patterns are more noticable to the eye than errors with random spacings.

A remedy for this problem is to choose a more random sample pattern. This changes
the high-frequency aliasing to less noticeable uncorrelated noise in the image. Methods for
producing random sample patterns as described by Cook (1986) are part of a technique
called stochastic supersampling. Perhaps the most useful is jittered sample patterns. They
are constructed by displacing (jittering) the points on a regular super-grid with small,
random displacements.

A point sample reflects the value of a single point, rather than being representative of
all of the features in the pixel. Consider the case of a narrow, tall, vertical rectangle, % ofa
pixel wide, moving horizontally from left to right across the window in 1/8th pixel steps.
Using the top left sample pattern (a) shown in Figure 10.1 and the normal point sampling
rules, the rectangle will alternately be sampled by the left-most two sample points, by no
sample points, and then by the right-most sample points. If the same exercise is repeated
using the top right sample pattern (c), at least some contribution from the rectangle will
be detected more often than with sample pattern (a), since the sample points include 4

1. The term subsamples is also frequently used.
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Figure 10.1 Sample patterns for 4 and 8 subsamples.

distinct x positions rather than just 2. Although this example is engineered for a vertical
rectangle, it demonstrates some basic ideas for choosing better sample patterns:

e Use a subpixel grid that is at least 4 times the sample rate in each direction.
®  Choose sample points that have unique x and y coordinates.
e Include one sample point close to the center of the pixel.

A further consideration that arises when choosing sample locations is whether to
use sample points beyond a pixel’s extent and into neighboring pixels. The idea of a
pixel as rectangle with rigid boundaries is no more than a useful conceptual tool; there
is nothing that forbids sampling outside of this region. The answer lies in the sampling
and reconstruction process. Since the final pixel value results from reconstructing the
signal from its supersamples, the choice of sample locations and reconstruction (postfilter)
functions are intertwined. Although the results vary depending on the sample locations
and filter function used, the short answer is that using overlapping supersampled regions
can result in a better image.

As described in Section 4.2, a number of different low-pass filters are available to
choose from to eliminate the high-frequency details. These can range from simple box or
triangle filters to more computationally intensive Gaussian or other filters.

10.2.1

A simple way to implement supersampling is to render a scene in a larger window, then
postfilter the result. Although simple to implement, there are a few difficulties with this
solution. One issue is that the maximum window size will limit the number of samples
per-pixel, especially if the objective is to produce a large final image. The sample locations
themselves use the framebuffer pixel locations, which are on a regular grid, resulting in
regular patterns of aliasing artifacts.
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A second problem is finding an efficient method for implementing the reconstruction
filter. A simple solution is to implement the filter within the application code, but it is
generally faster to use texture mapping with blending or accumulation buffer hardware as
described in Section 6.3.1. Despite these limitations, the algorithm can be used effectively
in many applications, particularly those where rendering time is not an issue. Some
hardware accelerator vendors include this capability as an antialiasing feature that doesn’t
require any changes to an existing application. Once the feature is built into the OpenGL
implementation, it is often possible to support an irregular sampling pattern, further
improving the antialiasing effectiveness.

10.2.2

An approach that offers better results than overdrawing uses the accumulation buffer.
It can be used very effectively to implement multipass supersampling. In each pass one
supersample from the sample pattern is computed for each pixel in the scene, followed
by one step of an incremental postfiltering algorithm using the accumulation buffer.

The supersamples are really just the normal pixel point samples taken at specific
subpixel sample locations. The subpixel sample is generated by modifying the projection
matrix with a translation corresponding to the difference between the original pixel center
and the desired subpixel position. Ideally the application modifies the window coordinates
by subpixel offsets directly; the most effective way to achieve this is by modifying the
projection matrix. Care must be taken to compute translations to shift the scene by the
appropriate amount in window coordinate space.

If a translation is multiplied onto the projection matrix stack after the projection
matrix has been loaded, then the displacements need to be converted to eye coordinates.
To convert a displacement in pixels to eye coordinates, multiply the displacement amount
by the dimension of the eye coordinate scene, and divide by the appropriate viewport
dimension:

right — left

dxeye = “idth AX yindow
top — bottom

dyeye = W dywindow

Eye coordinate displacements are incorporated into orthographic projections using
g10rtho, and into perspective projections using g1Frustum:

glOrtho(left - dx, right - dx,

top - dy, bottom - dy, near, far);
glFrustum(left - dx, right - dx,

top - dy, bottom - dy, near, far);

Example subpixel jitter values, organized by the number of samples needed, are
taken from the OpenGL Programming Guide, and are shown in Table 10.1. (Note that
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Tahle 10.1 Subpixel Displacement Values

Values

2 {0.25,0.75},{0.75, 0.25}

E] {0.5033922635, 0.8317967229}, {0.7806016275, 0.2504380877},
{0.2261828938, 0.4131553612}

4 {0.375, 0.25}, {0.125, 0.75}, {0.875, 0.25}, {0.625, 0.75}

5 {0.5, 0.5}, {0.3, 0.1}, {0.7, 0.9}, {0.9, 0.3}, {0.1, 0.7}

6 {0.4646464646, 0.4646464646}, {0.1313131313, 0.7979797979},
{0.5353535353, 0.8686868686), {0.8686868686, 0.5353535353},
{0.7979797979, 0.1313131313}, {0.2020202020, 0.2020202020}

8 {0.5625, 0.4375}, {0.0625, 0.9375}, {0.3125, 0.6875}, {0.6875, 0.8125},
{0.8125, 0.1875}, {0.9375, 0.5625}, {0.4375, 0.0625}, {0.1875, 0.3125}

9 {0.5, 0.5}, {0.1666666666, 0.9444444444},{0.5, 0.1666666666},
{0.5, 0.8333333333), {0.1666666666, 0.2777777777},
{0.8333333333, 0.3888888888), {0.1666666666, 0.6111111111},
{0.8333333333, 07222222222}, {0.8333333333, 0.0555555555}

12 {0.4166666666, 0.625}, {0.9166666666, 0.875}, {0.25, 0.375},
{0.4166666666, 0.125}, {0.75, 0.125}, {0.0833333333, 0.125},
{0.75,0.625}, {0.25, 0.875}, {0.5833333333, 0.375},
{0.9166666666, 0.375}, {0.0833333333, 0.625),

{0.583333333, 0.875}

16 {0.375, 0.4375}, {0.625, 0.0625}, {0.875, 0.1875}, {0.125, 0.0625},
{0.375, 0.6875}, {0.875, 0.4375}, {0.625, 0.5625}, {0.375, 0.9375},
{0.625, 0.3125}, {0.125, 0.5625}, {0.125, 0.8125}, {0.375, 0.1875},
{0.875, 0.9375}, {0.875, 0.6875}, {0.125, 0.3125}, {0.625, 0.8125)

some of these patterns are a little more regular horizontally and vertically than is
optimal.)

The reconstruction filter is defined by the sample locations and the scale factor used
in each accumulation operation. A box filter is implemented by accumulating each image
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with a scale factor equal to 1/n, where 7 is the number of supersample passes. More
sophisticated filters are implemented by using different weights for each sample location.

Using the accumulation buffer, it is easy to make trade-offs between quality and
speed. For higher quality images, simply increase the number of scenes that are accumu-
lated. Although it is simple to antialias the scene using the accumulation buffer, it is much
more computationally intensive and probably slower than the more specific antialiasing
algorithms that are described next.

10.2.3

Multisampling is a form of single-pass supersampling that is directly supported in
OpenGL.> When using hardware with this support, multisampling produces high-quality
results with less performance overhead, and requires minimal changes to an existing
application. It was originally available as an OpenGL extension and later added to the
core specification in version 1.3. The multisampling specification largely defines a set of
rules for adding supersampling to the rendering pipeline. The number of samples can
vary from implementation to implementation, but typically ranges between 2 and 8.

Each pixel fragment is extended to include a fixed number of additional texture coor-
dinates and color, depth, and stencil values. These sample values are stored in an extra
buffer called the multisample buffer. The regular color buffer continues to exist and con-
tains the resolved color — the postfiltered result. There are no equivalent resolved depth
and stencil buffers however; all depth and stencil values are part of the multisample buffer.
It is less useful to compute postfiltered depth or stencil results since they are typically used
for resolving visible surfaces, whereas the resolved color is used for display. Some imple-
mentations may defer computation of the resolved color values until the multisample
buffer is read for display or the color buffer is used as a source in another OpenGL oper-
ation, for example, g1ReadPixels. For the most part, multisampling doesn’t change
the operation of the rendering pipeline, except that each pipeline step operates on each
sample in the fragment individually.

A multisample fragment also differs from a non-multisample fragment because it
contains a bitmask value termed coverage. Each bit in the mask corresponds to a sample
location. The value of the bit indicates whether the primitive fragment intersects (covers)
that sample point. One way to think of the coverage value is as a mask indicating which
samples in the fragment correspond to part of the primitive and which do not. Those
that are not part of the primitive can be ignored in most of the pipeline processing. There
are many ways to make a multisample implementation more efficient. For example, the
same color value or texture coordinate may be used for all samples within a fragment.
The multisample buffer may store its contents with some form of compression to reduce
space requirements. For example, the multisample buffer contents may be encoded so as
to exploit coherence between samples within a pixel.

2. Introduced in OpenGL 1.3.
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The OpenGL specification does not define the sample locations and they are not que-
riable by the application. The sample points may extend outside a pixel and the locations
may vary from pixel to pixel. This latter allowance makes it possible to implement some
form of stochastic sampling, but it also breaks the invariance rules, since the values
computed for a fragment are dependent on the pixel location.

As described in Section 6.1, implementations often use the same color and texture
coordinate values at all sample locations. This affords a substantial performance improve-
ment over true supersampling since color and texture coordinate values are evaluated once
per-pixel and the amount of data associated with a fragment is greatly reduced. How-
ever, distinct depth and stencil values are maintained for each sample location to ensure
that the edges of interpenetrating primitives are resolved correctly. A disadvantage of this
optimization is that interior portions of primitives may still show aliasing artifacts. This
problem becomes more apparent with the use of complex per-fragment shading compu-
tations in fragment programs. If the fragment program doesn’t filter the results of the
shading calculations, then aliasing artifacts may result.

Generally, multisampling provides a good full-scene (edge) antialiasing solution.
Most importantly, to use it only requires turning it on; other than that, there are no
changes required of the application. Using multisampling can be completely automatic. If
the application selects a multisample-capable framebuffer configuration, multisampling
is enabled by default. The OpenGL implementation pays the cost of extra storage for
the the multisample buffer and additional per-sample processing at each fragment, but
this cost will be reduced over time with advances in the state of the art. Some implemen-
tations may even combine multisampling with the brute force overdraw supersampling
technique to further increase the effective sampling rate. Unfortunately, supersampling
with a small number of samples (less than 16) is not an antialiasing panacea. By con-
trast, film-quality software renderers often use supersampling with considerably larger
numbers of samples, relying on adaptive sampling techniques to determine the number
of samples required within each pixel to reduce the computational requirements.

While supersampling with a small number of samples may produce good results, the
results for point and line primitives using primitive-specific methods may be substantially
better. Fortunately, these other techniques can be used in concert with multisampling.

10.2.4

In some cases, the ability to automatically antialias the images rendered by an appli-
cation can be a drawback. Taking advantage of the flexibility of the approach, some
hardware vendors have provided methods for turning on full scene antialiasing without
requiring any support from the application. In some cases, this can cause problems for
an application not designed to be used with antialiasing.

For example, an application may use bitmapped fonts to display information to the
viewer. Quite often, this text will show artifacts if full scene antialiasing is applied to it,
especially if the text is moved across the screen. Sampling errors will make the text appear
“blotchy”; if the text is small enough, it can become unreadable. Since most antialiasing
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implementations filter samples in different ways, it can be difficult for the application
developer to correct for this on all hardware. In the end, full scene antialiasing is not
always appropriate. Care must be taken to understand an application’s display techniques
before turning it on.

10.3 Area Sampling

Another class of antialiasing algorithms uses a technique called area sampling. The idea
behind area sampling is that the value of a pixel sample should be proportional to the
area of the pixel intersected by the primitive. This is in contrast to point sampling and
supersampling which derive a pixel value from the intensity of the primitive at one or
more infinitely small sample points. With area sampling, the contribution from a prim-
itive partially overlapping a pixel is always accounted for. In contrast, a point-sampled
primitive makes no contribution to a pixel if it doesn’t overlap a sample point.

Mathematically, area sampling is equivalent to sampling at infinitely many points
followed by filtering. The choice of point locations and filter types leads to several varia-
tions of area sampling. The simplest form, called unweighted area sampling, uses a box
filter to produce an average of the samples. A disadvantage of unweighted area sampling
is that moving objects can still generate pixel flicker, since a pixel sample can change
abruptly as a primitive moves in and out of the area associated with the pixel (as illus-
trated in Figure 10.2). The flicker can be corrected by overlapping sample areas with
adjacent pixels. The contributions from the neighboring pixels are given a lower weight
than contributions from within the pixel. This type of sampling is called weighted area
sampling. It is similar to using a supersampling approach that includes some supersam-
ples outside of the pixel followed by a triangle or Gaussian low-pass filter to perform the
reconstruction.

One of the main difficulties with area sampling techniques is computing the correct
result when multiple primitives overlap the same pixel. If two primitives overlap different

“ L

° ||

Figure 10.2 Flicker artifacts with unweighted area sampling. A bright fragment 1/4th of a pixel in size moves
horizontally across the screen in successive rows.
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parts of the pixel, then both should contribute to it. The pixel then becomes the area-
weighted sum of the two primitive colors. If part of one primitive is occluded by the other
primitive, then the correct approach becomes more complicated. Only the visible parts
of two overlapping primitives should contribute. Therein lies the problem — correctly
combining visible surface determination with area computations. The supersampling
algorithms described previously work correctly and automatically for interpenetrating
surfaces since each supersample is correctly depth-buffered before postfiltering. To render
an image correctly using area sampling, the visible surface and area sampling process-
ing must be performed together so that the weighted areas for the visible parts of each
primitive within each pixel can be computed correctly.

The processing implications of this approach can be severe. It requires that the visible
part of each primitive overlapping a pixel must be computed before the area can be
determined. There are several algorithms for doing this (Catmill, 1978; Carpenter, 1984);
typically one row of pixels (a scan line) or a small rectangular area of pixels, called a #ile,
are processed one at a time. All primitives that intersect a pixel row or tile are processed
together. Fragments are computed at each pixel for each primitive, the fragments are
depth-sorted, and the visible areas of each fragment are determined. The normalized areas
are then used to compute the weighted sum of fragment colors to produce the pixel color.
The mathematically correct algorithm clips each fragment against every other fragment
in the pixel and sorts the results from front to back. Other algorithms trade off the pixel-
level clipping cost for approximations of coverage, using a supersampling-like subpixel
grid to track which parts of a pixel a fragment covers while retaining the area-based color
value.

In general, adding such an algorithm to the OpenGL pipeline requires considerable
effort. To implement the visible surface algorithm, the entire scene must be buffered
within the pipeline. Multipass algorithms become more complicated if the combined
results need to be antialiased. There is no depth buffer, since a different visible surface
algorithm is used. This requires reformulation of techniques that use the stencil and depth
buffers.

Nevertheless, the area sampling ideas are quite useful when applied in more specific
circumstances. Good candidates for this approach are antialiased lines and points. Their
area coverage is easier to compute analytically and the correctness of hidden surface
resolution is not as critical as it is for polygons.

10.4 Line and Point Antialiasing

Line and point antialiasing are often considered separately from polygon antialiasing,
since there are additional techniques that can be used specifically for these simpler prim-
itives. For certain applications, such as computer-aided design programs, line rendering
is pervasive enough that it is worth having special purpose hardware to improve the
rendering quality.
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Mathematically, a line is infinitely thin. Attempting to compute the percentage of a
pixel covered by an infinitely thin object would result in no coverage, so generally one of
the following two methods is used:

1. The line is modeled as a long, thin, single-pixel-wide quadrilateral. Area sampling
computes the percentage of pixel coverage for each pixel touching the line and this
coverage percentage is used as an alpha value for blending.

2. The line is modeled as an infinitely thin transparent glowing object. This method
treats a line as if it were drawn on a vector stroke display; these displays draw lines
by deflecting the electron beam along the length of the line. This approach requires
the implementation to compute the effective shape of a simulated beam that moves
across the CRT phosphors.

OpenGL has built-in support for antialiasing lines and points, selected by enabling
GL_POINT_SMOOTH or GL_LINE_SMOOTH. Quality hints are provided using g1Hint.
The hint parameter can be GL_FASTEST to indicate that the most efficient option should
be chosen, GL_NICEST to indicate the highest quality option should be chosen, or
GL_DONT_CARE to indicate no preference.

When antialiasing is enabled, OpenGL computes an alpha value representing either
the fraction of each pixel that is covered by the line or point or the beam intensity for
the pixel as a function of the distance of the pixel center from the line center. The setting
of the GL_LINE_SMOOTH and the GL_POINT_SMOOTH hints determines the accuracy of
the calculation used when rendering lines and points, respectively. When the hint is set
to GL_NICEST, a larger filter footprint may be applied, causing more fragments to be
generated and rendering to run more slowly.

Regardless of which line antialiasing method is used in a particular implementation
of OpenGL, it can be approximated by choosing the right blend equation. The critical
insight is realizing that antialiased lines and points are a form of transparent primitive (see
Section 11.8). This requires blending to be enabled so that each incoming pixel fragment
will be combined with the value already in the framebuffer, controlled by the alpha
value.

The best approximation of a one-pixel-wide quadrilateral is achieved by setting the
blending factors to GL_SRC_ALPHA (source) and GL_ONE_MINUS_SRC_ALPHA (desti-
nation). To best approximate the lines of a stroke display, use GL_ONE for the destination
factor. Note that this second blend equation only works well on a black background and
does not produce good results when drawn over bright objects.

As with all transparent primitives, antialiased lines and points should not be drawn
until all opaque objects have been drawn first. Depth buffer testing remains enabled, but
depth buffer updating is disabled using g1DepthMask(GL_FALSE). This allows the
antialiased lines and points to be occluded by opaque objects, but not by one another.
Antialiased lines drawn with full depth buffering enabled produce incorrect line crossings
and can result in significantly worse rendering artifacts than with antialiasing disabled.
This is especially true when many lines are drawn close together.
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Setting the destination blend mode to GL_ONE_MINUS_SRC_ALPHA may result in
order-dependent rendering artifacts if the antialiased primitives are not drawn in back
to front order. There are no order-dependent problems when using a setting of GL_ONE,
however. Pick the method that best suits the application.

Incorrect monitor gamma settings are much more likely to become apparent with
antialiased lines than with shaded polygons. Gamma should typically be set to 2.2, but
some workstation manufacturers use values as low as 1.6 to enhance the perceived con-
trast of rendered images. This results in a noticable intensity nonlinearity in displayed
images. Signs of insufficient gamma are “roping” of lines and moire patterns where many
lines come together. Too large a gamma value produces a “washed out” appearance.
Gamma correction is described in more detail in Section 3.1.2.

Antialiasing in color index mode can be tricky. A correct color map must be loaded
to get primitive edges to blend with the background color. When antialiasing is enabled,
the last four bits of the color index indicate the coverage value. Thus, 16 contiguous color
map locations are needed, containing a color ramp ranging from the background color
to the object’s color. This technique only works well when drawing wireframe images,
where the lines and points typically are blended with a constant background. If the lines
and/or points need to be blended with background polygons or images, RGBA rendering
should be used.

10.5 Antialiasing with Textures

Points and lines can also be antialiased using the filtering provided by texturing by using
texture maps containing only alpha components. The texture is an image of a circle
starting with alpha values of one at the center and rolling off to zero from the center to
the edge. The alpha texel values are used to blend the point or rectangle fragments with the
pixel values already in the framebuffer. For example, to draw an antialiased point, create
a texture image containing a filled circle with a smooth (antialiased) boundary. Then
draw a textured polygon at the point location making sure that the center of the texture
is aligned with the point’s coordinates and using the texture environment GL_MODULATE.
This method has the advantage that a different point shape may be accommodated by
varying the texture image.

A similar technique can be used to draw antialiased line segments of any width.
The texture image is a filtered line. Instead of a line segment, a texture-mapped rect-
angle, whose width is the desired line width, is drawn centered on and aligned with
the line segment. If line segments with squared ends are desired, these can be cre-
ated by using a one dimensional texture map aligned across the width of the rectangle
polygon.

This method can work well if there isn’t a large disparity between the size of the
texture map and the window-space size of the polygon. In essence, the texture image
serves as a pre-filtered, supersampled version of the desired point or line image. This
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means that the roll-off function used to generate the image is a filtering function and the
image can be generated by filtering a constant intensity line, circle or rectangle. The texture
mapping operation serves as a reconstruction filter and the quality of the reconstruction
is determined by the choice of texture filter. This technique is further generalized to the
concept of texture brushes in Section 19.9.

10.6 Polygon Antialiasing

Antialiasing the edges of filled polygons using area sampling is similar to antialiasing
points and lines. Unlike points and lines, however, antialiasing polygons in color index
mode isn’t practical. Object intersections are more prevalent, and OpenGL blending is
usually necessary to get acceptable results.

As with lines and points, OpenGL has built-in support for polygon antialiasing. It is
enabled using g1Enable with GL_POLYGON_SMOOTH. This causes pixels on the edges
of the polygon to be assigned fractional alpha values based on their pixel coverage. The
quality of the coverage values are controlled with GL_POLYGON_SMOOTH_HINT.

As described in Section 10.3, combined area sampling and visibility processing is a
difficult problem. In OpenGL an approximation is used. To make it work, the application
is responsible for part of the visibility algorithm by sorting the polygons from front to back
in eye space and submitting them in that order. This antialiasing method does not work
without sorting. The remaining part of resolving visible surfaces is accomplished using
blending. Before rendering, depth testing is disabled and blending is enabled with the
blending factors GL_SRC_ALPHA_SATURATE (source) and GL_ONE (destination). The
final color is the sum of the destination color and the scaled source color; the scale factor
is the smaller of either the incoming source alpha value or one minus the destination alpha
value. This means that for a pixel with a large alpha value, successive incoming pixels
have little effect on the final color because one minus the destination alpha is almost zero.

At first glance, the blending function seems a little unusual. Section 11.1.2 describes
an algorithm for doing front-to-back compositing which uses a different set of blending
factors. The polygon antialiasing algorithm uses the saturate source factor to ensure that
surfaces that are stitched together from multiple polygons have the correct appearance.
Consider a pixel that lies on the shared edge of two adjacent, opaque, visible polygons
sharing the same constant color. If the two polygons together cover the entire pixel, then
the pixel color should be the polygon color. Since one of the fragments is drawn first,
it will contribute the value a1 C. When the second contributing fragment is drawn, it
has alpha value o). Regardless of whether a1 or a is larger, the resulting blended color
will be «1C + (1 — a1)C = C, since the two fragments together cover the entire pixel
ar=1—0oq.

Conversely, if the fragments are blended using a traditional compositing equation,
the result is @1 C+ (1 —a1)a2 C+ (1 —a1)(1 — @2) Cpackground and some of the background
color “leaks” through the shared edge. The background leaks through because the second
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fragment is weighted by (1 — a1)az. Compare this to the first method that uses either a;
or (1 — 1), whichever is smaller (in this case they are equal). This blending equation
ensures that shared edges do not have noticable blending artifacts and it still does a
reasonable job of weighting each fragment contribution by its coverage, giving priority
to the fragments closest to the eye. More details regarding this antialiasing formula versus
the other functions that are available are described in Section 11.1.2. It useful to note
that A-buffer-related algorithms avoid this problem by tracking which parts of the pixel
are covered by each fragment, while compositing does not.

Since the accumulated coverage is stored in the color buffer, the buffer must be able
to store an alpha value for every pixel. This capability is called “destination alpha,” and
is required for this algorithm to work. To get a framebuffer with destination alpha, you
must request a visual or pixel format that has it. OpenGL conformance does not require
implementations to support a destination alpha buffer so an attempt to select this visual
may not succeed.

This antialiasing technique is often poorly supported by OpenGL implementations,
since the edge coverage values require extra computations and destination alpha is
required. Implementations that support multisample antialiasing can usually translate
the coverage mask into an alpha coverage value providing a low-resolution version of the
real coverage. The algorithm also doesn’t see much adoption since it places the sorting
burden on the application. However, it can provide very good antialiasing results; it is
often used by quality-driven applications creating “presentation graphics” for slide shows
and printing.

A variant polygon antialiasing algorithm that is frequently tried is outlining non-
antialiased polygons with antialiased lines. The goal is to soften the edges of the polygons
using the antialiased lines. In some applications it can be effective, but the results are
often of mixed quality since the polygon edges and lines are not guaranteed to rasterize
to the same set of pixel locations.

10.7? Temporal Antialiasing

Thus far, the focus has been on aliasing problems and remedies in the spatial domain.
Similar sampling problems also exist in the time domain. When an animation sequence
is rendered, each frame in the sequence represents a point in time. The positions of
moving objects are point-sampled at each frame; the animation frame rate defines the
sampling rate. An aliasing problem analogous to the spatial aliasing occurs when object
positions are changing rapidly and the motion sampling rate is too low to correctly cap-
ture the changes. This produces the familiar strobe-like temporal aliasing artifacts, such
as vehicle wheels appearing to spin more slowly than they should or even spinning back-
ward. Similar to pixel colors and attributes, the motion of each object can be thought
of as a signal, but in the time domain instead of the spatial one. These time domain sig-
nals also have corresponding frequency domain representations; aliasing artifacts occur
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when the high-frequency parts of the signal alias to lower frequency signals during signal
reconstruction.

The solutions for temporal aliasing are similar to those for spatial aliasing; the sam-
pling rate is increased to represent the highest frequency present, or the high-frequency
components are filtered out before sampling. Increasing the sampling rate alone isn’t
practical, since the reconstruction and display process is typically limited to the video
refresh rate, usually ranging between 30Hz and 120Hz. Therefore, some form of filter-
ing during sampling is used. The result of the filtering process is similar to the results
achieved in cinematography. When filming, during the time period when the shutter is
held open to expose the film, the motion of each object for the entire exposure period is
captured. This results in the film integrating an infinite number of time sample points over
the exposure time. This is analogous to performing a weighted average of point samples.
As with supersampling, there are quality vs. computation trade-offs in the choice of filter
function and number of sample points.

10.7.1

The idea of generating a weighted average of a number of time samples from an animation
is called motion blur. It gets this name from the blurry image resulting from averaging
together several samples of a moving object, just as a camera with too low of a shutter
speed captures a blurred image of a moving object.

One simple way to implement motion blur is with the accumulation buffer. If the
display rate for an animation sequence is 30 frames per second and we wish to include 10
temporal samples for each frame, then the samples for time ¢ seconds are generated from
the sequence of frames computed at # — Sx, ¢ —4x,¢ — 3x,..., 6, ¢ + lx, ¢ + 2x,... ¢ + 4x,
where x = ﬁ. These samples are accumulated with a scale of % to apply a box filter.
As with spatial filtering, the sample sets for each frame may overlap to create a better
low-pass filter, but typically this is not necessary.

For scenes in which the moving objects are in front of the static ones, an optimization
can be performed. Only the objects that are moving need to be re-rendered at each sample.
All of the static objects are rendered and accumulated with full weight, then the objects
that are moving are drawn at each time sample and accumulated. For a single moving
object, the steps are:

1. Render the scene without the moving object, using gT1Accum(GL_LOAD, 1.0f).

2. Accumulate the scene 7 times, with the moving object drawn against a black
background, using g1Accum(GL_ACCUM, 1.0f/n).

3. Copy the result back to the color buffer using gTAccum(GL_RETURN, 1.0f).

This optimization is only correct if the static parts of the scene are completely
unchanging. If depth buffering is used, the visible parts of static objects may change
as the amount of occlusion by moving objects changes. A different optimization is to
store the contents of the color and depth buffer for the static scene in a pbuffer and then
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restore the buffers before drawing the moving objects for each sample. Of course, this
optimization can only improve performance if the time to restore the buffers is small
relative to the amount of time it takes to draw the static parts of the scene.

The filter function can also be altered empirically to affect the perceived motion.
For example, objects can be made to appear to accelerate or decelerate by varying the
weight for each accumulation. If the weights are sequentially decreased for an object,
then the object appears to accelerate. The object appears to travel further in later samples.
Similarly, if the weights are increased, the object appears to decelerate.

10.8 Summary

In this chapter we reviewed supersampling and area sampling spatial antialiasing meth-
ods and how they are supported in the OpenGL pipeline. We also described temporal
antialiasing for animation, and its relationship to spatial antialiasing.

In the next chapter we look at how blending, compositing, and transparency are
supported in the pipeline. These ideas and algorithms are interrelated: they overlap with
some of the algorithms and ideas described for area sampling-based antialiasing.



Compositing, Blending,
and Transparency

Blending and compositing describe the task of merging together disparate collections
of pixels that occupy the same locations in the output image. The basic task can be
described as combining the pixels from two or more input images to form a single output
image. In the general case, compositing results depend on the order in which the images
are combined. Compositing is useful in many areas of computer graphics. It makes it
possible to create complex scenes by rendering individual components of the scene, then
combining them. The combining process itself can also add complexity and interest to
images.

Semi-transparent surfaces reflect some light while allowing some light from other
surfaces to pass through them. Rendering semi-transparent objects is closely related to
the ideas used for compositing multiple images. The details of blending images or image
elements is an almost universal building block for the rendering techniques in this book,
so it is valuable to explore the operations in detail.

11.1 Combining Two Images

Given two input images A and B, an output image C can be expressed as a linear
combination of the two input images:

C=w,A+w,B (11.1)
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where w, and wy, are weighting factors. Constant weighting factors are used to implement
simple effects such as cross fades or dissolves. For example, to cross fade from A to B,
set wy, in terms of w, (w, = 1 — w,) and smoothly vary w, from 0 to 1.

Blending two source images (also called elements) with constant weights isn’t selective
enough to create certain effects. It’s more useful to be able to select an object or subregion
from element A and a subregion from element B to produce the output composite. These
subregions are arbitrary regions of pixels embedded in rectangular images. Distinguishing
an arbitrary shaped subregion in an image can be done by varying the weighting function
for each pixel in the image. This per-pixel weighting changes Equation 11.1 to

For convenience we will drop the indices [4,] from this point on and assume the weights
are distinct for each pixel.

To select a subregion from image A, the pixels in the subregion are given a weight
of 1, while the pixels not in the subregion are given a weight of 0. This works well if
the edges of the subregion are sharp and end at pixel boundaries. However, antialiased
images often contain partially covered pixels at the boundary edges of objects. These
boundary pixels may contain color contributions from the background, or other objects
in the image in addition to the source object’s color (see the discussion of digital image
representation in Chapter 4). To correct for this, the per-pixel weighting factor for these
pixels is scaled to be proportional to the object’s contribution. This ensures that the
contribution in the final image is the same as in the input image.

OpenGL provides this weighted per-pixel merge capability through the framebuffer
blending operation. In framebuffer blending the weights are stored as part of the images
themselves. Both the alpha component and the R, G, and B color components can be
used as per-pixel weights or as parameters to a simple weight function, such as 1 —alpha.
Framebuffer blending is often called alpha-blending since the alpha values are most often
used as the weights.

11.1.1

A common blending operation is to composite a background image, perhaps from a film
or video, with a computer-generated object. In this context, the word “composite” repre-
sents a very specific image-combining operation involving images whose pixels include an
a (alpha) value. The alpha value indicates either the transparency or the coverage of the
object intersecting the pixel. The most common type of composite is the over operator,
in which a foreground element is composited over a background element.

In traditional film technology, compositing a foreground and background image is
achieved using a matte: a piece of film, aligned with the foreground image, in which
areas of interest are transparent and the rest is opaque. The matte allows only the areas
of interest from the foreground image to pass through. Its complement, the holdout
matte, is used with digital images. A holdout matte is opaque in the areas of interest
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and transparent everywhere else. A digital holdout matte is the set of opacity a values
for the corresponding image pixels. To combine two pixels together, the source element
color is multiplied by the matte’s o value, and added to the corresponding color from the
background image, scaled by 1 —a. The resulting equation is Cyery = of Cr + (1 — ) Cp.
The entire contribution of the object in the source element « is transferred to the new
pixel while the background image contributes 1 — &, the remaining unclaimed portion of
the new pixel.

OpenGL can be used to composite geometry against a background image by loading
it into the framebuffer, then rendering the geometry on top of the background with
blending enabled. Set the source and destination blend factors to GL_SRC_ALPHA and
GL_ONE_MINUS_SRC_ALPHA, respectively, and assign o values of 1.0 to the rendered
primitives when they are sent to the OpenGL pipeline. If the geometry is opaque and there
is no antialiasing algorithm modifying the « values, the rasterized fragments will have «
values of 1.0, reducing the compositing operation to a simple selection process. Without
antialiasing, the computer-generated object will be composited with sharp silhouette
edges, making it look less realistic than the objects in the background image that have
softer edges.

The antialiasing algorithms described in Chapter 10 can be used to antialias the
geometry and correct this problem. They are often a good solution, even if they are
slower to generate, for compositing applications that do not need to be highly interactive
during the compositing process.

Transparent objects are also represented with fractional & values. These values may
come from the color assigned each vertex, the diffuse material specification, or a texture
map. The « value represents the amount of light reflected by the object and 1—« represents
the amount of light transmitted through the object. Transparency will be discussed later
in this chapter.

11.1.2

The preceding algorithm is mathematically correct for compositing an arbitrary fore-
ground image with an opaque background. Problems arise, however, if it is used to
combine several elements together. If the background image is not opaque, then the
compositing equation should be:

Chew = afo +(1 _af)abch

so that the background pixel is scaled by its & value to calculate its contribution correctly.
This new equation works correctly for compositing any two images together. There is a
subtlety when using both this equation and the opaque-background version; while the
input images are explicitly scaled by their « values as part of the compositing equation,
the resulting pixel value is implicitly scaled by the new composite & value. The equation
expects that the C¢ and C;, inputs do not include a premultiplied alpha, but it creates a
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Chew that does. The corresponding « value for the composited pixel, duew, is af +
(1 — af)ay. To undo the alpha scaling, Cye,y should be divided by e

This side effect of the compositing equation creates some confusion when discussing
the compositing of multiple images, especially if the input images and intermediate images
don’t consistently include a premultiplied alpha. To simplify the discussion, we use the
notation C, to indicate a color value with a premultiplied  value (Cy = axCy). Using
this notation, the compositing equation simplifies to:

Cnew = Cf +(1 - af)cb
and
Qpew = Of + (1- af)ab

Now the case of compositing a foreground image with a background image where the
background is itself the result of compositing two images C; and C, becomes:

Crew =Cr+ (1 —af) [C1 + (1 — 1) C2 ]

This is the algorithm for doing back-to-front compositing, in which the background
is built up by combining it with the element that lies closest to it to produce a new
background image. It can be generalized to include an arbitrary number of images by
expanding the innermost background term:

C=Cy+(1—-ay) [Cnfl + (1 —ay-1) [Cn72 +(1—ay2)[.. ]]] (113)

Notice that the OpenGL algorithm described previously for compositing geometry over a
pre-existing opaque image works correctly for an arbitrary number of geometry elements
rendered sequentially.

The algorithm is extended to work for a non-opaque background image in a num-
ber of ways. Either a background image whose color values are pre-multiplied by alpha
is loaded, or the premultiplication is performed as part of the image-loading operation.
This is done by clearing the color buffer to zero, enabling blending with GL_SRC_ALPHA,
GL_ZERO source and destination blend factors, and transferring an image containing both
color and o values to the framebuffer. If the OpenGL implementation supports frag-
ment programs, then the fragment program can perform the premultiplication operation
explicitly.

A sequence of compositing operations can also be performed front-to-back. Each
new input image is composited under the current accumulated image. Renumbering the
indices so that # becomes 0 and vice versa and expanding out the products, Equation 11.3
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becomes:

C=Co+(1-ap)Ci+(1—ap)(1—a1)Co+ -+ (1 —ap)...(1 —ay_1)Cy
=Co+woCi +w1Cr+ -+ +w,_1Cy

To composite from front to back, each image must be multiplied by its own alpha value
and the product of (1 — &) of all preceding images. This means that the calculation used
to compute the color values isn’t the same as those used to compute the intermediate
weights. Considering only premultiplied alpha inputs, the intermediate result image is
C/‘/ = Cf-_l’ + w,-_lé,- and the running composite weight is w; = (1 — oj)wj_1. This
set of computations can be computed using OpenGL alpha blending by accumulating
the running weight in the destination alpha buffer. However, this also requires separate
specification of RGB color and alpha blend functions.! If separate functions are supported,
then GL_DST_ALPHA and GL_ONE are used for the RGB source and destination factors
and GL_ZEROand GL_ONE_MINUS_SRC_ALPHA are used to accumulate the weights. For
non-premultiplied alpha images, a fragment program or multipass algorithm is required to
produce the correct result, since the incoming fragment must be weighted and multiplied
by both the source and destination « values. Additionally, if separate blend functions are
not supported, emulating the exact equations becomes more difficult.

The coverage-based polygon antialiasing algorithm described in Section 10.6 also
uses a front-to-back algorithm. The application sorts polygons from front to back,
blending them in that order. It differs in that the source and destination weights are
min(as, 1 —ay) and 1 rather than «y and 1. Like the front-to-back compositing algorithm,
as soon as the pixel is opaque, no more contributions are made to the pixel. The composit-
ing algorithm achieves this as the running weight w; stored in destination alpha reaches
zero, whereas polygon antialiasing achieves this by accumulating an approximation of the
a value for the resulting pixel in destination a converging to 1. These approaches work
because OpenGL defines separate blend functions for the GL_SRC_ALPHA_SATURATE
source factor. For the RGB components the factor is min(as, 1 — ay); however, for the
a component the blend factor is 1. This means that the value computed in destination
o is oj = os + aj—1 where «; is the incoming source o value. So, with the saturate
blend function, the destination a value increases while the contribution of each sample
decreases.

The principle reason for the different blend functions is that both the back-to-front
and front-to-back composition algorithms make a uniform opacity assumption. This
means the material reflecting or transmitting light in a pixel is uniformly distributed
throughout the pixel. In the absence of extra knowledge regarding how the geometry
fragments are distributed within the pixel, every sub-area of the pixel is assumed to
contain an equal distribution of geometry and empty space.

1. Added in OpenGL 1.4.
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In the polygon antialiasing algorithm, the uniform opacity assumption is not appro-
priate for polygons that share a common edge. In those situations, the different parts of
the polygon don’t overlap, and rendering with the uniform assumption causes the poly-
gons under-contributing to the pixel, resulting in artifacts at the shared edges. The source
fragments generated from polygon antialiasing also need to be weighted by the source
a value (i.e., premultiplied). The saturate function represents a reasonable compromise
between weighting by the source alpha when it is small and weighting by the unclaimed
part of the pixel when its value is small. The algorithm effectively implements a com-
plementary opacity assumption where the geometry for two fragments within the same
pixel are assumed to not overlap and are simply accumulated. Accumulation is assumed
to continue until the pixel is completely covered. This results in correct rendering for
shared edges, but algorithms that use the uniform opacity assumption, such as rendering
transparent objects, are not blended correctly.

Note that the back-to-front algorithm accumulates the correct composite o value
in the color buffer (assuming destination alpha is available), whereas this front-to-back
method does not. The correct a term at each step is computed using the same equation
as for the RGB components ozl’- = o;_; + wj—1¢;. The saturate function used for polygon
antialiasing can be used as an approximation of the functions needed for front-to-back
compositing, but it will introduce errors since it doesn’t imply uniform opacity. However,
the value accumulated in destination alpha is the matching o value for the pixel.

11.1.3

Both the back-to-front and front-to-back compositing algorithms (and the polygon
antialiasing algorithm) compute an RGB result that has been premultiplied by the corre-
sponding « value; in other words, C is computed rather than C. Sometimes it is necessary
to recover the original non-premultiplied color value. To compute this result, each color
value must be divided by the corresponding « value. Only the programmable frag-
ment pipeline supports division directly. However, a multipass algorithm can be used to
approximate the result in the absence of programmability. As suggested in Section 9.3.2,
a division operation can be implemented using pixel textures if they are supported.

11.2 Other Compositing Operators

Porter and Duff (1984) describe a number of operators that are useful for combining
multiple images. In addition to over, these operators include in, out, atop, xor, and plus,
as shown in Table 11.1. These operators are defined by generalizing the compositing
equation for two images, A and B to

Cnew = CAFA + CBFB

and substituting F4 and Fp with the terms from Table 11.1.
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Tahble 11.1 Compositing Operators

operation Fg
AoverB l—ay
B overA 1
AinB 0
BinA a
AoutB 0

B outA l—ay
Aatop B l—ay
BatopA 27

AxorB 1 —oy

Aplus B 1

This equation assumes that the two images A and B have been pre-multiplied by their
a values. Using OpenGL, these operators are implemented using framebuffer blending,
modifying the source and destination blend factors to match F4 and Fp. Assuming that
the OpenGL implementation supports a destination alpha buffer with double buffer-
ing, alpha premultiplication can be incorporated by first loading the front and back
buffers with the A and B images using g1BlendFunc(GL_ONE, GL_ZERO) to do the
premultiplication. The blending factors are then changed to match the factors from
Table 11.1. g1CopyPixels is used to copy image A onto image B. This simple and
general method can be used to implement all of the operators. Some of them, however,
may be implemented more efficiently. If the required factor from Table 11.1 is 0, for
example, the image need not be premultiplied by its o value, since only its a value is
required. If the factor is 1, the premultiplication by alpha can be folded into the same
blend as the operator, since the 1 performs no useful work and can be replaced with a
multiplication by «a.

In addition to framebuffer blending, the multitexture pipeline can be used to perform
similar blending and compositing operations. The combine and crossbar texture environ-
ment functions enable a number of useful equations using source operands from texture
images and the source fragment. The fundamental difference is that results cannot be
directly accumulated into one of the texture images. However, using the render-to-texture
techniques described in Sections 5.3 and 7.5, a similar result can be achieved.
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11.3 Keying and Matting

The term chroma keying has its roots in broadcast television. The principal subject is
recorded against a constant color background — traditionally blue. As the video signal is
displayed, the parts of the signal corresponding to the constant color are replaced with
an alternate image. The resulting effect is that the principal subject appears overlayed on
the alternate background image. The chroma portion of the video signal is used for the
comparison, hence the name. Over time the term has been generalized. It is now known
by a number of other names including color keying, blue and green screening, or just
plain keying, but the basic idea remains the same. More recently the same basic idea is
used, recording against a constant color background, but the keying operation has been
updated to use digital compositing techniques.

Most of the aspects of compositing using blending and the o channel also apply to
keying. The principal difference is that the opacity or coverage information is in one of the
color channels rather than in the o channel. The first step in performing keying digitally
is moving the opacity information into the alpha channel. In essence, a holdout matte is
generated from the information in the color channels. Once this is done, then the alpha
channel compositing algorithms can be used.

11.4 Blending Artifacts

A number of different types of artifacts may result when blending or compositing multiple
images together. In this section we group the sources of errors into common classes and
look at each individually.

114.1

The arithmetic operations used to blend pixels together can be a source of error in the final
image. Section 3.4 discusses the use of fixed-point representation and arithmetic in the
fragment processing pipeline and some of the inherent problems. When compositing a 2-
or 3- image sequence, there is seldom any issue with 8-bit framebuffer arithmetic. When
building up complex scenes with large numbers of compositing operations, however, poor
arithmetic implementations and quantization errors from limited precision can quickly
accumulate and result in visible artifacts.

A simple rule of thumb is that each multiply operation introduces at least %—bit
error when a 2 x n-bit product is reduced to #-bits. When performing a simple over
composite the «C term may, conservatively, be in error by as much as 1 bit. With 8-bit
components, this translates to roughly 0.4% error per compositing operation. After
10 compositing operations, this will be 4% error and after 100 compositing opera-
tions, 40% error. The ideal solution to the problem is to use more precision (deeper
color buffer) and better arithmetic implementations. For high-quality blending, 12-bit
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color components provide enough precision to avoid artifacts. Repeating the 1-bit error
example with 12-bit component resolution, the error changes to approximately 0.025%
after each compositing operation, 0.25% after 10 operations, and 2.5% after 100
operations.

11.4.2

While the accumulation buffer is designed for combining multiple images with high pre-
cision, its ability to reduce compositing errors is limited. While the accumulation buffer
does act as an accumulator with higher precision than found in most framebuffers, it
only supports scaling by a constant value, not by a per-pixel weight such as «. This
means that per-pixel scaling must still be performed using blending; only the result can
be accumulated. The accumulation buffer is most effective at improving the precision
of multiply-add operations, where the multiplication is by a constant. The real value of
the accumulation buffer is that it can accumulate a large number of very small values,
whereas the normal color buffer likely does not have enough dynamic range to represent
both the end result and a single input term at the same time.

1143

Another, more subtle, error can occur with the use of opacity to represent coverage at the
edges of objects. The assumption with coverage values is that the background color and
object color are uniformly spread across the pixel. This is only partly correct. In reality,
the object occupies part of the pixel area and the background (or other objects) covers
the remainder. The error in the approximation can be illustrated by compositing a source
element containing an opaque object with itself. Since the objects are aligned identically
and one is in front of the other, the result should be the source element itself. However, a
source element pixel where « is not equal to 1 will contribute (_?f +(1- oz,r)Cf to the new
pixel. The overall result is that the edges become brighter in the composite. In practice,
the problem isn’t as bad as it might seem since the equal-distribution assumption is valid
if there isn’t a lot of correlation between the edges in the source elements. This is one
reason why the polygon antialiasing algorithm described in Section 10.6 does not use the
regular compositing equations.

Alpha-compositing does work correctly when « is used to model transparency. If a
transparent surface completely overlaps a pixel, then the « value represents the amount of
light that is reflected from the surface and 1 —« represents the amount of light transmitted
through the surface. The assumption that the ratios of reflected and transmitted light are
constant across the area of the pixel is reasonably accurate and the correct results are
obtained if a source element with a semi-transparent object is composited with itself.

11.44

Another frequent source of error occurs when blending or compositing images with colors
that are not in a linear space. Blending operators are linear and assume that the operands
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in the equations have a linear relationship. Images that have been gamma-corrected no
longer have a linear relationship between color values. To correctly composite two
gamma-corrected images, the images should first be converted back to linear space,
composited, then have gamma correction re-applied. Often applications skip the lin-
ear conversion and re-gamma correction step. The amount of error introduced depends
on where the input color values are on the gamma correction curve. In A Ghost in a
Snowstorm (1998a), Jim Blinn analyzes the various error cases and determines that the
worst errors occur with when mixing colors at opposite ends of the range, composit-
ing white over black or black over white. The resulting worst case error can be greater
than 25%.

11.5 Compositing Images with Depth

Section 11.1 discusses algorithms for compositing two images together using alpha val-
ues to control how pixels are merged. One drawback of this method is that only simple
visibility information can be expressed using mattes or masks. By retaining depth infor-
mation for each image pixel, the depth information can be used during the compositing
operation to provide more visible surface information. With alpha-compositing, elements
that occupy the same destination area rely on the alpha information and the back-to-front
ordering to provide visibility information. Objects that interpenetrate must be rendered
together to the same element using a hidden surface algorithm, since the back-to-front
algorithm cannot correctly resolve the visible surfaces.

Depth information can greatly enhance the applicability of compositing as a tech-
nique for building up a final image from separate elements (Duff, 1985). OpenGL allows
depth and color values to be read from the framebuffer using g1ReadPixels and saved
to secondary storage for later compositing. Similarly, rectangular images of depth or color
values can be independently written to the framebuffer using g1DrawPixels. However,
since g1DrawPixels works on depth and color images one at a time, some additional
work is required to perform a true 3D composite, in which the depth information is used
in the visibility test.

Both color and depth images can be independently saved to memory and later drawn
to the screen using g10rawPixels. This is sufficient for 2D style composites, where
objects are drawn on top of each other to create the final scene. To do true 3D compositing,
it is necessary to use the color and depth values simultaneously, so that depth testing can
be used to determine which surfaces are obscured by others.

The stencil buffer can be used to implement true 3D compositing as a two-pass oper-
ation. The color buffer is disabled for writing, the stencil buffer is cleared, and the saved
depth values are copied into the framebuffer. Depth testing is enabled, ensuring that only
depth values that are closer to the original can update the depth buffer. g1Stencil0p
is used to configure the stencil test so that the stencil buffer bit is set if the depth test
passes.



Other Blending Operations 195

The stencil buffer now contains a mask of pixels that were closer to the view than the
pixels of the original image. The stencil function is changed to accomplish this masking
operation, the color buffer is enabled for writing, and the color values of the saved image
are drawn to the framebuffer.

This technique works because the fragment operations, in particular the depth test
and the stencil test, are part of both the geometry and imaging pipelines in OpenGL. The
technique is described here in more detail. It assumes that both the depth and color values
of an image have been saved to system memory, and are to be composited using depth
testing to an image in the framebuffer:

1.  Clear the stencil buffer using g1Clear with GL_STENCIL_BUFFER_BIT set in
the bitmask.

2. Disable the color buffer for writing with g1ColorMask.

3. Set stencil values to 1 when the depth test passes by calling
glStencilFunc(GL_ALWAYS, 1, 1),and g1StencilOp(GL_KEEP,
GL_KEEP, GL_REPLACE).

4. Ensure depth testing is set; g1 Enable(GL_DEPTH_TEST), gl1DepthFunc
(GL_LESS).

5. Draw the depth values to the framebuffer with g1DrawPixeTls, using
GL_DEPTH_COMPONENT for the format parameter.

6. Set the stencil buffer to test for stencil values of 1 with
glStencilFunc(GL_EQUAL, 1, 1)andglStencilOp(GL_KEEP,
GL_KEEP, GL_KEEP).

7. Disable the depth testing with g1Disable(GL_DEPTH_TEST).

8. Draw the color values to the framebuffer with g1DrawPixels, using GL_RGBA as
the format parameter.

At this point, both the depth and color values will have been merged, using the depth
test to control which pixels from the saved image update the framebuffer. Compositing
can still be problematic when merging images with coplanar polygons.

This process can be repeated to merge multiple images. The depth values of the
saved image can be manipulated by changing the values of GL_DEPTH_SCALE and
GL_DEPTH_BIAS with gTPixelTransfer. This technique makes it possible to squeeze
the incoming image into a limited range of depth values within the scene.

11.6 Other Blending Operations

So far we have described methods that use the alpha component for weighting pixel values.
OpenGL blending supports additional source and destination blend factors which can be
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used to implement other algorithms. A short summary of the more common operations
follows.

Summing Two Images Using GL_ONE as the source and destination blend factors, the
source image is added to the destination image. This operation is useful in
multipass sequences to combine the results of two rendering passes.

Modulating an Image In the alpha-blending discussion, each of the color components
have been weighted equally by a value in the alpha channel. Some applications
require scaling the color components by different amounts depending on their
relative contributions. For example, in the OpenGL lighting equation the lighting
computations may produce a different result for each color channel. To reproduce
the result of scaling an image by different light colors, each color component of the
image must be scaled separately. This can be done using either the GL_SRC_COLOR
destination or GL_DST_COLOR source factor to scale the current framebuffer
contents. For example, drawing a constant-colored window-sized rectangle with
GL_DST_COLOR and GL_ZERO as the source and destination factors scales the
color buffer contents by the color of the rectangle.

Constant Colors The ARB imaging subset and OpenGL 1.4 support constant blending
factors. These are useful to perform constant scaling operations, for example simple
cross fades.

Subtraction The ARB imaging subset also supports a subtraction equation (actually
both subtract and reverse subtract) in addition to the original addition operation.
These allow more general purpose arithmetic to be performed in the framebuffer,
most usefully as part of a multipass toolbox as described in Section 9.3.

Min/Max Arguably stretching the idea of blending a bit, the min and max functions
allow per-pixel computation of the minimum and maximum values for each
component for each pixel. These functions can be useful for a number of imaging
operations, as described in Chapter 12.

11.7 Dissolves

A common film technique is the “dissolve”, where one image or animated sequence is
replaced with another, in a smooth transition. One simple version alpha blends the two
images together, fading out the first image with @ and fading in the second with 1—a. One
way to think about the dissolve sequence is as a dynamic mask that changes each frame
and is applied to the two target images. As discussed at the beginning of the chapter, the
masks may be simple selection operations in which the pixel is selected from either the first
or second image. A more general form is to take a weighted sum of the two pixels. For a
simple selection operation, there are additional methods for performing it. The alpha-test



Dissolves 197

fragment operation can be used to discard fragments based on their alpha value. Often
dissolves are used to describe transitions between two static images, or sequences of pre-
generated images. The concept can be equally well applied to sequences of images that
are generated dynamically. For example, the approach can be used to dissolve between
two dynamically rendered 3D scenes.

Alpha testing can be used to implement very efficient selection operations, since it
discards pixels before depth and stencil testing and blending operations. One issue with
using alpha testing is generating the alpha values themselves. For a dissolve the mask is
usually independent and unrelated to the source image. One way to “tack on” a set of
alpha values during rasterization is to use an alpha texture. A linear texture coordinate
generation function is used to produce texture coordinates, indexing the texture map as a
screen-space matte. To achieve the dynamic dissolve, the texture is updated each frame,
either by binding different texture objects or by replacing the contents of the texture map.
An alpha-texture-based technique works well when multitexture is supported since an
unused texture unit may be available for the operation. The alpha-texture-based technique
works with both alpha-testing or alpha-blending style algorithms.

Another option for performing masking operations is the stencil buffer. The stencil
buffer can be used to implement arbitrary dissolve patterns. The alpha planes of the color
buffer and the alpha function can also be used to implement this kind of dissolve, but using
the stencil buffer frees up the alpha planes for motion blur, transparency, smoothing, and
other effects.

The basic approach to a stencil buffer dissolve is to render two different images, using
the stencil buffer to control where each image can draw to the framebuffer. This can be
done very simply by defining a stencil test and associating a different reference value with
each image. The stencil buffer is initialized to a value such that the stencil test will pass
with one of the images’ reference values, and fail with the other. An example of a dissolve
part way between two images is shown in Figure 11.1.

At the start of the dissolve (the first frame of the sequence), the stencil buffer is all
cleared to one value, allowing only one of the images to be drawn to the framebuffer.
Frame by frame, the stencil buffer is progressively changed (in an application-defined
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Figure 11.1 Using stencil to dissolve between images.
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pattern) to a different value, one that passes only when compared against the second
image’s reference value. As a result, more and more of the first image is replaced by the
second.

Over a series of frames, the first image “dissolves” into the second under control of
the evolving pattern in the stencil buffer.

Here is a step-by-step description of a dissolve.

Clear the stencil buffer with g1Clear (GL_STENCIL_BUFFER_BIT).

2. Disable writing to the color buffer, using g1CoTorMask(GL_FALSE,
GL_FALSE, GL_FALSE, GL_FALSE).

3. If the values in the depth buffer should not change, use
glDepthMask(GL_FALSE).

For this example, the stencil test will always fail, setting the stencil operation to write
the reference value to the stencil buffer. The application should enable stenciling before
beginning to draw the dissolve pattern.

1. Turn on stenciling: g1EnabTe(GL_STENCIL_TEST).
2. Set stencil function to always fail: g1StencilFunc(GL_NEVER, 1, 1).

3. Set stencil op to write 1 on stencil test failure: g1StencilOp(GL_REPLACE,
GL_KEEP, GL_KEEP).

4. Write the dissolve pattern to the stencil buffer by drawing geometry or using
glDrawPixels.

5. Disable writing to the stencil buffer with g1StencilMask(GL_FALSE).
Set stencil function to pass on 0: g1StencilFunc(GL_EQUAL, 0, 1).

7. Enable color buffer for writing with g1ColorMask(GL_TRUE, GL_TRUE,
GL_TRUE, GL_TRUE).

8. If you’re depth testing, turn depth buffer writes back on with g1DepthMask.
9. Draw the first image. It will only be written where the stencil buffer values are 0.

10. Change the stencil test so only values that equal 1 pass:
glStencilFunc(GL_EQUAL, 1, 1).

11. Draw the second image. Only pixels with a stencil value of 1 will change.

12. Repeat the process, updating the stencil buffer so that more and more stencil
values are 1. Use the dissolve pattern and redraw image 1 and 2 until the entire
stencil buffer has 1’s in it and only image 2 is visible.

If each new frame’s dissolve pattern is a superset of the previous frame’s pattern,
image 1 doesn’t have to be re-rendered. This is because once a pixel of image 1 is replaced
with image 2, image 1 will never be redrawn there. Designing the dissolve pattern with
this restriction can improve the performance of this technique.
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11.8 Transparency

Accurate rendering of transparent objects is an important element of creating realistic
scenes. Many objects, both natural and artificial, have some degree of transparency.
Transparency is also a useful feature when visualizing the positional relationships of
multiple objects. Pure transparency, unless refraction is taken into account, is straight-
forward. In most cases, when a transparent object is desired, what is really wanted is a
partially transparent object. By definition, a partially transparent object has some degree
of opacity: it is measured by the percentage of light that won’t pass through an object.
Partially transparent objects don’t just block light; they also add their own color, which
modifies the color of the light passing through them.

Simulating transparency is not just a useful technique in and of itself. The blending
techniques used to create the most common form of transparency are also the basis of
many other useful graphics algorithms. Examples include material mapping, line antialias-
ing, billboarding, compositing, and volume rendering. This section focuses on basic
transparency techniques, with an emphasis on the effective use of blending techniques.

In computer graphics, transparent objects are modeled by creating an opaque ver-
sion of a transparent object, then modifying its transparency. The opacity of an object is
defined independently of its color and is expressed as a fraction between 0 and 1, where
1 means fully opaque. Sometimes the terms opacity and transparency are used inter-
changably; strictly speaking, transparency is defined as 1 — opacity; a fully transparent
object has an opacity of 0.

An object is made to appear transparent by rendering a weighted sum of the color
of the transparent object and the color of the scene obscured by the transparent object.
A fully opaque object supplies all of its color, and none from the background; a fully
transparent object does the opposite. The equation for computing the output color of a
transparent object, A, with opacity, o4, at a single point is:

Couta = 04Ca + (1 — OA)Cbackground (114)

Applying this equation properly implies that everything behind the transparent object is
rendered already as Cpyckground SO that it is available for blending. If multiple transparent
objects obscure each other, the equation is applied repeatedly. For two objects A and B
(with A in front of B), the resulting color depends on the order of the transparent objects
relative to the viewer. The equation becomes:

Couta = 04Ca + (1 —04)Cousp

Couts = 0gCp + (1 — OB)Cbackgmund
CoutaB = 04Ca + (1 — 04)(0pCg + (1 — 0B) Cpackground) (11.5)

The technique for combining transparent surfaces is identical to the back-to-front
compositing process described in Section 11.1. The simplest transparency model assumes
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that a pixel displaying the transparent object is completely covered by a transparent
surface. The transparent surface transmits 1 — o of the light reflected from the objects
behind it and reflects o of its own incident light. For the case in which boundary pixels
are only partially covered by the transparent surface, the uniform distribution (uniform
opacity) assumption described in Section 11.1.2 is combined with the transparency model.

The compositing model assumes that when a pixel is partially covered by a surface,
pieces of the overlapping surface are randomly distributed across the pixel such that any
subarea of the pixel contains « of the surface. The two models can be combined such that
a pixel partially covered by a transparent surface can have its « and o values combined to
produce a single weight, ao. Like the compositing algorithm, the combined transparency
compositing process can be applied back-to-front or front-to-back with the appropriate
change to the equations.

11.9 Alpha-Blended Transparency

The most common technique used to draw transparent geometry is alpha blending. This
technique uses the alpha value of each fragment to represent the opacity of the object.
As an object is drawn, each fragment is combined with the values in the framebuffer
pixel (which is assumed to represent the background scene) using the alpha value of the
fragment to represent opacity:

Cﬁnal = src Csre + (1 — 0t57¢) Cysy

The resulting output color, Cg,,y, is written to the frame buffer. Cqc and g are
the fragment source color and alpha components. Cy; is the destination color, which
is already in the framebuffer. This blending equation is specified using g1BlendFunc
with GL_SRC_ALPHA and GL_ONE_MINUS_SRC_ALPHA as the source and destination
blend factors. The alpha blending algorithm implements the general transparency formula
(Equation 11.5) and is order-dependent.

An illustration of this effect is shown in Figure 11.2, where two pairs of triangles,
one pair on the left and one pair on the right, are drawn partially overlapped. Both pairs
of triangles have the same colors, and both have opacities of 15. In each pair, the triangle
on the left is drawn first. Note that the overlapped regions have different colors; they
differ because the yellow triangle of the left pair is drawn first, while the cyan triangle is
the first one drawn in the right pair.

As mentioned previously, the transparency blending equation is order-dependent,
so transparent primitives drawn using alpha blending should always be drawn after
all opaque primitives are drawn. If this is not done, the transparent objects won’t
show the color contributions of the opaque objects behind them. Where possible, the
opaque objects should be drawn with depth testing on, so that their depth relationships
are correct, and so the depth buffer will contain information on the opaque objects.
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Figure 11.2 Alpha transparency ordering.

When drawing transparent objects in a scene that has opaque ones, turning on depth
buffer testing will prevent transparent objects from being incorrectly drawn over the
opaque ones that are in front of them.

Overlapping transparent objects in the scene should be sorted by depth and drawn
in back-to-front order: the objects furthest from the eye are drawn first, those closest to
the eye are drawn last. This forces the sequence of blending operations to be performed
in the correct order.

Normal depth buffering allows a fragment to update a pixel only if the fragment is
closer to the viewer than any fragment before it (assuming the depth compare function
is GL_LESS). Fragments that are farther away won’t update the framebuffer. When the
pixel color is entirely replaced by the fragment’s color, there is no problem with this
scheme. But with blending enabled, every pixel from a transparent object affects the final
color.

If transparent objects intersect, or are not drawn in back to front order, depth
buffer updates will prevent some parts of the transparent objects from being drawn,
producing incorrect results. To prevent this, depth buffer updates can be disabled using
glDepthMask(GL_FALSE) after all the opaque objects are drawn. Note that depth
testing is still active, just the depth buffer updates are disabled. As a result, the depth
buffer maintains the relationship between opaque and transparent objects, but does not
prevent the transparent objects from occluding each other.

In some cases, sorting transparent objects isn’t enough. There are objects, such
as transparent objects that are lit, that require more processing. If the back and front
faces of the object aren’t drawn in back-to-front order, the object can have an “inside
out” appearance. Primitive ordering within an object is required. This can be difficult,
especially if the object’s geometry wasn’t modeled with transparency in mind. Sorting of
transparent objects is covered in more depth in Section 11.9.3.

If sorting transparent objects or object primitives into back-to-front order isn’t
feasible, a less accurate, but order-independent blending method can be used
instead. Blending is configured to use GL_ONE for the destination factor rather than
GL_ONE_MINUS_SRC_ALPHA. The blending equation becomes:

Cﬁnal = 57 Csre + Cygt (11.6)
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This blending equation weights transparent surfaces by their opacity, but the accu-
mulated background color is not changed. Because of this, the final result is independent
of the surface drawing order. The multi-object blending equation becomes:

apCq +apCp+acCc+---+ Cbackground'

There is a cost in terms of accuracy with this approach; since the background color
attenuation from Equation 11.5 has been eliminated, the resulting colors are too bright
and have too much contribution from the background objects. It is particularly noticeable
if transparent objects are drawn over a light-colored background or bright background
objects.

Alpha-blended transparency sometimes suffers from the misconception that the tech-
nique requires a framebuffer with alpha channel storage. For back-to-front algorithms,
the alpha value used for blended transparency comes from the fragments generated in the
graphics pipeline; alpha values in the framebuffer (GL_DST_ALPHA) are not used in the
blending equation, so no alpha buffer is required to store them.

11.9.1

It is common for an object’s opacity values to be configured while modeling its geometry.
Such static opacity can be stored in the alpha component of the vertex colors or in
per-vertex diffuse material parameters. Sometimes, though, it is useful to have dynamic
control over the opacity of an object. This might be as simple as a single value that
dynamically controls the transparency of the entire object. This setting is useful for fading
an object in or out of a scene (see Section 16.4 for one use of this capability). If the object
being controlled is simple, using a single color or set of material parameters over its entire
surface, the alpha value of the diffuse material parameter or object color can be changed
and sent to OpenGL before rendering the object each frame.

For complex models that use per-vertex reflectances or surface textures, a similar
global control can be implemented using constant color blending instead. The ARB
imaging subset provides an application-defined constant blend color that can be used
as the source or destination blend factor.? This color can be updated each frame, and
used to modify the object’s alpha value with the blend value GL_CONSTANT_ALPHA
for the source and GL_ONE_MINUS_CONSTANT_ALPHA for the destination blend
factor.

If the imaging subset is not supported, then a similar effect can be achieved using
multitexure. An additional texture unit is configured with a 1D texture containing a single
component alpha ramp. The unit’s texture environment is configured to modulate the
fragment color, and the unit is chained to act on the primitive after the surface texturing
has been done. With this approach, the s coordinate for the additional texture unit is

2. Constant color blending is also present in OpenGL 1.4.
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set to index the appropriate alpha value each time the object is drawn. This idea can
be extended to provide even finer control over the transparency of an object. One such
algorithm is described in Section 19.4.

11.9.2

Because the key to alpha transparency is control of each fragment’s alpha component,
OpenGL’s texture machinery is a valuable resource as it provides fine control of alpha.
If texturing is enabled, the source of the alpha component is controlled by the texture’s
internal format, the current texture environment function, and the texture environ-
ment’s constant color. Many intricate effects can be implemented using alpha values
from textures.

A common example of texture-controlled alpha is using a texture with alpha to
control the outline of a textured object. A texture map containing alpha can define an
image of an object with a complex outline. Beyond the boundaries of the outline, the
texel’s alpha components can be zero. The transparency of the object can be controlled
on a per-texel basis by controlling the alpha components of the textures mapped on its
surface.

For example, if the texture environment mode is set to GL_REPLACE (or
GL_MODULATE, which is a better choice for lighted objects), textured geometry is
“clipped” by the texture’s alpha components. The geometry will have “invisible” regions
where the texel’s alpha components go to zero, and be partially transparent where they
vary between zero and one. These regions colored with alpha values below some thresh-
old can be removed with either alpha testing or alpha blending. Note that texturing using
GL_MODULATE will only work if the alpha component of the geometry’s color is one;
any other value will scale the transparency of the results. Both methods also require that
blending (or alpha test) is enabled and set properly.

This technique is frequently used to draw complicated geometry using texture-
mapped polygons. A tree, for example, can be rendered using an image of a tree texture
mapped onto a single rectangle. The parts of the texture image representing the tree itself
have an alpha value of 1; the parts of the texture outside of the tree have an alpha value
of 0. This technique is often combined with billboarding (see Section 13.5), a technique
in which a rectangle is turned to perpetually face the eye point.

Alpha testing (see Section 6.2.2 ) can be used to efficiently discard fragments with an
alpha value of zero and avoid using blending, or it can be used with blending to avoid
blending fragments that make no contribution. The threshold value may be set higher to
retain partially transparent fragments. For example the alpha threshold can be set to 0.5
to capture half of the semi-transparent fragements, avoiding the overhead of blending
while still getting acceptable results. An alternative is to use two passes with different
alpha tests. In the first pass, draw the opaque fragments with depth updates enabled
and transparent fragments discarded; in the second pass, draw the non-opaque parts
with blending enabled and depth updates disabled. This has the advantage of avoiding
blending operations for large opaque regions, at the cost of two passes.
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1193 Transparency Sorting

The sorting required for proper alpha transparency can be complex. Sorting is done
using eye coordinates, since the back-to-front ordering of transparent objects must be
done relative to the viewer. This requires the application transform geometry to eye
space for sorting, then send the transparent objects in sorted order through the OpenGL
pipeline.

If transparent objects interpenetrate, the individual triangles comprising each object
should be sorted and drawn from back to front to avoid rendering the individual trian-
gles out of order. This may also require splitting interpenetrating polygons along their
intersections, sorting them, then drawing each one independently. This work may not be
necessary if the interpenetrating objects have similar colors and opacity, or if the results
don’t have to be extremely realistic. Crude sorting, or even no sorting at all, can give
acceptable results, depending on the requirements of the application.

Transparent objects can produce artifacts even if they don’t interpenetrate other
complex objects. If the object is composed of multiple polygons that can overlap, the
order in which the polygons are drawn may not end up being back to front. This case is
extremely common; one example is a closed surface representation of an object. A simple
example of this problem is a vertically oriented cylinder composed of a single tri-strip.
Only a limited range of orientations of the cylinder will result in all of the more distant
triangles being drawn before all of the nearer ones. If lighting, texturing, or the cylinder’s
vertex colors resulted in the triangles of the cylinder having significantly different colors,
visual artifacts will result that change with the cylinder’s orientation.

This orientation dependency is shown in Figure 11.3. A four-sided cylinder is ren-
dered with differing orientations in three rows. The top row shows the cylinder opaque.
The middle row shows a properly transparent cylinder (done with the front-and-back-
facing technique described in this chapter). The bottom row shows the cylinder made
transparent with no special sorting. The cylinder walls are rendered in the order magenta,

Figure 11.3 Orientation sensitivity in transparency objects.



Screen-Door Transparency 205

yellow, gray, and cyan. As long as the walls rendered earlier are obscured by walls ren-
dered later, the transparent cylinder is properly rendered, and the middle and bottom
rows match. When the cylinder rotates to the point were the render ordering doesn’t
match the depth ordering, the bottom row is incorrectly rendered. This begins happening
on the fifth column, counting from left to right. Since this cylinder has only four walls, it
has a range of rotations that are correct. A rounder cylinder with many facets of varying
colors would be much more sensitive to orientation.

If the scene contains a single transparent object, or multiple transparent objects which
do not overlap in screen space (i.e., each screen pixel is touched by at most one of the
transparent objects), a shortcut may be taken under certain conditions. If the transparent
objects are closed, convex, and can’t be viewed from the inside, backface culling can be
used. The culling can be used to draw the back-facing polygons prior to the front-facing
polygons. The constraints given previously ensure that back-facing polygons are farther
from the viewer than front-facing ones.

For this, or any other face-culling technique to work, the object must be modeled
such that all polygons have consistent orientation (see Section 1.3.1). Each polygon in
the object should have its vertices arranged in a counter-clockwise direction when viewed
from outside the object. With this orientation, the back-facing polygons are always farther
from the viewer. The g1 FrontFace command can be used to invert the sense of front-
facing for models generated with clockwise-oriented front-facing polygons.

11.94

An alternative to sorting is to use a multipass technique to extract the surfaces of interest.
These depth-peeling techniques dissect a scene into layers with narrow depth ranges,
then composite the results together. In effect, multiple passes are used to crudely sort
the fragments into image layers that are subsequently composited in back-to-front order.
Some of the original work on depth peeling suggested multiple depth buffers (Mammen,
1989; Diefenbach, 1996); however, in an NVIDIA technical report, Cass Everitt suggests
reusing fragment programs and texture depth-testing hardware, normally used to support
shadow maps, to create a mechanism for multiple depth tests, that in turn can be used to
do depth peeling.

11.10 Screen-Door Transparency

Another simple transparency technique is screen-door transparency. A transparent object
is created by rendering only a percentage of the object’s pixels. A bitmask is used to
control which pixels in the object are rasterized. A 1 bit in the bitmask indicates that
the transparent object should be rendered at that pixel; a 0 bit indicates the transparent
object shouldn’t be rendered there, allowing the background pixel to show through.
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The percentage of bits in the bitmask which are set to 0 is equivalent to the transparency
of the object (Foley et al., 1990).

This method works because the areas patterned by the screen-door algorithm are
spatially integrated by the eye, making it appear as if the weighted sums of colors in
Equation 11.4 are being computed, but no read-modify-write blending cycles need to
occur in the framebuffer. If the viewer gets too close to the display, then the individual
pixels in the pattern become visible and the effect is lost.

In OpenGL, screen-door transparency can be implemented in a number of ways;
one of the simplest uses polygon stippling. The command g1PolygonStipp]le defines
a 32x32 bit stipple pattern. When stippling is enabled (using gl1Enable with a
GL_POLYGON_STIPPLE parameter), it uses the low-order x and y bits of the screen
coordinate to index into the stipple pattern for each fragment. If the corresponding bit
of the stipple pattern is 0, the fragment is rejected. If the bit is 1, rasterization of the
fragment continues.

Since the stipple pattern lookup takes place in screen space, the stipple patterns for
overlapping objects should differ, even if the objects have the same transparency. If the
same stipple pattern is used, the same pixels in the framebuffer are drawn for each object.
Because of this, only the last (or the closest, if depth buffering is enabled) overlapping
object will be visible. The stipple pattern should also display as fine a pattern as possible,
since coarse features in the stipple pattern will become distracting artifacts.

One big advantage of screen-door transparency is that the objects do not need to be
sorted. Rasterization may be faster on some systems using the screen-door technique than
by using other techniques such as alpha blending. Since the screen-door technique oper-
ates on a per-fragment basis, the results will not look as smooth as alpha transparency.
However, patterns that repeat on a 2x2 grid are the smoothest, and a 50% transparent
“checkerboard” pattern looks quite smooth on most systems.

Screen-door transparency does have important limitations. The largest is the fact
that the stipple pattern is indexed in screen space. This fixes the pattern to the screen;
a moving object makes the stipple pattern appear to move across its surface, creating a
“crawling” effect. Large stipple patterns will show motion artifacts. The stipple pattern
also risks obscuring fine shading details on a lighted object; this can be particularly
noticeable if the stippled object is rotating. If the stipple pattern is attached to the object
(by using texturing and GL_REPLACE, for example), the motion artifacts are eliminated,
but strobing artifacts might become noticeable as multiple transparent objects overlap.

Choosing stipple patterns for multiple transparent objects can be difficult. Not only
must the stipple pattern accurately represent the transparency of the object, but it must
produce the proper transparency with other stipple patterns when transparent objects
overlap. Consider two 50% transparent objects that completely overlap. If the same
stipple pattern is used for both objects, then the last object drawn will capture all of the
pixels and the first object will disappear. The constraints in choosing patterns quickly
becomes intractable as more transparent objects are added to the scene.

The coarse pixel-level granularity of the stipple patterns severely limits the effective-
ness of this algorithm. It relies heavily on properties of the human eye to average out
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the individual pixel values. This works quite well for high-resolution output devices such
as color printers (> 1000 dot-per-inch), but clearly fails on typical 100 dpi computer
graphics displays. The end result is that the patterns can’t accurately reproduce the trans-
parency levels that should appear when objects overlap and the wrong proportions of the
surface colors are mixed together.

11.10.1

OpenGL implementations supporting multisampling (OpenGL 1.3 or later, or imple-
mentations supporting ARB_multisample) can use the per-fragment sample coverage,
normally used for antialiasing (see Section 10.2.3), to control object transparency as well.
This method is similar to screen-door transparency described earlier, but the masking is
done at each sample point within an individual fragment.

Multisample transparency has trade-offs similar to screen-door transparency. Sorting
transparent objects is not required and the technique may be faster than using alpha-
blended transparency. For scenes already using multisample antialiasing, a performance
improvement is more likely to be significant: multisample framebuffer blending opera-
tions use all of the color samples at each pixel rather than a single pixel color, and may
take longer on some implementations. Eliminating a blending step may be a significant
performance gain in this case.

To implement screen-door multisample transparency, the multisample coverage mask
at the start of the fragment processing pipeline must be modified (see Section 6.2) There
are two ways to do this. One method uses GL_SAMPLE_ALPHA_TO_COVERAGE. When
enabled, this function maps the alpha value of each fragment into a sample mask. This
mask is bitwise AND’ed with the fragment’s mask. Since the mask value controls how
many sample colors are combined into the final pixel color, this provides an automatic
way of using alpha values to control the degree of transparency. This method is useful
with objects that do not have a constant transparency value. If the transparency value
is different at each vertex, for example, or the object uses a surface texture containing a
transparency map, the per-fragment differences in alpha value will be transferred to the
fragment’s coverage mask.

The second transparency method provides more direct control of the sample coverage
mask. TheglSampleCoverage commandupdatesthe GL_SAMPLE_COVERAGE_VALUE
bitmask based on the floating-point coverage value passed to the command. This value
is constrained to range between 0 and 1. The coverage value bitmask is bitwise AND’ed
with each fragment’s coverage mask. The g1SampleCoverage command provides an
invert parameter which inverts the computed value of GL_SAMPLE_COVERAGE_VALUE.
Using the same coverage value, and changing the invert flag makes it possible to create two
transparency masks that don’t overlap. This method is most useful when the transparency
is constant for a given object; the coverage value can be set once before each object is
rendered. The invert option is also useful for gradually fading between two objects; it
is used by some geometry level-of-detail management techniques (see Section 16.4 for
details).
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Multisample screen-door techniques have the advantage over per-pixel screen-door
algorithms; that subpixel transparency masks generate fewer visible pixel artifacts. Since
each transparency mask pattern is contained within a single pixel, there is no pixel-level
pattern imposed on polygon surfaces. A lack of a visible pattern also means that moving
objects won’t show a pattern crawl on their surfaces. Note that it is still possible to
get subpixel masking artifacts, but they will be more subtle; they are limited to pixels
that are partially covered by a transparent primitive. The behavior of these artifacts are
highly implementation-dependent; the OpenGL specification imposes few restrictions on
the layout of samples within a fragment.

The multisample screen-door technique is constrained by two limitations. First, it is
not possible to set an exact bit pattern in the coverage mask: this prevents the application
from applying precise control over the screen-door transparency patterns. While this
restriction was deliberately placed in the OpenGL design to allow greater flexibility in
implementing multisample, it does remove some control from the application writer.
Second, the transparency resolution is limited by the number of samples available per
fragment. If the implementation supports only four multisamples, for example, each
fragment can represent at most five transparency levels (z+ 1), including fully transparent
and fully opaque. Some OpenGL implementations may try to overcome this restriction by
spatially dithering the subpixel masks to create additional levels. This effectively creates a
hybrid between subpixel-level and pixel-level screen-door techniques. The limited number
of per-fragment samples creates a limitation which is also found in the the per-pixel screen-
door technique: multisample transparency does not work well when many transparent
surfaces are stacked on top of one another.

Overall, the multisample screen-door technique is a significant improvement over the
pixel-level screen door, but it still suffers from problems with sample resolution. Using
sorting with alpha blending can generate better results; the alpha channel can usually
represent more opacity levels than sample coverage and the blending arithmetic computes
an exact answer at each pixel. However, for performance-critical applications, especially
when the transparent objects are difficult to sort, the multisample technique can be a
good choice. Best results are obtained if there is little overlap between transparent objects
and the number of different transparency levels represented is small.

Since there is a strong similarity between the principles used for modeling surface
opacity and compositing, the subpixel mask operations can also be used to perform some
of the compositing algorithms without using framebuffer blending. However, the limita-
tions with respect to resolution of mask values preclude using these modified techniques
for high-quality results.

11.11 Summary

In this chapter we described some of the underlying theory for image compositing and
transparency modeling. We also covered some common algorithms using the OpenGL
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pipeline and the various advantages and limitations of these algorithms. Efficient render-
ing of semi-transparent objects without extra burdens on the application, such as sorting,
continues to be a difficult problem and will no doubt be a continuing area of investigation.
In the next chapter we examine using other parts of the pipeline for operating on images
directly.






Image Processing
Techniques

A comprehensive treatment of image processing techniques is beyond the scope of this
book. However, since image processing is such a powerful tool, even a subset of image
processing techniques can be useful, and is a powerful adjunct to computer graphics
approaches. Some of the more fundamental processing algorithms are described here,
along with methods for accelerating them using the OpenGL pipeline.

12.1 OpenGL Imaging Support

Image processing is an important component of applications used in the publishing, satel-
lite imagery analysis, medical, and seismic imaging fields. Given its importance, image
processing functionality has been added to OpenGL in a number of ways. A bundle of
extensions targeted toward accelerating common image processing operations, referred
to as the ARB imaging subset, is defined as part of the OpenGL 1.2 and later speci-
fications. This set of extensions includes the color matrix transform, additional color
lookup tables, 2D convolution operations, histogram, min/max color value tracking,
and additional color buffer blending functionality. These extensions are described in
Section 4.8. While these extensions are not essential for all of the image processing
techniques described in this chapter, they can provide important performance advantages.
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Since the imaging subset is optional, not all implementations of OpenGL support
them. If it is advertised as part of the implementation, the entire subset must be imple-
mented. Some implementations provide only part of this functionality by implementing a
subset of the imaging extensions, using the EXT versions. Important functionality, such
as the color lookup table (EXT_color_table) and convolution (EXT_convolution)
can be provided this way.

With the evolution of the fragment processing pipeline to support programmability,
many of the functions provided by the imaging subset can be implemented using fragment
programs. For example, color matrix arithmetic becomes simple vector operations on
color components, color lookup tables become dependent texture reads with multitexture,
convolution becomes multiple explicit texture lookup operations with a weighted sum.
Other useful extensions, such as pixel textures, are implemented using simple fragment
program instructions. However, other image subset operations such as histogram and
minmax don’t have direct fragment program equivalents; perhaps over time sufficient
constructs will evolve to efficiently support these operations.

Even without this extended functionality, the basic imaging support in OpenGL,
described in Chapter 4, provides a firm foundation for creating image processing
techniques.

12.2 Image Storage

The multipass concept described in Chapter 9 also applies to image processing. To com-
bine image processing elements into powerful algorithms, the image processing operations
must be coupled with some notion of temporary storage, or image variables, for interme-
diate results. There are three main locations for storing images: in application memory on
the host, in a color buffer (back, front, aux buffers, and stereo buffers), or in a texture.
A fourth storage location, off-screen memory in pbuffers, is available if the implemen-
tation supports them. Each of these storage areas can participate in image operations in
one form or another. The biggest difference occurs between images stored as textures
and those stored in the other buffers types. Texture images are manipulated by draw-
ing polygonal geometry and operating on the fragment values during rasterization and
fragment processing.

Images stored in host memory, color buffers, or pbuffers can be processed by the pixel
pipeline, as well as the rasterization and fragment processing pipeline. Images can be easily
transferred between the storage locations using g1 DrawPixels and glReadPixels to
transfer images between application memory and color buffers, g1 CopyTexImage2D
to copy images from color buffers to texture memory, and by drawing scaled textured
quadrilaterals to copy texture images to a color buffer. To a large extent the techniques
discussed in this chapter can be applied regardless of where the image is stored, but some
techniques may be more efficient if the image is stored in one particular storage area over
another.
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If an image is to be used repeatedly as a source operand in an algorithm or by applying
the algorithm repeatedly using the same source, it’s useful to optimize the location of the
image for the most efficient processing. This will invariably require moving the image
from host memory to either texture memory or a color buffer.

12.3 Point Operations

Image processing operations are often divided into two broad classes: point-based and
region-based operations. Point operations generate each output pixel as a function of a
single corresponding input pixel. Point operations include functions such as thresholding
and color-space conversion. Region-based operations calculate a new pixel value using
the values in a (usually small) local neighborhood. Examples of region-based operations
include convolution and morphology operations.

In a point operation, each component in the output pixel may be a simple func-
tion of the corresponding component in the input pixel, or a more general function
using additional, non-pixel input parameters. The multipass toolbox methodology
outlined in Section 9.3, i.e., building powerful algorithms from a “programming lan-
guage” of OpenGL operations and storage, is applied here to implement the algorithms
outlined here.

123.1

A simple but important local operation is adjusting a pixel’s color. Although simple to do
in OpenGL, this operation is surprisingly useful. It can be used for a number of purposes,
from modifying the brightness, hue or saturation of the image, to transforming an image
from one color space to another.

123.2

Haeberli and Voorhies (1994) have described several interesting image processing tech-
niques using linear interpolation and extrapolation between two images. Each technique
can be described in terms of the formula:

O=(1-x)+x (12.1)

The equation is evaluated on a per-pixel basis. Iy and I are the input images, O is
the output image, and x is the blending factor. If x is between 0 and 1, the equa-
tions describe a linear interpolation. If x is allowed to range outside [0, 1], the result is
extrapolation.
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In the limited case where 0 < x < 1, these equations may be implemented using
constant color blending or the accumulation buffer. The accumulation buffer version
uses the following steps:

1. Draw I into the color buffer.

2. Load Iy, scaling by (1 —x): gTAccum(GL_LOAD, (1-x)).
3. Draw I; into the color buffer.

4. Accumulate I, scaling by x: g1Accum(GL_ACCUM, x).

5. Return the results: g1Accum(GL_RETURN, 1).

It is assumed that component values in Iy and I are between 0 and 1. Since the accu-
mulation buffer can only store values in the range [—1, 1], for the case x < 0 or x > 1,
the equation must be implemented in a such a way that the accumulation operations stay
within the [—1, 1] constraint. Given a value x, equation Equation 12.1 is modified to
prescale with a factor such that the accumulation buffer does not overflow. To define a
scale factor s such that:

s = max(x,1 — x)

Equation 12.1 becomes:

0] :s((1 _x)Io-l- f11)
s s

and the list of steps becomes:
Compute s.
Draw Iy into the color buffer.

Load Iy, scaling by U=: gTAccum(GL_LOAD, (1-x)/s).

N

Draw I into the color buffer.

Accumulate Iy, scaling by %: gTAccum(GL_ACCUM, x/s).

AN S o L

Return the results, scaling by s: g1Accum(GL_RETURN, s).

The techniques suggested by Haeberli and Voorhies use a degenerate image as I
and an appropriate value of x to move toward or away from that image. To increase
brightness, Iy is set to a black image and x > 1. Saturation may be varied using a lumi-
nance version of I; as Iy. (For information on converting RGB images to luminance,
see Section 12.3.5.) To change contrast, I is set to a gray image of the average lumi-
nance value of I1. Decreasing x (toward the gray image) decreases contrast; increasing x
increases contrast. Sharpening (unsharp masking) may be accomplished by setting I to a
blurred version of I1. These latter two examples require the application of a region-based
operation to compute Iy, but once I is computed, only point operations are required.
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123.3

Scale and bias operations apply the affine transformation Cy,; = sCj, + b to each pixel.
A frequent use for scale and bias is to compress the range of the pixel values to compensate
for limited computation range in another part of the pipeline or to undo this effect by
expanding the range. For example, color components ranging from [0, 1] are scaled to half
this range by scaling by 0.5; color values are adjusted to an alternate signed representation
by scaling by 0.5 and biasing by 0.5. Scale and bias operations may also be used to trivially
null or saturate a color component by setting the scale to 0 and the bias to 0 or 1.

Scale and bias can be achieved in a multitude of ways, from using explicit pixel
transfer scale and bias operations, to color matrix, fragment programs, blend operations
or the accumulation buffer. Scale and bias operations are frequently chained together in
image operations, so having multiple points in the pipeline where they can be performed
can improve efficiency significantly.

123.4

Thresholding operations select pixels whose component values lie within a specified range.
The operation may change the values of either the selected or the unselected pixels.
A pixel pattern can be highlighted, for example, by setting all the pixels in the pat-
tern to 0. Pixel maps and lookup tables provide a simple mechanism for thresholding
using individual component values. However, pixel maps and lookup tables only allow
replacement of one component individually, so lookup table thresholding is trivial only
for single component images.

To manipulate all of the components in an RGB pixel, a more general lookup table
operation is needed, such as pixel textures, or better still, fragment programs. The oper-
ation can also be converted to a multipass sequence in which individual component
selection operations are performed, then the results combined together to produce the
thresholded image. For example, to determine the region of pixels where the R, G, and
B components are all within the range [25,75], the task can be divided into four sepa-
rate passes. The results of each component threshold operation are directed to the alpha
channel; blending is then used to perform simple logic operations to combine the results:

1. Loadthe GL_PIXEL_MAP_A_TO_A with a values that map components in the
range [0.25,0.75] to 1 and everything else to 0. Load the other color pixel maps
with a single entry that maps all components to 1 and enable the color pixel map.

2. Clear the color buffer to (1,1, 1,0) and enable blending with source and
destination blend factors GL_SRC_ALPHA, GL_SRC_ALPHA.

3. UseglDrawPixels to draw the image with the R channel in the A position.
4. Repeat the previous step for the G and B channels.

5. At this point the color buffer has 1 for every pixel meeting the condition
0.25 < x < 0.75 for the three color components. The image is drawn one more
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time with the blend function set to g1BlendFunc(GL_DST_COLOR, GL_ZERO)
to modulate the image.

One way to draw the image with the R, G, or B channels in the A position is to use a
color matrix swizzle as described in Section 9.3.1. Another approach is to pad the begin-
ning of an RGBA image with several extra component instances, then adjust the input
image pointer to g1DrawPixels by a negative offset. This will ensure that the desired
component starts in the A position. Note that this approach works only for 4-component
images in which all of the components are equal size.

12.3.5

A color image is converted to a luminance image (Figure 12.1) by scaling each component
by its weight in the luminance equation.

L Rw Gu B, 0\ (R
L| |Rw Gu B, O]|G
L] |Re Gu B, Of]|B
0 0 0 0 o0/\A

The recommended weight values for R,,, G, and B,, are 0.2126, 0.7152, and 0.0722,
respectively, from the ITU-R BT.709-5 standard for HDTV. These values are identical
to the luminance component from the CIE XYZ conversions described in Section 12.3.8.
Some authors have used the values from the NTSC YIQ color conversion equation
(0.299, 0.587, and 0.114), but these values are inapproriate for a linear RGB color
space (Haeberli, 1993). This operation is most easily achieved using the color matrix,
since the computation involves a weighted sum across the R, G, and B color components.

In the absence of color matrix or programmable pipeline support, the equivalent
result can be achieved, albeit less efficiently, by splitting the operation into three passes.
With each pass, a single component is transferred from the host. The appropriate scale
factor is set, using the scale parameter in a scale and bias element. The results are summed

together in the color buffer using the source and destination blend factors GL_ONE,
GL_ONE.

12.3.6

The saturation of a color is the distance of that color from a gray of equal intensity (Foley
et al., 1990). Haeberli modifies saturation using the equation:

R’ a d g 0\ /R
G| _|b e b O)|G
Bl |c f i O||B
A 0 0 0 1 A
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(@ (b)

Figure 12.1 Image operations: original, sharpened, luminance.
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where:

f=1-s)%Gy,
g=(1—-s)xBy,
h=(1-5s)*B,
i=(1—-s)*B,+s

with R,,, G, and B,, as described in the previous section. Since the saturation of a color
is the difference between the color and a gray value of equal intensity, it is comforting to
note that setting s to 0 gives the luminance equation. Setting s to 1 leaves the saturation
unchanged; setting it to —1 takes the complement of the colors (Haeberli, 1993).

12.3.7

Changing the hue of a color can be accomplished by a color rotation about the gray
vector (1,1, 1) in the color matrix. This operation can be performed in one step using
the g1 Rotate command. The matrix may also be constructed by rotating the gray vector
into the z-axis, then rotating around that. Although more complicated, this approach is
the basis of a more accurate hue rotation, and is shown later. The multistage rotation is
shown here (Haeberli, 1993):

1. Load the identity matrix: g1LoadIdentity.

2. Rotate such that the gray vector maps onto the z-axis using the g1Rotate
command.

3. Rotate about the z-axis to adjust the hue: g1Rotate(<degrees>, 0, 0, 1).
4. Rotate the gray vector back into position.

Unfortunately, this naive application of g1 Rotate will not preserve the luminance of
an image. To avoid this problem, the color rotation about z can be augmented. The color
space can be transformed so that areas of constant luminance map to planes perpendicular
to the z-axis. Then a hue rotation about that axis will preserve luminance. Since the
luminance of a vector (R, G, B) is equal to:

(R, G,B) - Ry, Gy B)T
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the plane of constant luminance k is defined by:

(R,G,B) - (Ry, Gy Bu)" =k

Therefore, the vector (R, Gy, By,) is perpendicular to planes of constant luminance. The
algorithm for matrix construction becomes the following (Haeberli, 1993):

1.
2.

4.
5.
6.

Load the identity matrix.

Apply a rotation matrix M such that the gray vector (1,1, 1)* maps onto the
positive z-axis.

Compute (R}, G,,,B,,)" = M(Ry, G, Bw)'. Apply a skew transform which maps
(R,,,G,,,B,,) to (0,0, B,,)". This matrix is:

_R’
10 —®
BW
-G’
0 5"
w
00 1 0
00 0 1

Rotate about the z-axis to adjust the hue.
Apply the inverse of the shear matrix.

Apply the inverse of the rotation matrix.

It is possible to create a single matrix which is defined as a function of R,,, G, By, and
the amount of hue rotation required.

123.8

CIE XYZ Conversion The CIE (Commission Internationale de L’Eclairage) color space

is the internationally agreed on representation of color. It consists of three spectral
weighting curves X, y, Z called color matching functions for the CIE Standard
Observer. A tristimulus color is represented as an XYZ triple, where Y corresponds
to luminance and X and Z to the response values from the two remaining color
matching functions. The CIE also defines a representation for “pure” color, termed
chromaticity consisting of the two values

X Y
X = — e —
X+Y+2Z T X+Y+Z

A chromaticity diagram plots the chromaticities of wavelengths from 400 nm to
700 nm resulting in the inverted “U” shape shown in Figure 12.2. The shape
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Figure 12.2 The CIE (1931) (x,y) chromaticity diagram.

defines the gamut of visible colors. The CIE color space can also be plotted as a 3D
volume, but the 2D chromaticity projection provides some useful information. RGB
color spaces project to a triangle on the chromaticity diagram, and the triangle
defines the gamut of the RGB color space. Each of the R, G, and B primaries form a
vertex of the triangle. Different RGB color spaces map to different triangles in the
chromaticity diagram. There are many standardized RGB color space definitions,
each with a different purpose. Perhaps the most important is the ITU-R BT.709-5
definition. This RGB color space defines the RGB gamut for digital video signals
and roughly matches the range of color that can be reproduced on CRT-like display
devices. Other RGB color spaces represent gamuts of different sizes. For example,
the Adobe RGB (1998) color space projects to a larger triangle and can represent a
large range of colors. This can be useful for transfer to output devices that are
capable of reproducing a larger gamut. Note that with a finite width color
representation, such as 8-bit RGB color components, there is a trade-off between
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the representable range of colors and the ability to differentiate between distinct
colors. That is, there is a trade-off between dynamic range and precision.
To transform from BT.709 RGB to the CIE XYZ color space, use the following

matrix:

0.412391
0.212639
0.019331
0.000000

> N < X

0.357584
0.715169
0.119193
0.000000

0.180481 0\ /R
0.072192 0| | G
0.950532 0] | B
0.000000 1/ \A

The XYZ values of each of the R, G, and B primaries are the columns of the
matrix. The inverse matrix is used to map XYZ to RGBA (Foley et al., 1990). Note
that the CIE XYZ space can represent colors outside the RGB gamut. Care should
be taken to ensure the XYZ colors are “clipped” as necessary to produce
representable RGB colors (all components lie within the 0 to 1 range).

R 3.240970 —-1.537383 —0.498611 0\ /X
G| | —0.969244 1.875968 0.041555 0 Y
B 0.055630 —0.203977 1.056972 0| Z
A 0.000000 0.000000 0.000000 1 A

Conversion between different RGB spaces is achieved by using the CIE XYZ space
as a common intermediate space. An RGB space definition should include CIE
XYZ values for the RGB primaries. Color management systems use this as one of
the principles for converting images from one color space to another.

CMY Conversion The CMY color space describes colors in terms of the subtractive
primaries: cyan, magenta, and yellow. CMY is used for hardcopy devices such as
color printers, so it is useful to be able to convert to CMY from RGB color space.
The conversion from RGB to CMY follows the equation (Foley, et al., 1990):

(1)-()-(3)

CMY conversion may be performed using the color matrix or as a scale and bias
operation. The conversion is equivalent to a scale by —1 and a bias by +1. Using
the 4 x 4 color matrix, the equation can be restated as:

C -1 0 0 1\ /R
M| | o -1 o 1]]G
y|7 o o -1 1]|B
1 o o o 1)\1
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To produce the correct bias from the matrix multiply, the alpha component of
the incoming color must be equal to 1. If the source image is RGB, the 1 will be
added automatically during the format conversion stage of the pipeline.

A related color space, CMYK, uses a fourth channel (K) to represent black.
Since conversion to CMYK requires a min() operation, it cannot be done using the
color matrix.

The OpenGL extension EXT_CMYKA adds support for CMYK and CMYKA
(CMYK with alpha). It provides methods to read and write CMYK and CMYKA
values stored in system memory (which also implies conversion to RGB and RGBA,
respectively).

YIQ Conversion The YIQ color space was explicitly designed to support color
television, while allowing backwards compatibility with black and white TVs. It is
still used today in non-HDTV color television broadcasting in the United States.
Conversion from RGBA to YIQA can be done using the color matrix:

Y 0.299  0.587  0.114 0\ /R
I'l 1059 -0.275 -0321 0}]|G
O] 10212 -0.523 0.311 0] |B
A 0.000 0.000 0.000 1/ \A

(Generally, YIQ is not used with an alpha channel so the fourth component is
eliminated.) The inverse matrix is used to map YIQ to RGBA (Foley et al., 1990):

1.0  0.956 0.621 0
1.0 -0.272 —-0.647 0
1.0 -1.105 1.702 0
0.0  0.000 0.000 1

> Q™
=0~ =<

HSV Conversion The hue saturation value (HSV) model is based on intuitive color
characteristics. Saturation characterizes the purity of the color or how much white
is mixed in, with zero white being the purest. Value characterizes the brightness of
the color. The space is defined by a hexicone in cylindrical coordinates, with hue
ranging from 0 to 360 degrees (often normalized to the [0, 1] range), saturation
from O to 1 (purest), and value from 0 to 1 (brightest). Unlike the other color space
conversions, converting to HSV can’t be expressed as a simple matrix transform.

It can be emulated using lookup tables or by directly implementing the formula:

V = max(R, G, B)
A =V —min(R, G, B)

_farvoifvzo
o ifv=0
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0+ 60(G — B)/A if R =V
h=1120+60(B—R)/A ifG=V
240+ 60(R — G)/A if B=V

0 ifS$=0
H=1{h ifh>0
h+360 ifh<0

The conversion from HSV to RGB requires a similar strategy to implement the
formula:

sector = floor(H/60)
frac = (H/60) — sector
o=V(1-S5)
p =V -8 frac)
g = V(1 -5 - frac))
(V. V V) ifS=0
(V o) if sector=0
(

if sector =1

Q

=

(R G B)= if sector =2

if sector = 3

Q

if sector = 4

<

< =
N N S N S

o
o °OW < <

(
(
(
(

if sector =5

<
=

12.4 Region-hased Operations

A region-based operation generates an output pixel value from multiple input pixel values.
Frequently the input value’s spatial coordinates are near the coordinates of the output
pixel, but in general an output pixel value can be a function of any or all of the pixels in
the input image. An example of such a function is the minmax operation, which computes
the minimum and maximum component values across an entire pixel image. This class
of image processing operations is very powerful, and is the basis of many important
operations, such as edge detection, image sharpening, and image analysis.

OpenGL can be used to create several toolbox functions to make it easier to per-
form non-local operations. For example, once an image is transferred to texture memory,
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texture mapped drawing operations can be used to shift the texel values to arbitrary
window coordinates. This can be done by manipulating the window or texture coordi-
nates of the accompanying geometry. If fragment programs are supported, they can be
used to sample from arbitrary locations within a texture and combine the results (albeit
with limits on the number of instructions or samples). Histogram and minmax operations
can be used to compute statistics across an image; the resulting values can later be used
as weighting factors.

124.1

Contrast stretching is a simple method for improving the contrast of an image by linearly
scaling (stretching) the intensity of each pixel by a fixed amount. Images in which the
intensity values are confined to a narrow range work well with this algorithm. The linear
scaling equation is:

L, — < Iy — min(l;,) )

max(I;,) — min(I;,)

where min(l;;,) and max(I;,) are the minimum and maximum intensity values in the input
image. If the intensity extrema are already known, the stretching operation is really a
point operation using a simple scale and bias. However, the search operation required to
find the extrema is a non-local operation. If the imaging subset is available, the minmax
operation can be used to find them.

12.4.2

Histogram equalization is a more sophisticated technique, modifying the dynamic range
of an image by altering the pixel values, guided by the intensity histogram of that image.
Recall that the intensity histogram of an image is a table of counts, each representing
a range of intensity values. The counts record the number of times each intensity value
range occurs in the image. For an RGB image, there is a separate table entry for each
of the R, G, and B components. Histogram equalization creates a non-linear mapping,
which reassigns the intensity values in the input image such that the resultant images
contain a uniform distribution of intensities, resulting in a flat (or nearly flat) histogram.
This mapping operation is performed using a lookup table. The resulting image typically
brings more image details to light, since it makes better use of the available dynamic
range.
The steps in the histogram equalization process are:

Compute the histogram of the input image.
Normalize the resulting histogram to the range [0, 1].

Transfer the normalized histogram to a color table.

S

Transfer the input image through the lookup table.
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12.5 Reduction Operations

The minmax and histogram computations are representative of a class of reduction oper-
ations in which an entire image is scanned to produce a small number of values. For
minmax, two color values are computed and for luminance histograms, an array of
counts is computed corresponding to the luminance bins. Other examples include com-
puting the average pixel value, the sum of all the pixel values, the count of pixel values
of a particular color, etc. These types of operations are difficult for two reasons. First,
the range of intermediate or final values may be large and not easily representable using
a finite width color value. For example, an 8-bit color component can only represent 256
values. However, with increasing support for floating-point fragment computations and
floating-point colors, this limitation disappears.

The second problem is more architectural. The reduction algorithms can be thought
of as taking many inputs and producing a single (or small number of) outputs. The
vertex and fragment processing pipelines excel at processing large numbers of inputs
(vertices or fragments) and producing a large number of outputs. Parallel processing is
heavily exploited in hardware accelerator architectures to achieve significant process-
ing speed increases. Ideally a reduction algorithm should try to exploit this parallel
processing capability. One way to accomplish this is by using recursive folding oper-
ations to successively reduce the size of the input data. For example, an # x 7 image is
reduced to an 7/2 x n/2 image of min or max values of neighbor pixels (texels) using
texture mapping and a fragment program to compute the minmax of neighboring values.
This processing continues by copying the previous result to a texture map and repeat-
ing the steps. This reduces the generated image size by 2 along each dimension in each
pass until a 1 x 1 image is left. For an n# x 7 image it takes 1 + [log, 7] passes to
compute the final result, or for an 7 x m image it takes 1 + [log,(max{#n,m})] passes
(Figure 12.3).

As the intermediate result reduces in size, the degree of available parallelism
decreases, but large gains can still be achieved for the early passes, typically until
n = 4. When n is sufficiently small, it may be more efficient to transfer the data

8x8 4x4 2x2 1x1

Figure 12.3 Recursive 2-way folding.
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to the host and complete the computation there if that is the final destination for
the result. However, if the result will be used as the input for another OpenGL
operation, then it is likely more efficient to complete the computation within the
pipeline.

If more samples can be computed in the fragment program, say k x k, then the
image size is reduced by k in each dimension at each pass and the number of passes is
1+ [log, (max{n,m})]. The logical extreme occurs when the fragment program is capable
of indexing through the entire image in a single fragment program instance, using con-
ditional looping. Conditional looping support is on the horizon for the programmable
pipeline, so in the near future the single pass scenario becomes viable. While this may
seem attractive, it is important to note that executing the entire algorithm in a single
fragment program eliminates all of the inherent per-pixel parallelism. It is likely that
maintaining some degree of parallelism throughout the algorithm makes more effective
use of the hardware resources and is therefore faster.

Other reduction operations can be computed using a similar folding scheme. For
example, the box-filtered mipmap generation algorithm described later in Section 14.15
is the averaging reduction algorithm in disguise. Futhermore, it doesn’t require a fragment
program to perform the folding computations. Other reduction operations may also be
done using the fixed-function pipeline if they are simple sums or counts.

The histogram operation is another interesting reduction operation. Assuming that
a luminance histogram with 256 bins is desired, the computation can be performed by
using a fragment program to target one bin at a time. A single texel is sampled at a
time, generating 0 or 1 for the texel sample depending on whether it is outside or inside
the bin range. Framebuffer blending with GL_ONE, GL_ONE factors is used to sum the
results. This requires 7 x 7 x 256 passes to process the entire image. To improve upon
the parallelism, a 256 x 1 quad can be drawn to sample one texel and compare it against
all 256 bins at a time. The window x coordinate is used to determine which bin to
compare the texel value against. This reduces the number of passes to # x n. To further
reduce the number of passes, the fragment program can be modified to sample some
small number of texels at a time, for example 4 to 16. This reduces the number of passes
to (n x n)/k.

Ideally we would like to achieve the same logarithmic reduction in passes as with
the folding scheme. A final improvement to the strategy is to process all rows of the
image in parallel, drawing a 256 x n quad to index all of the image rows. Multiple rows
of output bins are aligned vertically and the y window coordinate chooses the correct
row of bins. This leaves a result that is distributed across the multiple rows of bins, so
another set of passes is required to reduce the 7 rows to a single row. This uses the same
folding scheme to pairwise sum two rows, one pair of bins, per fragment program. This
reduces the number of rows by two in each pass. The end result is an algorithm requiring
(1 + [log, nl)n/k passes. Figure 12.4 illustrates the algorithm for a 4-bin histogram on
an 8 x 8 image. Eight rows of bins are simultaneously computed across the columns of
the image, producing the final 8 rows of bins. Three sets of folded sums are computed
reducing the number of rows of bins by 2 at each step, culminating in the single row of
bins on the right.
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Figure 12.4 Multi-row histogram and folded sum.

12.6 Convolution

Convolution is used to perform many common image processing operations. These oper-
ations include sharpening, blurring, noise reduction, embossing, and edge enhancement.
The mathematics of the convolution operation are described in Section 4.3. This section
describes two ways to perform convolutions using OpenGL: with the accumulation buffer
and using the convolution operation in the imaging subset.

12.6.1

Section 4.3 briefly describes the signal processing motivation and the equations behind
the general 2D convolution. Each output pixel is the result of the weighted sum of its
neighboring pixels. The set of weights is called the filter kernel; the width and height of
the kernel determines the number of neighbor pixels (width x height) included in the sum.

In the general case, a 2D convolution operation requires (width x height) multiplica-
tions for each output pixel. Separable filters are a special case of general convolution in
which the horizontal and vertical filtering components are orthogonal. Mathematically,

the filter
GIO..(width — 1)][0..(height — 1)]
can be expressed in terms of two vectors
Growl0..(width — 1)]1G ;o)[0..(height — 1)]
such that for each (i,/)e([0..(width — 1)1,[0..(height — 1)])
Gl = Growlil * Goilf]

This case is important; if the filter is separable, the convolution operation may be per-
formed using only (width + height) multiplications for each output pixel. Applying the
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separable filter to Equation 4.3 becomes:

height—1 width—1
Hixliyl= Y > Flx+illy +/1GrowlilGeolj]

j=0 =0
Which simplifies to:
height—1 width—1
Hixlyl= Y Gelil Y, Flx+illy+/1Growlil
j=0 i=0

To apply the separable convolution to an image, first apply Go, as though it were a
width x 1 filter. Then apply G, as though it were a 1 x height filter.

12.6.2

Instead of using the ARB imaging subset, the convolution operation can be imple-
mented by building the output image in the accumulation buffer. This allows the
application to use the important convolution functionality even with OpenGL imple-
mentations that don’t support the subset. For each kernel entry G[i][j], translate the
input image by (—, —j) from its original position, then accumulate the translated image
using the command glAccum(GL_ACCUM, G[iJ[j]). This translation can be per-
formed by g1CopyPixels but an application may be able to redraw the image shifted
using glViewport more efficiently. Width x height translations and accumulations
(or width + height if the filter is separable) must be performed.

An example that uses the accumulation buffer to convolve with a Sobel filter, com-
monly used to do edge detection is shown here. This filter is used to find horizontal
edges:

-1 -2 -1
0 0 0
1 2 1

Since the accumulation buffer can only store values in the range [—1, 1], first modify the
kernel such that at any point in the computation the values do not exceed this range
(assuming the input pixel values are in the range [0, 1]):

12 1

-1 -2 -1 4 4 4
0 0 0] =4 0 0 0
1 2 1 1 2 1
4 4 4
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To apply the filter:

1. Draw the input image.

2. glAccum(GL_LOAD, 1/4)

3. Translate the input image left by one pixel.
4. glAccum(GL_ACCUM, 2/4)

5. Translate the input image left by one pixel.
6. glAccum(GL_ACCUM, 1/4)

7. Translate the input image right by two pixels and down by two pixels.
8. glAccum(GL_ACCUM, -1/4)

9. Translate the input image left by one pixel.
10. glAccum(GL_ACCUM, -2/4)

11. Translate the input image left by one pixel.
12. glAccum(GL_ACCUM, -1/4)

13. Return the results to the framebuffer: g1Accum(GL_RETURN, 4).

In this example, each pixel in the output image is the combination of pixels in the 3 x 3
pixel square whose lower left corner is at the output pixel. At each step, the image is
shifted so that the pixel that would have been under a given kernel element is under the
lower left corner. An accumulation is then performed, using a scale value that matches
the kernel element. As an optimization, locations where the kernel value is equal to zero
are skipped.

The scale value 4 was chosen to ensure that intermediate results cannot go outside the
range [—1, 1]. For a general kernel, an upper estimate of the scale value is computed by
summing all of the positive elements of kernel to find the maximum and all of the negative
elements to find the minimum. The scale value is the maximum of the absolute value of
each sum. This computation assumes that the input image pixels are in the range [0, 1]
and the maximum and minimum are simply partial sums from the result of multiplying
an image of 1’s with the kernel.

Since the accumulation buffer has limited precision, more accurate results can be
obtained by changing the order of the computation, then recomputing scale factor. Ideally,
weights with small absolute values should be processed first, progressing to larger weights.
Each time the scale factor is changed the GL_MULT operation is used to scale the current
partial sum. Additionally, if values in the input image are constrained to a range smaller
than [0, 1], the scale factor can be proportionately increased to improve the precision.

For separable kernels, convolution can be implemented using width + height image
translations and accumulations. As was done with the general 2D filter, scale factors for
the row and column filters are determined, but separately for each filter. The scale values
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should be calculated such that the accumulation buffer values will never go out of the
accumulation buffer range.

12.6.3

If the imaging subset is available, convolutions can be computed directly using the convo-
lution operation. Since the pixel transfer pipeline is calculated with extended range and
precision, the issues that occur when scaling the kernels and reordering the sums are not
applicable. Separable filters are supported as part of the convolution operation as well;
they result in a substantial performance improvement.

One noteworthy feature of pipeline convolution is that the filter kernel is
stored in the pipeline and it can be updated directly from the framebuffer using
glCopyConvolutionFilter2D. This allows an application to compute the convolu-
tion filter in the framebuffer and move it directly into the pipeline without going through
application memory.

If fragment programs are supported, then the weighted samples can be computed
directly in a fragment program by reading multiple point samples from the same tex-
ture at different texel offsets. Fragment programs typically have a limit on the number
of instructions or samples that can be executed, which will in turn limit the size of a
filter that can be supported. Separable filters remain important for reducing the total
number of samples that are required. To implement separable filters, separate passes are
required for the horizontal and vertical filters and the results are summed using alpha
blending or the accumulation buffer. In some cases linear texture filtering can be used to
perform piecewise linear approximation of a particular filter, rather than point sampling
the function. To implement this, linear filtering is enabled and the sample positions are
carefully controlled to force the correct sample weighting. For example, the linear 1D
filter computes aTy + (1 — «) Ty, where « is determined by the position of the s texture
coordinate relative to texels Ty and Ty. Placing the s coordinate midway between T and
T equally weights both samples, positioning s 3/4 of the way between Ty and Ty weights
the texels by 1/4 and 3/4. The sampling algorithm becomes one of extracting the slopes
of the lines connecting adjacent sample points in the filter profile and converting those
slopes to texture coordinate offsets.

12.6.4

This section briefly describes several useful convolution filters. The filters may be applied
to an image using either the convolution extension or the accumulation buffer technique.
Unless otherwise noted, the kernels presented are normalized (that is, the kernel weights
sum to zero).

Keep in mind that this section is intended only as a very basic reference. Numerous
texts on image processing provide more details and other filters, including Myler and
Weeks (1993).
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Line detection Detection of lines one pixel wide can be accomplished with the following

filters:
Horizontal Edges Vertical Edges
-1 -1 -1 -1 2 -1
2 2 2 -1 2 -1
-1 -1 -1 -1 2 -1
Left Diagonal Edges Right Diagonal Edges

2 -1 -1 -1 -1 2
-1 2 -1 -1 2 -1
-1 -1 2 2 -1 -1

Gradient Detection (Embossing) Changes in value over 3 pixels can be detected using
kernels called gradient masks or Prewitt masks. The filter detects changes in
gradient along limited directions, named after the points of the compass (with
north equal to the up direction on the screen). The 3 x 3 kernels are shown here:

-1

-2

-1
East South

-1 1 2 1
-2 0 0 0
-1 -1 -2 -1

Northeast Southwest

0o -1 -2 0
1 0 -1 -1
2 1 0 -2 -

Smoothing and Blurring Smoothing and blurring operations are low-pass spatial filters.
They reduce or eliminate high-frequency intensity or color changes in an image.

North West

-1 -2 -1
0 0 0
1 2 1

S O O

_ N =
\J

—_ N =
o oo

_ O -
S =N
\/

Arithmetic Mean The arithmetic mean simply takes an average of the pixels in the
kernel. Each element in the filter is equal to 1 divided by the total number of
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elements in the filter. Thus, the 3 x 3 arithmetic mean filter is:

O| — O] — O
O| — O]~ O
O = o = \Oo| =

Basic Smooth These filters approximate a Gaussian shape.

3 x 3 (not normalized) 5 x 5 (not normalized)
1 1 1 1 1
1 2 1 1 4 4 4 1
(2 4 2) 1 4 12 4 1
1 2 1 1 4 4 4 1
1 1 1 1 1

High-pass Filters A high-pass filter enhances the high-frequency parts of an image by
reducing the low-frequency components. This type of filter can be used to sharpen

images.
Basic High-Pass Filter: 3 x 3 Basic High-Pass Filter: 5§ x §
o -1 -1 -1 0
1 -1 -1 1 2 -4 2 -1
1 9 -1 1 -4 13 -4 -1
-1 -1 -1 -1 2 —4 2 -1

0 -1 -1 -1 0

Laplacian Filter The Laplacian filter enhances discontinuities. It outputs brighter pixel
values as it passes over parts of the image that have abrupt changes in intensity, and
outputs darker values where the image is not changing rapidly.

3x3 Sx$§
-1 -1 -1 -1 -1
0 -1 0 -1 -1 -1 -1 -1
(—l 4 —1) -1 -1 24 -1 -1
0 -1 0 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1

Sobel Filter The Sobel filter consists of two kernels which detect horizontal and
vertical changes in an image. If both are applied to an image, the results can be
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used to compute the magnitude and direction of edges in the image. Applying
the Sobel kernels results in two images which are stored in the arrays
Gh[O..(height-11[0..(width-1)] and
Gv[0..(height-1)]1[0..(width-1)]. The magnitude of the edge passing
through the pixel x, y is given by:

Ahwdmuﬂ==/Ghmuyﬂ4—cvmuﬂ2%1kauﬂ|+|6vmnﬂ|

(Using the magnitude representation is justified, since the values represent the
magnitude of orthogonal vectors.) The direction can also be derived from Gh
and Gv:

_1 [ Gulxlly]
_ 1
Probell¥ll] = tan (Gh[x] [y])
The 3x3 Sobel kernels are:
Horizontal Vertical
-1 -2 -1 -1 0 1
0 0 0 -2 0 2
1 2 1 -1 0 1

12.6.5

Correlation is useful for feature detection; applying correlation to an image that possibly
contains a target feature and an image of that feature forms local maxima or pixel value
“spikes” in candidate positions. This is useful in detecting letters on a page or the position
of armaments on a battlefield. Correlation can also be used to detect motion, such as the
velocity of hurricanes in a satellite image or the jittering of an unsteady camera.

The correlation operation is defined mathematically as:

+00
hix)=fx)oglx)= | fH(0)glx+1)dr (122)

The *(z) is the complex conjugate of f(z), but since this section will limit discussion
to correlation for signals which only contain real values, f(t) can be substituted instead.

For 2D discrete images, Equation 4.3, the convolution equation, may be used to
evaluate correlation. In essence, the target feature is stored in the convolution kernel.
Wherever the same feature occurs in the image, convolving it against the same image in
the kernel will produce a bright spot, or spike.

Convolution functionality from the imaging subset or a fragment program may be
used to apply correlation to an image, but only for features no larger than the maximum
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(d)

Figure 12.5 Convolution operations: original, edge detect, emboss.
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available convolution kernel size (Figure 12.5). For larger images or for implementation
without convolution functionality, convolve with the accumulation buffer technique. It
may also be worth the effort to consider an alternative method, such as applying a multi-
plication in the frequency domain (Gonzalez and Wintz, 1987) to improve performance,
if the feature and candidate images are very large.

After applying convolution, the application will need to find the “spikes™ to deter-
mine where features have been detected. To aid this process, it may be useful to apply
thresholding with a color table to convert candidate pixels to one value and non-candidate
pixels to another, as described in Section 12.3.4.

Features can be found in an image using the method described below:

1. Draw a small image containing just the feature to be detected.
2. Create a convolution filter containing that image.

3. Transfer the image to the convolution filter using
glCopyConvolutionFilter2D.

4. Draw the candidate image into the color buffers.

5. Optionally configure a threshold for candidate pixels:

e Create a color table using g1ColorTable.

e glkEnable(GL_POST_CONVOLUTION_COLOR_TABLE).
glEnable(GL_CONVOLUTION_2D).

Apply pixel transfer to the candidate image using g1CopyPixels.

Read back the framebuffer using g1ReadPixels.

Y *® N 2

Measure candidate pixel locations.

If features in the candidate image are not pixel-exact, for example if they are rotated
slightly or blurred, it may be necessary to create a blurry feature image using jittering
and blending. Since the correlation spike will be lower when this image matches, it is
necessary to lower the acceptance threshold in the color table.

12.7 Geometric Operations

12.7.1

An application may need to magnify an image by a constant factor. OpenGL provides a
mechanism to perform simple scaling by replicating or discarding fragments from pixel
rectangles with the pixel zoom operation. Zoom factors are specified using g1PixelZoom
and they may be non-integer, even negative. Negative zoom factors reflect the image about
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the window coordinate x- and y-axis. Because of its simple operation, an advantage in
using pixel zoom is that it is easily accelerated by most implementations. Pixel zoom oper-
ations do not perform filtering on the result image, however. In Section 4.1 we described
some of the issues with digital image representation and with performing sampling and
reconstruction operations on images. Pixel zoom is a form of sampling and reconstruc-
tion operation that reconstructs the incoming image by replicating pixels, then samples
these values to produce the zoomed image. Using this method to increase or reduce the
size of an image introduces aliasing artifacts, therefore it may not provide satisfactory
results. One way to minimize the introduction of artifacts is to use the filtering available
with texture mapping.

12.7.2

Another way to scale an image is to create a texture map from the image and then apply it
to a quadrilateral drawn perpendicular to the viewing direction. The interpolated texture
coordinates form a regular grid of sample points. With nearest filtering, the resulting
image is similar to that produced with pixel zoom. With linear filtering, a weighted average
of the four nearest texels (original image pixels) is used to compute each new sample. This
triangle filter results in significantly better images when the scale factors are close to unity
(0.5 to 2.0) and the performance should be good since texture mapping is typically well
optimized. If the scale factor is exactly 1, and the texture coordinates are aligned with
texel centers, the filter leaves the image undisturbed. As the scale factors progress further
from unity the results become worse and more aliasing artifacts are introduced. Even with
its limitations, overall it is a good general technique. An additional benefit: once a texture
map has been constructed from the image, texture mapping can be used to implement
other geometric operations, such as rotation.

Using the convolution techniques, other filters can be used for scaling operations.
Figure 12.6 illustrates 1D examples of triangle, box, and a 3-point Gaussian filter approx-
imation. The triangle filter illustrates the footprint of the OpenGL linear filter. Filters
with greater width will yield better results for larger scale factors. For magnification
operations, a bicubic (4 x 4 width) filter provides a good trade-off between quality and
performance. As support for the programmable fragment pipeline increases, implement-
ing a bicubic filter as a fragment program will become both straightforward and achieve
good performance.

000000 oo@oo o d) 00

Triangle Box Gaussian

Figure 12.6 Triangle, box, and 3-point Gaussian filters.
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12.7.3

There are many algorithms for performing 2D rotations on an image. Conceptually, an
algebraic transform is used to map the coordinates of the center of each pixel in the
rotated image to its location in the unrotated image. The new pixel value is computed
from a weighted sum of samples from the original pixel location. The most efficient algo-
rithms factor the task into multiple shearing transformations (Foley et al., 1990) and filter
the result to minimize aliasing artifacts. Image rotation can be performed efficiently in
OpenGL by using texture mapping to implement the simple conceptual algorithm. The
image is simply texture mapped onto geometry rotated about its center. The texture coor-
dinates follow the rotated vertex coordinates and supply that mapping from rotated pixel
position to the original pixel position. Using linear filtering minimizes the introduction
of artifacts.

In general, once a texture map is created from an image, any number of geometric
transformations can be performed by either modifying the texture or the vertex coordi-
nates. Section 14.11 describes methods for implementing more general image warps using
texture mapping.

12.74

Distortion correction is a commonly used geometric operation. It is used to correct dis-
tortions resulting from projections through a lens, or other optically active medium. Two
types of distortion commonly occur in camera lenses: pincushion and barrel distortion.
Pincushion distortion causes horizontal and vertical lines to bend in toward the center of
the image and commonly occurs with zoom or telephoto lenses. Barrel distortion cause
vertical and horizontal lines to bend outwards from the center of the image and occurs
with wide angle lenses (Figure 12.7).

Distortion is measured as the relative difference of the distance from image center
to the distorted position and to the correct position, D = (b’ — b)/h. The relationship
is usually of the form D = ah?® + bh* 4+ ¢h® + .... The coefficient a is positive for
pincushion and negative for barrel distortion. Usually the quadratic term dominates the

(a) pincushion (b) none (c) barrel

Figure 12.7 Pincushion and barrel distortion.
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other terms, so approximating with the quadratic term alone often provides good results.
The algorithm to correct a pincushion or barrel distortion is as follows:

1. Construct a high-resolution rectangular 2D mesh that projects to a screen-space
area the size of the input image. The mesh should be high-enough resolution so that
the pixel spacing between mesh points is small (2-3 pixels).

2. Each point in the mesh corresponds to a corrected position in virtual image
coordinates ranging from [—1, 1] in each direction. For each correct position, (x,y),
compute the corresponding uncorrected position, #'(x,y), where b’ = a(y/x% + y2).

3. Assign the uncorrected coordinates as s and ¢ texture coordinates, scaling and
biasing to map the virtual coordinate range [—1, 1] to [0, 1].

4. Load the uncorrected image as a 2D texture image and map it to the mesh using
linear filtering. When available, a higher order texture filter, such as a bicubic
(implemented in a fragment program), can be used to produce a high-quality result.

A value for the coefficient a can be determined by trial and error; using a calibration
image such as a checkerboard or regular grid can simplify this process. Once the coefficient
has been determined, the same value can be used for all images acquired with that lens.
In practice, a lens may exhibit a combination of pincushion and barrel distortion or
the higher order terms may become more important. For these cases, a more complex
equation can be determined by using an optimization technique, such as least squares, to
fit a set of coefficients to calibration data. Large images may exceed the maximum texture
size of the OpenGL implementation. The tiling algorithm described in Section 14.5 can
be used to overcome this limitation. This technique can be generalized for arbitrary image
warping and is described in more detail in Section 14.11.

12.8 Image-Based Depth of Field

Section 13.3 describes a geometric technique for modeling the effects of depth of field,
that is, a method for simulating a camera with a fixed focal length. The result is that
there is a single distance from the eye where objects are in perfect focus and as objects
approach the viewer or receed into the distance they appear increasingly blurry.

The image-based methods achieve this effect by creating multiple versions of the
image of varying degrees of blurriness, then selecting pixels from the image based on
the distance from the viewer of the object corresponding to the pixel. A simple, but
manual, method for achieving this behavior is to use the texture LOD biasing' to select
lower resolution texture mipmap levels for objects that are further away. This method is
limited to a constant bias for each object, whereas a bias varying as a function of focal
plane to object distance is more desirable.

1. A core feature in OpenGL 1.4 or as the EXT_texture_lod_bias extension.
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A generalization of this technique, using the programmable pipeline, renders the
scene using a texture coordinate to interpolate the distance to the viewer (or focal plane)
at each pixel and uses this value to look up a blurriness interpolation coefficient. This
coefficient is stored in destination alpha with the rest of the scene. In subsequent passes
the blurred versions of the image are created, using the techniques described previously
and in Section 14.15. In the final pass a single quadrilateral the size of the window is
drawn, with the orginal and blurred images bound as textures. As the quad is drawn,
samples are selected from each of the bound textures and merged using the interpolation
coefficient. Since the interpolation coeffecient was originally rendered to the alpha channel
of the scene, it is in the alpha channel of the unblurred texture. A blurred version of the
coefficient is also computed along with the RGB colors of the scene in each of the blurred
texture maps. The actual blur coefficient used for interpolation is computed by averaging
the unblurred and most-blurred versions of the coefficient.

If a single blurry texture is used, then a simple interpolation is done between the
unblurred and blurry texture. If multiple blurrier textures are used, then the magnitude
of the interpolation coefficient is used to select between two of the textures (much like
LOD in mipmapping) and the samples from the two textures are interpolated.

So far, we have described how to compute the resulting image based on an interpo-
lated bluriness coefficient, but haven’t shown how to derive the coefficient. The lens and
aperture camera model described by Potmesil and Chakravarty (1981) develops a model
for focus that takes into account the focal length and aperture of the lens. An in-focus
point in 3D projects to a point on the image plane. A point that is out of focus maps to a
circle, termed the circle of confusion, where the diameter is proportional to the distance
from the plane of focus. The equation for the diameter depends on the distance from the
camera to the point z, the lens focal length F, the lens aperature number 7, and the focal
distance (distance at which the image is in perfect focus), zf:

-z F?
C(z) = a|7f| Where o = m

Circles of diameter less than some threshold d,,,;;, are considered in focus. Circles
greater than a second threshold d,;,;x are considered out of focus and correspond to the
blurriest texture. By assigning a texture coordinate with the distance from the viewer, the
interpolated coordinate can be used to index an alpha texture storing the function:

C(Z) — dmin

dmax - dmin

This function defines the [0, 1] bluriness coefficient and is used to interpolate between
the RGB values in the textures storing the original version of the scene and one or more
blurred versions of the scene as previously described (Figure 12.8).

The main advantage of this scheme over a geometric scheme is that the orignal scene
only needs to be rendered once. However, there are also some shortcommings. It requires
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Figure 12.8 Depth of field effect.
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fragment program support to implement the multiway interpolation, the resolution of the
interpolation coefficient is limited by the bit-depth of the alpha buffer, and the fidelity is
limited by the number of blurry textures used (typically 2 or 3). Some simple variations
on the idea include using a fragment-program-controlled LOD bias value to alter which
texture level is selected on a per-fragment basis. The ¢(z) value can be computed in a
similar fashion and be used to control the LOD bias.

12.9 High-Dynamic Range Imaging

Conventional 8-bit per component RGB color representations can only represent two
orders of magnitude in luminance range. The human eye is capable of resolving image
detail spanning 4 to 5 orders of magnitude using local adaptation. The human eye, given
several minutes to adjust (for example, entering a dark room and waiting), can span
9 orders of magnitude (Ward, 2001). To generate images reproducing that range requires
solving two problems: enabling computations that can capture this much larger dynamic
range, and mapping a high-dynamic range image to a display device with a more limited
gamut.

12.9.1

One way to solve the dynamic range computation problem is to use single-precision
floating-point representations for RGB color components. This can solve the problem
at the cost of increased computational, storage, and bandwidth requirements. In the
programmable pipeline, vertex and fragment programs support floating-point processing
for all computations, although not necessarily with full IEEE-754 32-bit precision.? While
supporting single-precision floating-point computation in the pipeline is unlikely to be an
issue for long, the associated storage and bandwidth requirements for 96-bit floating-
point RGB colors as textures and color buffers can be more of an issue. There are several,
more compact representations that can be used, trading off dynamic range and precision
for compactness. The two most popular representations are the “half-float” and “shared-
exponent” representations.

Half Float

The half-float representation uses a 16-bit floating representation with 5 bits of exponent,
10 bits of significand (mantissa), and a sign bit. Like the IEEE-754 floating-point formats,
normalized numbers have an implied or hidden most significant mantissa bit of 1, so the
mantissa is effectively 11 bits throughout most of the range. The range of numbers that
can be represented is roughly [271¢, 216] or about 10 orders of magnitude with 11 bits of
precision. This representation captures the necessary dynamic range while maintaining

2. Hardware implementations make various cost vs. accuracy vs. performance trade-offs and fragment
processing representations may be limited to 24-bit or even 16-bit floating point precision.



242 Image Processing Techniques

1 5 10

| S | Exponent | Significand |

16-bit half-float representation

8 8 8 8
Red Green Blue Exponent
| | |

32-bit shared exponent representation

Figure 12.9 Half-float and RGBE HDR representations.

good accuracy, at a cost of twice the storage and bandwidth of an 8-bit per-component
representation. This format is seeing moderate adoption as an external image represen-
tation and rapid adoption in graphics accelerators as a texture and color buffer format.

Shared Exponent

Shared exponent representations reduce the number of bits by sharing a single exponent
between all three of the RGB color components. The name RGBE is often used to describe
the format. A typical representation uses a shared 8-bit exponent with three 8-bit signifi-
cands for a total of 32 bits. Since the exponent is shared, the exponent from the component
with largest magnitude is chosen and the mantissas of the remaining two components are
scaled to match the exponent. This results in some loss of accuracy for the remaining two
components if they do not have similar magnitudes to the largest component.

The RGBE representation, using 8-bit for significands and exponent, is convenient
to process in an application since each element fits in a byte, but it is not an optimal
distribution of the available bits for color representation. The large exponent supports a
dynamic range of 76 orders of magnitude, which is much larger than necessary for color
representation; the 8-bit mantissa could use more bits to retain accuracy, particularly
since the least significant bits are truncated to force two of the components to match
the exponent. An example of an alternative distribution of bits might include a 5-bit
exponent, like the half-float representation, and a 9-bit significand (Figure 12.9).

The shared-exponent format does a good job of reducing the overall storage and
bandwidth requirements. However, the extra complexity in examining a set of 3 color
components, determining the exponent and adjusting the components makes the rep-
resentation more expensive to generate. Furthermore, to minimize visual artifacts from
truncating components the neighboring pixel values should also be examined. This extra
cost results in a trend to use the representation in hardware accelerators as a read-only
source format, for example, in texture maps, rather than a more general writable color
buffer format.

12.9.2

Once we can represent high-dynamic range (HDR) images, we are still left with the
problem of displaying them on low-dynamic range devices such as CRTs and LCD panels.
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One way to accomplish this is to mimic the human eye. The eye uses an adaptation process
to control the range of values that can be resolved at any given time. This amounts to
controlling the exposure to light, based on the incoming light intensity. This adaptation
process is analogous to the exposure controls on a camera in which the size of the lens
aperture and exposure times are modified to control the amount of light that passes to
the film or electronic sensor.

Note that low-dynamic range displays only support two orders of magnitude of
range, whereas the eye accommodates four to five orders before using adaptation. This
means that great care must be used in mapping the high-dynamic range values. The
default choice is to clamp the gamut range, for example, to the standard OpenGL [0, 1]
range, losing all of the high-intensity and low-intensity detail. The class of techniques for
mapping high-dynamic range to low-dynamic range is termed tone mapping; a specific
technique is often called a tone mapping operator. Other classes of algorithms include:

1. Uniformly scaling the image gamut to fit within the display gamut, for example, by
scaling about the average luminance of the image.

2. Scaling colors on a curve determined by image content, for example, using a global
histogram (Ward Larson et al., 1997).

3. Scaling colors locally based on nearby spatial content. In a photographic context,
this corresponds to dodging and burning to control the exposure of parts of a
negative during printing (Chui et al., 1993).

Luminance Scaling

The first mapping method involves scaling about some approximation of the neutral scene
luminance or key of the scene. The log-average luminance is a good approximation of
this and is defined as:

1
Lavg = exp | 57 > log(6 + L(x,y))
x’y

The & value is a small bias included to allow log computations of pixels with zero lumi-
nance. The log-average luminance is computed by summing the log-luminance of the
pixel values of the image. This task can be approximated by sparsely sampling the image,
or operating on an appropriately resampled smaller version of the image. The latter can
be accomplished using texture mapping operations to reduce the image size to 64 x 64
before computing the sum of logs. If fragment programs are supported, the 64 x 64 image
can be converted to log-luminance directly, otherwise color lookup tables can be used
on the color values. The average of the 64 x 64 log-luminance values is also computed
using successive texture mapping operations to produce 16 x 16,4 x 4, and 1 x 1 images,
finally computing the antilog of the 1 x 1 image.
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The log-average luminance is used to compute a per-pixel scale factor

a
Licate(x,y) = i3 L(x,y)

avg

where a is a value between [0, 1] and represents the key of the scene, typically about 0.18.
By adjusting the value of 4, the linear scaling controls how the parts of the high-dynamic
range image are mapped to the display. The value of a roughly models the exposure
setting on a camera.

Curve Scaling

The uniform scaling operator can be converted to the non-linear operator (Reinhard,
2002)

Ly(x y) _ Lscale(xa y)
R 1+ Locare(x,y)

which compresses high-luminace regions by % while leaving low-luminace regions
untouched. It is applied as a scale factor to the color components of each image pixel.
It can be modified to allow high luminances to burn out:

Licate(%,)
Lscale(xa Y) (1 + 5211267

white

1+ Locare(x,y)

Ly(x,y) =

where L, i is the smallest luminance value to be mapped to white. These methods
preserve some detail in low-contrast areas while compressing the high luminances into
a displayable range. For very high-dynamic range scenes detail is lost, leading to a need
for a local tone reproduction operator that considers the range of luminance values in a
local neighborhood.

Local Scaling
Local scaling emulates the photographic techniques of dodging and burning with a

spatially varying operator of the form

Licate(x,y)
14 V(x,y,s(x,y))

Ly(x,y) =

where V is the spatially varying function evaluated over the region s. Contrast is measured
at multiple scales to determine the size of the region. An example is taking the difference
between two images blurred with Gaussian filters. Additional details on spatially varying
operators can be found in Reinhard et al. (2002).
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12.9.3

The adaption process of the human visual system can be simulated by varying the tone
operator over time. For example, as the scene changes in response to changes to the
viewer position one would normally compute a new average scene luminance value for
the new scene. To model the human adaptation process, a transition is made from the
current adaption level to the new scene average luminance. After a length of time in the
same position the current adaption level converges to the scene average luminance value.
A good choice for weighting functions is an exponential function.

12.10 Summary

This chapter describes a sampling of important image processing techniques that can
be implemented using OpenGL. The techniques include a range of point-based, region-
based, and geometric operations. Although it is a useful addition, the ARB imaging
subset is not required for most of the techniques described here. We also examine the
use of the programmable pipeline for image processing techniques and discuss some of
the strengths and weaknesses of this approach. Several of the algorithms described here
are used within other techniques described in later chapters. We expect that an increas-
ing number of image processing algorithms will become important components of other
rendering algorithms.






Basic Transform
Techniques

OpenGL’s transformation pipeline is a powerful component for building rendering algo-
rithms; it provides a full 4 x4 transformation and perspective division that can be applied
to both geometry and texture coordinates. This general transformation ability is very
powerful, but OpenGL also provides complete orthogonality between transform and ras-
terization state. Being able to pick and choose the values of both states makes it possible
to freely combine transformation and rasterization techniques.

This chapter describes a toolbox of basic techniques that use OpenGL’s transfor-
mation pipeline. Some of these techniques are used in many applications, others show
transform techniques that are important building blocks for advanced transformation
algorithms. This chapter also focuses on transform creation, providing methods for effi-
ciently building special transforms needed by many of the techniques described later.
These techniques are applicable for both the fixed-function pipeline and for vertex
programs. With vertex programs it may be possible to further optimize some of the
computations to match the characteristics of the algorithm, for example, using a subset
of a matrix.

13.1 Computing Inverse Transforms Efficiently

In general, when geometry is transformed by a 4x4 matrix, normals or other vectors
associated with that geometry have to be transformed by the inverse transpose of that
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matrix. This is done to preserve angles between vectors and geometry (see Section 2.3
for details). Finding the inverse transpose of a general 4x4 matrix can be an expensive
computation, since it requires inverting a full 4 x4 matrix. The general procedure is shown
below; a matrix M is inverted to M/, then transposed.

mi1 miz M3 Mi4 myy my,  myy oy myy my myy
my1 mpy M3 M4 N m:ﬂ m:ZZ m:23 m;M N mjlz milz méz m%z
m31 M3z M33 M34 My My M3z My 3 My3 M3z Mgy
M4l M4y M43 M4 My My, My My, My mhy,  mhy My,

OpenGL performs this computation for the application as part of the transform
pipeline, which provides the functionality needed for basic lighting, texture coordinate
generation, and environment operations. There are times when an application may need
to construct more complex transforms not provided in the pipeline. Some techniques
require a special per-vertex vector, such as the bi-normal vector used in bump mapping
(Section 15.10) and anisotropic lighting (Section 15.9.3). Other algorithms, such as those
modeling curved reflectors (Section 17.1.3) subdivide surfaces based on the values of
adjacent normal or reflection vectors. In these, and many other algorithms, an efficient
way to compute vector transform matrices is needed.

Although finding the inverse of a general 4x4 matrix is expensive, many graph-
ics applications use only a small set of matrix types in the modelview matrix, most of
which are relatively easy to invert. A common approach, used in some OpenGL imple-
mentations, is to recognize the matrix type used in the modelview matrix (or tailor the
application to limit the modelview matrix to a given type), and apply an appropriate
shortcut. Matrix types can be identified by tracking the OpenGL commands used to cre-
ate them. This can be simpleif g1 Translate, g1Scale,and g1Rotate commands are
used. If gl LoadMatrix or gIMultMatrix are used, it’s still possible to rapidly check
the loaded matrix to see if it matches one of the common types. Once the type is found,
the corresponding inverse can be applied. Some of the more common matrix types and
inverse transpose shortcuts are described below.

An easy (and common) case arises when the transform matrix is composed of only
translates and rotates. A vector transformed by the inverse transpose of this type of matrix
is the same as the vector transformed by the original matrix, so no inverse transpose
operation is needed.

If uniform scale operations (a matrix M with elements #1117 = my) = m33 = s) are
also used in the transform, the length of the transformed vector changes. If the vector
length doesn’t matter, no inverse is needed. Otherwise, renormalization or rescaling
is required. Renormalization scales each vector to unit length. While renormalization
is computationally expensive, it may be required as part of the algorithm anyway (for
example, if unit normals are required and the input normals are not guaranteed to be
unit length). Rescaling applies an inverse scaling operation after the transform to undo its
scaling effect. Although it is less expensive than renormalization, it won’t produce unit
vectors unless the untransformed vectors were already unit length. Rescaling uses the
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Tahle 13.1 Inverse Transpose of Upper 3x 3 of Simple
Transforms

Transform Inverse-Transpose

translate (=hr T (discard elements)
rotate (R(@)_I)T R(G)
uniform scale (s—hT 1

S

composite e UG U A oY

inverse of the transform’s scaling factor, creating a new matrix S~! = 1I; the diagonal

element’s scale factor is inverted and used to scale the matrix. )

Table 13.1 summarizes common shortcuts. However, it’s not always practical to
characterize the matrix and look up its corresponding inverse shortcut. If the modelview
transform is constructed of more than translates, rotates, and uniform scales, computing
the inverse transpose is necessary to obtain correct results. But it’s not always necessary
to find the full inverse transpose of the composited transform.

An inverse transpose of a composite matrix can be built incrementally. The elements
of the original transform are inverted and transposed individually. The resulting matrices
can then be composed, in their original order, to construct the inverse transpose of the
original sequence. In other words, given a composite matrix built from matrices A, B,
and C, ((ABC) 1T isequal to (A=1)T(B=1)T(C~1)T. Since these matrices are transposed,
the order of operations doesn’t change. Many basic transforms, such as pure translates,
rotates, and scales, have trivial special case inversions, as shown previously. The effort of
taking the inverse transpose individually, then multiplying, can be much less in these cases.

If the transform is built from more complex pieces, such as arbitrary 4 x4 matrices,
then using an efficient matrix inversion algorithm may become necessary. Even in this
case, trimming down the matrix to 3x3 (all that is needed for transforming vectors)
will help.

13.2 Stereo Viewing

Stereo viewing is used to enhance user immersion in a 3D scene. Two views of the scene
are created, one for the left eye, one for the right. To display stereo images, a special
display configuration is used, so the viewer’s eyes see different images. Objects in the
scene appear to be at a specific distance from the viewer based on differences in their
positions in the left and right eye views. When done properly, the positions of objects in
the scene appear more realistic, and the image takes on a solid feeling of “space”.
OpenGL natively supports stereo viewing by providing left and right versions of the
front and back buffers. In normal, non-stereo viewing, the default buffer is the left one for
both front and back. When animating stereo, both the left and right back buffers are used,
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Figure 13.1 Stereoviewing geometry.

and both must be updated each frame. Since OpenGL is window system independent,
there are no interfaces in OpenGL for stereo glasses or other stereo viewing devices. This
functionality is part of the OpenGL/Window system interface library; the extent and
details of this support are implementation-dependent and varies widely.

A stereo view requires a detailed understanding of viewer/scene relationship
(Figure 13.1). In the real world, a viewer sees two separate views of the scene, one
for each eye. The computer graphics approach is to create a transform to represent each
eye’s view, and change other parameters for each view as needed by the stereo display
hardware. Since a real viewer will shift view direction to focus on an object of interest,
an OpenGL application does the same. Ideally, the eye transforms are updated based on
the object the user of the stereo application is looking at, but this requires some method
of tracking the viewer’s focus of attention.

A less ambitious technique uses the viewing direction instead, and stereo parameters
that describe the position of the left and right eyes. The model requires that both eye views
are aimed at a single point along the line of sight; another stereo parameter is added to
represent the distance to that point from the eye point. This parameter is called the fusion
distance (FD). When the two scenes are rendered together to form a stereo image, objects
at this distance will appear to be embedded in the front surface of the display (“in the
glass”). Objects farther than the fusion distance from the viewer will appear to be “behind
the glass” while objects in front will appear to float in front of the display. The latter
effect can be hard to maintain, since objects visible to the viewer beyond the edge of the
display tend to destroy the illusion.

To compute the left and right eye views, the scene is rendered twice, each with the
proper eye transform. These transforms are calculated so that the camera position, view,
direction and up direction correspond to the view from each of the viewer’s two eyes.
The normal viewer parameters are augmented by additional information describing the
position of the viewer’s eyes, usually relative to the traditional OpenGL eye point. The
distance separating the two eyes is called the interocular distance or IOD. The 10D is
chosen to give the proper spacing of the viewer’s eyes relative to the scene being viewed.
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The IOD value establishes the size of the imaginary viewer relative to the objects in the
scene. This distance should be correlated with the degree of perspective distortion present
in the scene in order to produce a realistic effect.

To formalize the position and direction of views, consider the relationship between
the view direction, the view up vector, and the vector separating the two eye views.
Assume that the view direction vector, the eye position vector (a line connecting both eye
positions), and the up vectors are all perpendicular to each other. The fusion distance is
measured along the view direction. The position of the viewer can be defined to be at one
of the eye points, or halfway between them. The latter is used in this description. In either
case, the left and right eye locations can be defined relative to it.

Using the canonical OpenGL view position, the viewer position is at the origin in eye
space. The fusion distance is measured along the negative z-axis (as are the near and far
clipping planes). Assuming the viewer position is halfway between the eye positions, and
the up vector is parallel to the positive y-axis, the two viewpoints are on either side of
the origin along the x-axis at (—IOD/2, 0, 0) and (IOD/2, 0, 0).

Given the spatial relationships defined here, the transformations needed for correct
stereo viewing involve simple translations and off-axis projections (Deering, 1992). The
stereo viewing transforms are the last ones applied to the normal viewing transforms.
The goal is to alter the transforms so as to shift the viewpoint from the normal viewer
position to each eye. A simple translation isn’t adequate, however. The transform must
also aim each to point at the spot defined by view vector and the fusion distance.

The stereo eye transformations can be created using the glulLookAt command for
each eye view. The gluLookAt command takes three sets of three-component param-
eters; an eye position, a center of attention, and an up vector. For each eye view, the
glulLookAt function receives the eye position for the current eye (+10D/2,0,0), an up
vector (typically 0,1,0), and the center of attention position (0,0, FD). The center of
attention position should be the same for both eye views. gTuLookAt creates a com-
posite transform that rotates the scene to orient the vector between the eye position and
center of view parallel to the z-axis, then translates the eye position to the origin.

This method is slightly inaccurate, since the rotation/translation combination moves
the fusion distance away from the viewer slightly. A shear/translation combination is
more correct, since it takes into account differences between a physical stereo view and
the properties of a perspective transform. The shear orients the vector between the eye
and the center of attention to be parallel to the z-axis. The shear should subtract from x
values when the x coordinate of the eye is negative, and add to the x values when the x
component of the eye is positive. More precisely, it needs to shear x + IOTD when z equals

the —FD. The equation is x = (%) (#5)- Converting this into a 4x4 matrix becomes:

IOD
1 27D 0
0 1 0 0
0 0 1 0
0 0 0 1
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Compositing a transform to move the eye to the origin completes the transform.
Note that this is only one way to compute stereo transforms; there are other popular
approaches in the literature.

13.3 Depth of Field

The optical equivalent to the standard viewing transforms is a perfect pinhole camera:
everything visible is in focus, regardless of how close or how far the objects are from the
viewer. To increase realism, a scene can be rendered to vary focus as a function of viewer
distance, more accurately simulating a camera with a fixed focal length. There is a single
distance from the eye where objects are in perfect focus. Objects farther and nearer to
the viewer become increasingly fuzzy.

The depth-of-field problem can be seen as an extension of stereo viewing. In both
cases, there are multiple viewpoints, with all views converging at a fixed distance from
the viewer on the direction of view vector. Instead of two eye views, the depth of field
technique creates a large number of viewpoints that are scattered in a plane perpendicular
to the view direction. The images generated from each view rendered are then blended
together.

Rendering from these viewpoints generates images which show objects in front of
and behind the fusion distance shifted from their normal positions. These shifts vary
depending on how far the viewpoint is shifted from the eye position. Like the eye views in
stereo viewing, all viewpoints are oriented so their view directions are aimed at a single
point located on the original direction of view. As a result, the farther an object is from
this aim point, the more the object is shifted from its original position.

Blending these images together combines each set of shifted objects, creating a single
blurry one. The closer an object is to the aim point (focal) distance, the less it shifts,
and the sharper it appears. The field of view can be expanded by reducing the average
amount of viewpoint shift for a given fusion distance. If viewpoints are closer to the
original eye point, objects have to be farther from the fusion distance in order to be
shifted significantly.

Choosing a set of viewpoints and blending them together can be seen as modeling a
physical lens — blending together pinhole views sampled over the lens’ area. Real lenses
have a non-zero area, which causes only objects within a limited range of distances to be
in perfect focus. Objects closer or farther from the camera focal length are progressively
more blurred.

To create depth of field blurring, both the perspective and modelview transforms are
changed together to create an offset eye point. A shearing transform applied along the
direction of view (-z-axis) is combined into the perspective transform, while a translate is
added to the modelview. A shear is chosen so that the changes to the transformed objects
are strictly a function of distance from the viewer (the blurriness shouldn’t change based
on the perpendicular distance from the view direction), and to ensure that distance of the
objects from the viewer doesn’t change.
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Jittered to point A

Normal (non-jittered) view
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View from eye -~

Jittered to point B
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Figure 13.2 littered eye points.

These transform changes can be implemented easily using g1Frustum to change the
perspective transform, and g1 Translate to change the modelview matrix. Given jitter
variables xoff and yoff, and a focal length focus, the parameters for the commands are
given in Table 13.2.

The jitter translation should be the last transform applied in the current modelview
sequence, so g1 TransTate should be called first in the modelview transform code. The
final issue to consider is the the number of jitter positions to use, and how to choose
those positions. These choices are similar to many other jittering problems. A pattern
of irregular positions causes sampling artifacts to show up as noise, rather than more
noticeable image patterns. The jitter values shown in Section 10.1 provide good results.

The number of jittered images will be limited to the color resolution available for
blending. See Section 11.4.1 for a discussion of blending artifacts and how to calculate
blend error. A deep color buffer or accumulation buffer allows more images to be blended
together while minimizing blending errors. If the color resolution allows it, and there is
time available in the frame to render more images, more samples results in smoother
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Tahle 13.2 littering Eye Position to Produce Depth of Field

Command Parameter Value
IFrustum (xoff)(near)
g left left — 2T
right right — %
(yoff)(near)
top top —*5is
bottom bottom — —f—(yoﬂgc(gfar )
near near
far far
glTranslate | —xoff
Y —yoff

blurring of out of focus objects. Extra samples may be necessary if there are objects
close to the viewer and far from the fusion point. Very blurry large objects require more
samples in order to hide the fact that they are made of multiple objects.

13.4 Image Tiling

When rendering a scene in OpenGL, the maximum resolution of the image is normally
limited to the workstation screen size. For interactive applications screen resolution is usu-
ally sufficient, but there may be times when a higher resolution image is needed. Examples
include color printing applications and computer graphics images being recorded to film.
In these cases, higher resolution images can be divided into tiles that fit within the frame-
buffer. The image is rendered tile by tile, with the results saved into off-screen memory
or written to a file. The image can then be sent to a printer or film recorder, or undergo
further processing, such as using down-sampling to produce an antialiased image.

Rendering a large image tile by tile requires repositioning the image to make different
tiles visible in the framebuffer. A straightforward way to do this is to manipulate the
parameters to g1 Frustum. The scene can be rendered repeatedly, one tile at a time, by
changing the left, right, bottom, and top parameters of g1Frustum for each tile.

Computing the argument values is straightforward. Divide the original width and
height range by the number of tiles horizontally and vertically, and use those values to
parametrically find the left, right, top, and bottom values for each tile.

tile(i,j); i : 0 — nTilespyiy, j: 0 — nTilesyer
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ﬂghtorig - leﬁorig

i+ 1
nTilesyq,, *i+1)
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eftsited (i) = leftorig + nTilespoyi,

10D orig — bOttomyyig

t0Pyiled (/) = bottomeyig + ci+1)

nTiles,ers

toporie — bottom,,;
bottom,j,4(j) = bottomeyig + Porig : T i
nTilesyers

In these equations each value of i and j corresponds to a tile in the scene. If the original
scene is divided into nTiles,,,;, by nTilesyey tiles, then iterating through the combinations
of i and j generate the left, right, top, and bottom values for g1 Frustum to create the
tile. Since g1Frustum has a shearing component in the matrix, the tiles stitch together
seamlessly to form the scene, avoiding artifacts that result from changing the viewpoint.
This technique must be modified if gluPerspective or g10rtho is used instead of
glFrustum.

There is a better approach than changing the perspective transform, however. Instead
of modifying the transform command directly, apply tiling transforms after the perspec-
tive one. A subregion of normalized device coordinate (NDC) space corresponding to
the tile of interest can be translated and scaled to fill the entire NDC cube. Work-
ing in NDC space instead of eye space makes finding the tiling transforms easier, and
is independent of the type of projection transform. Figure 13.3 summarizes the two
approaches.

For the transform operations to take place after the projection transform, the
OpenGL commands must happen before it. A typical sequence of operations is:

Transform without tiling Tiling with perspective tranforms
[ Modelview ]—>[ Perspective ] [ Modelview ] ll Perspective
transforms

Tiling with post-perspective transforms

transforms

Figure 13.3 Image tiling transforms.
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glMatrixMode(GL_PROJECTION) ;

gllLoadIdentity();

/* scale is applied last */

glScalef(xScale, yScale);

glTranslatef(x0ffset, yOffset, 0.f);

/* projection occurs before translate and scale */
setProjectionTransform();

The scale factors xScale and yScale scale the tile of interest to fill the the entire scene:

scene Width sceneHeight

xScale = ileWidih yScale = “tileHeight

The offsets xOffset and yOffset are used to offset the tile so it is centered about the
z-axis. In this example, the tiles are specified by their lower left corner relative to their
position in the scene, but the translation needs to move the center of the tile into the
origin of the x-y plane in NDC space:

xOffset = —2xleft —2xbottom ( 1 )

scene Width + ( nTiles;,O,iz) yOffse sceneHeight nTilesyer

Like the previous example, #nTilesy,,;, is the number of tiles that span the scene
horizontally, while nTiles,.; is the number of tiles that span the scene vertically. Some
care should be taken when computing left, bottom, tileWidth, and tileHeight values.
It is important that each tile is abutted properly with its neighbors. This can be ensured by
guarding against round-off errors. The following code shows an example of this approach.
Note that parameter values are computed so that left +tileWidth is guaranteed to be equal
to right and equal to left of the next tile over, even if tileWidth has a fractional component.
If the frustum technique is used, similar precautions should be taken with the left, right,
bottom, and top parameters to g1 Frustum.

/* tileWidth and tileHeight are GLfloats */
GLint bottom, top;
GLint left, right;
GLint width, height;
for(j = 0; J < num_vertical_tiles; j++) {
for(i = 0; i < num_horizontal_tiles; i++) {
left =i * tileWidth;
right = (i + 1) * tileWidth;
bottom = j * tileHeight;
top = (j + 1) * tileHeight;
width = right - Teft;
height = top - bottom;
/* compute xScale, yScale, x0ffset, yOffset */
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It is worth noting that primitives with sizes that are specified in object space dimen-
sions automatically scale in size. If the scene contains primitives with sizes that are
implicitly defined in window space dimensions, such as point sizes, line widths, bitmap
sizes and pixel-rectangle, dimensions remain the same in the tiled image. An application
must do extra work to scale the window space dimensions for these primitives when
tiling.

13.5 Billboarding Geometry

A common shortcut used to reduce the amount of geometry needed to render a scene is to
billboard the objects in the scene that have one or more axes of symmetry. Billboarding
is the technique of orienting a representation of a symmetrical object toward the viewer.
The geometry can be simplified to approximate a single view of an object, with that view
always facing the viewer.

This technique works if the object being billboarded has an appearance that doesn’t
change significantly around its axis of symmetry. It is also helpful if the objects being
billboarded are not a central item in the scene. The principle underlying billboarding is
that complexity of an object representation is reduced in a way that is not noticeable.
If successful, this approach can reduce the rendering time while maintaining image quality.
Good examples of billboarded objects are trees, which have cylindrical symmetry, and
clouds which have spherical symmetry. Billboarding can also be a useful technique on
its own. For example, text used to annotate objects in a 3D scene can be billboarded to
ensure that the text always faces the viewer and is legible.

While simplifying the geometry of an object being billboarded, it is desirable to
retain its (possibly complex) outline in order to maintain a realistic result. One way to
do this is to start with simple geometry such as a quadrilateral, then apply a texture
containing colors that capture the surface detail and alpha components that match the
object’s outline. If the texture is rendered with alpha testing or alpha blending enabled, the
pattern of alpha values in the texture can control which parts of the underlying geometry
are rendered. The alpha texture acts as a per-pixel template, making it possible to cut out
complex outlines from simple geometry. For additional details regarding using alpha to
trim outlines see Section 11.9.2.

The billboarding technique is not limited to simple texture-mapped geometry though.
Billboarding can also be used to draw a tessellated hemisphere, giving the illusion that a
full sphere is being drawn. A similar result can be accomplished using backface culling to
eliminate rasterization of the back of the sphere, but the vertices for the entire sphere are
processed first. Using billboarding, only half of the sphere is transformed and rendered;
however, the correct orienting transform must be computed for each hemisphere.

The billboard algorithm uses the object’s modeling transform (modelview transform)
to position the geometry, but uses a second transform to hold the object’s orientation fixed



258 Basic Transform Techniques

with respect to the viewer. The geometry is always face-on to the viewer, presenting a
complex image and outline with its surface texture. Typically, the billboard transform
consists of a rotation concatenated to the object’s modelview transform, reorienting it.
Using a tree billboard as an example, an object with roughly cylindrical symmetry, an
axial rotation is used to rotate the simple geometry supporting the tree texture, usually a
quadrilateral, about the vertical axis running parallel to the tree trunk.

Assume that the billboard geometry is modeled so that it is already oriented properly
with respect to the view direction. The goal is to find a matrix R that will rotate the
geometry back into its original orientation after it is placed in the scene by the modelview
transform M. This can be done in two steps. Start with the eye vector, representing
the direction of view, and apply the inverse of M to it. This will transform the viewing
direction vector into object space. Next, find the angle the transformed vector makes
relative to canonical view direction in eye space (usually the negative z-axis) and construct
a transform that will rotate the angle back to zero, putting the transformed vector into
alignment with the view vector.

If the viewer is looking down the negative z-axis with an up vector aligned with
the positive y-axis, the view vector is the negative z-axis. The angle of rotation can be
determined by computing the vector after being transformed by the modelview matrix M

Veye =M_1 1

0

Applying the correction rotation means finding the angle 6 needed to rotate the trans-
formed vector (and the corresponding geometry) into alignment with the direction of
view. This can be done by finding the dot product between the transformed vector and
the two major axes perpendicular to the axis of rotation; in this case the x and z axes.

cos0 = Veye - Vo

sin® = Veye - Vygpy
where

Vfront = (Oa 09 1)

Viight = (1,0,0)

The sine and cosine values are used to construct a rotation matrix R representing
this rotation about the y-axis (V). Concatenate this rotation matrix with the modelview
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matrix to make a combined matrix MR. This combined matrix is the transform applied
to the billboard geometry.

To handle the more general case of an arbitrary billboard rotation axis, compute
an intermediate alignment rotation A to rotate the billboard axis into the V,;, vector.
This algorithm uses the OpenGL glRotate command to apply a rotation about an
arbitrary axis as well as an angle. This transform rotates the billboard axis into the
vertical axis in eye space. The rotated geometry can then be rotated again about the
vertical axis to face the viewer. With this additional rotation,

axis = Vip X Viiipoard
cost = Vup - Viitipoard

sinf = ||axis||

the complete matrix transformation is MAR. Note that these calculations assume that
the projection matrix contains no rotational component.

Billboarding is not limited to objects that are cylindrically symmetric. It is also useful
to billboard spherically symmetric objects such as smoke, clouds, and bushes. Spher-
ical symmetry requires a billboard to rotate around two axes (up/down and left/right),
whereas cylindrical behavior only requires rotation around a single axis (usually up/down)
(Figure 13.4). Although it is more general, spherically symmetric billboarding is not suited
for all objects; trees, for example, should not bend backward to face a viewer whose
altitude increases.

Spherically symmetric objects are rotated about a point to face the viewer. This adds
another degree of freedom to the rotation computation. Adding an additional alignment
constraint can resolve this degree of freedom, such as one that keeps the object oriented
consistently (e.g., constraining the object to remain upright).

This type of constraint helps maintain scene realism. Constraining the billboard
to maintain its orientation in object space ensures that the orientation of a plume of
smoke doesn’t change relative to the other objects in a scene from frame to frame.
A constraint can also be enforced in eye coordinates. An eye coordinate constraint can
maintain alignment of an object relative to the screen (e.g., keeping text annotations
aligned horizontally).

The computations for a spherically symmetric billboard are a minor extension of
those used for the arbitrarily aligned cylindrical one (Figure 13.5). There is still a billboard
axis, as there was in the cylindrical case, but now that axis is rotated to vertical alignment
before it is used as an axis for the second rotation. An alignment transformation, A,
rotates about a vector perpendicular to the billboard’s transformed alignment axis and
the up direction. The up direction is either transformed by the modelview matrix, or left
untransformed, depending on whether eye-space or object-space alignment is required.

Usually the billboard axis is modeled to be parallel with a major axis in the untrans-
formed geometry. If this is the case, A’s axis of rotation is computed by taking the cross
product of the billboard axis and the up vector. In the more general case, if the billboard



260 Basic Transform Techniques

Figure 13.4 Billboard with cylindrical symmetry.

First rotation aligns billboard Second rotation rotates geometry Completed rotation
with eye space vertical; in general around vertical to face viewer
not aligned with rotation axis

Figure 13.5 Transforming a billboard with spherical symmetry.
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axis is arbitrary, the transformed billboard axis must be processed before use in the cross
product. Project the billboard axis to remove any component parallel to the transformed
eye vector, as shown in the following equation.

The sine and cosine of the angle of rotation are computed like they were in the
cylindrical case. Cosine is derived from the dot product; sine from the length of the cross
product.

A is computed as:

axis = Vup X Valignment
€080 = Vup - Valigument

sinf = ||axis||

where Vjignmen: is the billboard alignment axis with the component in the direction of
the eye direction vector removed:

Valignment = Vbillboard - (Veye : Vbillboard )Veye

Rotation by the A matrix doesn’t change the calculations needed to rotate about
the now vertical axis. This means the left/right rotation about the up vector can still
be computed from the original modelview transform in exactly the same way as a basic
cylindrical billboard.

To compute the A and R matrices, it is necessary to use elements of the geome-
try’s modelview transform. Retrieving transformation matrices using g1Get introduces
a large performance penalty on most OpenGL implementations and should be avoided.
The application should either read the transformation once per frame, or shadow the
current modelview transform to avoid reading it back from OpenGL altogether. For-
tunately, it is fairly simple to duplicate the standard OpenGL transform commands in
software and provide some simple vector and matrix operations. Matrix equivalents
forglTranslate, glRotate, and g1Scale operations are described in Appendix B.
Computing the inverse for each of these three operations is trivial; see Section 13.1 for
details.

13.6 Texture Coordinate vs. Geometric
Transformations

The texture coordinate pipeline has a significant amount of transformation power. There
is a single transformation matrix (called the texture transformation matrix), but it is a full
4x4 matrix with perspective divide functionality. Even if the target is a 2D texture, the
perspective divide capability makes the fourth texture coordinate, g, a useful tool, while
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a 3D texture target can make use of all four coordinates. The texture transform pipeline
has nearly the same transformation capabilities as the geometry pipeline, only lacking
the convenience of two independent transform matrices and an independent viewport
transform.

The texture coordinate path has an additional benefit, automatic texture coordi-
nate generation, which allows an application to establish a linear mapping between
vertex coordinates in object or eye space and texture coordinates. The environment map-
ping functionality is even more powerful, allowing mappings between vertex normals or
reflection vectors and texture coordinates.

Geometric transforms are applied in a straightforward way to texture coordi-
nates; a texture coordinate transform can be assembled and computed in the same
way it is done in the geometry pipeline. Convenience functions such as g1Frustum,
gl0rtho, and gluLookAt, are available, as well as the basic matrix commands such
as g1 LoadMatrix. Since there is only one matrix to work with, some understanding of
matrix composition is necessary to produce the same effects the modelview and projection
matrices do in the geometry pipeline. It’s also important to remember that NDC space,
the result of these two transformations, ranges from —1 to 1 in three dimensions, while
texture coordinates range from 0 to 1. This usually implies that a scale and bias term
must be added to texture transforms to ensure the resulting texture coordinates map to
the texture map.

To apply a geometric transform into texture coordinates, the transformations for
texture coordinates are applied in the same order as they are in the vertex coordinate
pipeline: modelview, projection, and scale and bias (to convert NDC to texture space).
A summary of the steps to build a typical texture transformation using geometry pipeline
transforms is as follows:

Select the texture matrix: g1MatrixMode(GL_TEXTURE).
Load the identity matrix: g1LoadIdentity().

Load the bias: g1 Translatef(.5f, .5f, 0.f).

Load the scale: g1Scalef(.5f, .5f, 1.f).

Set the perspective transform: g1 Frustum(...).

A o

Set the modelview transform: gTuLookAt(...).

With the texture transform matrix set, the last step is to choose the values for the
input texture coordinates. As mentioned previously, it’s possible to map certain vertex
attributes into texture coordinates. The vertex position, normal, or reflection vector
(see Section 5.4), is transformed, then used as the vertex’s texture coordinate. This
functionality, called texture generation (or texgen), is a branch point for creating tex-
ture coordinates. Texture coordinate generation can take place in object or eye space.
After branching, the texture coordinates and the vertex attributes that spawned them are
processed by the remainder of the vertex pipeline.
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The following sections illustrate some texgen/texture coordinate transform tech-
niques. These are useful building block techniques as well as useful solutions to some
common texture coordinate problems.

13.6.1

If the projection and modelview parts of the matrix are defined in terms of eye space
(where the entire scene is assembled), a basic texture coordinate generation method is to
create a one-to-one mapping between eye-space and texture space. The s, ¢, and r values
at a vertex must be the same as the x, y, and z values of the vertex in eye space. This is
done by enabling eye-linear texture generation and setting the eye planes to a one-to-one

mapping;:

Seye = (17 09 03 0)
Teye = (07 13 03 0)
Reye = (O’ Os 13 0)

Qeye = (O’ Os 03 1)

Instead of mapping to eye space, an object-space mapping can be used. This is useful if
the texture coordinates must be created before any geometric transformations have been
applied.

When everything is configured properly, texture coordinates matching the x, y, and
z values transformed by the modelview matrix are generated, then transformed by the
texture matrix. This method is a good starting point for techniques such as projective
textures; see Section 14.9 for details.

13.6.2

A useful technique is overlaying a texture map directly onto a scene rendered with a
perspective transform. This mapping establishes a fixed relationship between texels in
the texture map and every pixel on the viewport; the lower left corner in the scene
corresponds to the lower left corner of the texture map; the same holds true for the upper
right corner. The relative size of the pixels and texels depends on the relative resolutions
of the window and the texture map. If the texture map has the same resolution as the
window, the texel to pixel relationship is one to one.

When drawing a perspective view, the near clipping plane maps to the viewport in
the framebuffer. To overlay a texture, a texture transformation must be configured so
that the near clipping plane maps directly to the [0, 1] texture map range. That is, find a
transform that maps the x, y, and z values to the appropriate s and ¢ values. As mentioned
previously, it is straightforward to map NDC space to texture space. All coordinates in
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NDC space range from [—1, 1] and texture coordinates range from [0, 1]. Given a texgen
function that maps x, y NDC values into s, ¢ texture coordinate values, all that is required
is to add a scale and translate into the texture matrix. The NDC-space z values are unused
since they do not affect the x, y position on the screen.

1. Use texgen to map from NDC space to texture coordinates.

2. Set up translate and scale transforms in the texture matrix to map from —1 to 1 to
0to 1.

Unfortunately, OpenGL doesn’t provide texgen function to map vertex coordinates
to NDC space. The closest available is eye-space texgen. Translating from eye space to
NDC space can be done using an additional transform in the texture transformation
pipeline, emulating the remainder of the vertex transformation pipeline. This is done by
concatenating the projection transform, which maps from eye space to NDC space in
the geometry transform pipeline. This transform is then composited with the translate
and scale transforms needed to convert from NDC to texture coordinates, ordering the
transforms such that the projection matrix transform is applied to the texture coordinates
first. Summing up the steps in order results in the following:

1. Configure texgen to generate texture coordinates from eye-space geometry.
2. Set the texture transform matrix to translate and scale the range —1 to 1 to 0 to 1.

3. Concatenate the contents of the projection matrix onto the texture transform
matrix.

13.6.3

The previous technique can be seen as a simplified version of the more general problem;
how to map objects as seen from one viewpoint to a full scene texture but using a different
viewpoint to render the objects. To accomplish this, texture coordinates need to be gen-
erated from vertices earlier in the geometry pipeline: texgen is applied in untransformed
object space. The x, y, z positions are converted into s, ¢, r values before any transforms
are applied; the texture coordinates can then be transformed completely separately from
the geometric coordinates. Since texgen is happening earlier, mapping the texture coor-
dinates to the near clip plane, as described previously, requires transforming the texture
coordinates with a modelview and projection transform (including a perspective divide)
to go from object space all the way to NDC space, followed by the scale and bias necessary
to get to texture space.

Doing the extra transform work in the texture matrix provides extra flexibility: the
texture coordinates generated from the vertices can be transformed with one set of mod-
elview (and perspective) transforms to create one view, while the original geometry can
be transformed using a completely separate view.
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To create the proper texture transformation matrix, both the modelview and projec-
tion matrices are concatenated with the scale and bias transforms. Since the modelview
matrix should be applied first, it should be multiplied into the transform last.

1. Configure texgen to map to texture coordinates from eye-space geometry.
2. Set the texture transform matrix to translate and scale the range —1 to 1 to 0 to 1.

3. Concatenate the contents of the projection matrix with the texture transform
matrix.

4. Concatenate a (possibly separate) modelview matrix with the texture transform
matrix.

When using the geometry pipeline’s transform sequence from a modelview or per-
spective transform to build a transform matrix, be sure to strip any g1LoadIdentity
commands from projection and modelview commands. This is required since all the
transforms are being combined into a single matrix. This transform technique is a key
component to techniques such as shadow mapping, a texture-based method of creating
inter-object shadows. This technique is covered in Section 17.4.3.

13.7 Interpolating Vertex Components through a
Perspective Transformation

The rasterization process interpolates vertex attributes in window space and sometimes
it’s useful to perform similar computations within the application. Being able to do so
makes it possible to efficiently calculate vertex attributes as a function of pixel position.
For example, these values can be used to tessellate geometry as a function of screen cov-
erage. Differences in texture coordinates between adjacent pixels can be used to compute
LOD and texture coordinate derivatives (g—z, %’ gTL;’ 3—;) as a function of screen position.
Techniques that require this functionality include detail textures (Section 14.13.2), tex-
ture sharpening (Section 14.14), and using prefiltered textures to do anisotropic texturing
(Section 14.7).

Interpolating a vertex attribute to an arbitrary location in window space is a two-
step process. First the vertex coordinates to be interpolated are transformed to window
coordinates. Then the attributes of interest are interpolated to the desired pixel location.
Since the transform involves a perspective divide, the relationship between object and
window coordinates isn’t linear.

13.7.1

Finding the transformed values of the vertex coordinates can be done using feedback
mode, but this path is slow on most OpenGL implementations. Feedback also doesn’t
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provide all the information that will be needed to compute vertex attributes, such as
texture coordinate values, efficiently. Instead an application can transform and (option-
ally) clip vertices using the proper values of the modelview, projection, and viewport
transforms.

The current modelview and perspective transforms can be shadowed in the applica-
tion, so they don’t have to be queried from OpenGL (which can be slow). The viewport
transformation can be computed from the current values of the g1Viewport command’s
parameters X,, Yo, width, and height. The transformation equations for converting x,,4,
and y,,4. from NDC space into window space is:

width
Xwin = T Xpde T Xo

height
Ywin = P Yude + Yo

cem (5o (2

where 7 and f are near and far depth range values; the default values are 0 and 1,
respectively. If only texture values are being computed, the equation for computing 2,
is not needed. The equations can be further simplified for texture coordinates since the
viewport origin doesn’t affect these values either; all that matters is the size ratio between
texels and pixels:

o width .
win = P ndc
eigh

Ywin = < P )yndc

(13.1)
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~

13.7.2

Finding vertex locations in screen space solves only half of the problem. Since the vertex
coordinates undergo a perspective divide as they are transformed to window space, the
relationship between object or eye space and window space is non-linear. Finding the
values of a vertex attribute, such as a texture coordinate, at a given pixel takes a special
approach. It is not accurate to simply transform the vertex coordinates to window space,
then use their locations on the screen to linearly interpolate attributes of interest to a
given pixel.

In order to interpolate attributes on the far side of the perspective divide accu-
rately, the interpolation must be done hyperbolically, taking interpolated w values into
account. Blinn (1992) describes an efficient interpolation and transformation method.
We’ll present the results here within the context of OpenGL.
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To interpolate a vertex attribute hyperbolically, every attribute of interest must be
scaled before interpolation. The attributes must be divided by the transformed w attribute
of the vertex. This w value, which we’ll call 1/, has had all of its geometry transforms
applied, but hasn’t been modified by a perspective divide yet. Each attribute in the vertex
to be interpolated is divided by w'. The value of 1/w' is also computed and stored for
each vertex. To interpolate attributes, the vertex’s scaled attributes and its 1/:' are all
interpolated independently.

If the interpolation needs to be done to a particular location in window space, each
vertex’s x and y values are transformed and perspective divided to transform into window
space first. The relationship between the desired pixel position and the vertex’s x,,;,, and
Ywin values are used to compute the correct interpolation parameters.

Once the vertex attributes are interpolated, they are divided by the interpolated value
of 1/wr, yielding the correct attribute values at that window space location.

13.7.3

As an example, consider finding an LOD value for a particular location on a triangle in
object space. An LOD value measures the size ratio between texel and pixel at a given
location. First, each vertex’s transformed texture coordinates (s and ¢) are divided by
the vertex coordinates’ post-transform ' value. The s/w/, t/w', and the 1/w’ values are
computed at the triangle vertices. All three attributes are interpolated to the location of
interest. The interpolated s/w’ and t/w’ values (5, %) are divided by the interpolated 1/1/
value (1), which produces the proper s and ¢ values.

To find the LOD at window-space location, the texture coordinate derivatives must
be computed. This means finding ds/dx, d¢/dx, ds/dy, and 3#/9y in window space. These
derivatives can be approximated using divided differences. One method of doing this is
to find the s and ¢ values one pixel step away in the x and y directions in window space,
then compute the differences. Finding these values requires computing new interpola-
tion parameters for window space positions. This is done by computing the x,,;,, and
Ywin values for the vertices of the triangle, then using the x,,;,, and y,,;, at the locations
of interest to compute barycentric interpolation parameters. These new interpolation
parameters are used to hyperbolically interpolate s and # coordinates for each point and
then to compute the differences.

Using s and ¢ values directly won’t produce usable texture derivatives. To compute
them, texture coordinates s and ¢ must be converted to texel coordinates u and v. This is
done by scaling s and # by the width and height of the texture map. With these values in
place, the differences in # and v relative to x,,;;, and y,,;, will reflect the size relationship
between pixels and texels. To compute the LOD, the differences must be combined to
provide a single result. An accurate way to do this is by applying the formula:

au\ > n v\ du\ > n v\ (132)
= max — — — — .
P dx ax ) 7\ \ oy dy
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Other methods that are less accurate but don’t require as much computation can also
be used (and may be used in the OpenGL implementation). These methods include choos-
ing the largest absolute value from the four approximated derivative values computed in
Equation 13.2.

Once a single value is determined, the LOD is computed as log; of that value.
A negative LOD value indicates texture magnification; a positive one, minification.

Combining Transforms

The transforms applied to the vertex values can be concatenated together for efficiency.
Some changes are necessary: the perspective divide shouldn’t change the w value of the
vertex, since the transformed w will be needed to interpolate the texture coordinates
properly. Since the post-divide w won’t be 1, the viewport transform should be based
on Equation 13.1 so it is independent of w values. If the exact window positions are
necessary, the results can be biased by the location of the window center.

Window Space Clipping Shortcuts

In some cases, the clipping functionality in the transformation pipeline must also be
duplicated by the application. Generalized primitive clipping can be non-trivial, but there
are a number of shortcuts that can be used in some cases. One is to simply not clip
the primitive. This will work as long as the primitive doesn’t go through the eye point,
resulting in 2’ values of zero. If it does, clipping against the near clip plane is required.
If the primitive doesn’t go through the viewpoint and simplified clipping is needed for
efficiency, the clipping can be applied in window space against the viewport rectangle.
If this is done, care should be taken to ensure that the perspective divide doesn’t destroy
the value of w'. The vertex attributes should be hyperbolically interpolated to compute
their values on new vertices created by clipping.

13.8 Summary

This chapter describes a number of viewing, projection, and texture transformations
frequently employed in other techniques. The algorithms described are representative
of a broad range of techniques that can be implemented within the OpenGL pipeline.
The addition of the programmable vertex pipeline greatly increases the flexibility of the
transformation pipeline but these basic transformation algorithms remain important as
building blocks for other techniques. The remaining chapters incorporate and extend
several of these basic ideas as important constituents of more complex techniques.



Texture Mapping
Techniques

Texture mapping is a powerful building block of graphics techniques. It is used in a
wide range of applications, and is central to many of the techniques used in this book.
The basics of texture mapping have already been covered in Chapter 5 and serves as a
background reference for texture-related techniques.

The traditional use of texture mapping applies images to geometric surfaces. In this
chapter we’ll go further, exploring the use of texture mapping as an elemental tool and
building block for graphics effects. The techniques shown here improve on basic texture
mapping in two ways. First, we show how to get the most out of OpenGL’s native
texturing support, presenting techniques that allow the application to maximize basic
texture mapping functionality. Examples of this include rendering very large textures
using texture paging, prefiltering textures to improve quality, and using image mosaics
(or atlases) to improve texture performance.

We also re-examine the uses of texture mapping, looking at texture coordinate gen-
eration, sampling, and filtering as building blocks of functionality, rather than just a way
of painting color bitmaps onto polygons. Examples of these techniques include texture
animation, billboards, texture color coding, and image warping. We limit our scope to
the more fundamental techniques, focusing on the ones that have potential to be used
to build complex approaches. More specialized texturing techniques are covered in the
chapters where they are used. For example, texture mapping used in lighting is covered
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in Chapter 15. Volumetric texturing, a technique for visualizing 3D datasets, is presented
in Section 20.5.8.

14.1 Loading Texture Images into a Framebuffer

Although there is no direct OpenGL support for it, it is easy to copy an image from a
texture map into the framebuffer. It can be done by drawing a rectangle of the desired
size into the framebuffer, applying a texture containing the desired texture image. The
rectangle’s texture coordinates are chosen to provide a one-to-one mapping between texels
and pixels. One side effect of this method is that the depth values of the textured image
will be changed to the depth values of the textured polygon. If this is undesirable, the
textured image can be written back into the framebuffer without disturbing existing depth
buffer values by disabling depth buffer updates when rendering the textured rectangle.
Leaving the depth buffer intact is very useful if more objects need to be rendered into the
scene with depth testing after the texture image has been copied into the color buffer.

The concept of transferring images back and forth between a framebuffer and texture
map is a useful building block. Writing an image from texture memory to the framebuffer
is often faster than transferring it from system memory using g1DrawPixels. If animage
must be transferred to the framebuffer more than once, using a texture can be the high-
performance path. The texture technique is also very general, and can be easily extended.
For example, when writing an image back into the framebuffer with a textured polygon,
the texture coordinates can be set to arbitrarily distort the resulting image. The distorted
image could be the final desired result, or it could be transferred back into the texture,
providing a method for creating textures with arbitrarily warped images.

14.2 Optimizing Texture Coordinate Assignment

Rather than using it to create special effects, in some cases distorting a texture image can
be used to improve quality. Sloan et al. (1997) have explored optimizing the assignment
of texture coordinates based on an “importance map” that can encode both intrinsic
texture properties as well as user-guided highlights. This approach highlights the fact
that texture images can have separate “interesting” regions in them. These can be areas
of high contrast, fine detail, or otherwise draw the viewer’s attention based on its content.
A simple example is a light map containing a region of high contrast and detail near the
light source with the rest of the texture containing a slowly changing, low-contrast image.

A common object modeling approach is to choose and position vertices to represent
an object accurately, while maintaining a “vertex budget” constraint to manage geometry
size and load bandwidth. As a separate step, the surface is parameterized with texture
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coordinates so surface textures can be applied. Adding the notion of textures with regions
of varying importance can lead to changes in this approach.

The first step is to distort a high-resolution version of the texture image so the regions
of interest remain large but the remainder shrinks. The resulting texture image is smaller
than the original, which had high-image resolution everywhere, even where it wasn’t
needed. The technique described in Section 5.3 can be used to generate the new image.
The parameterization of the geometry is also altered, mapping the texture onto the surface
so that the high and low importance regions aren’t distorted, but instead vary in texel
resolution. This concept is shown in Figure 14.1.

To do this properly both the texture, with its regions of high and low interest, and the
geometry it is applied to must be considered. The tessellation of the model may have to be
changed to ensure a smooth transition between high- and low-resolution regions of the
texture. At least two rows of vertices are needed to transition between a high-resolution
scaling to a low-resolution one; more are needed if the transition region requires fine
control.

The idea of warping the texture image and altering the texture coordinate assign-
ment can be thought of as a general approach for improving texture appearance without
increasing texture size. If the OpenGL implementation supports multitexturing, a sin-
gle texture can be segmented into multiple textures with distinct low and high interest
regions.

14.3 3D Textures

The classic application of 3D texture maps is to to use them to represent the visual
appearance of a solid material. One example would be to procedurally generate a solid
representation of marble, then apply it to an object, so that the object appears to be
carved out of the stone. Although this 3D extension of the surface mapping application
is certainly valuable, 3D texture maps can do more. Put in a more general context, 3D
textures can be thought of as a 2D texture map that varies as a function of its 7 coordinate
value. Since the 3D texture filters in three dimensions, changing the 7 value smoothly will
linearly blend from one 2D texture image slice to the next (Figure 14.2). This technique
can be used to create animated 2D textures and is described in more detail in Section 14.12.

Two caveats should be considered when filtering a 3D texture. First, OpenGL doesn’t
make any distinction between dimensions when filtering; if GL_LINEAR filtering is cho-
sen, both the texels in the 7 direction, and the ones in the s and ¢ directions, will be linearly
filtered. For example, if the application uses nearest filtering to choose a specific slice,
the resulting image can’t be linearly filtered. This lack of distinction between dimensions
also leads to the second caveat. When filtering, OpenGL will choose to minify or magnify
isotropically based on the size ratio between texel and pixel in all dimensions. It’s not
possible to stretch an image slice and expect minification filtering to be used for sampling
in the 7 direction.
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Inverse of distortion function
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Figure 14.1 Segmenting a texture into resolution regions.
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2D texture varies
as a function of r

r

Figure 14.2 3D textures as 2D textures varying with R.

The safest course of action is to set GL_TEXTURE_MIN_FILTER and
GL_TEXTURE_MAG_FILTER to the same values. It is also prudent to use GL_LINEAR
instead of GL_NEAREST. If a single texture slice should be used, compute 7 to index
exactly to it: the OpenGL specification is specific enough that the proper r value is com-
putable, given the texture dimensions. Finally, note that using 7 for the temporal direction
in a 3D texture is arbitrary; OpenGL makes no distinction, the results depend solely on
the configuration set by the application.

3D textures can also be parameterized to create a more elaborate type of billboard.
A common billboard technique uses a 2D texture applied to a polygon that is oriented
to always face the viewer. Billboards of objects such as trees behave poorly when the
object is viewed from above. A 3D texture billboard can change the textured image as a
function of viewer elevation angle, blending a sequence of images between side view and
top view, depending on the viewer’s position.

If the object isn’t seen from above, but the view around the object must be made
more realistic, a 3D texture can be composed of 2D images taken around the object. An
object, real or synthetic, can be imaged from viewpoints taken at evenly spaced locations
along a circle surrounding it. The billboard can be textured with the 3D texture, and the
r coordinate can be selected as a function of viewer position. This sort of “azimuth bill-
board” will show parallax motion cues as the view moves around the billboard, making
it appear that the billboard object has different sides that come into view. This technique
also allows a billboard to represent an object that isn’t as cylindrically symmetric about
its vertical access.
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This technique has limits, as changes in perspective are created by fading between
still images taken at different angles. The number of views must be chosen to minimize
the differences between adjacent images, or the object itself may need to be simplified.
Using a billboard of any variety works best if the object being billboarded isn’t the focus
of the viewer’s attention. The shortcuts taken to make a billboard aren’t as noticeable if
billboards are only used for background objects.

The most general use of 3D textures is to represent a 3D function. Like the 2D version,
each texel stores the result of evaluating a function with a particular set of parameter
values. It can be useful to process the s, ¢, and r values before they index the texture,
to better represent the function. This processing can be done with texgen or a texture
transform matrix functionality. As with the previous two methods, using GL_LINEAR
makes it possible to interpolate between arbitrary sample points. A non-linear function
is often approximately linear between two values, if the function values are sampled at
close enough intervals.

14.4 Texture Mosaics

Many complex scenes have a large number of “odds and ends” textures. These low-
resolution textures are used to add diversity and realism to the scene’s appearance.
Additionally, many small textures are often needed for multipass and multitexture sur-
faces, to create light maps, reflectance maps, and so forth. These “surface realism”
textures are often low resolution; their pattern may be replicated over the surface to
add small details, or stretched across a large area to create a slowly changing surface
variation.

Supporting such complex scenes can be expensive, since rendering many small,
irregularly sized textures requires many texture binds per scene. In many OpenGL imple-
mentations the cost of binding a texture object (making it the currently active texture) is
relatively high, limiting rendering performance when a large number of textures are being
used in each rendered frame. If the implementation supports multitexturing, the binding
and unbinding of each texture unit can also incur a high overhead.

Beyond binding performance, there are also space issues to consider. Most imple-
mentations restrict texture map sizes to be powers of two to support efficient addressing
of texels in pipeline implementations. There are extensions that generalize the addressing
allowing non-power-of-two sizes, such as ARB_texture_non_power_of_two and
EXT_texture_rectangle. Nevertheless, to meet a power-of-two restriction, small
texture images may have to be embedded in a larger texture map, surrounded by a large
boundary. This is wasteful of texture memory, a limited resource in most implementa-
tions. It also makes it more likely that fewer textures in the scene fit into texture memory
simultaneously, forcing the implementation to swap textures in and out of the graphics
hardware’s texture memory, further reducing performance.
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Figure 14.3 Texture mosaicing.

Both the texture binding and space overhead of many small textured images
can be reduced by using a technique called fexture mosaicing (or sometimes texture
atlasing) (Figure 14.3). In this technique, many small texture images are packed together
into a single texture map. Binding this texture map makes all of its texture images avail-
able for rendering, reducing the number of texture binds needed. In addition, less texture
memory is wasted, since many small textures can be packed together to form an image
close to power-of-two dimensions.

Texture mosaicing can also be used to reduce the overhead of texture environment
changes. Since each texture often has a specific texture environment associated with it, a
mosaic can combine images that use the same texture environment. When the texture is
made current, the texture environment can be held constant while multiple images within
the texture map are used sequentially. This combining of similar texture images into a
single texture map can also be used to group textures that will be used together on an
object, helping to reduce texture binding overhead.

The individual images in the mosaic must be separated enough so that they do not
interfere with each other during filtering. If two images are textured using nearest filter-
ing, then they can be adjacent, but linear filtering requires a one-pixel border around each
texture, so the adjacent texture images do not overlap when sampled near their shared
boundaries.
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Figure 14.4 Texture mosaicing.

Mosaicing mipmapped textures requires greater separation between images. If a
series of mipmap layers contain multiple images, then each image must be enclosed in
a power-of-two region, even if the image doesn’t have a power-of-two resolution. This
avoids sampling of adjacent images when coarse mipmap levels are used. This space-
wasting problem can be mitigated somewhat if only a subset of the mipmap levels (LODs)
are needed. OpenGL 1.2 supports texture LOD clamping which constrains which LODs
are used and therefore which levels need to be present. Blending of coarse images also
may not be a problem if the adjacent textures are chosen so that their coarser layers are
very similar in appearance. In that case, the blending of adjacent images may not be
objectionable.

A primitive textured using mosaiced textures must have its texture coordinates mod-
ified to access the proper region of the mosaic texture map. Texture coordinates for an
unmosaiced texture image will expect the texture image to range from 0 to 1. These values
need to be scaled and biased to match the location of desired image in the mosaic map
(Figure 14.4). The scaled and biased texture coordinates can be computed once, when the
objects in the scene are modeled and the mosaiced textures created, or dynamically, by
using OpenGL’s texgen or texture matrix functions to transform the texture coordinates
as the primitives are rendered. It is usually better to set the coordinates at modeling time,
freeing texgen for use in other dynamic effects.
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14.5 Texture Tiling

There is an upper limit to the size of a texture map that an implementation can support.
This can make it difficult to define and use a very large texture as part of rendering a
high-resolution image. Such images may be needed on very high-resolution displays or
for generating an image for printing. Texture tiling provides a way of working around
this limitation. An arbitrarily large texture image can be broken up into a rectangular
grid of tiles. A tile size is chosen that is supported by the OpenGL implementation. This
texture tiling method is related to texture paging, described in Section 14.6.

OpenGL supports texture tiling with a number of features. One is the strict specifi-
cation of the texture minification filters. On conformant implementations, this filtering
is predictable, and can be used to seamlessly texture primitives applied one at a time to
adjacent regions of the textured surface.

To apply a texture to these regions, a very large texture is divided into multiple tiles.
The texture tiles are then loaded and used to texture in several passes. For example, if a
1024 %1024 texture is broken up into four 512 x 512 images, the four images correspond

to the texture coordinate ranges (0 — %, 0— %), (% —- 1,0 — %), (0 — %, % —0), and

(1 —>1,1-1).

As each tile is loaded, only the portions of the geometry that correspond to the
appropriate texture coordinate ranges for a given tile should be drawn. To render a
single triangle whose texture coordinates are (0.1, 0.1), (0.1, 0.7), and (0.8, 0.8), the
triangle must be clipped against each of the four tile regions in turn. Only the clipped
portion of the triangle —the part that intersects a given texture tile—is rendered, as
shown in Figure 14.5. As each piece is rendered, the original texture coordinates must
be adjusted to match the scaled and translated texture space represented by the tile. This
transformation is performed by loading the appropriate scale and translation onto the
texture matrix.

Figure 14.5 Texture tiling.
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Normally clipping the geometry to the texture tiles is performed as part of the mod-
eling step. This can be done when the relationship between the texture and geometry is
known in advance. However, sometimes this relationship isn’t known, such as when a
tiled texture is applied to arbitrary geometry. OpenGL does not provide direct support
for clipping the geometry to the tile. The clipping problem can be simplified, however, if
the geometry is modeled with tiling in mind. For a trivial example, consider a textured
primitive made up of quads, each covered with an aligned texture tile. In this case, the
clipping operation is easy. In the general case, of course, clipping arbitrary geometry to
the texture tile boundaries can involve substantially more work.

One approach that can simplify the clipping stage of texture tiling is to use stenciling
(Section 6.2.3) and transparency mapping (Section 11.9.2) to trim geometry to a texture
tile boundary. Geometry clipping becomes unnecessary, or can be limited to culling
geometry that doesn’t intersect a given texture tile to improve performance. The central
idea is to create a stencil mask that segments the polygons that is covered by a given
texture tile from the polygons that aren’t. The geometry can be rendered with the proper
tile texture applied, and the stencil buffer can be set as a side effect of rendering it. The
resulting stencil values can be used in a second pass to only render the geometry where it
is textured with the tile (Figure 14.6).

Creating the stencil mask itself can be done by using a “masking” texture. This
texture sets an alpha value only where it’s applied to the primitive. Alpha test can then
be used to discard anything not drawn with that alpha value (see Section 6.2.2). The
undiscarded fragments can then be used with the proper settings of stencil test and stencil
operation to create a stencil mask of the region being textured. Disabling color and depth
buffer updates, or setting the depth test to always fail will ensure that only the stencil
buffer is updated.

One area that requires care is clamping. Since the tiling scenario requires applying a
masking texture that only covers part of the primitive, what happens outside the texture

Tile sized alpha

texture applied to Polygon rendered
Texture tile geometry with texture tile
Rendered geometry
clipped to texture tile
Geometry Results Stencil buffer
to clip set stencil clips polygon
to tile

Figure 14.6 Clipping geometry to tile with alpha texture and stencil.
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coordinate range of [0, 1] must be considered. One approach is to configure the masking
texture to use the GL_CLAMP_TO_BORDER wrap mode, so all of the geometry beyond the
applied texture will be set to the border color. Using a border color with zero components
(the default) will ensure that the geometry not covered by the texture will have a different
alpha value.

Here is a procedure that puts all of these ideas together:

1. Create a texture of internal type GL_ALPHA. It can have a single texel if desired.

2.  Set the parameters so that GL_NEAREST filtering is used, and set the wrap mode
appropriately.

3. Set the texture environment to GL_REPLACE.

4. Apply the texture using the same coordinate, texgen, and texture transform matrix
settings that will be used in the actual texture tile.

5. Enable and set alpha testing to discard all pixels that don’t have an alpha value
matching the masking texture.

6. Set up the stencil test to set stencil when the alpha value is correct.

7. Render the primitive with the masking texture applied. Disable writes to the color
and depth buffer if they should remain unchanged.

8. Re-render the geometry with the actual tiled texture, using the new stencil mask to
prevent any geometry other than the tiled part from being rendered.

If the tiled textures are applied using nearest filtering, the procedure is complete. In the
more common case of linear or mipmap filtered textures, there is additional work to do.
Linear filtering can generate artifacts where the texture tiles meet. This occurs because a
texture coordinate can sample beyond the edge of the texture. The simple solution to this
problem is to configure a one-texel border on each texture tile. The border texels should
be copied from the adjacent edges of the neighboring tiles.

A texture border ensures that a texture tile which samples beyond its edges will
sample from its neighbors texels, creating seamless boundaries between tiles. Note that
borders are only needed for linear or mipmap filtering. Clamp-to-edge filtering can also be
used instead of texture borders, but will produce lower quality results. See Section 5.1.1
for more information on texture borders.

14.6 Texture Paging

As applications simulate higher levels of realism, the amount of texture memory they
require can increase dramatically. Texture memory is a limited, expensive resource, so
directly loading a high-resolution texture is not always feasible. Applications are often
forced to resample their images at a lower resolution to make them fit in texture memory,
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with a corresponding loss of realism and image quality. If an application must view the
entire textured image at high resolution, this, or a texture tiling approach (as described
in Section 14.5) may be the only option.

But many applications have texture requirements that can be structured so that only
a small area of large texture has to be shown at full resolution. Consider a flight simula-
tion example. The terrain may be modeled as a single large triangle mesh, with texture
coordinates to map it to a single, very large texture map, possibly a mipmap. Although
the geometry and the texture are large, only terrain close to the viewer is visible in high
detail. Terrain far from the viewer must be textured using low-resolution texture levels to
avoid aliasing, since a pixel corresponding to these areas covers many texels at once. For
similar reasons, many applications that use large texture maps find that the maximum
amount of texture memory in use for any given viewpoint is bounded.

Applications can take advantage of these constraints through a technique called tex-
ture paging. Rather than loading complete levels of a large image, only the portion of
the image closest to the viewer is kept in texture memory. The rest of the image is stored
in system memory or on disk. As the viewer moves, the contents of texture memory are
updated to keep the closest portion of the image loaded.

Two different approaches can be used to implement this technique. The first is to use
a form of texture tiling. The texture is subdivided into fixed sized tiles. Textured geometry
is matched up with the tiles that cover it, and segmented to match the tile boundaries.
This segmentation can happen when the geometry is modeled, by re-tessellating it into
tile-sized pieces (with its texture coordinates changed to map the tile properly) or it can be
done at runtime through clipping combined with texgen or the texture transform matrix.

When tiled geometry is rendered, it is rendered one tile at a time, with texture coor-
dinates set appropriately to apply the tile to the surface. Texture memory is reloaded
when a new tile is needed. For geometry that is farther from the viewer, tiles containing
lower resolution texture levels are used to avoid aliasing artifacts. Figure 14.7 shows a
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Figure 14.7 Modeling alarge texture as a grid of tiles.
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texture broken up into tiles, and its geometry tessellated and texture coordinates changed
to match.

The tiling technique is conceptually straightforward, and is used in some form by
nearly all applications that need to apply a large texture to geometry (see Section 14.5).
There are some drawbacks to using a pure tiling approach, however. The part of the
technique that requires segmenting geometry to texture tiles is the most problematic. Seg-
menting geometry requires re-tessellating it to match tile boundaries, or using techniques
to clip it against the current tile. In addition, the geometry’s texture coordinates must be
adjusted to properly map the texture tile to the geometry segment.

For linear filtering, tile boundaries can be made invisible by carefully clipping or
tessellating the geometry so that the texture coordinates are kept within the tile’s [0.0,
1.0] range, and using texture borders containing a strip of texels from each adjacent tile
(see Section 5.1.1 for more details on texture borders). This ensures that the geometry
is textured properly across the edge of each tile, making the transition seamless. A clean
solution is more elusive when dealing with the boundary between tiles of different texture
resolution, however. One approach is to blend the two resolutions at boundary tiles, using
OpenGL’s blend functionality or multitexturing. Figure 14.8 shows how tiles of different
resolution are used to approximate mipmapping, and how tiles on each LOD boundary
can be blended. Alternatively, linear filtering with mipmapping handles the border edges,
at the expense of loading a full mipmap pyramid rather than a single level.

The process of clipping or re-tessellating dynamic geometry to match each image tile
itself is not always easy. An example of dynamic geometry common to visual simulation
applications is dynamic terrain tessellation. Terrain close to the viewer is replaced with
more highly tessellated geometry to increase detail, while geometry far from the viewer
is tessellated more coarsely to improve rendering performance. In general, forcing a
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Figure 14.8 Tiling alarge texture with different LOD levels.
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correspondence between texture and geometry beyond what is established by texture
coordinates should be avoided, since it increases complication and adds new visual quality
issues that the application has to cope with.

Given sufficient texture memory, geometry segmentation can be avoided by com-
bining texture tiles into a larger texture region, and applying it to the currently visible
geometry. Although it uses more texture memory, the entire texture doesn’t need to be
loaded, only the region affecting visible geometry. Clipping and tessellation is avoided
because the view frustum itself does the clipping. To avoid explicitly changing the geom-
etry’s texture coordinates, the texture transform matrix can be used to map the texture
coordinates to the current texture region.

To allow the viewer to move relative to the textured geometry, the texture memory
region must be updated. As the viewer moves, both the geometry and the texture can be
thought of as scrolling to display the region closest to the viewer. In order to make the
updates happen quickly, the entire texture can be stored in system memory, then used to
update the texture memory when the viewer moves.

Consider a single level texture. Define a viewing frustum that limits the amount of
visible geometry to a small area,— small enough that the visible geometry can be easily
textured. Now imagine that the entire texture image is stored in system memory. As the
viewer moves, the image in texture memory can be updated so that it exactly corresponds
to the geometry visible in the viewing frustum:

1. Given the current view frustum, compute the visible geometry.

2. Set the texture transform matrix to map the visible texture coordinates into 0 to 1
in s and ¢.

3. UseglTexImage?D to load texture memory with the appropriate texel data, using
GL_SKIP_PIXELS and GL_SKIP_ROWS to index to the proper subregion.

This technique remaps the texture coordinates of the visible geometry to match tex-
ture memory, then loads the matching system memory image into texture memory using
glTexImage?2D.

14.6.1

While the technique described previously works, it is a very inefficient use of texture load
bandwidth. Even if the viewer moves a small amount, the entire texture level must be
reloaded to account for the shift in texture. Performance can be improved by loading
only the part of the texture that’s newly visible, and somehow shifting the rest.

Shifting the texture can be accomplished by taking advantage of texture coordinate
wrapping (also called torroidal mapping). Instead of completely reloading the contents of
texture memory, the section that has gone out of view from the last frame is loaded with
the portion of the image that has just come into view with this frame. This technique works
because texture coordinate wrapping makes it possible to create a single, seamless texture,
connected at opposite sides. When GL_TEXTURE_WRAP_S and GL_TEXTURE_WRAP_T
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are set to GL_REPEAT (the default), the integer part of texture coordinates are discarded
when mapping into texture memory. In effect, texture coordinates that go off the edge
of texture memory on one side, and “wrap around” to the opposite side. The term
“torrodial” comes from the fact that the wrapping happens across both pairs of edges.
Using subimage loading, the updating technique looks like this:

1. Given the current and previous view frustum, compute how the range of texture
coordinates have changed.

2. Transform the change of texture coordinates into one or more regions of texture
memory that need to be updated.

3. UseglTexSubImage to update the appropriate regions of texture memory, use
GL_SKIP_PIXELS and GL_SKIP_ROWS to index into the system memory image.

When using texture coordinate wrapping, the texture transform matrix can be used
to remap texture coordinates on the geometry. Instead of having the coordinates range
from zero to one over the entire texture, they can increase by one unit when moving
across a single tile along each major axis. Texture matrix operations are not needed if
the geometry is modeled with these coordinate ranges. Instead, the updated relationship
between texture and geometry is maintained by subimage loading the right amount of
new texture data as the viewer moves. Depending on the direction of viewer movement,
updating texture memory can take from one to four subimage loads. Figure 14.9 shows
how the geometry is remodeled to wrap on tile boundaries.

On most systems, texture subimage loads can be very inefficient when narrow regions
are being loaded. The subimage loading method can be modified to ensure that only
subimage loads above a minimum size are allowed, at the cost of some additional texture
memory. The change is simple. Instead of updating every time the view position changes,
ignore position changes until the accumulated change requires a subimage load above the
minimum size. Normally this will result in some out of date texture data being visible
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Figure 14.10 Awrapped texture with an invalid region.

around the edges of the textured geometry. To avoid this, an invalid region is specified
around the periphery of the texture level, and the view frustum is adjusted so the that
geometry textured from the texels from the invalid region are never visible. This technique
allows updates to be cached, improving performance. A wrapped texture with its invalid
region is shown in Figure 14.10.

The wrapping technique, as described so far, depends on only a limited region of the
textured geometry being visible. In this example we are depending on the limits of the view
frustum to only show properly textured geometry. If the view frustum was expanded, we
would see the texture image wrapping over the surrounding geometry. Even with these
limitations, this technique can be expanded to include mipmapped textures.

Since OpenGL implementations (today) typically do not transparently page mipmaps,
the application cannot simply define a very large mipmap and not expect the
OpenGL implementation to try to allocate the texture memory needed for all the
mipmap levels. Instead the application can use the texture LOD control functional-
ity in OpenGL 1.2 (or the EXT_texture_lod extension) to define a small number
of active levels, using the GL_TEXTURE_BASE_LEVEL, GL_TEXTURE_MAX_LEVEL,
GL_TEXTURE_MIN_LOD, and GL_TEXTURE_MAX_LOD with the glTexParameter
command. An invalid region must be established and a minimum size update must be
set so that all levels can be kept in sync with each other when updated. For example, a
subimage 32 texels wide at the top level must be accompanied by a subimage 16 texels
wide at the next coarser level to maintain correct mipmap filtering. Multiple images at
different resolutions will have to be kept in system memory as source images to load
texture memory.

If the viewer zooms in or zooms out of the geometry, the texturing system may
require levels that are not available in the paged mipmap. The application can avoid this
problem by computing the mipmap levels that are needed for any given viewer position,
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and keeping a set of paged mipmaps available, each representing a different set of LOD
levels. The coarsest set could be a normal mipmap for use when the viewer is very far
away from that region of textured geometry.

14.6.2

Up to this point, we’ve assumed that the texel data is available as a large contiguous image
in system memory. Just as texture memory is a limited resource that must be rationed, it
also makes sense to conserve system memory. For very large texture images, the image
data can be divided into tiles, and paged into system memory from disk. This paging
can be kept separate from the paging going on from system memory to texture memory.
The only difference will be in the offsets required to index the proper region in system
memory to load, and an increase in the number of subimage loads required to update
texture memory. A sophisticated system can wrap texture image data in system memory,
using modulo arithmetic, just as texture coordinates are wrapped in texture memory.
Consider the case of a 2D image roam, illustrated in Figure 14.11, in which the view
is moving to the right. As the view pans to the right, new texture tiles must be added to
the right edge of the current portion of the texture and old tiles are discarded from the
left edge. Since texture wrapping connects these two edges together, the discarding and
replacing steps can be combined into a single update step on the tiles that are no longer
visible on the left edge, which are about to wrap around and become visible on the right.
The ability to load subregions within a texture has other uses besides these paging
applications. Without this capability textures must be loaded in their entirety and their
widths and heights must be powers of two. In the case of video data, the images are typi-
cally not powers of two, so a texture of the nearest larger power-of-two can be created and
only the relevant subregion needs to be loaded. When drawing geometry, the texture coor-
dinates are simply constrained to the fraction of the texture which is occupied with valid
data. Mipmapping cannot easily be used with non-power-of-two image data, since the
coarser levels will contain image data from the invalid region of the texture. If it’s required,
mipmapping can be implemented by padding the non-power-of-two images up to the
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Figure 14.11 2Dimage roam.
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next power-of-two size, or by using one of the non-power-of-two OpenGL extensions,
such as ARB_texture_non_power_of_two, if it is supported by the implementation.
Note that not all non-power-of-two extensions support mipmappped non-power-of-two
textures.

14.6.3

Instead of having to piece together the components of a mipmapped texture paging solu-
tion using torroidal mapping, some OpenGL implementations help by providing this
functionality in hardware.

Tanner et al. (1998) describe a hardware solution called clip mapping for supporting
extremely large textures. The approach is implemented in SGI’s InfiniteReality graphics
subsystem. The basic clip mapping functionality is accessed using the SGIX_c11ipmap
extension. In addition to requiring hardware support, the system also requires significant
software management of the texture data as well. In part, this is simply due to the massive
texture sizes that can be supported. While the clip map approach has no inherent limit to
its maximum resolution, the InfiniteReality hardware implementation supports clip map
textures to sizes up to 32,768 x 32,768 (Montrym et al., 1997).

The clip map itself is essentially a dynamically updatable partial mipmap. Highest
resolution texture data is available only around a particular point in the texture called the
clip center. To ensure that clip-mapped surfaces are shown at the highest possible texture
resolution, software is required to dynamically reposition the clip center as necessary.
Repositioning the clip center requires partial dynamic updates of the clip map texture
data. With software support for repositioning the clip center and managing the off-disk
texture loading and caching required, clip mapping offers the opportunity to dynamically
roam over and zoom in and out of huge textured regions. The technique has obvious
applications for applications that use very large, detailed textures, such as unconstrained
viewing of high-resolution satellite imagery at real-time rates.

Hittner (1998) describes another approach using only OpenGL’s base mipmap func-
tionality to support very high-resolution textures, similar to the one described previously.
Hiittner proposes a data structure called a MIPmap pyramid grid or MP-grid. The MP-
grid is essentially a set of mipmap textures arranged in a grid to represent an aggregate
high-resolution texture that is larger than the OpenGL implementation’s largest supported
texture. For example, a 4 x 4 grid of 1024 x 1024 mipmapped textures could be used
to represent a 4096 x 4096 aggregate texture. Typically, the aggregate texture is terrain
data intended to be draped over a polygonal mesh representing the terrain’s geometry.
Before rendering, the MP-grid algorithm first classifies each terrain polygon based on
which grid cells within the MP-grid the polygon covers. During rendering, each grid cell
is considered in sequence. Assuming the grid cell is covered by polygons in the scene, the
mipmap texture for the grid cell is bound. Then, all the polygons covering the grid cell
are rendered with texturing enabled. Because a polygon may not exist completely within
a single grid cell, care must be taken to intersect such polygons with the boundary of all
the grid cells that the polygon partially covers.
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Hiittner compares the MP-grid scheme to the clip map scheme and notes that the MP-
grid approach does not require special hardware and does not depend on determining a
single viewer-dependent clip center, as needed in the clip map approach. However, the
MP-grid approach requires special clipping of the surface terrain mesh to the MP-grid.
No such clipping is required when clip mapping. Due to its special hardware support,
the clip mapping approach is most likely better suited for the support of the very largest
high-resolution textures.

Although not commonly supported at the time of this writing, clip mapping may be
an interesting prelude to OpenGL support for dynamically updatable cached textures in
future implementations.

14.7 Prefiltered Textures

Currently, some OpenGL implementations still provide limited or no support beyond
4-texel linear isotropic filtering.! Even when mipmapping, the filtering of each mipmap
level is limited to point-sampled (GL_NEAREST) or linear (GL_LINEAR) filtering. While
adequate for many uses, there are applications that can greatly benefit from a better
filter kernel. One example is anisotropic filtering. Textured geometry can be rendered so
that the ideal minification is greater in one direction than another. An example of this is
textured geometry that is viewed nearly edge-on. Normal isotropic filtering will apply the
maximum required minification uniformly, resulting in excessive blurring of the texture.

If anisotropic texturing is not supported by the implementation,® the application
writer can approach anisotropic sampling by generating and selecting from a series of
prefiltered textures. The task of generating and using prefiltered textures is greatly sim-
plified if the application writer can restrict how the texture will be viewed. Prefiltered
textures can also be useful for other applications, where the texel footprint isn’t square.
If textures are used in such a way that the texel footprints are always the same shape,
the number of prefiltered textures needed is reduced, and the approach becomes more
attractive.

The technique can be illustrated using anisotropic texturing as an example. Suppose
a textured square is rendered as shown in the left of Figure 14.12. The primitive and a
selected fragment are shown on the left. The fragment is mapped to a normal mipmapped
texture on the upper right, and a prefiltered one on the lower right. In both cases, the
ideal texture footprint of the fragment is shown with a dark inner region.

In the upper right texture, the isotropic minification filter forces the actual texture
footprint to encompass the square enclosing the dark region. A mipmap level is chosen in
which this square footprint is properly filtered for the fragment. In other words, a mipmap

1. The vendor specific extension, SGIS_texture_filter4, allows an application-defined 4 x 4
sample filter, but it has very limited availability.

2. Thereisan EXT_texture_filter_anisotropic extension.
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Figure 14.12 Pixel footprint on anisotropically scaled texture.

level is selected in which the size of this square is closest to the size of the fragment. The
resulting mipmap is not level 0 but level 1 or higher. Hence, at that fragment more
filtering is needed along ¢ than along s, but the same amount of filtering is done in both.
The resulting texture will be more blurred than the ideal.

To avoid this problem, the texture can be prefiltered. In the lower right texture of
Figure 14.12, extra filtering is applied in the ¢ direction when the texture is created. The
aspect ratio of the texture image is also changed, giving the prefiltered texture the same
width but only half the height of the original. The footprint now has a squarer aspect
ratio; the enclosing square no longer has to be much larger, and is closer to the size to
the fragment. Mipmap level 0 can now be used instead of a higher level. Another way to
think about this concept: using a texture that is shorter along ¢ reduces the amount of
minification required in the ¢ direction.

The closer the filtered mipmap’s aspect ratio matches the projected aspect ratio of the
geometry, the more accurate the sampling will be. The application can minimize excessive
blurring at the expense of texture memory by creating a set of resampled mipmaps with
different aspect ratios (Figure 14.13).

14.7.1

Once the application has created a set of prefiltered textures, it can find the one that most
closely corresponds to the current texture scaling aspect ratio, and use that texture map
to texture the geometry (Figure 14.14). This ratio can be quickly estimated by computing
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Figure 14.13 Creating a set of anisotropically filtered images.

Figure 14.14 Geometry orientation and texture aspect ratio.

the angle between the viewer’s line of sight and a plane representing the orientation of
the textured geometry. Using texture objects, the application can switch to the mipmap
that will provide the best results. Depending on performance requirements, the texture
selection process can be applied per triangle or applied to a plane representing the average
of a group of polygons can be used.

In some cases, a simple line of sight computation isn’t accurate enough for the appli-
cation. If the textured surface has a complex shape, or if the texture transform matrix
is needed to transform texture coordinates, a more accurate computation of the texture
coordinate derivatives may be needed. Section 13.7.2 describes the process of computing
texture coordinate derivatives within the application. In the near future the programmable
pipeline will be capable of performing the same computations efficiently in the pipeline
and be able to select from one of multiple-bound texture maps.

Since most OpenGL implementations restrict texture levels to have power-of-two
dimensions, it would appear that the only aspect ratios that can be anisotropically pre-
filtered are 1:4, 1:2, 1:1, 2:1, 4:1, etc. Smaller aspect ratio step sizes are possible, however,
by generating incomplete texture images, then using the texture transform matrix to scale
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the texture coordinates to fit. For a ratio of 3:4, for example, fill a 1:1 ratio mipmap with
prefiltered 3:4 texture images partially covering each level (the rest of the texture image is
set to black). The unused part of the texture (black) should be along the top (maximum
¢ coordinates) and right (maximum s coordinates) of the texture image. The prefiltered
image can be any size, as long as it fits within the texture level. Other than prefiltering
the images, the mipmap is created in the normal way.

Using this mipmap for textured geometry with a 3:4 ratio results in an incorrect
textured image. To correct it, the texture transform matrix is used to rescale the narrower
side of the texture (in our example in the # direction) by 3/4 (Figure 14.15). This will
change the apparent size ratio between the pixels and textures in the texture filtering
system, making them match, and producing the proper results. This technique would not
work well with a repeated texture; in our example, there will be a discontinuity in the
image if filtered outside the range of 0 to 1 in . However, the direction that isn’t scaled
can be wrapped; in our example, wrapping in s would work fine.

Generalizing from the previous example, the prefiltering procedure can be broken
down as follows:

1. Look for textures that have elongated or distorted pixel footprints.

2. Determine the range of pixel footprint shapes on the texture of interest to
determine the number of prefiltered images needed.

3. Using convolution or some other image processing technique (see Chapter 12),
prefilter the image using the footprint shape as a filter kernel. The prefiltered
images should be filtered from higher resolution images to preserve image
quality.

4. Generate a range of prefiltered textures matching the range of footprint shapes.

5. Design an algorithm to choose the most appropriate prefiltered image for the
texture’s viewing conditions.

6. The texture transform matrix can be used to change the relationship between
texture and geometric coordinates to support a wider range of prefiltered images.

1 0 0 0
0 3/4 0 0
— —
0 0 1 0
0 0 0 1
Pixel buffer Texture matrix Texture map

Figure 14.15 Non-power-of-two aspect ratio using texture matrix.
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Prefiltered textures are a useful tool but have limitations compared to true anisotropic
texturing. Storing multiple prefiltered images consumes a lot of texture memory; the
algorithm is most useful in applications that only need a small set of prefiltered images
to choose from. The algorithm for choosing a prefiltered texture should be simple to
compute; it can be a performance burden otherwise, since it may have to be run each
time a particular texture is used in the scene. Prefiltered images are inadequate if the pixel
footprint changes significantly while rendering a single texture; segmenting the textured
primitive into regions of homogeneous anisotropy is one possible solution, although this
can add still more overhead. Dynamically created textures are a difficult obstacle. Unless
they can be cached and reused, the application may not tolerate the overhead required to
prefilter them on the fly.

On the other hand, the prefiltered texture solution can be a good fit for some applica-
tions. In visual simulation applications, containing fly-over or drive-through viewpoints,
prefiltering the terrain can lead to significant improvements in quality without high over-
head. The terrain can be stored prefiltered for a number of orientations, and the algorithm
for choosing the anisotropy is a straightforward analysis of the viewer/terrain orientation.
The situation is further simplified if the viewer has motion constraints (for example, a
train simulation), which reduce the number of prefiltered textures needed.

Hardware anisotropic filtering support is a trade-off between filtering quality and
performance. Very high-quality prefiltered images can be produced if the pixel footprint
is precisely known. A higher-quality image than what is achievable in hardware can also
be created, making it possible to produce a software method for high-quality texturing
that discards all the speed advantages of hardware rendering. This approach might be
useful for non-real-time, high-quality image generation.

14.8 Dual-Paraboloid Environment Mapping

An environment map parameterization different from the ones directly supported by
OpenGL (see Section 5.4) was proposed by Heidrich and Seidel (1998b). It avoids many
of the disadvantages of sphere mapping. The dual-paraboloid environment mapping
approach is view-independent, has better sampling characteristics, and, because the sin-
gularity at the edge of the sphere map is eliminated, there are no sparkling artifacts
at glancing angles. The view-independent advantage is important because it allows the
viewer, environment-mapped object, and the environment to move with respect to each
other without having to regenerate the environment map.

14.8.1

The principle that underlies paraboloid maps is the same one that underlies a parabolic
lens or satellite dish. The geometry of a paraboloid can focus parallel rays to a point.
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Figure 14.16 Two paraboloids.

The paraboloid used for dual-paraboloid mapping is:

1 1
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\S]

Figure 14.16 shows how two paraboloids can focus the entire environment surrounding
a point into two images.

Unlike the sphere-mapping approach, which encodes the entire surrounding envi-
ronment into a single texture, the dual-paraboloid mapping scheme requires two textures
to store the environment, one texture for the “front” environment and another texture
for the “back”. Note that the sense of “front” and “back” is completely independent of
the viewer orientation. Figure 14.17 shows an example of two paraboloid maps. Because
two textures are required, the technique must be performed in two rendering passes.
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Figure 14.17 Example of dual-paraboloid texture map images.

If multitexturing is supported by the implementation, the passes can be combined into a
single rendering pass using two texture units.

Because the math for the paraboloid is all linear (unlike the spherical basis of the
sphere map), Heidrich and Seidel observe that an application can use the OpenGL tex-
ture matrix to map an eye-coordinate reflection vector R into a 2D texture coordinate
(s,¢) within a dual-paraboloid map. The necessary texture matrix can be constructed as
follows:

S R,
tl_ap.s. vt | Ry
| =arsont
1 1
where
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0O 0 0 1

is a matrix that scales and biases a 2D coordinate in the range [—1, 1] to the texture image
range [0, 1]. This matrix
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S O = O
e )
S O OO



294 Texture Mapping Techniques

is a projective transform that divides by the z coordinate. It serves to flatten a 3D vector
into 2D. This matrix

-1 0 D
s_| 0 -1 0D
0 1 D,
0 00 1

subtracts the supplied 3D vector from an orientation vector D that specifies a view direc-
tion. The vector is set to D either (0,0, —1)T or (0,0, 1)T depending on whether the front
or back paraboloid map is in use, respectively. Finally, the matrix (M;)~! is the inverse
of the linear part (the upper 3 x 3) of the current (affine) modelview matrix. The matrix
(M;)~! transforms a 3D eye-space reflection vector into an object-space version of the
vector.

14.8.2

For the rationale for these transformations, consult Heidrich and Siedel (1998b). Since all
the necessary component transformations can be represented as 4 x 4 matrices, the entire
transformation sequence can be concatenated into a single 4 x 4 projective matrix and
then loaded into OpenGL’s texture matrix. The per-vertex eye-space reflection normal
can be supplied as a vertex texture coordinate via g1 TexCoord3f or computed from
the normal vector using the GL_REFLECT ION_MAP texture coordinate generation mode.’
When properly configured this 3D vector will be transformed into a 2D texture coordinate
in a front or back paraboloid map, depending on how D is oriented.

The matrix Ml_1 is computed by retrieving the current modelview matrix, replacing
the outer row and column with the vector (0,0, 0, 1), and inverting the result. Section
13.1 discusses methods for computing the inverse of the modelview matrix.

Each dual-paraboloid texture contains an incomplete version of the environment.
The two texture maps overlap as shown in Figure 14.17 at the corner of each image.
The corner regions in one map are distorted so that the other map has better sampling
of the same information. There is also some information in each map that is simply
not in the other; for example, the information in the center of each map is not shared.
Figure 14.18 shows that each map has a centered circular region containing texels with
better sampling than the corresponding texels in the other map. This centered region of
each dual-paraboloid map is called the sweet circle.

The last step is to segregate transformed texture coordinates, applying them to
one of the two paraboloid maps. The decision criteria are simple; given the projec-
tive transformation discussed earlier, if a reflection vector falls within the sweet circle

3. In OpenGL 1.3.
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Figure 14.18 The sweet circles of a dual-paraboloid map.

of one dual-paraboloid map, it will be guaranteed to fall outside the sweet circle of the
opposite map.

Using OpenGL’s alpha testing capability, we can discard texels outside the sweet
circle of each texture. The idea is to encode in the alpha channel of each dual-paraboloid
texture an alpha value of 1.0 if the texel is within the sweet circle and 0.0 if the texel is
outside the sweet circle. To avoid artifacts for texels that land on the circle edges, the
circle ownership test should be made conservative.

In the absence of multitexture support, a textured object is rendered in two passes.
First, the front dual-paraboloid texture is bound and the D value is set to (0,0, —1)T when
constructing the texture matrix. During the second pass, the back texture is bound and a D
value of (0,0, 1)T is used. During both passes, alpha testing is used to eliminate fragments
with an alpha value less than 1.0. The texture environment should be configured to
replace the fragment’s alpha value with the texture’s alpha value. The result is a complete
dual-paraboloid mapped object.

When multiple texture units are available, the two passes can be collapsed into a
single multitextured rendering pass. Since each texture unit has an independent texture
matrix, the first texture unit uses the front texture matrix, while the second texture unit
uses the back one. The first texture unit uses a GL_REPLACE texture environment while
the second texture unit should use GL_BLEND. Together, the two texture units blend
the two textures based on the alpha component of the second texture. A side benefit
of the multitextured approach is that the transition between the two dual-paraboloid
map textures is less noticeable. Even with simple alpha testing, the seam is quite difficult
to notice.

If a programmable vertex pipeline is supported, the projection operation can be
further optimized by implementing it directly in a vertex program.
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14.8.3

Although OpenGL doesn’t include direct support for dual-paraboloid maps, OpenGL
1.3 support for reflection mapping and multitexture allows efficient implementation by
an application. The view independence, good sampling characteristics, and ease of gen-
eration of maps makes dual-paraboloid maps attractive for many environment mapping
applications.

Besides serving as an interesting example of how OpenGL functionality can be used
to build up an entirely new texturing technique, dual-paraboloid mapping is also a useful
approach to consider when the OpenGL implementation doesn’t support cube mapping.
This technique provides some clear advantages over sphere mapping; when the latter isn’t
adequate, and the rendering resources are available, dual-paraboloid mapping can be a
good high-performance solution.

14.9 Texture Projection

Projected textures (Segal et al., 1992) are texture maps indexed by texture coordinates
that have undergone a projective transform. The projection is applied using the texture
transform matrix, making it possible to apply a projection to texture coordinates that is
independent of the geometry’s viewing projection. This technique can be used to simulate
slide projector or spotlight illumination effects, to apply shadow textures (Section 17.4.3),
create lighting effects (Section 15.3), and to re-project an image onto an object’s geometry
(Section 17.4.1).

Projecting a texture image onto geometry uses nearly the same steps needed to project
the rendered scene onto the display. Vertex coordinates have three transformation stages
available for the task, while texture coordinates have only a single 4 x 4 transformation
matrix followed by a perspective divide operation. To project a texture, the texture
transform matrix contains the concatenation of three transformations:

1. A modelview transform to orient the projection in the scene.
2. A projective transform (e.g., perspective or parallel).

3. A scale and bias to map the near clipping plane to texture coordinates, or put
another way, to map the [—1, 1] normalized device coordinate range to [0, 1].

When choosing the transforms for the texture matrix, use the same transforms used
to render the scene’s geometry, but anchored to the view of a “texture light”, the point
that appears to project the texture onto an object, just as a light would project a slide onto
a surface. A texgen function must also be set up. It creates texture coordinates from the
vertices of the target geometry. Section 13.6 provides more detail and insight in setting up
the proper texture transform matrix and texgen for a given object/texture configuration.

Configuring the texture transformation matrix and texgen function is not enough.
The texture will be projected onto all objects rendered with this configuration; in
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order to produce an “optical” projection, the projected texture must be “clipped” to
a single area.

There are a number of ways to do this. The simplest is to only render polygons
that should have the texture projected on them. This method is fast, but limited; it only
clips the projected texture to the boundaries defined by individual polygons. It may be
necessary to limit the projected image within a polygon. Finer control can be achieved
by using the stencil buffer to control which parts of the scene are updated by a projected
texture. See Section 14.6 for details.

If the texture is non-repeating and is projected onto an untextured surface, clipping
can be done by using the GL_MODULATE environment function with a GL_CLAMP texture
wrap mode and a white texture border color. As the texture is projected, the surfaces
beyond the projected [0, 1] extent are clamped and use the texture border color. They
end up being modulated with white, leaving the areas textured with the border color
unchanged. One possible problem with this technique is poor support of texture borders
on some OpenGL implementations. This should be less of a problem since the borders are
a constant color. There are other wrap modes, such as GL_CLAMP_TO_BORDER, which
can be used to limit edge sampling to the border color.

The parameters that control filtering for projective textures are the same ones control-
ling normal texturing; the size of the projected texels relative to screen pixels determines
minification or magnification. If the projected image is relatively small, mipmapping may
be required to get good quality results. Using good filtering is especially important if the
projected texture is being applied to animated geometry, because poor sampling can lead
to scintillation of the texture as the geometry moves.

Projecting a texture raises the issue of perspective correct projection. When texture
coordinates are interpolated across geometry, use of the transformed w coordinate is
needed to avoid artifacts as the texture coordinates are interpolated across the primitive,
especially when the primitive vertices are projected in extreme perspective. When the
texture coordinates themselves are projected, the same “perspective correct” issue (see
Section 6.1.4) must be dealt with (Figure 14.19).

The problem is avoided by interpolating the transformed g coordinate, along with
the other texture coordinates. This assures that the texture coordinates are interpo-
lated correctly, even if the texture image itself is projected in extreme perspective. For
more details on texture coordinate interpolation see Section 5.2. Although the specifica-
tion requires it, there may be OpenGL implementations that do not correctly support
this interpolation. If an implementation doesn’t interpolate correctly, the geometry
can be more finely tessellated to minimize the difference in projected g values between
vertices.

Like viewing projections, a texture projection only approximates an optical projec-
tion. The geometry affected by a projected texture won’t be limited to a region of space.
Since there is no implicit texture-space volume clipping (as there is in the OpenGL view-
ing pipeline), the application needs to explicitly choose which primitives to render when
a projected texture is enabled. User-defined clipping planes, or stencil masking may be
required if the finer control over the textured region is needed.
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Geometry is face on to the viewer, no perspective distortion.

Texture is highly distorted by projection of texture coordinates and
may show perspective artifacts if geometry is not tessellated and
texture coordinates are not interpolated using q/w.

Figure 14.19 Texture projected with perspective.

14.10 Texture Color Coding and Contouring

Texture coordinate generation allows an application to map a vertex position or vector to
a texture coordinate. For linear transforms, the transformation is texcoord = f(x, v, z, w),
where texcoord can be any one of s, ¢, 7, or g, and f(x,y,z,w) = Ax + By + Cz + Dw,
where the coefficients are set by the application. The generation can be set to happen
before or after the modelview transform has been applied to the vertex coordinates. See
Section 5.2.1 for more details on texture coordinate generation.

One interesting texgen application is to use generated texture coordinates as mea-
surement units. A texture with a pattern or color coding can be used to delimit changes in
texture coordinate values. A special texture can be applied to target geometry, marking
the texture coordinate changes across its surface visible. This approach makes it possi-
ble to annotate target geometry with measurement information. If relationships between
objects or characteristics of the entire scene need to be measured, the application can
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create and texture special geometry, either solid or semitransparent, to make these values
visible.

One or more texture coordinates can be used simultaneously for measurement. For
example, a terrain model can be colored by altitude using a 1D texture map to hold the
coloring scheme. The texture can map s as the distance from the plane y = 0, for example.
Generated s and ¢ coordinates can be mapped to the x = 0 and z = 0 planes, and applied
to a 2D texture containing tick marks, measuring across a 2D surface.

Much of the flexibility of this technique comes from choosing the appropriate mea-
suring texture. In the elevation example, a 1D texture can be specified to provide different
colors for different elevations, such as that used in a topographic map. For example, if ver-
tex coordinates are specified in meters, distances less than 50 meters can be colored blue,
from 50 to 800 meters in green, and 800 to 1000 meters in white. To produce this effect, a
1D texture map with the first 5% blue, the next 75 % green, and the remaining 20% of tex-
els colored white is needed. A 64- or 128-element texture map provides enough resolution
to distinguish between levels. Specifying GL_0BJECT_LINEAR for the texture generation
mode and an GL_OBJECT_PLANE equation of (0, 1/1000, 0, 0) for the s coordinate will
set s to the y value of the vertex scaled by 1/1000 (i.e., s = (0, 1/1000, 0, 0) - (x, v, 2, w)).

Different measuring textures provide different effects. Elevation can be shown as
contour lines instead of color coding, using a 1D texture map containing a back-
ground color, marked with regularly spaced tick marks. Using a GL_REPEAT wrap
mode creates regularly repeating lines across the object being contoured. Choosing
whether texture coordinate generation occurs before or after the modelview transform
affects how the measuring textures appear to be anchored. In the contour line exam-
ple, a GL_OBJECT_LINEAR generation function anchors the contours to the model
(Figure 14.20). A GL_EYE_LINEAR setting generates the coordinates in eye space, fixing
the contours in space relative to the viewer.

s mapped
toz

—X

Figure 14.20 Contour generation using g1 TexGen.
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Textures can do more than measure the relative positions of points in 3D space;
they can also measure orientation. A sphere or cube map generation function with an
appropriately colored texture map can display the orientation of surface normals over a
surface. This functionality displays the geometry’s surface orientation as color values on
a per-pixel basis. Texture sampling issues must be considered, as they are for any tex-
turing application. In this example, the geometry should be tessellated finely enough that
the change in normal direction between adjacent vertices are limited enough to produce
accurate results; the texture itself can only linearly interpolate between vertices.

14.11 2D Image Warping

OpenGL can warp an image by applying it to a surface with texturing. The image is
texture mapped onto planar geometry, using non-uniform texture coordinates to distort
it. Image warping takes advantage of OpenGL’s ability to establish an arbitrary relation-
ship between texture coordinates and vertex coordinates. Although any geometry can
be used, a common technique is to texture onto a uniform polygonal mesh, adjusting
the texture coordinates at each vertex on the mesh. This method is popular because the
mesh becomes a regular sampling grid, and the changes in texture coordinates can be
represented as a function of the texture coordinate values. The interpolation of texture
coordinates between vertices gives the warp a smooth appearance, making it possible to
approximate a continuous warping function.

Warping may be used to change the framebuffer image (for example, to create a fish-
eye lens effect), or as part of preprocessing of images used in texture maps or bitmaps.
Repeated warping and blending steps can be concatenated to create special effects, such
as streamline images used in scientific visualization (see Section 20.6.3). Warping can also
be used to remove distortion from an image, undoing a preexisting distortion, such as
that created by a camera lens (see Section 12.7.4).

A uniform mesh can be created by tessellating a 2D rectangle into a grid of vertices. In
the unwarped form, texture coordinates ranging from zero to one are distributed evenly
across the mesh. The number of vertices spanning the mesh determines the sampling rate
across the surface. Warped texture coordinates are created by applying the 2D warping
function warp(s,t) = (s + As,t + At) to the unwarped texture coordinates at each vertex
in the mesh. The density of vertices on the mesh can be adjusted to match the amount of
distortion applied by the warping function; ideally, the mesh should be fine enough that
the change in the warped coordinate is nearly linear from point to point (Figure 14.21).
A sophisticated scheme might use non-linear tessellation of the surface to ensure good
sampling. This is useful if the warping function produces a mixture of rapidly changing
and slowly changing warp areas.

The warped texture coordinates may be computed by the application when the mesh
is created. However, if the warp can be expressed as an affine or projective transform,
a faster method is to modify the texture coordinates with the texture transform matrix.
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Figure 14.21 Distortion function.

This takes advantage of the OpenGL implementation’s acceleration of texture coordinate
transforms. An additional shortcut is possible; texgen can be configured to generate the
unwarped texture coordinate values. How the image is used depends on the intended
application.

By rendering images as textured geometry, warped images are created in the
framebuffer (usually the back buffer). The resultant image can be used as-is in a scene,
copied into a texture using g1 CopyTexImage?2D, or captured as an application memory
image using g 1ReadPixels.

The accuracy of the warp is a function of the texture resolution, the resolution of the
mesh (ratio of the number of vertices to the projected screen area), and the filtering func-
tion used with the texture. The filtering is generally GL_LINEAR, since it is a commonly
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accelerated texture filtering mode, although mipmapping can be used if the distortion
creates regions where many texels are to be averaged into a single pixel color.

The size of the rendered image is application-dependent; if the results are to be used
as a texture or bitmap, then creating an image larger than the target size is wasteful;
conversely, too small an image leads to coarse sampling and pixel artifacts.

14.12 Texture Animation

Although movement and change in computer graphics is commonly done by modify-
ing geometry, animated surface textures are also a useful tool for creating dynamic
scenes. Animated textures make it possible to add dynamic complexity without addi-
tional geometry. They also provide a flexible method for integrating video and other
dynamic image-based effects into a scene. Combining animated images and geometry can
produce extremely realistic effects with only moderate performance requirements. Given
a system with sufficient texture load and display performance, animating texture maps is
a straightforward process.

Texture animation involves continuously updating the image used to texture a sur-
face. If the updates occur rapidly enough and at regular intervals, an animated image is
generated on the textured surface. The animation used for the textures may come from
a live external source, such as a video capture device, a pre-recorded video sequence, or
pre-rendered images.

There are two basic animation approaches. The first periodically replaces the contents
of the texture map by loading new texels. This is done using the g1 TexSubImage2D
command. The source frames are transfered from an external source (typically disk or
video input) to system memory, then loaded in sequence into texture memory. If the
source frames reside on disk, groups of source frames may be read into memory. The
memory acts as a cache, averaging out the high latency of disk transfers, making it possible
to maintain the animation update rate.

The second animation approach is useful if the number of animated images is small
(such as a small movie loop). A texture map containing multiple images is created; the
texture is animated by regularly switching the image displayed. A particular image is
selected by changing the texture coordinates used to map the texture onto the image.
This can be done explicitly when sending the geometry, or by using texgen or the texture
transform matrix.

When discussing animation update rates, there are two parameters to consider: the
rate at which an animated texture is updated, and the frame rate at which the graphics
application updates the scene. The two are not necessarily the same. The animation frame
rate may be higher or lower than the scene frame rate. Ideally, the updates to the texture
map should occur at the scene frame rate. If the source animation was recorded at a
different rate, it needs to be resampled to match the scene’s rate.
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Figure 14.22 Resampling animation frames.

If the animation rate is an even multiple of each other, then the resampling algorithm
is trivial. If for example, the animation rate is one half of the frame rate, then resampling
means using each source animation image twice per frame. If the animation rates do not
have a 1/n relationship, then the texture animation may not appear to have a constant
speed.

To improve the update ratios, the animation sequence can be resampled by linearly
interpolating between adjacent source frames (Figure 14.22). The resampling may be
performed as a preprocessing step or be computed dynamically while rendering the scene.
If the resampling is performed dynamically, texture environment or framebuffer blending
can be used to accelerate the interpolation.

Note that resampling must be done judiciously to avoid reducing the quality of the
animation. Interpolating between two images to create a new one does not produce the
same image that would result from sampling an image at that moment in time. Interpo-
lation works best when the original animation sequence has only small changes between
images. Trying to resample an animation of rapidly changing, high-contrast objects with
interpolation can lead to objects with “blurry” or “vibrating” edges.

Choosing the optimal animation method depends on the number of frames in the
animation sequence. If the number of frames is unbounded, such as animation from a
streaming video source, continuously loading new frames will be necessary. However,
there is a class of texture animations that use a modest, fixed number of frames. They are
played either as an endless loop or as a one-shot sequence. An example of the first is a
movie loop of a fire applied to a texture for use in a torch. An example one-shot sequence
is a short animation of an explosion. If the combined size of the frames is small enough,
the entire sequence can be captured in a single texture.

Even when space requirements prohibit storing the entire image sequence, it can still
be useful to store a group of images at a time in a single texture. Batching images this
way can improve texture load efficiency and can facilitate resampling of frames before
they are displayed.

There are two obvious approaches to storing multiple frames in a single texture
map. A direct method is to use a 3D texture map. The 3D texture is created from a
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stack of consecutive animation frames. The s and ¢ coordinates index the horizontal and
vertical axis of each image; the 7 coordinate represents the time dimension. Creating a
3D texture from stack of images is simple; load the sequence of images into consecutive
locations in memory, then use g1TexImage3D to create the 3D texture map from the
data. OpenGL implementations limit the maximum dimensions and may restrict other
3D texture parameters, so the usual caveats apply.

Rendering from the 3D texture is also simple. The texture is mapped to the target
geometry using s and # coordinates as if it’s a 2D texture. The 7 coordinate is set to a fixed
value for all vertices in the geometry representing the image. The r value specifies a moment
in time in the animation sequence (Figure 14.23). Before the next frame is displayed, 7 is
incremented by an amount representing the desired time step between successive frames.
3D textures have an inherent benefit; the time value doesn’t have to align with a specific
image in the texture. If GL_LINEAR filtering is used, an r value that doesn’t map to an
exact animation frame will be interpolated from the two frames bracketing that value,
resampling it. Resampling must be handled properly when a frame must sample beyond
the last texture frame in the texture or before the first. This can happen when displaying

r coordinate
(indexing and
interpolating frames)

t coordinate

. s and t vary across

polygon, r held
constant per texture frame
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Figure 14.23 Animation with 3D textures.
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an animation loop. Setting the GL_TEXTURE_WRAP_R parameter to GL_REPEAT ensures
that the frames are always interpolating valid image data.

Although animating with 3D textures is conceptually simple, there are some sig-
nificant limitations to this approach. Some implementations don’t support 3D texture
mapping (it was introduced in OpenGL 1.2), or support it poorly, supporting only very
small 3D texture maps. Even when they are supported, 3D textures use up a lot of space
in texture memory, which can limit their maximum size. If more frames are needed than
fit in a 3D texture, another animation method must be used, or the images in the 3D tex-
ture must be updated dynamically. Dynamic updates involve using the g1 TexSubImage
command to replace one or more animation frames as needed. In some implementations,
overall bandwidth may improve if subimage loads take place every few frames and load
more than one animation frame at a time. However, the application must ensure that all
frames needed for resampling are loaded before they are sampled.

A feature of 3D texture mapping that can cause problems is mipmap filtering. If
the animated texture requires mipmap filtering (such as an animated texture display on
a surface that is nearly edge on to the viewer), a 3D texture map can’t be used. A 3D
texture mipmap level is filtered in all three dimensions (isotropically). This means that
a mipmapped 3D texture uses much more memory than a 2D mipmap, and that LODs
contain data sampled in three dimensions. As a result, 3D texture LOD levels resample
frames, since they will use texels along the r-axis.

Another method for storing multiple animation frames is to mosaic the frames into a
single 2D texture. The texture map is tiled into a mosaic of images, each frame is loaded
into a specific region. To avoid filtering artifacts at the edges of adjacent images, some
basic spacing restrictions must be obeyed (see Section 14.4 for information on image
mosaicing). The texture is animated by adjusting the texture coordinates of the geometry
displaying the animation so that it references a different image each frame. If the texture
has its animation frames arranged in a regular grid, it becomes simple to select them using
the texture matrix. There are a number of advantages to the mosaic approach: individual
animation frames do not need to be padded to be a power-of-two, and individual frames
can be mipmapped (assuming the images are properly spaced (Figure 14.24). The fact
than any OpenGL implementation can support mosaicing, and that most implementations
can support large 2D textures, are additional advantages.

Texture mosaicing has some downsides. Since there is no explicit time dimension,
texturing the proper frame requires more texture coordinate computation than the 3D
texture approach does. Texture mosaicing also doesn’t have direct support for dynamic
frame resampling, requiring more work from the application. It must index the two
closest images that border the desired frame time, then perform a weighted blend of
them to create the resampled one, using weighting factors derived from the resampled
frame’s relationship with the two parent images. The blending itself can be done using a
multitexture or a multipass blend technique (see Section 5.4 and Section 6.2.4 for details
on these approaches).

Even when using 2D textures, the amount of space required for the animation frames
may exceed the capacity of the texture map. In this case, dynamic updates of the images in



306 Texture Mapping Techniques

v v (lva whva

A A A a

v aGra alra aSra

LS DA ST

RS A S Ry

aSrd M4 0S4 WEU

N M,

Texture frames can

‘;“ l“ l“ ‘“ be mipmapped

Multiple frames placed in a single picture

Figure 14.24 Animation with texture mosaics.

the texture are necessary. When incremental updates are required, and the animation uses
frame resampling, care should be taken to ensure that all images required for resampling
are completely loaded before they are displayed. In general, one texture (or two if frames
are being resampled) is in use at any time during animation. If dynamic updates are
required, it is important to only replace images that aren’t being used for texturing. To
do this, a double buffering or multibuffering approach can be implemented. The images
in the texture are grouped into two or more blocks, and only blocks not being used for
texturing are candidates for updating. Again, care must be taken to ensure that an inactive
block of images won’t be accessed before the load completes. In some cases, it can help
to duplicate images at the borders of the blocks to ease load requirements at the cost of
some additional texture memory.

14.13 Detail Textures

Textures, even mipmapped ones, appear unrealistic under strong magnification. When
the viewer is close to a texture surface, a single texel color is filtered over multiple pixels.
Under this strong magnification, linear filtering results in an unrealistically smoothed
image with little surface detail. Not only do the magnified images look unrealistic, but
the lack of high-frequency spatial information on the surface makes it difficult for a viewer
to get realistic distance and motion cues when moving near the surface.
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Ideally, a mipmapped texture will have enough high-resolution levels that any nor-
mal view of the textured surface will always have sufficient high-frequency spatial data.
But providing extra high-resolution levels is expensive; they take up a disproportionate
amount of texture memory. With mipmapping, each fine level requires four times as many
texels as the next coarser one. In addition to the texture memory overhead, obtaining
the high-resolution data can be expensive. For some applications, it is worth the effort.
Finer levels may contain valuable visual details; they can provide useful information or
add realism to the surface.

In many cases, however, the close-up details are not significant. A very high-
resolution surface image will contain details, but these details may be of little value.
An example may be a close-up view of an asphalt highway; the imperfections revealed
may be of little interest to the viewer. Detail at this level can also be very self-similar; in
our roadside example, one section of asphalt detail may look very similar to any other.
Although the details may not be visually interesting, some fine level detail can provide
important visual cues about the viewer’s distance and velocity relative to the surface, and
keep the surface from looking blurry.

A detail texture can be a useful approach in these circumstances (Figure 14.25).
Instead of making more high-resolution levels, a texture is created that contains only
high-frequency details from the surface. The detail texture is not an entire high-resolution
level, however. Instead a smaller image is used, and replicated across the surface to cover
it. This approach takes advantage of some features of high-frequency details; the details
are often self-similar, so a small patch can be replicated across the surface without looking
too uniform. Since the detail texture contains only high-frequency image features, they
change rapidly across the texture. There are no low-frequency components that would
generate tiling artifacts when the texture is repeated.

The pairing of a base mipmap with the appropriate detail texture is a powerful com-
bination. The mipmapped texture contains levels that provide a realistic representation of
the surface, but does not contain the highest frequency detail. The detail texture provides

Detail texture

Figure 14.25 Detail textures.
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fine, high-frequency features, which are only needed when the viewer is close to the tex-
tured surface. When the viewer gets close enough, both textures are applied; the detail
texture is scaled up to become more prominent as the viewer approaches.

The extra work in implementing detail textures comes from the controlled application
of base and detail texture images. Detail textures should not contribute anything when
the base texture is not magnifying. The high-frequency component intensity should be a
function of the base texture’s magnification level.

The relative texture intensities can be implemented by blending, either by alpha
blending fragments, or by using multitexturing. The relative intensities should be a
function of base texture magnification. A less computationally expensive approach is
is to estimate the magnification level by computing it as a function of viewer distance.
Constraints specific to the application can simplify the problem in some cases. A flight
simulator, for example, may use the height above ground and a precomputed scaling
factor to estimate the texture magnification level of the terrain (Figure 14.26). If the sim-
ulator’s view frustum brings the entire visible textured surface into view at nearly the
same magnification, this approximation will be sufficiently accurate to provide a realistic
effect.

In the general case, however, computing texture magnification can be difficult. An
accurate computation of texture magnification must consider the visible vertices of the
textured surface, the texture coordinate scaling resulting from the current modelview
and projection transformations, the current texture coordinate generation settings, and
the values of the texture transformation matrix. Section 13.7.2 discusses the steps in
the computation in more detail. The best place to perform these computations is in

Texture magnification is easy to compute in this view;
magnification is a function of height above ground.

Figure 14.26 Special case texture magnification.
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the OpenGL implementation; to some extent this can be achieved in the programmable
pipeline within a fragment program. There is also a vendor-specific detail texture exten-
sion SGIS_detail_texture. This extension blends in the detail texture as a function
of magnification, and allows the detail texture either to add to or modulate the base
texture. Unfortunately, it’s unlikely to see widespread adoption, but the ideas present in
it are or will be supportable using fragment programs.

14.13.1

Signed detail textures can be applied accurately without necessarily using separate tex-
ture magnification computations. A detail texture image is created that contains signed
intensity values. The values are chosen so that the average value of the texel elements are
zero. When combined with the base texture, the detail texture modifies its color values,
adding high-frequency components to the textured image. Since the detail texture values
average to zero intensity, a minified detail texture doesn’t contribute to the overall image.
This feature makes the fade in of texture detail “automatic”, so no special computations
are needed to selectively blend in detail.

The detail texture is applied to the same geometry as the base texture. The texture
coordinates applied to both textures are adjusted so that the detail texture minifies if the
base texture is not magnifying. The minification filtering will cause the signed intensity
components to blend together. One way of making the detail texture “average out” is to
make a mipmap out of it. The coarser mipmap levels of the detail texture will average
more of its components, causing it to gradually fade out. As both the detail and base
texture are zoomed, the detail texture will filter to its finer LOD levels, and the signed
intensity values stop canceling each other out.

The fixed-function OpenGL pipeline doesn’t support signed texture color com-
ponents, but only values ranging from [0,1]. To implement signed arithmetic, the
implementation must use a representation of signed numbers that are biased (and pos-
sibly scaled) to remain in the [0, 1] range (Section 3.4.1). The detail texture is added to
the base texture using either multiple texture units or multiple passes and framebuffer
blending.

In the multipass solution, the surface is first rendered with the base texture. The
texture is applied as normal; configured to modulate the polygon color to capture vertex
lighting detail, for example. The second step applies the detail texture. Since the detail tex-
ture is smaller than the base texture, and is generally applied using GL_REPEAT wrapping,
the texture coordinates used differ from those used with the base texture. This change in
mapping can be accomplished by using a separate set of per-vertex texture coordinates,
generating coordinates using texgen, or by modifying the texture transformation matrix.

Neither the texture environment nor alpha blend stages support signed values; in both
cases, the color and alpha component values are expected to range from [0, 1]. Despite
this limitation, both stages can be configured to handle signed quantities, by representing
the signed numbers in a biased format. Besides offering only a limited range, OpenGL
only supports a limited (implementation-dependent) precision for the color component
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values. Care must be taken not to overly reduce this precision while processing colors. For
whatever color format is chosen, the algebra for combining textures must follow certain
rules in order to produce the desired results. When the base texture color is modified
by a signed detail texture color, a detail color of zero should not change the base color,
while a positive or negative detail color should increase or decrease the intensity of the
base color, respectively. If the resulting base color goes out of its [0, 1] range, it will be
clamped.

Since the detail texture’s values are meant to modify the base color, there is some
flexibility in specifying its range. The ideal range is [—1, 1], since that allows a detail
texture color component to drive the base color component over the entire range of
values, regardless of the base texture’s color. Mathematically, the detail texture’s [0, 1]
range is scaled by 2 and biased by —1 to put its values in the range [—1, 1]. This value is
then added to the unmodified base texture, and the results are clamped to [0, 1]. These
operations can be condensed to the equation:

Tresult = Tbase + ZTdetail -1

Note that this approach assumes that intermediate results are not clamped to [0, 1], which
is not generally true in all OpenGL implementations.

For many applications, the detail texture does not need to be able to drive the base
texture to an arbitrary value, since the goal of the detail texture is to only pattern the
base texture with detail, not replace it. In many cases, a more limited range of [—%, %]
is sufficient. This range is particularly useful, since it can be derived from the normal
[0, 1] texture representation without scaling. The detail needs only to be biased by —%.

Mathematically, the two textures are combined with:

Tresut = Thase + Tdetail — %
As before, this approach runs into problems if intermediate results are clamped to
[0,1]. However, the GL_COMBINE texture environment function supports the [—%, %]
range detail texture representation directly, with the GL_ADD_SIGNED texture function.
It implements the equation Arg0+Arg1—0.5, and doesn’t clamp the intermediate results.
This allows the signed detail sum to be implemented in a single pass using two texture
units. The first unit applies the base texture to the geometry, the second adds the detail
texture using the GL_ADD_SIGNED operation.

Modulating Detail

A useful variation of the signed detail texture approach is to modulate rather than add
the detail texture component to the base texture. This amplifies variation by scaling
rather than adding and subtracting variation. Signed values aren’t very useful for the
modulation case; instead, the detail texture values are greater than or less than one.
A simple implementation uses a range of [0,2], which can be derived from OpenGL



Detail Textures 311

texture values in the range [0, 1] with a scale value of two. This range of values makes it
possible to force the base texture to a reasonable range of values. Note that detail texture
values of % are scaled to one, which will not modify the base texture. The detail texture
should average out to this value, in order to fade out under minification.

As with additive detail textures, a modulating detail texture can be implemented with
texture environment functionality partnered with multitexturing. The multitexturing case
is straightforward. Unit 0 applies the base texture to the surface, unit 1 modulates the
base by the detail texture, then scales the result by two using GL_RGB_SCALE. The results
are implicitly clamped to the range [0, 1] after scaling.

Implementing this algorithm using framebuffer blending is awkward but possible.
The base textured geometry, once rendered to the framebuffer, can be modulated by the
detail texture using a blending function of GL_ZERO, GL_SRC_COLOR. Since there is no
support for a scale factor greater than one, the results of combining the base and detail
textures must be added to the framebuffer twice. This can be done by reading back the
framebuffer, then blending it in again, using a blend function of GL_ONE, GL_ONE.

Modulating detail textures are very useful when the base texture modulates vertex-
lighted geometry. Modulating ensures that the detail texture changes follow the shading
imposed by the lighting model, just as the base texture does. Additive detail textures do
not take base texture value changes into account and will appear unlighted.

14.13.2 Creating Detail Textures

While a detail texture can contain a high-frequency pattern that is independent of the base
texture, the best results are obtained when it contains the high-frequency components
derived from the original image. The first step toward extracting detail texture data is to
obtain a high-resolution version of the base texture. This image need only be a subregion
of the base texture, since the detail texture will be replicated over the surface.

Once the high-resolution image is obtained, the next step is to choose the size of the
detail texture and select a region of the detailed image that contains high-frequency details
representative of the entire image. Now the high-frequency components of the region are
extracted. One method starts by removing the high-frequency components from a copy of
the region by blurring it (Figure 14.27). This can be done with various image processing

Original image Blurred image Detail image

Figure 14.27 Subtracting out low frequencies.
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algorithms (see Chapter 12), or by using gluScaleImage to scale the image down, then
up again.

Once a blurred version of the high-resolution image has been created, the high-
frequency components are extracted by subtracting the blurred image from the unpro-
cessed one. The subtraction can be done using a subtractive blend mode, the accumulation
buffer, or the appropriate texture environment function. The result is an image with
signed color components that contains the high-frequency elements of the image. The
input images must be scaled and biased so that the result of the subtraction is limited to
the [0, 1] range, since negative pixel values will be clamped when the image is used as a
texture. Checking the range of color values in the images makes it possible to maximize
the range of the resulting subtracted image. If the implementation supports the imaging
subset, the minmax function can be used to find the range of pixel values in both the
high resolution and blurred copies of the detail texture image. The values can be used
to scale and bias the inputs to the subtract operation to maximize the dynamic range
of the resulting image. When the image is created, it should be biased so that the sum
of the color values equals % This is necessary so that the detail texture will make no
contribution when it’s minified.

14.14 Texture Sharpening

Like detail textures, texture sharpening is another method for enhancing high-frequency
detail on a magnified texture. Rather than creating a separate detail texture, however, tex-
ture sharpening augments high-frequency information by applying a sharpening operation
to the texture similar to unsharp masking. This operation, a staple of image processing,
increases the contrast of small details in the magnified texture. It has an advantage over
detail textures in that is doesn’t require creating and applying a detail texture as a separate
step. It does require that the magnified texture be mipmapped, since it combines multiple
mipmap levels of the texture to create the sharpened image.

The sharpening operation computes the difference between the magnified finest level
(level 0) and the next coarser level (level 1). A weighted version of the result is added to
the magnified finest image to produce the sharpened result. The result is an extrapolation
from the level 1 image to the level 0 image. The weighting factor applied to the difference,
f, is a function of the magnification factor f(LOD). The equation to compute the texel
color T from the top two texture levels and current magnification is:

Taparp = (1 + F(LOD) Ty — f(LOD)T;

where T, is the new texel color, Tp is the magnified texel color at level 0, and T is
the magnified texel color at level 1. The f(LOD) function takes an LOD value (which
will be negative, since sharpening is only applied to magnified textures) and produces a
weighting factor between 0 and 1. The resulting T, color components are clamped to
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the range [0, 1]. Note that computing the Ty — T result is essentially the same technique
used to create a signed intensity detail texture.

The texture sharpening functionality is available in some OpenGL implementations
through the SGIS_sharpen_texture extension. Unfortunately, support for this exten-
sion is not widespread. At the time of this writing, there is no equivalent EXT or ARB
extension, nor is texture sharpening supported as core functionality in any OpenGL spec-
ification. However, given the ability to approximate f(LOD) in a fragment program, the
sharpening functionality can be readily implemented in the programmable pipeline.

Texture sharpening can be implemented at the application level using multitexture
or multiple passes with the same caveats that apply to computing per-fragment values
of f(LOD). If the LOD is constant across the polygon, the application can compute the
constant f(LOD) value. One way to compute an approximate f(LOD) at each fragment
is to create a mipmap texture with the values of f at each level. Texturing with this
map generates a filtered version of f(LOD). The resulting image can be used as a weight
within a multitexture operation or with framebuffer blending. Section 13.7.2 describes
the steps in the LOD calculation in more detail. Section 12.3.2 describes a version of the
extrapolation algorithm for still images using the accumulation buffer and framebuffer
blending.

14.15 Mipmap Generation

OpenGL supports a modest collection of filtering algorithms, the highest quality filter
being GL_LINEAR_MIPMAP_LINEAR, which does trilinear mipmapping. Mipmap filter-
ing requires that the mipmap levels needed for filtering be loaded into texture memory.
OpenGL does not specify a method for generating these individual mipmap level of
details. Each level can be loaded individually; it is possible, but generally not desir-
able, to use a different filtering algorithm to generate each mipmap level. OpenGL 1.4
adds functionality to the pipeline to generate mipmaps automatically from the base level
(GENERATE_MIPMAP), but does not precisely specify the filter algorithm.*

The OpenGL utility library (GLU) provides a simple command
(gTuBuild2DMipmaps) for generating all of the levels required for mipmapping a 2D
or 1D texture. The algorithm employed by most implementations is a box filter. A box
filter is a pragmatic choice; it is simple, efficient, and can be repeatedly applied to an LOD
level to generate all coarser levels required in a mipmap. A frequency domain analysis
shows, however, that the box filter has poor filtering characteristics, which can lead to
excessive blurring and aliasing artifacts. A common example of these limitations occurs
if a texture contains very narrow image features (such as narrow lines). Aliasing artifacts
can be very pronounced in this case.

4. A 2x2 box filter is recommended as a fast, but low quality, default.
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Although the limitations of box filtering are well known, finding the best mipmap
filtering function is less obvious. The choice of filter is dependent on the manner in which
the texture will be used and is somewhat subjective. The choice of filter is burdened with
additional trade-offs if the mipmap must be generated at run time, and therefore must be
filtered quickly. One possibility is the use of a bicubic filter —a weighted sum of 16 pixels
for 2D images. Mitchell and Netravali (1988) propose a family of cubic filters for general
image reconstruction which can be used for mipmap generation. The advantage of the
cubic filter over the box filter is that the cubic filter can have negative side lobes (weights)
which help maintain sharpness while reducing the image size. This can help reduce some
of the blurring effect of filtering with mipmaps.

When crafting a new filtering algorithm for mipmap generation, it is important to
keep a few guidelines in mind. To minimize accumulated error, the highest resolution
(finest) image of the mipmap (level 0) should always be used as the input image source
for each level to be generated. For the box filter, a particular level can be produced by
repeating the filter to the results of the previous filtering operation. This works because
the box filter can produce the correct result for a given level by using the preceding level as
input. The filter parameters are independent of LOD level. This invariance is not always
true for other filter functions. Each time a new (coarser) level is generated, the filter
footprint may need to be scaled to four times its previous size.

Another constraint is that mipmap levels must maintain strict factor of two reductions
in each dimension when filtering to a coarser level. Filters with input widths wider than
two will be forced to sample outside the boundaries of the input image. Providing input
values outside of the input image is commonly handled by using the value of the nearest
edge pixel when sampling. This algorithm should be adjusted, however, if the mipmapped
texture will be applied using the GL_REPEAT wrap mode. In this case, the levels will be
filtered more accurately if sample values requested from outside the image should be
wrapped to the appropriate texel from the opposite edge, effectively filtering from a
repeating image.

While mipmaps can always be generated using the host processor, the OpenGL
pipeline can be used to accelerate the process by performing the filtering operations. For
example, the GL_L INEAR minification filter can be used to draw an image of exactly half
the width and height of an image loaded into texture memory. This is done by drawing a
rectangle with the appropriate transformation; it is sized so its pixel dimensions in screen
space are exactly one half of the texture image’s dimensions. The rendered image produced
has effectively been filtered to half of its dimensions using a box filter. The resulting image
can then be read from the color buffer back to host memory for later use as a level. The
read step can be eliminated and the the image can be copied directly into the texture using
glCopyTexImage. If the implementation supports ARB_render_texture, even the
copy step can be removed. The filtering process can be repeated using the newly generated
mipmap level to produce the next level. The process can be continued until the coarsest
level has been generated.

If the texture LOD extension SGIS_texture_1od (which became part of the core
in OpenGL 1.2) is available, a further optimization to this process is possible. By clamping
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the mipmap to only the LOD levels that have been created, the mipmap can be built in
place. The mipmap can be created with only level 0 in place. That level can be used to
render an image for level 1, which can be used as the new texture source. This makes it
possible to build up the mipmap texture without having to switch between two texture
objects.

Although this method is very efficient, it is limited to creating new levels using the
existing texture filters. There are other mechanisms within the OpenGL pipeline that
can be used to produce higher-quality filtering. Convolution filtering can be implemented
using the accumulation buffer (this discussed in detail in Section 12.6.2). An arbitrary filter
kernel can be constructed using a special texture image applied to a rectangular geometry
of the proper size and position. The texel color to be filtered is applied to geometry itself;
the special texture modulates that color over the geometry. The accumulation buffer
combines multiple passes with this technique to produce the final image. Combining
point-sampled texturing with the accumulation buffer allows the application of nearly
arbitrary filter kernels. This method does not handle the problem of sampling outside the
image well, however, which limits its usefulness for wide filter kernels.

Convolution filters may also be implemented directly within fragment programs pro-
viding substantial flexibility in the types of filtering that can be performed within the
pipeline. Typically custom fragment programs are written for each filter type. OpenGL
implementations supporting the imaging subset also directly implement convolution
operations in the pixel pipeline.

14.16 Texture Map Limits

Texture mapping is a versatile component for building graphics effects, but its very desir-
ability can be its downside. It is common for an ambitious application to run into the
limits to available texture memory. Most OpenGL implementations hardware accelerate
texture mapping, but only if they are located within a finite texture memory storage area.
OpenGL implementations often attempt to mitigate the finite size problem by virtualizing
the texture memory resource. This allows an application to create an arbitrarily large set
of texture maps; however, this virtualization isn’t free. As the texture memory resource
becomes oversubscribed, performance will degrade. For the developer of an application
that makes extensive use of texture, there is a tension between rationing available texture
memory to maximize performance, and using texture lavishly to improve image quality.

The practical result of this limitation is that a well-designed application creates
textures no larger than they need to be to meet image quality goals. An application
designer needs to anticipate how textures will be used in each scene to determine the
appropriate resolution to use. Using textures efficiently is always important. Where pos-
sible, images should be crafted to minimize wasted texels. For example, when faced
with an image that doesn’t have power-of-two dimensions, the best choice is usually
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not simply rounding the texture size up to the next power-of-two. Besides such stan-
dard techniques as image tiling and mosaicing, many implementations support a special
texture version that doesn’t require power-of-two dimensions. Vendor-specific exten-
sions, such as NV_texture_rectangle and more widely adopted extensions such
as ARB_texture_non_power_of_two, provide this functionality, although there are
often limitations on the range of wrap modes or filtering that can be applied to such tex-
tures. Even the standard power-of-two dimension limitation doesn’t mean a texture has
to be square. If a texture is typically used with an object that is projected to a non-square
aspect ratio, then the aspect ratio of the texture can be scaled appropriately to make more
efficient use of the available storage.

14.17 Summary

Texture mapping is undoubtedly the most powerful component in a graphics library. At
least part of the reason is its ability to marry image-based and geometry-based processing
with great flexibility. This chapter only provides a sampling of some of building block
algorithms used to create sophisticated techniques. A survey of graphics “tricks and
techniques” books, such as Graphics Gems (Goldman, 1990) and GPU Gems (Fernando,
2004), will reveal more ideas and are valuable references.

The best approach, however, is to have a through understanding of texture mapping.
Nothing can replace a careful reading of the OpenGL core and extension specifica-
tions, augmented with some well-crafted test applications. With a deep understanding
of OpenGL’s texture mapping capabilities, many opportunities for novel applications
become apparent.
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This section discusses various ways of improving and refining the lighted appearance of
objects. There are several approaches to approving the fidelity of lighting. The process of
computing lighting can be decomposed into separate subtasks. One is capturing the mate-
rial properties of an object, reflectances, roughness, transparency, subsurface properties,
and so on. A second is the direct illumination model; the manner in which the surface
interacts with the light striking the target object. The third is light transport, which takes
into account the overall path of light, including light passing through other mediums such
as haze or water on its way to the target object. Light transport also includes indirect
illumination, wherein the light source is light reflected from another surface. Computing
this requires taking into account how light rays are blocked by other objects, or by parts
of the target object itself, creating shadows on the target object.

Lighting is a very broad topic and continues to rapidly evolve. In this chapter we
consider various algorithms for improving the quality and character of the direct illumi-
nation model and material modeling. We end by considering restricted-light-transport
modeling problems, such as ambient occlusion.

15.1 Limitations in Vertex Lighting

OpenGL uses a simple per-vertex lighting facility to incorporate lighting into a scene.
Section 3.3.4 discusses some of the shortcomings of per-vertex lighting. One problem is
the location in the pipeline where the lighting terms are summed for each vertex. The
terms are combined at the end of the vertex processing, causing problems with using
texture maps as the source for diffuse reflectance properties. This problem is solved

317



318 Lighting Techniques

directly in OpenGL 1.2 with the addition of a separate (secondary) color for the specular
term, which is summed after texturing is applied. A second solution, using a two-pass
algorithm, is described in Section 9.2. This second technique is important because it
represents a general class of techniques in which the terms of the vertex lighting equation
are computed separately, then summed together in a different part of the pipeline.

Another problem described in Section 3.3.4 is that the lighting model is evaluated
per-vertex rather than per-pixel. Per-vertex evaluation can be viewed as another form
of sampling (Section 4.1); the sample points are the eye coordinates of the vertices
and the functions being sampled are the various subcomponents of the lighting equation.
The sampled function is partially reconstructed, or resampled, during rasterization as
the vertex attributes are (linearly) interpolated across the face of a triangle, or along the
length of a line.

Although per-vertex sampling locations are usually coarser than per-pixel, assuming
that this results in poorer quality images is an oversimplification. The image quality
depends on both the nature of the function being sampled and the set of sample points
being used. If the sampled function consists of slowly varying values, it does not need as
high a sample rate as a function containing rapid transitions. Reexamining the intensity
terms in the OpenGL lighting equation’

Iim =1
I;=N-L
I = (H-N)”
Iow =1

shows that the ambient and emissive terms are constants and the diffuse term is fairly
well behaved. The diffuse term may change rapidly, but only if the surface normal also
does so, indicating that the surface geometry is itself rapidly changing. This means that
per-vertex evaluation of the diffuse term doesn’t introduce much error if the underly-
ing vertex geometry reasonably models the underlying surface. For many situations the
surface can be modeled accurately enough with polygonal geometry such that diffuse
lighting gives acceptable results. An interesting set of surfaces for which the results are
not acceptable is described in Sections 15.9.3 and 15.10.

Accurate specular component sampling becomes more challenging to sample when
the specular exponent (shininess) is greater than 1. The specular function—a cosine
power function — varies rapidly when evaluated with large exponents. Small changes in
the surface normal results in large changes in the specular contribution. Figure 15.1 shows
the result of exponentiating the cosine function for several different exponent values.
This, of course, is the desired effect for the specular term. It models the rapid fall-off
of a highlight reflected from a polished surface. This means that shiny surfaces must be
modeled with greater geometric accuracy to correctly capture the specular contribution.

1. Recall that A - B = max(0, A - B) is the clamped inner product as described in Section3.3
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Figure 15.1 Cosine power function.

15.1.1

We’ve seen that highly specular surfaces need to be modeled more accurately than diffuse
surfaces. We can use this information to generate better models. Knowing the intended
shininess of the surface, the surface can be tessellated until the difference between (H-N)”
at triangle vertices drops below a predetermined threshold. An advantage of this technique
is that it can be performed during modeling; perferably as a preprocessing step as models
are converted from a higher-order representation to a polygonal representation. There
are performance versus quality trade-offs that should also be considered when deciding
the threshold. For example, increasing the complexity (number of triangles) of a modeled
object may substantially affect the rendering performance if:

*  The performance of the application or system is already vertex limited: geometry
processing, rather than fragment processing, limits performance.

e The model has to be clipped against a large number of application-defined clipping
planes.

*  The model has tiled textures applied to it.

The previous scheme statically tessellates each object to meet quality requirements.
However, because the specular reflection is view dependent only a portion of the object
needs to be tessellated to meet the specular quality requirement. This suggests a scheme
in which each model in the scene is adaptively tessellated. Then only parts of each surface
need to be tessellated. The difficulty with such an approach is that the cost of retessellat-
ing each object can be prohibitively expensive to recompute each frame. This is especially
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Figure 15.2 Undersampled specular lighting.

true if we also want to avoid introducing motion artifacts caused by adding or removing
object vertices between frames.

For some specific types of surfaces, however, it may be practical to build this idea
into the modeling step and generate the correct model at runtime. This technique is very
similar to the geometric level of detail techniques described in Section 16.4 . The difference
is that model selection uses specular lighting (see Figure 15.2) accuracy as the selection
criterion, rather than traditional geometric criteria such as individual details or silhouette
edges.

15.1.2

Like specular reflection, a vertex sampling problem occurs when using distance-based
and spotlight attenuation terms. With distance attenuation, the attenuation function is
not well behaved because it contains reciprocal terms:

1
ke + kid + kqd?

Figure 15.3 plots values of the attenuation function for various coefficients. When the
linear or quadratic coefficients are non-zero, the function tails off very rapidly. This
means that very fine model tessellation is necessary near the regions of rapid change, in
order to capture the changes accurately.

With spotlights, there are two sources of problems. The first comes from the cutoff
angle defined in the spotlight equation. It defines an abrupt cutoff angle that creates
a discontinuity at the edge of the cone. Second, inside the cone a specular-like power
function is used to control intensity drop-off:

(Lp - Lg)™™
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Figure 15.3 Attenuation function.

When the geometry undersamples the lighting model, it typically manifests itself as a dull
appearance across the illuminated area (cone), or irregular or poorly defined edges at the
perimeter of the illuminated area. Unlike the specular term, the local light and spotlight
attenuation terms are a property of the light source rather than the object. This means that
solutions involving object modeling or tessellation require knowing which objects will be
illuminated by a particular light source. Even then, the sharp cutoff angle of a spotlight
requires tessellation nearly to pixel-level detail to accurately sample the cutoff transition.

15.2 Fragment Lighting Using Texture Mapping

The preceding discussion and Section 3.3.4 advocate evaluating lighting equations at each
fragment rather than at each vertex. Using the ideas from the multipass toolbox discussed
in Section 9.3, we can efficiently approximate a level of per-fragment lighting computa-
tions using a combination of texture mapping and framebuffer blending. If multitexture,
the combine texture environment, and vertex and fragment program features are avail-
able,? we can implement these algorithms more efficiently or use more sophisticated ones.
We’ll start by presenting the general idea, and then look at some specific techniques.

2. Multitexture and the combine texture environment are part of OpenGL 1.3 or available as
extensions. Vertex and fragment programs are available as the extensions ARB_vertex_program
and ARB_fragment_program.
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Abstractly, the texture-mapping operation may be thought of as a function evalu-
ation mechanism using lookup tables. Using texture mapping, the texture-matrix and
texture-coordinate generation functions can be combined to create several useful map-
ping algorithms. The first algorithm is a straightforward 1D and 2D mapping of f(s)
and f (s, t). The next is the projective mappings described in Section 14.9: f (s, #,7,q). The
third uses environment and reflection mapping techniques with sphere and cube maps to
evaluate f(R).

Each mapping category can evaluate a class of equations that model some form of
lighting. Taking advantage of the fact that lighting contributions are additive —and using
the regular associative, commutative, and distributive properties of the underlying color
arithmetic— we can use framebuffer blending in one of two ways. It can be used to sum
partial results or to scale individual terms. This means that we can use texture mapping
and blending as a set of building blocks for computing lighting equations. First, we
will apply this idea to the problematic parts of the OpenGL lighting equation: specular
highlights and attenuation terms. Then we will use the same ideas to evaluate some
variations on the standard (traditional) lighting models.

15.3 Spotlight Effects Using Projective Textures

The projective texture technique (described in Section 14.9) can be used to generate a
number of interesting illumination effects. One of them is spotlight illumination. The
OpenGL spotlight illumination model provides control over a cutoff angle (the spread of
the light cone), an intensity exponent (concentration across the cone), the direction of the
spotlight, and intensity attenuation as a function of distance. The core idea is to project a
texture map from the same position as the light source that acts as an illumination mask,
attenuating the light source. The mask is combined with a point light source placed at the
spotlight’s position. The texture map captures the cutoff angle and exponent, whereas
the vertex light provides the rest of the diffuse and specular computation. Because the
projective method samples the illumination at each pixel, the undersampling problem is
greatly reduced.

The texture is an intensity map of a cross section of the spotlight’s beam. The same
exponent parameters used in the OpenGL model can be incorporated, or an entirely
different model can be used. If 3D textures are available, attenuation due to distance
can also be approximated using a texture in which the intensity of the cross section is
attenuated along the  dimension. As geometry is rendered with the spotlight projection,
the 7 coordinate of the fragment is proportional to the distance from the light source.

To determine the transformation needed for the texture coordinates, it helps to con-
sider the simplest case: the eye and light source are coincident. For this case, the texture
coordinates correspond to the eye coordinates of the geometry being drawn. The coor-
dinates could be explicitly computed by the application and sent to the pipeline, but a
more efficient method is to use an eye-linear texture generation function.
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The planes correspond to the vertex coordinate planes (e.g., the s coordinate is the
distance of the vertex coordinate from the y-z plane, and so on). Since eye coordinates are
in the range [—1.0, 1.0] and the texture coordinates need to be in the range [0.0,1.0], a
scale and bias of 0.5 is applied to s and ¢ using the texture matrix. A perspective spotlight
projection transformation can be computed using gTuPerspective and combined into
the texture transformation matrix.

The transformation for the general case, when the eye and light source are not in
the same position, can be computed by compositing an additional transform into the
texture matrix. To find the texture transform for a light at an arbitrary location, the new
transform should be the inverse of the transformations needed to move the light source
from the eye position to the location. Once the texture map has been created, the method
for rendering the scene with the spotlight illumination (see Figure 15.4) is:

1. Initialize the depth buffer.

2. Clear the color buffer to a constant value representing the scene ambient
illumination.

3. Drawing the scene with depth buffering enabled and color buffer writes disabled
(pass 1).

4. Load and enable the spotlight texture, and set the texture environment to

GL_MODULATE.

Figure 15.4 Spotlight projection.
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5. Enable the texture generation functions, and load the texture matrix.
6. Enable blending and set the blend function to GL_ONE, GL_ONE.
7. Disable depth buffer updates and set the depth function to GL_EQUAL.
8. Draw the scene with the vertex colors set to the spotlight color (pass 2).
9. Disable the spotlight texture, texgen, and texture transformation.

10. Set the blend function to GL_DST_COLOR.

11. Draw the scene with normal diffuse and specular illumination (pass 3).

There are three passes in the algorithm. At the end of the first pass the ambient illumina-
tion has been established in the color buffer and the depth buffer contains the resolved
depth values for the scene. In the second pass, the illumination from the spotlight is accu-
mulated in the color buffer. By using the GL_EQUAL depth function, only visible surfaces
contribute to the accumulated illumination. In the final pass the scene is drawn with the
colors modulated by the illumination accumulated in the first two passes to compute the
final illumination values.

The algorithm does not restrict the use of texture on objects, because the spotlight
texture is only used in the second pass; only the scene geometry is needed in this one.
The second pass can be repeated multiple times with different spotlight textures and
projections to accumulate the contributions of multiple spotlight sources.

There are some caveats to consider when implementing this technique. Texture
projection along the negative line-of-sight of the texture (back projection) can con-
tribute undesired illumination to the scene. This can be eliminated by positioning a
clip plane at the near plane of the projection line-of-site. The clip plane is enabled dur-
ing the spotlight illumination pass, and oriented to remove objects rendered behind the
spotlight.

OpenGL encourages but does not guarantee invariance when arbitrary modes are
enabled or disabled. This can manifest itself in undesirable ways during multipass algo-
rithms. For example, enabling texture coordinate generation may cause fragments with
different depth values to be generated compared to the one generated when texture coor-
dinate generation is not enabled. This problem can be overcome by reestablishing the
depth buffer values between the second and third pass. Do this by redrawing the scene
with color buffer updates disabled and depth buffering configured as it was during the
first pass.

Using a texture wrap mode of GL_CLAMP will keep the spotlight pattern from repeat-
ing. When using a linear texture filter, use a black texel border to avoid clamping artifacts;
or, if available, use the GL_CLAMP_TO_EDGE wrap mode.>

3. Added in OpenGL 1.2.
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15.4 Specular Lighting Using Environment Maps

The appearance of the OpenGL per-vertex specular highlight can be improved by using
environment mapping to generate a higher-quality per-pixel highlight. A sphere map
containing only a Phong highlight (Phong, 1975) is applied to the object and the result is
summed with the object’s per-vertex ambient and diffuse lighting contributions to create
the final, lighted color (see Figure 15.5). The environment map uses the eye reflection
vector, R,, to index the texture map, and thus it can be used like a lookup table to
compute the specular term:

f(Ry,L) = (L-R,)" = (V-R)"

For each polygon in the object, the reflection vector is computed at each vertex. This
technique interpolates the sphere-mapped coordinates of the reflection vector instead of
the highlight itself, and thus a much more accurate sampling of the highlight is achieved.
The sphere map image for the texture map of the highlight is computed by rendering a
highly tessellated sphere, lighted with a specular highlight. Using the OpenGL pipeline
to compute the specular color produces a Blinn (rather than Phong) specular function. If
another function is required, the application can evaluate the specular function at each
vertex and send the result to the pipeline as a vertex color. The bidirectional function,
f(L,R), is reduced to a function of a single direction by encoding the direction of the light
(L) relative to the view direction into the texture map. Consequently, the texture map
needs to be recomputed whenever the light or viewer position is changed. Sphere mapping
assumes that the view direction is constant (infinite viewer) and the environment (light)
direction is infinitely far away. As a result, the highlight does not need to be changed
when the object moves. Assuming a texture map is also used to provide the object’s
diffuse reflectance, the steps in the two-pass method are:

1. Define the material with appropriate diffuse and ambient reflectance, and zero for
the specular reflectance coefficients.

Figure 15.5 Environment-mapped highlight.
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Define and enable lights.

Define and enable texture to be combined with diffuse lighting.

Define modulate texture environment.

Draw the lighted, textured object into the color buffer.

Disable lighting.

Load the sphere map texture, and enable the sphere map texgen function.

Enable blending, and set the blend function to GL_ONE, GL_ONE.

Y ® N ke

Draw the unlighted, textured geometry with vertex colors set to the specular
material color.

10. Disable texgen and blending.

154.1

If a texture isn’t used for the diffuse color, then the algorithm reduces to a single pass using
the add texture environment (see Figure 15.5) to sum the colors rather than framebuffer
blending. For this technique to work properly, the specular material color should be
included in the specular texture map rather than in the vertex colors. Multiple texture
units can also be used to reduce the operation to a single pass. For two texture units, the
steps are modified as follows:

1. Define the material with appropriate diffuse and ambient reflectance, and zero for
the specular reflectance coefficients.

Define and enable lights.

Define and enable texture to be combined with diffuse lighting in unit 0.

Load the sphere map texture, and enable the sphere map texgen function for unit 1.

2
3
4. Set modulate texture environment for unit 0.
S
6. Set add texture environment for unit 1.

7

Draw the lighted, textured object into the color buffer.

As with the separate specular color algorithm, this algorithm requires that the spec-
ular material reflectance be premultiplied with the specular light color in the specular
texture map.

With a little work the technique can be extended to handle multiple light sources.
The idea can be further generalized to include other lighting models. For example, a more
accurate specular function could be used rather than the Phong or Blinn specular terms. It
can also include the diffuse term. The algorithm for computing the texture map must be
modified to encompass the new lighting model. It may still be useful to generate the map
by rendering a finely tessellated sphere and evaluating the lighting model at each vertex
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within the application, as described previously. Similarly, the technique isn’t restricted
to sphere mapping; cube mapping, dual-paraboloid mapping, and other environment or
normal mapping formulations can be used to yield even better results.

15.5 Light Maps

A light map is a texture map applied to an object to simulate the distance-related attenua-
tion of a local light source. More generally, light maps may be used to create nonisotropic
illumination patterns. Like specular highlight textures, light maps can improve the appear-
ance of local light sources without resorting to excessive tessellation of the objects in the
scene. An excellent example of an application that uses light maps is the Quake series
of interactive PC games (id Software, 1999). These games use light maps to simulate the
effects of local light sources, both stationary and moving, to great effect.

There are two parts to using light maps: creating a texture map that simulates the
light’s effect on an object and specifying the appropriate texture coordinates to position
and shape the light. Animating texture coordinates allows the light source (or object) to
move. A texture map is created that simulates the light’s effect on some canonical object.
The texture is then applied to one or more objects in the scene. Appropriate texture
coordinates are applied using either object modeling or texture coordinate generation.
Texture coordinate transformations may be used to position the light and to create moving
or changing light effects. Multiple light sources can be generated with a combination of
more complex texture maps and/or more passes to the algorithm.

Light maps are often luminance (single-component) textures applied to the object
using a modulate texture environment function. Colored lights are simulated using an
RGB texture. If texturing is already used for the material properties of an object, either
a second texture unit or a multipass algorithm is needed to apply the light map. Light
maps often produce satisfactory lighting effects using lower resolution than that normally
needed for surface textures. The low spatial resolution of the texture usually does not
require mipmapping; choosing GL_LINEAR for the minification and magnification filters
is sufficient. Of course, the quality requirements for the lighting effect are dependent on
the application.

15.5.1

A 2D light map is a 2D luminance map that modulates the intensity of surfaces within a
scene. For an object and a light source at fixed positions in the scene, a luminance map
can be calculated that exactly matches a surface of the object. However, this implies that
a specific texture is computed for each surface in the scene. A more useful approximation
takes advantage of symmetry in isotropic light sources, by building one or more canonical
projections of the light source onto a surface. Translate and scale transformations applied
to the texture coordinates then model some of the effects of distance between the object
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and the light source. The 2D light map may be generated analytically using a 2D quadratic
attenuation function, such as

1
I=— — whered=+vVs2+1¢2

" ke + kyd + kgd?’

This can be generated using OpenGL vertex lighting by drawing a high-resolution mesh
with a local light source positioned in front of the center of the mesh. Alternatively,
empirically derived illumination patterns may be used. For example, irregularly shaped
maps can be used to simulate patterns cast by flickering torches, explosions, and so on.

A quadratic function of two inputs models the attenuation for a light source at
a fixed perpendicular distance from the surface. To approximate the effect of varying
perpendicular distance, the texture map may be scaled to change the shape of the map.
The scaling factors may be chosen empirically, for example, by generating test maps
for different perpendicular distances and evaluating different scaling factors to find the
closest match to each test map. The scale factor can also be used to control the overall
brightness of the light source. An ambient term can also be included in a light map by
adding a constant to each texel value. The ambient map can be a separate map, or in
some cases combined with a diffuse map. In the latter case, care must be taken when
applying maps from multiple sources to a single surface.

To apply a light map to a surface, the position of the light in the scene must be
projected onto each surface of interest. This position determines the center of the projected
map and is used to compute the texture coordinates. The perpendicular distance of the
light from the surface determines the scale factor. One approach is to use linear texture
coordinate generation, orienting the generating planes with each surface of interest and
then translating and scaling the texture matrix to position the light on the surface. This
process is repeated for every surface affected by the light.

To repeat this process for multiple lights (without resorting to a composite multilight
light map) or to light textured surfaces, the lighting is done using multiple texture units
or as a series of rendering passes. In effect, we are evaluating the equation

Chnal = Copjectt + I+ + 1)

The difficulty is that the texture coordinates used to index each of the light maps
(I1,...,I,) are different because the light positions are different. This is not a prob-
lem, however, because multiple texture units have independent texture coordinates and
coordinate generation and transformation units, making the algorithm using multiple
texture units straightforward. Each light map is loaded in a separate texture unit, which
is set to use the add environment function (except for the first unit, which uses replace).
An additional texture unit at the end of the pipeline is used to store the surface detail
texture. The environment function for this unit is set to modulate, modulating the result
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of summing the other textures. This rearranges the equation to
Chinal = (It + L2 + -+ + 1) Copjec

where C,p,; is stored in a texture unit. The original fragment colors (vertex colors) are
not used. If a particular object does not use a surface texture, the environment function
for the last unit (the one previously storing the surface texture) is changed to the combine
environment function with the GL_SOURCEO_RGB and GL_SOURCEO_ALPHA parame-
ters set to GL_PRIMARY_COLOR. This changes the last texture unit to modulate the sum
by the fragment color rather than the texture color (the texture color is ignored).

If there aren’t enough texture units available to implement a multitexture algorithm,
there are several ways to create a multipass algorithm instead. If two texture units are
available, the units can be used to hold a light map and the surface texture. In each
pass, the surface texture is modulated by a different light map and the results summed in
the framebuffer. Framebuffer blending with GL_ONE as the source and destination blend
factors computes this sum. To ensure visible surfaces in later passes aren’t discarded, use
GL_LEQUAL for the depth test. In the simple case, where the object doesn’t have a surface
texture, only a single texture unit is needed to modulate the fragment color.

If only a single texture unit is available, an approximation can be used. Rather than
computing the sum of the light maps, compute the product of the light maps and the
object.

Cﬁnal =iL... In)Cobied

This allows all of the products to be computed using framebuffer blending with source
and destination factors GL_ZERO and GL_SRC_COLOR. Because the multiple products
rapidly attenuate the image luminance, the light maps are pre-biased or brightened to
compensate. For example, a biased light map might have its range transformed from
[0.0,1.0] to [0.5,1.0]. An alternative, but much slower, algorithm is to have a separate
color buffer to compute each C,pj,;I; term using framebuffer blending, and then adding
this separate color buffer onto the scene color buffer. The separate color buffer can be
added by using g1CopyPixels and the appropriate blend function. The visible surfaces
for the object must be correctly resolved before the scene accumulation can be done.
The simplest way to do this is to draw the entire scene once with color buffer updates
disabled. Here is summary of the steps to support 2D light maps without multitexture
functionality:

1. Create the 2D light maps. Avoid artifacts by ensuring the intensity of the light map
is the same at all edges of the texture.

2. Define a 2D texture, using GL_REPEAT for the wrap values in s and #. Minification
and magnification should be GL_LINEAR to make the changes in intensity
smoother.

3. Render the scene without the light map, using surface textures as appropriate.
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4. For each light in the scene, perform the following.
For each surface in the scene:

(a) Cull the surface if it cannot “see” the current light.
(b)  Find the plane of the surface.
(c) Align the GL_EYE_PLANE for GL_S, and GL_T with the surface plane.

(d) Scale and translate the texture coordinates to position and size the light on
the surface.

(e) Render the surface using the appropriate blend function and light map
texture.

If multitexture is available, and assuming that the number of light sources is less
than the number of available texture units, the set of steps for each surface
reduces to:

(a) Determine set of lights affecting surface; cull surface if none.
(b) Bind the corresponding texture maps.
(c) Find the plane of the surface.

(d) For each light map, align the GL_EYE_PLANE for GL_S and GL_T with the
surface plane.

(e) For each light map, scale and translate the texture coordinates to position and
size the light on the surface.

(f)  Set the texture environment to sum the light map contributions and modulate
the surface color (texture) with that sum.

(g) Render the surface.

15.5.2

3D textures may also be used as light maps. One or more light sources are represented as
3D luminance data, captured in a 3D texture and then applied to the entire scene. The
main advantage of using 3D textures for light maps is that it is simpler to approximate
a 3D function, such as intensity as a function of distance. This simplifies calculation of
texture coordinates. 3D texture coordinates allow the textured light source to be posi-
tioned globally in the scene using texture coordinate transformations. The relationship
between light map texture and lighted surfaces doesn’t have to be specially computed to
apply texture to each surface; texture coordinate generation (g1 TexGen) computes the
proper s, £, and r coordinates based on the light position.

As described for 2D light maps, a useful approach is to define a canonical light volume
as 3D texture data, and then reuse it to represent multiple lights at different positions and
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sizes. Texture translations and scales are applied to shift and resize the light. A moving
light source is created by changing the texture matrix. Multiple lights are simulated by
accumulating the results of each light source on the scene. To avoid wrapping artifacts
at the edge of the texture, the wrap modes should be set to GL_CLAMP for s, ¢, and r and
the intensity values at the edge of the volume should be equal to the ambient intensity of
the light source.

Although uncommon, some lighting effects are difficult to render without 3D tex-
tures. A complex light source, whose brightness pattern is asymmetric across all three
major axes, is a good candidate for a 3D texture. An example is a “glitter ball” effect
in which the light source has beams emanating out from the center, with some beams
brighter than others, and spaced in a irregular pattern. A complex 3D light source can
also be combined with volume visualization techniques, allowing fog or haze to be added
to the lighting effects. A summary of the steps for using a 3D light map follows.

1. Create the 3D light map. Avoid artifacts by ensuring the intensity of the light map
is the same at all edges of the texture volume.

2. Define a 3D texture, using GL_REPEAT for the wrap values in s, #, and 7.
Minification and magnification should be GL_LINEAR to make the changes in
intensity smoother.

3. Render the scene without the light map, using surface textures as appropriate.

4. Define planes in eye space so that g1 TexGen will cause the texture to span the
visible scene.

5. If the lighted surfaces are textured, adding a light map becomes a multitexture or
multipass technique. Use the appropriate environment or blending function to
modulate the surface color.

6. Render the image with the light map, and texgen enabled. Use the appropriate
texture transform to position and scale the light source correctly.

With caveats similar to those for 2D light maps, multiple 3D light maps can be applied
to a scene and mixed with 2D light maps.

Although 3D light maps are more expressive, there are some drawbacks too.
3D textures are often not well accelerated in OpenGL implementation, so applications
may suffer serious reductions in performance. Older implementations may not even sup-
port 3D textures, limiting portability. Larger 3D textures use substantial texture memory
resources. If the texture map has symmetry it may be exploited using a mirrored repeat
texture wrap mode.* This can reduce the amount of memory required by one-half per
mirrored dimension. In general, though, 2D textures make more efficient light maps.

4. A core feature in OpenGL 1.4 and available as the ARB_texture_mirrored_repeat extension.
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15.6 BRDF-based Lighting

The methods described thus far have relied largely on texture mapping to perform table
lookup operations of a precomputed lighting environment, applying them at each frag-
ment. The specular environment mapping technique can be generalized to include other
bidirectional reflectance distribution functions (BRDFs), with any form of environment
map (sphere, cube, dual-paraboloid). However, the specular scheme only works with a
single input vector, whereas BRDFs are a function of two input vectors (L and R), or
in spherical coordinates a function of four scalars f(6;, ¢;,0;, ¢;). The specular technique
fixes the viewer and light positions so that as the object moves only the reflection vector
varies.

Another approach decomposes or factors the 4D BRDF function into separate func-
tions of lower dimensionality and evaluates them separately. Each factor is stored in a
separate texture map and a multipass or multitexture algorithm is used to linearly com-
bine the components (Kautz, 1999; McCool, 2001). While a detailed description of the
factorization algorithm is beyond the scope of this book, we introduce the idea because
the method described by McCool et al. (McCool, 2001) allows a BRDF to be decom-
posed to two 2D environment maps and recombined using framebuffer (or accumulation
buffer) blending with a small number of passes.

15.7 Reflectance Maps

The techniques covered so far have provided alternative methods to represent light source
information or the diffuse and ambient material reflectances for an object. These methods
allow better sampling without resorting to subdividing geometry. These benefits can
be extended to other applications by generalizing lighting techniques to include other
material reflectance parameters.

15.7.1

Surfaces whose shininess varies—such as marble, paper with wet spots, or fabrics that
are smoothed only in places—can be modeled with gloss maps. A gloss map is a texture
map that encodes a mask of the specular reflectance of the object. It modulates the result
of the specular lighting computation, but is ignored in the diffues and other terms of the
lighting computation (see Figure 15.6).

This technique can be implemented using a two-pass multipass technique. The dif-
fuse, ambient, and emissive lighting components are drawn, and then the specular lighting
component is added using blending.

In the first pass, the surface is drawn with ambient and diffuse lighting, but no
specular lighting. This can be accomplished by setting the specular material reflectance
to zero. In the second pass, the surface is drawn with the specular color restored and
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Figure 15.6 Gloss map.

the diffuse, ambient, and emissive colors set to zero. The surface is textured with a
texture map encoding the specular reflectance (gloss). The texture can be a one-component
alpha texture or a two- or four-component texture with luminance or color components
set to one.

Typically the alpha component stores the gloss map value directly, with zero indi-
cating no specular reflection and one indicating full specular reflection. The second pass
modulates the specular color—computed using vertex lighting, with the alpha value
from the texture map—and sums the result in the framebuffer. The source and desti-
nation blend factors GL_SRC_ALPHA and GL_ONE perform both the modulation and
the sum. The second pass must use the standard methods to allow drawing the same
surface more than once, using either GL_EQUAL for the depth function or stenciling
(Section 9.2).

The net result is that we compute one product per pass of Cg,yp = Myly + Msls,
where M; is the material reflectance, stored as a texture, and I; is the reflected light inten-
sity computed using vertex lighting. Trying to express this as single-pass multitexture
algorithm with the cascade-style environment combination doesn’t really work. The sep-
arate specular color is only available post-texture, and computing the two products and
two sums using texture maps for My and M; really requires a multiply-add function to
compute a product and add the previous sum in a single texture unit. This functionality
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is available in vendor-specific extensions. However, using an additional texture map to
compute the specular highlight (as described in Section 15.4) combined with a fragment
program provides a straightforward solution. The first texture unit stores My and com-
putes the first product using the result of vertex lighting. The alpha component of M also
stores the gloss map (assuming it isn’t needed for transparency). The second texture unit
stores the specular environment map and the two products are computed and summed
in the fragment program.

15.7.2

Surfaces that contain holes, windows, or cracks that emit light can be modeled using
emission maps. Emission maps are similar to the gloss maps described previously, but
supply the emissive component of the lighting equation rather than the specular part.
Since the emissive component is little more than a pass-through color, the algorithm
for rendering an emission map is simple. The emission map is an RGBA texture; the
RGB values represent the emissive color, whereas the alpha values indicate where the
emissive color is present. The emissive component is accumulated in a separate draw-
ing pass for the object using a replace environment function and GL_SRC_ALPHA and
GL_ONE for the source and destination blend factors. The technique can easily be com-
bined with the two-pass gloss map algorithm to render separate diffuse, specular, and
emissive contributions.

15.8 Per-fragment Lighting Computations

Rather than relying entirely on texture mapping as a simple lookup table for supplying
precomputed components of the lighting equation, we can also use multitexture environ-
ments and fragment programs to directly evaluate parts of the lighting model. OpenGL 1.3
adds the combine environment and the DOT3 combine function, along with cube map-
ping and multitexture. These form a powerful combination for computing per-fragment
values useful in lighting equations, such as N-L. Fragment programs provide the capability
to perform multiple texture reads and arithmetic instructions enabling complex equations
to be evaluated at each fragment. These instructions include trignometric, exponential,
and logarithmic functions—virtually everything required for evaluating many lighting
models.

One of the challenges in evaluating lighting at each fragment is computing the cor-
rect values for various vector quantities (for example, the light, half-angle, and normal
vectors). Some vector quantities we can interpolate across the face of a polygon. We can
use the cube mapping hardware to renormalize a vector (described in Section 15.11.1).

Sometimes it can be less expensive to perform the computation in a different coor-
dinate system, transforming the input data into these coordinates. One example is
performing computations in tangent space. A surface point can be defined by three



Other Lighting Models 335

perpendicular vectors: the surface normal, tangent, and binormal. The binormal and
tangent vector form a plane that is tangent to the surface point. In tangent space, the
surface normal is aligned with the z axis and allows a compact representation. Lighting
computations are performed in tangent space by transforming (rotating) the view and
light vectors. Transforming these vectors into tangent space during vertex processing
can make the per-fragment lighting computations substantially simpler and improve per-
formance. Tangent space computations and the transformation into tangent space are
described in more detail in Section 15.10.2.

15.9 Other Lighting Models

Up to this point we have largely discussed the Blinn lighting model. The diffuse and
specular terms for a single light are given by the following equation.

dnd N -L + 5,5 (H-N)"

Section 15.4 discusses the use of sphere mapping to replace the OpenGL per-vertex spec-
ular illumination computation with one performed per-pixel. The specular contribution
in the texture map is computed using the Blinn formulation given previously. However,
the Blinn model can be substituted with other bidirectional reflectance distribution func-
tions to achieve other lighting effects. Since the texture coordinates are computed using
an environment mapping function, the resulting texture mapping operation accurately
approximates view-dependent (specular) reflectance distributions.

15.9.1

A useful enhancement to the lighting model is to add a Fresnel reflection term, F, (Hall,
1989), to the specular equation:

dmle L+ F)LSmS](H . N)n

The Fresnel term specifies the ratio of the amount of reflected light to the amount of
transmitted (refracted) light. It is a function of the angle of incidence (6;), the relative
index of refraction (7;) and the material properties of the object (dielectric, metal, and
so on, as described in Section 3.3.3).

Vo Ug—eP (cg +¢) = 1)
B0 = 2<g+c>2< (c(g—c>+1)2)
¢ =cosf
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Here, 6 is the angle between V and the halfway vector H (cos 8 = H-V). The effect of the
Fresnel term is to attenuate light as a function of its incident and reflected directions as well
as its wavelength. Dielectrics (such as glass) barely reflect light at normal incidence, but
almost totally reflect it at glancing angles. This attenuation is independent of wavelength.
The absorption of metals, on the other hand, can be a function of the wavelength. Copper
and gold are good examples of metals that display this property. At glancing angles, the
reflected light color is unaltered, but at normal incidence the light is modulated by the
color of the metal.

Since the environment map serves as a table indexed by the reflection vector, the
Fresnel effects can be included in the map by simply computing the specular equation with
the Fresnel term to modulate and shift the color. This can be performed as a postprocessing
step on an existing environment map by computing the Fresnel reflection coefficient at
each angle of incidence and modulating the sphere or cube map. Environment mapping,
reflection, and refraction and are discussed in more detail in Sections 5.4 and 17.1.

Alternatively, for direct implementation in a fragment program an approximating
function can be evaluated in place of the exact Fresnel term. For example, Schlick proposes
the function (Schlick, 1992)

F.(0) = Gy + (1 — Cu)(1 — cosb)®

where G, = (171 — m2)%/(n1 + n2)* and 1 is the index of refraction of the medium the
incident ray passes through (typically air) and 7, the index of refraction of the material
reflecting the light. Other proposed approximations are:

Fp(6) = (1 —cos6)*
1

b.(6) = (14 cos@)’

15.9.2

The Phong lighting equation, with its cosine raised to a power term for the specular com-
ponent, is a poor fit to a physically accurate specular reflectance model. It’s difficult to map
measured physical lighting properties to its coefficient, and at low specularity it doesn’t
conserve incident and reflected energy. The Gaussian BRDF is a better model, and with
some simplifications can be approximated by modifying parameters in the Phong model.

The specular Phong term K;cos(6)*¢¢ is augmented by modifying the K, and spec param-

1
eters to a more complex and physically accurate form: .0398(1.9990{1—2)I<5cos(9)(1'999a2 ),

where « is a material parameter. See Diefenbach (1997) or Ward (1992) for details on
this equation’s derivation, limits to its accuracy, and material properties modeled by
the o parameter. This model can be implemented either using the specular environment
mapping technique described in Section 15.4 or using a fragment program.
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15.9.3

Traditional lighting models approximate a surface as having microscopic facets that are
uniformly distributed in any direction on the surface. This uniform distribution of facets
serves to randomize the direction of reflected light, giving rise to the familiar isotropic
lighting behavior.

Some surfaces have a directional grain, made from facets that are formed with a direc-
tional bias, like the grooves formed by sanding or machining. These surfaces demonstrate
anisotropic lighting properties, which depend on the rotation of the surface around its
normal. At normal distances, the viewer does not see the facets or grooves, but only the
resulting lighting effect. Some everyday surfaces that have anisotropic lighting behavior
are hair, satin Christmas tree ornaments, brushed alloy wheels, CDs, cymbals in a drum
kit, and vinyl records.

Heidrich and Seidel (Heidrich 1998a) present a technique for rendering surfaces with
anisotropic lighting, based on the scientific visualization work of Zockler et al. (Zockler,
1997). The technique uses 2D texturing to provide a lighting solution based on a “most
significant” normal to a surface at a point.

The algorithm uses a surface model with infinitely thin fibers running across the
surface. The tangent vector T, defined at each vertex, can be thought of as the direction
of a fiber. An infinitely thin fiber can be considered to have an infinite number of surface
normals distributed in the plane perpendicular to T, as shown in Figure 15.7. To evaluate
the lighting model, one of these candidate normal vectors must be chosen for use in the
lighting computation.

1

Figure 15.7 Normals to a fiber.
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Figure 15.8 Projectinglight vector to maximize lighting contribution.

As described in Stalling (1997), the normal vector that is coplanar to the tangent
vector T and light vector L is chosen. This vector is the projection of the light vector onto
the normal plane as shown in Figure 15.8.

The diffuse and specular lighting factors for a point based on the view vector V,
normal N, light reflection vector Ry, light direction L, and shininess exponent s are:

Idiffuse =N-L
Ispeculm = (V- Rl)S

To avoid calculating N and Ry, the following substitutions allow the lighting calculation
at a point on a fiber to be evaluated with only L, V, and the fiber tangent T (anisotropic
bias).

N.-L=,/1—(L-T)?

V.Rl:\/1—(L-T)Z*\/l—(V-T)Z—(L-T)(V'T)

If V and L are stored in the first two rows of a transformation matrix, and T is transformed
by this matrix, the result is a vector containing L - T and V - T. After applying this
transformation, L - T is computed as texture coordinate s and V - T is computed as ¢, as
shown in Equation 15.1. A scale and bias must also be included in the matrix in order to
bring the dot product range [—1, 1] into the range [0, 1]. The resulting texture coordinates
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are used to index a texture storing the precomputed lighting equation.

Ly Ly L, 1\ (Tx F(L-T)+1
vy v, Vo 1 Ty _ %(V~T)+1 (15.1)
2o o o ollT: 0 :
0o 0o o0 2/\1 1

If the following simplifications are made — the viewing vector is constant (infinitely far
away) and the light direction is constant — the results of this transformation can be used
to index a 2D texture to evaluate the lighting equation based solely on providing T at
each vertex.

The application will need to create a texture containing the results of the lighting
equation (for example, the OpenGL model summarized in Appendix B.7). The s and ¢#
coordinates must be scaled and biased back to the range [—1, 1], and evaluated in the
previous equations to compute N-L and V- R;.

A transformation pipeline typically transforms surface normals into eye space by
premultiplying by the inverse transpose of the viewing matrix. If the tangent vector (T)
is defined in model space, it is necessary to query or precompute the current modeling
transformation and concatenate the inverse transpose of that transformation with the
transformation matrix in equation 15.1.

The transformation is stored in the texture matrix and T is issued as a per-vertex
texture coordinate. Unfortunately, there is no normalization step in the OpenGL texture
coordinate generation system. Therefore, if the modeling matrix is concatenated as men-
tioned previously, the texture coordinates representing vectors may be transformed so
that they are no longer unit length. To avoid this, the coordinates must be transformed
and normalized by the application before transmission.

Since the anisotropic lighting approximation given does not take the self-occluding
effect of the parts of the surface facing away from the light, the texture color needs to be
modulated with the color from a saturated per-vertex directional light. This clamps the
lighting contributions to zero on parts of the surface facing away from the illumination
source.

This technique uses per-vertex texture coordinates to encode the anisotropic direc-
tion, so it also suffers from the same sampling-related per-vertex lighting artifacts found
in the isotropic lighting model. If a local lighting or viewing model is desired, the appli-
cation must calculate L or V, compute the entire anisotropic lighting contribution, and
apply it as a vertex color.

Because a single texture provides all the lighting components up front, changing any
of the colors used in the lighting model requires recalculating the texture. If two textures
are used, either in a system with multiple texture units or with multipass, the diffuse
and specular components may be separated and stored in two textures. Either texture
may be modulated by the material or vertex color to alter the diffuse or specular base
color separately without altering the maps. This can be used, for example, in a database
containing a precomputed radiosity solution stored in the per-vertex color. In this way,
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the diffuse color can still depend on the orientation of the viewpoint relative to the tangent
vector but only changes within the maximum color calculated by the radiosity solution.

15.94

The Lambertian diffuse model assumes that light reflected from a rough surface is depen-
dent only on the surface normal and light direction, and therefore a Lambertian surface
is equally bright in all directions. This model conflicts with the observed behavior for
diffuse surfaces such as the moon. In nature, as surface roughness increases the object
appears flatter; the Lambertian model doesn’t capture this characteristic.

In 1994, Oren and Nayar (Oren, 1994) derived a physically-based model and val-
idated it by comparing the results of computations with measurements on real objects.
In this model, a diffuse surface is modeled as a collection of “V-cavities” as proposed
by Torrance and Sparrow (Torrance, 1976). These cavities consist of two long, narrow
planar facets where each facet is modeled as a Lambertian reflector. Figure 15.9 illustrates
a cross-section of a surface modeled as V-cavities. The collection of cavity facets exhibit
complex interactions, including interreflection, masking of reflected light, and shadowing
of other facets, as shown in Figure 15.10.

The projected radiance for a single facet incorporating the effects of masking and
shadowing can be described using the geometrical attenuation factor (GAF). This factor

Figure 15.9 Surface modeled as a collection of V-cavities.

RN

(a) Interreflection (b) Masking (c) Shadowing

Figure 15.10 Interreflection, masking, and shadowing.
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is a function of the surface normal, light direction, and the facet normal (a), given by the
formula

GAF = min |:1,max |:O, 2(N-a)(N-V) 2(N-a)(N - L):|]

(V-a) 7 (V-a)

In addition, the model includes an interreflection factor (IF), modeling up to two bounces
of light rays. This factor is approximated using the assumption that the cavity length /
is much larger than the cavity width w, treating the cavity as a one-dimensional shape.
The interreflection component is computed by integrating over the cross section of the
one-dimensional shape. The limits of the integral are determined by the masking and
shadowing of two facets: one facet that is visible to the viewer with width 72, and a second
adjacent facet that is illuminated by the interreflection, with width 1. The solution for
the resulting integral is

2 [0, da, ) — a2 —dq, )],

2 w w woow

where d(x,y) = \/xz + 2xy cos(26,) + y?

To compute the reflection for the entire surface, the projected radiance from both shad-
owing/masking and interreflection is integrated across the surface. The surface is assumed
to comprise a distribution of facets with different slopes to produce a slope-area distri-
bution D. If the surface roughness is isotropic, the distribution can be described with a
single elevation parameter 6, since the azimuth orientation of the facets ¢, is uniformly
distributed. Oren and Nayar propose a Gaussian function with zero mean u = 0 and
variance o for the isotropic distribution, D(0,, u,0) = Ce—07/29%  The surface roughness
is then described by the variance of the distribution. The integral itself is complex to
evaluate, so instead an approximating function is used. In the process of analyzing the
contributions from the components of the functional approximation, Oren and Nayar
discovered that the contributions from the interreflection term are less significant than the
shadowing and masking term. This leads to a qualitative model that matches the overall
model and is cheaper to evaluate. The equation for the qualitative model is

L(6,,0i,¢r — ¢is0) = gEO cos 0;(A + B max[0, cos(¢p, — ¢;)]sin tan B)

0.2
A=10-05———
o2 +0.33
2
B=045———
02 +0.09

a = max(6,, 6;)

p = min(6;,0;)
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where 6, and 0; are the angles of reflection and incidence relative to the surface normal
(the viewer and light angles) and ¢, and ¢; are the corresponding reflection and incidence
angles tangent to the surface normal. Note that as the surface roughness o approaches
zero the model reduces to the Lambertian model.

There are several approaches to implementing the Oren-Nayer model using the
OpenGL pipeline. One method is to use an environment map that stores the precomputed
equation L(6,,0;, ¢, — ¢;; o), where the surface roughness o and light and view directions
are fixed. This method is similar to that described in Section 15.4 for specular lighting
using an environment map. Using automatic texture coordinate generation, the reflection
vector is used to index the corresponding part of the texture map. This technique, though
limited by the fixed view and light directions, works well for a fixed-function OpenGL
pipeline.

If a programmable pipeline is supported, the qualitative model can be evalu-
ated directly using vertex and fragment programs. The equation can be decomposed
into two pieces: the traditional Lambertian term cosf; and the attenuation term
A + Bmax[0, cos(¢, — ¢;)] sin tan B. To compute the attentuation term, the light and
view vectors are transformed to tangent space and interpolated across the face of the
polygon and renormalized. The normal vector is retrieved from a tangent-space normal
map. The values A and B are constant, and the term cos(¢, — ¢;) is computed by projecting
the view and light vectors onto the tangent plane of N, renormalizing, and computing
the dot product

Vyyj =V —N(N-V)
Ly =L-N(N-L)
Vori  Lprj

cos(¢y — ¢;) =
SR T ST} BT

Similarly, the product of the values « and 8 is computed using a texture map to implement
a 2D lookup table F(x,y) = sin(x) tan(y). The values of cos §; and cos 6, are computed by
projecting the light and view vectors onto the normal vector,

cosd; =N-L
cos0, =N .V

and these values are used in the lookup table rather than 6; and 6,.

15.9.5

The Cook-Torrance model (Cook, 1981) is based on a specular reflection model by
Torrance and Sparrow (Torrance, 1976). It is a physically based model that can be used
to simulate metal and plastic surfaces. The model accurately predicts the directional dis-
tribution and spectral composition of the reflected light using measurements that capture
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spectral energy distribution for a material and incident light. Similar to the Oren-Nayar
model, the Cook-Torrance model incorporates the following features.

*  Microfacet distribution
*  Geometric attenuation factor for micro-facet masking and self-shadowing
*  Fresnel reflection with color shift

The model uses the Beckmann facet slope distribution (surface roughness) function
(Beckmann, 1963), given by

1 tan? o

D = — € m
Beckmann 72 cos? a
where 1 is a measure of the mean facet slope. Small values of m approximate a smooth
surface with gentle facet slopes and larger values of m a rougher surface with steeper
slopes. « is the angle between the normal and halfway vector (cosa = N - H). The
equation for the entire model is

I = ﬂ Dgeckmann GAF
7 N.L N.V

To evaluate this model, we can use the Fresnel equations from Section 15.9.1 and the GAF
equation described for the Oren-Nayar model in Section 15.9.4. This model can be applied
using a precomputed environment map, or it can be evaluated directly using a fragment
program operating in tangent space with a detailed normal map. To implement it in a
fragment program, we can use one of the Fresnel approximations from Section 15.9.1, at
the cost of losing the color shift. The Beckmann distribution function can be approximated
using a texture map as a lookup table, or the function can be evaluated directly using the
trigonometric identity

can’ 1—cos’a 1—(N-H)?
an- o = =
cos2 o N-H

The resulting specular term can be combined with a tradition diffuse term or the value
computed using the Oren-Nayar model. Figure 15.11 illustrates objects illuminated with
the Oren-Nayar and Cook-Torrance illumination models.

15.10 Bump Mapping with Textures

Bump mapping (Blinn, 1978), like texture mapping, is a technique to add more realism
to synthetic images without adding of geometry. Texture mapping adds realism by
attaching images to geometric surfaces. Bump mapping adds per-pixel surface relief
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Figure 15.11 Oren-Nayarand Cook-Torrance reflection models.

shading, increasing the apparent complexity of the surface by perturbing the surface nor-
mal. Surfaces that have a patterned roughness are good candidates for bump mapping.
Examples include oranges, strawberries, stucco, and wood.

An intuitive representation of surface bumpiness is formed by a 2D height field array,
or bump map. This bump map is defined by the scalar difference F(u,v) between the
flat surface P(u,v) and the desired bumpy surface P'(#,v) in the direction of normal
N at each point u,v. Typically, the function P is modeled separately as polygons or
parametric patches and F is modeled as a 2D image using a paint program or other image
editing tool.

Rather than subdivide the surface P’(u,v) into regions that are locally flat, we note
that the shading perturbations on such a surface depend more on perturbations in the
surface normal than on the position of the surface itself. A technique perturbing only the
surface normal at shading time achieves similar results without the processing burden of
subdividing geometry. (Note that this technique does not perturb shadows from other
surfaces falling on the bumps or shadows from bumps on the same surface, so such
shadows will retain their flat appearance.)

The normal vector N’ at u#,v can be calculated by the cross product of the partial
derivatives of P’ in # and v. (The notational simplification P}, is used here to mean the
partial derivative of P’ with respect to #, sometimes written %—I;). The chain rule can be
applied to the partial derivatives to yield the following expression of P and P} in terms
of P, F, and derivatives of F.

Z|z

37
N N

P =P F,—— +F
SRS
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aN
N [INI]
P =P, +F,——+F

v=Ev ||N||+ v

If F is assumed to be sufficiently small, the final terms of each of the previous expressions
can be approximated by zero:

N
P’ +F,——
u ™ Pu 1IN
P ~P
TN

Expanding the cross product P, x P, gives the following expression for N'.

N N
N = (P, +F ) x (Py + F )
TN IINT|

This evaluates to

FuN xPy) F,(PyxN) F,F,(N xN)

N =P, x P, +
foy [IN]| N |IN] 2

Since Py x Py yields the normal N, N x N yields 0, and A x B = —(B x A), we can further
simplify the expression for N’ to:

F,(N x Py) _ Fy(N x Py)
[IN]] [IN]

N =N+

The values F,, and F, are easily computed through forward differencing from the 2D
bump map, and P, and Py can be computed either directly from the surface definition or
from forward differencing applied to the surface parameterization.

15.10.1

Bump mapping can be implemented in a number of ways. Using the programmable
pipeline or even with the DOT3 texture environment function it becomes substantially
simpler than without these features. We will describe a method that requires the least
capable hardware (Airey, 1997; Peercy, 1997). This multipass algorithm is an extension
and refinement of texture embossing (Schlag, 1994). It is relatively straightforward to
modify this technique for OpenGL implementations with more capabilities.
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15.10.2

Recall that the bump map normal N’ is formed by Pu x Pv. Assume that the surface point
P is coincident with the x-y plane and that changes in # and v correspond to changes
in x and vy, respectively. Then F can be substituted for P/, resulting in the following
expression for the vector N'.

oF
ou
N = oF
av

To evaluate the lighting equation, N’ must be normalized. If the displacements in the
bump map are restricted to small values, however, the length of N’ will be so close
to one as to be approximated by one. Then N’ itself can be substituted for N without
normalization. If the diffuse intensity component N-L of the lighting equation is evaluated
with the value presented previously for N’, the result is the following.

oF oF

This expression requires the surface to lie in the x-y plane and that the # and v parameters
change in x and y, respectively. Most surfaces, however, will have arbitrary locations
and orientations in space. To use this simplification to perform bump mapping, the view
direction V and light source direction L are transformed into tangent space.

Tangent space has three axes: T, B and N. The tangent vector, T, is parallel to
the direction of increasing texture coordinate s on the surface. The normal vector, N, is
perpendicular to the surface. The binormal, B, is perpendicular to both N and T, and
like T lies in the plane tangent to the surface. These vectors form a coordinate system
that is attached to and varies over the surface.

The light source is transformed into tangent space at each vertex of the polygon (see
Figure 15.12). To find the tangent space vectors at a vertex, use the vertex normal for N
and find the tangent axis T by finding the vector direction of increasing s in the object’s
coordinate system. The direction of increasing # may also be used. Find B by computing
the cross product of N and T. These unit vectors form the following transformation.

X T, T, T. —Vi\ [x
y By By B, -V, y

= 15.3
7 N, N, N, -V, z (15.3)
w' 0 0 0 1 w
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Figure 15.12 Tangent space defined at polygon vertices.

This transformation brings coordinates into tangent space, where the plane tangent to
the surface lies in the x-y plane and the normal to the surface coincides with the z axis.
Note that the tangent space transformation varies for vertices representing a curved sur-
face, and so this technique makes the approximation that curved surfaces are flat and the
tangent space transformation is interpolated from vertex to vertex.

15.10.3

The first derivative of the height values of the bump map in a given direction s, ¢ can be
approximated by the following process (see Figure 15.13 1(a) to 1(c)):

1. Render the bump map texture.
2. Shift the texture coordinates at the vertices by ¢, #'.
3. Rerender the bump map texture, subtracting from the first image.

Consider a 1D bump map for simplicity. The map only varies as a function of s. Assuming
that the height values of the bump map can be represented as a height function F(s), then
the three-step process computes the following: F(s) — F(s + As)/As. If the delta is one
texel in s, then the resulting texture coordinate is F(s) — F(s + % ), where w is the width of
the texture in texels (see Figure 15.14). This operation implements a forward difference
of F, approximating the first derivative of F if F is continuous.

In the 2D case, the height function is F(s,#), and performing the forward difference
in the directions of s’ and ¢’ evaluates the derivative of F(s,t) in the directions s’ and ¢'.
This technique is also used to create embossed images.

This operation provides the values used for the first two addends shown in
Equation 15.2. In order to provide the third addend of the dot product, the process
needs to compute and add the transformed z component of the light vector. The tan-
gent space transform in Equation 15.3 implies that the transformed z component of
L’ is simply the inner product of the vertex normal and the light vector, L, = N - L.
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Figure 15.13 Bump mapping: shift and subtract image.
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Figure 15.14 Shifting a bump map to perform forward differencing.

Therefore, the z component can be computed using OpenGL to evaluate the diffuse light-
ing term at each vertex. This computation is performed as a second pass, adding to the
previous results. The steps for diffuse bump mapping are summarized:

1.

Sk b

a

9.

Render the polygon with the bump map texture, modulating the polygon color. The
polygon color is set to the diffuse reflectance of the surface. Lighting is disabled.

Find N, T, and B at each vertex.
Use the vectors to create a transformation.
Use the matrix to rotate the light vector L into tangent space.

Use the rotated x and y components of L to shift the s and # texture coordinates at
each polygon vertex.

Rerender the bump map textured polygon using the shifted texture coordinates.
Subtract the second image from the first.

Render the polygon with smooth shading, with lighting enabled, and texturing
disabled.

Add this image to the result.

Using the accumulation buffer can provide reasonable accuracy. The bump-mapped
objects in the scene are rendered with the bump map, rerendered with the shifted bump
map, and accumulated with a negative weight (to perform the subtraction). They are
then rerendered using Gouraud shading and no bump map texture, and accumulated
normally.
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The process can also be extended to find bump-mapped specular highlights. The
process is repeated using the halfway vector (H) instead of the light vector. The halfway
vector is computed by averaging the light and viewer vectors % The combination of
the forward difference of the bump map in the direction of the tangent space H and the

z component of H approximate N - H. The steps for computing N - H are as follows.
1. Render the polygon with the bump map textured on it.
Find N, T, and B at each vertex.

2

3. Use the vectors to create a rotation matrix.

4. Use the matrix to rotate the halfway vector H into tangent space.
S

Use the rotated x and y components of H to shift the s and ¢ texture coordinates at
each polygon vertex.

N

Rerender the bump-map-textured polygon using the shifted texture coordinates.
7. Subtract the second image from the first.

8. Render the polygon Gouraud shaded with no bump map texture. This time use H
instead of L as the light direction. Set the polygon color to the specular light
color.

The resulting N-H must be raised to the shininess exponent. One technique for performing
this exponential is to use a color table or pixel map to implement a table lookup of
f(x) = x™. The color buffer is copied onto itself with the color table enabled to perform
the lookup. If the object is to be merged with other objects in the scene, a stencil mask can
be created to ensure that only pixels corresponding to the bump-mapped object update
the color buffer (Section 9.2). If the specular contribution is computed first, the diffuse
component can be computed in place in a subsequent series of passes. The reverse is not
true, since the specular power function must be evaluated on N - H by itself.

Blending

If the OpenGL implementation doesn’t accelerate accumulation buffer operations, its
performance may be very poor. In this case, acceptable results may be obtainable using
framebuffer blending. The subtraction step can produce intermediate results with negative
values. To avoid clamping to the normal [0, 1] range, the bump map values are scaled
and biased to support an effective [—1, 1] range (Section 3.4.1). After completion, of the
third pass, the values are converted back to their original 0 to 1 range. This scaling and
biasing, combined with fewer bits of color precision, make this method inferior to using
the accumulation buffer.

Bumps on Surfaces Facing Away from the Light

Because this algorithm doesn’t take self-occlusion into account, the forward differencing
calculation will produce “lights” on the surface even when no light is falling on the
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surface. Use the result of L - N to scale the shift so that the bump effect tapers off slowly
as the surface becomes more oblique to the light direction. Empirically, adding a small
bias (.3 in the authors’ experiments) to the dot product (and clamping the result) is more
visibly pleasing because the bumps appear to taper off after the surface has started facing
away from the light, as would actually happen for a displaced surface.

15.10.4

Although this technique does closely approximate bump mapping, there are limitations
that impact its accuracy.

Bump Map Sampling

The bump map height function is not continuous, but is sampled into the texture. The
resolution of the texture affects how faithfully the bump map is represented. Increasing
the size of the bump map texture can improve the sampling of high-frequency height
components.

Texture Resolution

The shifting and subtraction steps produce the directional derivative. Since this is a for-
ward differencing technique, the highest frequency component of the bump map increases
as the shift is made smaller. As the shift is made smaller, more demands are made of the
texture coordinate precision. The shift can become smaller than the texture filtering imple-
mentation can handle, leading to noise and aliasing effects. A good starting point is to
size the shift components so that their vector magnitude is a single texel.

Surface Curvature

The tangent coordinate axes are different at each point on a curved surface. This tech-
nique approximates this by finding the tangent space transforms at each vertex. Texture
mapping interpolates the different shift values from each vertex across the polygon. For
polygons with very different vertex normals, this approximation can break down. A solu-
tion would be to subdivide the polygons until their vertex normals are parallel to within
an error limit.

Maximum Bump Map Slope

The bump map normals used in this technique are good approximations if the bump
map slope is small. If there are steep tangents in the bump map, the assumption that
the perturbed normal is length one becomes inaccurate, and the highlights appear too
bright. This can be corrected by normalizing in fourth pass, using a modulating texture
derived from the original bump map. Each value of the texel is one over the length of the

2 2
perturbed normal: 1// S—Z + % +1.
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15.11 Normal Maps

Normal maps are texture maps that store a per-pixel normal vector in each texel. The
components of the normal vector are stored in the R, G, and B color components. The
normal vectors are in the tangent space of the object (see Section 15.10.2). Relief shading,
similar to bump mapping, can be performed by computing the dot product N - L using
the texture combine environment function. Since the computation happens in the texture
environment stage, the colors components are fixed point numbers in the range [0, 1]. To
support computations of inputs negative components, the dot product combine operation
assumes that the color components store values that are scaled and biased to represent
the range [—1, 1]. The dot product computation is

4((Cg = 0.5)(Tx — 0.5) + (Cg — 0.5)(TG — 0.5) + (Cp — 0.5)(Tg — 0.5)),

producing a result that is 7ot scaled and biased. If the dot product is negative, the regular
[0, 1] clamping sets the result to 0, so the dot product is N - L rather than N - L.

To use normal maps to perform relief shading, first a tangent-space biased normal
map is created. To compute the product N - L, the tangent space light vector L is sent
to the pipeline as a vertex color, using a biased representation. Since interpolating the
color components between vertices will not produce correctly interpolated vectors, flat
shading is used. This forces the tangent-space light vector to be constant across the face of
each primitive. The texture environment uses GL_COMBINE for the texture environment
function and GL_DOT3_RGB for the RGB combine operation. If multiple texture units
are available, the resulting diffuse intensity can be used to modulate the surface’s diffuse
reflectance stored in a successive texture unit. If there isn’t a texture unit available, a two-
pass method can be used. The first pass renders the object with diffuse reflectance applied.
The second pass renders the object with the normal map using framebuffer blending to
modulate the stored diffuse reflectance with the computed diffuse light intensity.

If programmable pipeline support is available, using normal maps becomes simple.
Direct diffuse and specular lighting model computations are readily implemented inside
a fragment program. It also provides an opportunity to enhance the technique by adding
parallax to the scene using offset mapping (also called parallax mapping) (Welsh, 2004).
This adds a small shift to the texture coordinates used to look up the diffuse surface color,
normal map, or other textures. The offset is in the direction of the viewer and is scaled and
biased by the height of the bump, using a scale and bias of approximately 0.04 and 0.02.

15.11.1

For a curved surface, the use of a constant light vector across the face of each primitive
introduces visible artifacts at polygon boundaries. To allow per-vertex tangent-space light
vector to be correctly interpolated, a cube map can be used with a second texture unit.
The light vector is issued as a set of (s, #,7) texture coordinates and the cube map stores
the normalized light vectors. Vectors of the same direction index the same location in the
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texture map. The faces of the cube map are precomputed by sequencing the two texture
coordinates for the face through the integer coordinates [0, M — 1] (where M is the texture
size) and computing the normalized direction. For example, for the positive X face at each

¥, % pair,

and the components of the normalized vector N are scaled and biased to the [0, 1] texel
range. For most applications 16 x 16 or 32x 32 cube map faces provide sufficient accuracy.

An alternative to a table lookup cube map for normalizing a vector is to directly com-
pute the normalized value using a truncated Taylor series approximation. For example,
the Taylor series expansion for N’ = N/||N]|| is

1 3 5
N =N1--(N-N-1)+-(N-N-1?> - = (N-N-1)>+...)
2 8 16
zN+§(1—N-N)

which can be efficiently implemented using the combine environment function with
two texture units if the GL_DOT3_RGB function is supported. This approximation
works best when interpolating between unit length vectors and the deviation between
the two vectors is less than 45 degrees. If the programmable pipeline is supported by
the OpenGL implementation, normalization operations can be computed directly with
program instructions.

15.12 Bump-mapped Reflections

Bump mapping can be combined with environment mapping to provide visually inter-
esting perturbed reflections. If the bump map is stored as displacements to the normal
(% and %) rather than a height field, the displacements can be used as offsets added to
the texture coordinates used in a second texture. This second texture represents the light-
ing environment, and can be the environment-mapped approximation to Phong lighting
discussed in Section 15.4 or an environment map approximating reflections from the
surface (as discussed in Section 17.3.4).

The displacements in the “bump map” are related to the displacements to the nor-
mal used in bump mapping. The straightforward extension is to compute the reflection
vector from displaced normals and use this reflection vector to index the environment
map. To simplify hardware design, however, the displaced environment map coordinates
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are approximated by applying the bump map displacements after the environment map
coordinates are computed for the vertex normals. With sphere mapping, the error intro-
duced by this approximation is small at the center of the sphere map, but increases as the
mapped normal approaches the edge of the sphere map. Images created with this tech-
nique look surprisingly realistic despite the crudeness of the approximation. This feature
is available through at least one vendor-specific extension ATI_envmap_bumpmap.

15.13 High Dynamic Range Lighting

In Section 12.9 we introduced the idea of high dynamic range images (HDR images).
These images are capable of storing data over a much larger range than a typical 8-bit per-
component color buffer. The section also describes the process of tone mapping, which
maps the components of an HDR image to the component resolutions of a typical display
device. A natural outgrowth of being able to capture and store an HDR image is to gener-
ate scenes with HDR lighting. This facilitates the implementation of physically based ren-
dering using spectral radiance for real llumination sources. Alternatively, HDR scenes can
also be rendered using image-based lighting derived from HDR images (Debevec, 2002).

The simplest way to implement HDR image-based lighting is to capture the envi-
ronment as an HDR environment map, called a radiance map. Sphere map environment
maps of HDR data are termed light probes and can be captured with a fish-eye lens or by
photographing a chrome ball from a distance, just like a sphere environment map. Special
processing is required to recover the HDR values; it is described in detail by Paul Debevec
in (Debevec, 1997) and (Debevec, 2002). Lighting a scene with the HDR environment is
similar to other environment mapping techniques; the system must be capable of process-
ing HDR color values, however, so fragment programs and HDR texture image formats
and color buffers are required. The end result is an HDR image that must be tone mapped
to map the HDR pixel values to a displayable range, as described in Section 12.9.2.

15.13.1

The human visual system response to high-luminance sources results in several visible
effects, including glare, lenticular halos, and bloom (Spencer, 1995). Some of these
effects can be simulated as part of an HDR rendered scene. They are performed as a
postprocess on the HDR rendered scene, called a “bright pass.”

The first step uses the tone-mapping operator to segment the scene into bright and
dim parts. To extract the bright part of the scene, the curve-based tone mapping operator
from Section 12.9.2 is modified and applied in pieces. First, the log-average luminance
is computed and colors are scaled by the a/L;,q, and then the dim pixels are subtracted
away using a threshold value of 5, clamping the result to zero. Finally, the remaining
“bright” values are scaled by 1/(10 + L., (x,y)) to isolate the light sources. The values
of 5 and 10 are empirically chosen, with 5 representing the threshold luminance for dark
areas and the offset value 10 defining the degree of separation between light and dark
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areas. Once the bright image is computed, it is blurred using a Gaussian or other filter
and the result is added to the tone-mapped scene.

The bright image can be used for other glare or halo effects by locating the positions
of the light source and sampling specific patterns (circles, crosses, and so on) and smearing
them along the pattern. The result is added back to the orginal scene.

15.14 Global ITlumination

The lighting models described thus far have been growing progressively more sophisti-
cated. However, capturing the effects of complex interreflections, area light sources, and
so on is increasingly difficult using individual light sources. Environment maps capture
some of the information in a more complex environment, but the subtleties of real lighting
are often better captured using a global illumination model. Global illumination models
using radiosity or ray tracing are generally too computationally complex to perform in
real time. However, if the objects and light sources comprising the environment are static,
it is possible to perform the global illumination calculations as a preprocessing step and
then display the results interactively. Such an approach is both practical and useful for
applications such as architectural walkthroughs. The technique is typically employed for
diffuse illumination solutions since view-independent (ideal) diffuse illumination can be
represented as a single value (color) at each object vertex.

Many of the techniques for the display of precomputed global illumination param-
eterize the radiance transfer with a set of basis functions such as wavelets or spherical
harmonics. This allows the lighting contribution to be factored out, so that at display
time a dynamic lighting environment projected onto the same basis can be used to light
the scene efficiently. This computation is usually with an N dimensional dot product,
where N < the number of basis functions used to parameterize the solution. Details for
these techniques are beyond the scope of this book, but we will outline some methods
that do not require an extended mathematical discussion.

15.14.1

Walter et al. (Walter, 1997) describe a method for rendering global illumination solutions
that contain view-independent directionally variant lighting effects. The specular term in
the OpenGL lighting model is used to approximate the directionally varying lighting
information, and the emissive term is used to approximate the directionally invariant
illumination (diffuse illumination). In this method, a set of OpenGL lights is treated as a
set of basis functions that are summed together, whereas the object is rendered to yield a
more general directional distribution. The OpenGL light parameters, such as position or
intensity coefficients, have no relationship to the light sources in the original model, but
instead serve as a compact representation for the directional illumination of an object.
Each rendered object has its own set of lights, called virtual lights.

The method works on a global illumination solution, which stores a number of sam-
ples of the directionally varying illumination at each object vertex. The parameters for
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the virtual lights of a particular object are determined using a fitting procedure consisting
of a number of heuristics. The main idea is to produce a set of solutions for a num-
ber of specular exponent values and then choose the exponent value that minimizes the
mean-squared error using a least squares method. A solution at a given exponent value
is determined as follows.

1. Choose a specular exponent value.

Find the vertex on the object with the largest directional radiance.

2

3. Choose a light direction to align the specular lobe with this brightest direction.
4. Choose an intensity coefficient to match the radiance at the point on the object.
S

Compute the specular contribution at other points on the object and subtract from
the radiance.

6. Repeat steps 2 through 5 using updated object radiance until all lights have been
used.

7. At each vertex, compute the specular and emission coefficients using a least
squares fit.

Once the lighting parameters have been determined, the model is rendered using the
gllight and gTMaterial commands to set the directional light parameters and spec-
ular exponent for each object. The g1Material command is used to set the specular
reflectance and emitted intensity at each vertex. The rendering speed for the model is
limited by its geometric complexity and of the OpenGL implementation’s ability to
deal with multiple light sources and material changes at each vertex. Rendering per-
formance may be improved by rendering in multiple passes to limit the number of
active lights or the number of material parameter changes in each pass. For example,
use glColorMaterial and g1Color to change only the emitted intensity or specular
reflectance in each pass and framebuffer blending can then be used to sum the results
together.

15.14.2

Radiosity solutions produce accurate global illumination solutions for diffuse reflections
(Cohen, 1993). While the solutions are view independent, they are computationally
expensive, so their usefulness tends to be limited to static scenes. They have another
limitation, they can’t model specular reflections, so separate processing must be done to
add them. The hardware lighting equations supported by OpenGL are fast, and provide
adequate realism for direct lighting of objects. A hybrid solution can combine the best
of both radiosity and OpenGL lighting. This technique creates realistic scenes with both
diffuse and specular reflections that are viewer dependent and insensitive to small changes
in object position.

Computing radiosity is a recursive process. Each step consists of processing each
surface, computing the incoming radiosity from each visible surface in the scene, then
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updating the emitted radiosity of the surface. This process is repeated until the radiosity
values of the surfaces converge. The first step of this process consists of setting the radiosity
of the illumination sources of the room. Thus, the first radiosity iteration computes the
contributions of surfaces directly illuminated from the scene’s light sources.

The hybrid approach computes the radiosity equation, then subtracts out the radios-
ity contributes from this first step. What’s left is the indirect illumination caused by
object interreflection. The objects in the scene are colored using this radiosity result, then
lighted using standard OpenGL lighting techniques. The OpenGL lighting provides the
missing direct illumination to the scene. The lighting equation is parameterized to pro-
vide no ambient illumination, since the radiosity computations supply a more accurate
solution.

This technique has several advantages. Since normal OpenGL lighting provides the
direct specular and diffuse lighting, the viewer-dependent parts of the scene can be ren-
dered quickly, once the initial radiosity computations have been completed. The radiosity
results themselves are more robust, since they only contribute lighting effects from object
interreflections. Viewed as light sources, objects in the scene tend to have large areas, so
the amount of incident light falling on any given object is fairly insensitive to its position
in the scene. These effects are also a smaller percentage of the total lighting contribution,
so they will still “look right” longer as the object moves, since the direct part of the
lighting contribution is taking object position into account.

As a scene is dynamically updated, at some point the radiosity errors will become
noticeable, requiring that the radiosity equations be recomputed. Since these errors accu-
mulate slowly, this cost can be amortized over a large number of frames. Small objects can
move significantly without large error, especially if they are not very near large objects
in the scene. Other techniques mentioned in this book can be combined with this one
to improve the realism of OpenGLs direct illumination, since the radiosity contribution
and the direct illumination contribution are orthogonal. See (Diefenbach, 1997) for more
details on this technique.

15.14.3

Ambient occlusion is a scalar value recorded at every surface point indicating the average
amount of self-occlusion occurring at the point on the surface. It measures the extent to
which a location on the surface is obscured from surrounding light sources. It is used
to approximate self-shadowing and adds realism to lighting by mimicking the effects of
indirect light sources such as sky, ground, walls, and so on.

To use ambient occlusion in interactive rendering, the occlusion term is computed
as a preprocessing step and relies on the geometry being rigid and the lighting constant
to avoid recomputing the occlusion information. Like other light transport modeling
methods, this one is restricted to diffuse surfaces; i.e. view-independent lighting. Ambient
occlusion is computed for each object independently, not for the entire scene, so objects
can undergo separate rigid transformations such as rotation and translation while using
the same ambient occlusion map.
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Figure 15.15 Cross section showing hemispherical visibility sampling.

Conceptually, the ambient occlusion at a surface point is computed by casting rays
sampling the hemisphere over the surface point (see Figure 15.15). The rays themselves are
used to compute visibility. The point is partially occluded if the ray interesects another
part of the object geometry as it extends outward toward a hemisphere bounding the
object.

If the rays are uniformly distributed across the hemisphere; the single ambient occlu-
sion value is a weighted average of the visibility results (V,(®)) using hemispherical
integration.

1
OAy = - /;2 Vy(@)(N - w)dw

One method for weighting the samples uses the cosine of the angle between the surface
normal at the point and the direction of the sample ray. This can be computed more
efficiently by using a cosine distribution of sample rays, summing the results directly
(Monte Carlo integration).

1 n
OA, =~ le Vp(s1)
1=

The results of computing the occlusion value at different sample points are combined to
form an ambient occlusion map. Like other lighting techniques, ambient occlusion maps
may be sampled at different frequencies (for example, at each vertex, or at regular points
on the object surface). The goal is to have the sample rate match the rate of change of the
occlusion detail on the object.
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Without ambient occlusion ‘With ambient occlusion

Figure 15.16 Ambient occlusion.

The ambient occlusion map is applied during rendering by modulating the result
of diffuse lighting computations with the ambient occlusion term. For occlusion values
sampled at vertices, the occlusion term can be included in the material reflectance for the
vertex (using color material or a vertex program). High-density occlusion maps are used as
textures and also modulate the result of the diffuse lighting computation. An additional
improvement to the scheme replaces the surface normal with a “bent normal” — the
average unoccluded direction. Figure 15.16 illustrates a per-pixel occlusion map applied
to a sample object.

Incorporating ambient occlusion enhances flat illumination by adding extra defini-
tion. It is efficient and relatively low cost techique to add to the rendering step. The only
downside is the requirement for precomputation of the map. With some cleverness, how-
ever, the precomputation can also be hardware accelerated using the OpenGL pipeline
(Whitehurst, 2003; Hill, 2004; Fernando, 2004).

15.15 Summary

Lighting continues to be one of the most actively researched areas in computer graphics.
New lighting models and methods for emulating surface characteristics and light transport
continue to be developed. Texture mapping combined with the programmable fragment
pipeline greatly increases the range of lighting models that can be implemented within the
OpenGL pipeline. This chapter covers only a subset of frequently used lighting algorithms.
They represent different trade-offs in terms of visual quality and computational cost; their
applicability is dependent on both the needs of the application and the capabilities of the
OpenGL implementation.












CAD and Modeling
Techniques

In previous chapters, many of the underlying principles for faithful rendering of models
have been described. In this chapter, we extend those techniques with additional algo-
rithms that are particularly useful or necessary for interactive modeling applications such
as those used for computer-aided design (CAD). The geometric models use complex rep-
resentations such as NURBS surfaces and geometric solids that are typically converted to
simpler representations for display. Representations for even relatively simple real-world
objects can involve millions of primitives. Displaying and manipulating large models both
efficiently and effectively is a considerable challenge. Besides the display of the model,
CAD applications must also supply other information such as labels and annotations
that can also challenge efficient display. CAD applications often include a variety of anal-
ysis and other tools, but we are primarily concerned with the display and interactive
manipulation parts of the application.

16.1 Picking and Highlighting

Interactive selection of objects, including feedback, is an important part of modeling
applications. OpenGL provides several mechanisms that can be used to perform object
selection and highlighting tasks.

363
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16.1.1

OpenGL supports an object selection mechanism in which the object geometry is trans-
formed and compared against a selection subregion (pick region) of the viewport. The
mechanism uses the transformation pipeline to compare object vertices against the view
volume. To reduce the view volume to a screen-space subregion (in window coordinates)
of the viewport, the projected coordinates of the object are transformed by a scale and
translation transform and combined to produce the matrix

2 dx — Ox
Px _pdx O«
4 0 0 px i
by qy — Oy
—10 —= 0 —2—=—"
T = dy py dy
0 0 1 0
0 0 O 0

where oy, 0y, px, and py are the x and y origin and width and height of the viewport,
and ¢y, qy, dx, and d, are the origin and width and height of the pick region.

Objects are identified by assigning them integer names using g1LoadName. Each
object is sent to the OpenGL pipeline and tested against the pick region. If the test
succeeds, a hit record is created to identify the object. The hit record is written to the
selection buffer whenever a change is made to the current object name. An application
can determine which objects intersected the pick region by scanning the selection buffer
and examining the names present in the buffer.

The OpenGL selection method determines that an object has been hit if it intersects
the view volume. Bitmap and pixel image primitives generate a hit record only if a raster
positioning command is sent to the pipeline and the transformed position lies within
the viewing volume. To generate hit records for an arbitrary point within a pixel image
or bitmap, a bounding rectangle should be sent rather than the image. This causes the
selection test to use the interior of the rectangle. Similarly, wide lines and points are
selected only if the equivalent infinitely thin line or infinitely small point is selected. To
facilitate selection testing of wide lines and points, proxy geometry representing the true
footprint of the primitive is used instead.

Many applications use instancing of geometric data to reduce their memory footprint.
Instancing allows an application to create a single representation of the geometric data for
each type of object used in the scene. If the application is modeling a car for example, the
four wheels of the car may be represented as instances of a single geometric description
of a wheel, combined with a modeling transformation to place each wheel in the correct
location in the scene. Instancing introduces extra complexity into the picking operation.
If a single name is associated with the wheel geometry, the application cannot determine
which of the four instances of the wheel has been picked. OpenGL solves this problem
by maintaining a stack of object names. This allows an application, which represents
models hierarchically, to associate a name at each stage of its hierarchy. As the car is
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Figure 16.1 Instancing of four wheels.

being drawn, new names are pushed onto the stack as the hierarchy is descended and old
names are popped as the hierarchy is ascended. When a hit record is created, it contains
all names currently in the name stack. The application determines which instance of an
object is selected by looking at the content of the name stack and comparing it to the
names stored in the hierarchical representation of the model.

Using the car model example, the application associates an object name with the
wheel representation and another object name with each of the transformations used to
position the wheel in the car model. The application determines that a wheel is selected
if the selection buffer contains the object name for the wheel, and it determines which
instance of the wheel by examining the object name of the transformation. Figure 16.1
shows an illustration of a car frame with four wheels drawn as instances of the same
wheel model. The figure shows a partial graph of the model hierarchy, with the car frame
positioned in the scene and the four wheel instances positioned relative to the frame.

When the OpenGL pipeline is in selection mode, the primitives sent to the pipeline
do not generate fragments to the framebuffer. Since only the result of vertex coordinate
transformations is of interest, there is no need to send texture coordinates, normals, or
vertex colors, or to enable lighting.

16.1.2

An alternative method for locating objects is to write integer object names as color val-
ues into the framebuffer and read back the framebuffer data within the pick region
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to reconstruct the object names. For this to work correctly, the application relies on
being able to write and read back the same color value. Texturing, blending, dither-
ing, lighting, and smooth shading should be disabled so that fragment color values are
not altered during rasterization or fragment processing. The unsigned integer forms of
the color commands (such as g1Color3ub) are used to pass in the object names. The
unsigned forms are defined to convert the values in such a way as to preserve the b most
significant bits of the color value, where b is the number of bits in the color buffer.
To limit selection to visible surfaces, depth testing should be enabled. The back color
buffer can be used for the drawing operations to keep the drawing operations invisible to
the user.

A typical RGB color buffer, storing 8-bit components, can represent 24-bit object
names. To emulate the functionality provided by the name stack in the OpenGL selection
mechanism, the application can partition the name space represented by a color value to
hold instancing information. For example, a four level hierarchy can subdivide a 24-bit
color as 4, 4, 6, and 10 bits. Using 10 bits for the lowest level of the hierarchy creates a
larger name space for individual objects.

One disadvantage of using the color buffer is that it can only hold a single identifier
at each pixel. If depth buffering is used, the pixel will hold the object name correspond-
ing to a visible surface. If depth buffering is not used, a pixel holds the name of the
last surface drawn. The OpenGL selection mechanism can return a hit record for all
objects that intersect a given region. The application is then free to choose one of the
intersecting objects using a separate policy. A closest-to-viewer policy is simple using
either OpenGL selection or color buffer tags. Other policies may need the complete
intersection list, however. If the number of potential objects is small, the complete list
can be generated by allocating nonoverlapping names from the name space. The objects
are drawn with bitwise OR color buffer logic operations to produce a composite name.
The application reconstructs the individual objects names from the composite list. This
algorithm can be extended to handle a large number of objects by partitioning objects
into groups and using multiple passes to determine those groups that need more detailed
interrogation.

16.1.3

One method to reduce the amount of work done by the OpenGL pipeline during pick-
ing operations (for color buffer tagging or OpenGL selection) is to use a simplified
form of the object in the picking computations. For example, individual objects can
be replaced by geometry representing their bounding boxes. The precision of the pick-
ing operation is traded for increased speed. The accuracy can be restored by adding a
second pass in which the objects, selected using their simplified geometry, are reprocessed
using their real geometry. The two-pass scheme improves performance if the combined
complexity of the proxy objects from the first pass and the real objects processed in
the second pass is less than the complexity of the set of objects tested in a single-pass
algorithm.
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16.1.4

For some picking algorithms it is useful to map a point in window coordinates
(X1, Vs 2w) T to object coordinates (x,,%0,20)7. The object coordinates are computed
by transforming the window coordinates by the inverse of the viewport V, projection P,
and modelview M transformations:

Xo Xw Xw
Yol —pm-tp-ty-1|Yw | = (PM)~1y-1 Yw
20 2w w
wo 1 1

This procedure isn’t quite correct for perspective projections since the inverse of the per-
spective divide is not included. Normally, the w value is discarded after the perspective
divide, so finding the exact value for w,;;, may not be simple. For applications using
perspective transformations generated with the glFrustum and gluPerspective
commands, the resulting w,, is the negative eye-space z coordinate, —z,. This value
can be computed from z,, using the viewport and projection transform parameters as
described in Appendix B.2.3.

In some situations, however, only the window coordinate x and y values are available.
A 2D window coordinate point maps to a 3D line in object coordinates. The equation of
the line can be determined by generating two object-space points on the line, for example
at z,, = 0 and z,, = 1. If the resulting object-space points are P, and Q,, the parametric
form of the line is

£Qo — Po) + Py

16.1.5

For many applications it may prove advantageous to not use the OpenGL pipeline at all
to implement picking. For example, an application may choose to organize its geometric
data spatially and use a hierarchy of bounding volumes to efficiently prune portions of
the scene without testing each individual object (Rohlf, 1994; Strauss, 1992).

16.1.6

Once the selected object has been identified, an application will typically modify the
appearance of the object to indicate that it has been selected. This action is called highlight-
ing. Appearance changes can include the color of the object, the drawing style (wireframe
or filled), and the addition of annotations. Usually, the highlight is created by re-rendering
the entire scene, using the modified appearance for the selected object.

In applications manipulating complex models, the cost of redrawing the entire scene
to indicate a selection may be prohibitive. This is particularly true for applications that
implement variations of locate-highlight feedback, where each object is highlighted as the
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cursor passes over or near it to indicate that this object is the current selection target. An
extension of this problem exists for painting applications that need to track the location
of a brush over an object and make changes to the appearance of the object based on the
current painting parameters (Hanrahan, 1990).

An alternative to redrawing the entire scene is to use overlay windows (Section 7.3.1)
to draw highlights on top of the existing scene. One difficulty with this strategy is that
it may be impossible to modify only the visible surfaces of the selected object; the depth
information is present in the depth buffer associated with the main color buffer and is not
shared with the overlay window. For applications in which the visible surface information
is not required, overlay windows are an efficient solution. If visible surface information is
important, it may be better to modify the color buffer directly. A depth-buffered object can
be directly overdrawn by changing the depth test function to GL_LEQUAL and redrawing
the object geometry with different attributes (Section 9.2). If the original object was drawn
using blending, however, it may be difficult to un-highlight the object without redrawing
the entire scene.

16.1.7

Another efficient highlighting technique is to overdraw primitives with an XOR logic
operation. An advantage of using XOR is that the highlighting and restoration operations
can be done independently of the original object color. The most significant bit of each of
the color components can be XORed to produce a large difference between the highlight
color and the original color. Drawing a second time restores the original color.

A second advantage of the XOR method is that depth testing can be disabled to
allow the occluded surfaces to poke through their occluders, indicating that they have
been selected. The highlight can later be removed without needing to redraw the occluders.
This also solves the problem of removing a highlight from an object originally drawn with
blending. While the algorithm is simple and efficient, the colors that result from XORing
the most significant component bits may not be aesthetically pleasing, and the highlight
color will vary with the underlying object color.

One should also be careful of interactions between the picking and highlighting meth-
ods. For example, a picking mechanism that uses the color or depth buffer cannot be
mixed with a highlighting algorithm that relies on the contents of those buffers remaining
intact between highlighting operations.

A useful hybrid scheme for combining color buffer tagging with locate-highlight on
visible surfaces is to share the depth buffer between the picking and highlighting opera-
tions. It uses the front color buffer for highlighting operations and the back color buffer
for locate operations. Each time the viewing or modeling transformations change, the
scene is redrawn, updating both color buffers. Locate-highlight operations are performed
using these same buffers until another modeling or viewing change requires a redraw. This
type of algorithm can be very effective for achieving interactive rates for complex models,
since very little geometry needs to be rendered between modeling and viewing changes.
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16.1.8

The schemes for fast highlighting can be generalized to allow limited manipulation of a
selected depth-buffered object (a foreground object) while avoiding full scene redraws as
the object is moved. The key idea is that when an object is selected the entire scene is
drawn without that object, and copies of the color and depth buffer are created. Each
time the foreground object is moved or modified, the color buffer and depth buffer are
initialized using the saved copies. The foreground object is drawn normally, depth tested
against the saved depth buffer.

This image-based technique is similar to the algorithm described for compositing
images with depth in Section 11.5. To be usable, it requires a method to efficiently save
and restore the color and depth images for the intermediate form of the scene. If aux
buffers or stereo color buffers are available, they can be used to store the color buffer
(using g1CopyPixels) and the depth buffer can be saved to the host. If off-screen
buffers (pbuffers) are available, the depth (and color) buffers can be efficiently copied to
and restored from the off-screen buffer. Off-screen buffers are described in more detail in
Section 7.4.1. It is particularly important that the contents of the depth buffer be saved
and restored accurately. If some of the depth buffer values are truncated or rounded dur-
ing the transfer, the resulting image will not be the same as that produced by drawing the
original scene. This technique works best when the geometric complexity of the scene is
very large — so large that the time spent transferring the color and depth buffers is small
compared to the amount of time that would be necessary to re-render the scene.

16.2 Culling Techniques

One of the central problems in rendering an image is determining which parts of each
object are visible. Depth buffering is the primary method supported within the OpenGL
pipeline. However, there are several other methods that can be used to determine, earlier
in the pipeline, whether an object is invisible, allowing it to be rejected or culled. If parts
of an object can be eliminated earlier in the processing pipeline at a low enough cost, the
entire scene can be rendered faster. There are several culling algorithms that establish the
visibility of an object using different criteria.

*  Back-face culling eliminates the surfaces of a closed object that are facing away
from the viewer, since they will be occluded by the front-facing surfaces of the
same object.

e View-frustum culling eliminates objects that are outside the viewing frustum. This
is typically accomplished by determining the position of an object relative to the
planes defined by the six faces of the viewing frustum.

e Portal culling (Luebke, 1995) subdivides indoor scenes into a collection of closed
cells, marking the “holes” in each cell formed by doors and windows as portals.



370 CAD and Modeling Techniques

Each cell is analyzed to determine the other cells that may be visible through
portals, resulting in a network of potentially visible sets (PVS) describing the set of
cells that must be drawn when the viewer is located in a particular cell.

®  Occlusion culling determines which objects in the scene are occluded by other large
objects in the scene.

®  Detail culling (like geometric LOD) determines how close an object is to the viewer
and adds or removes detail from the object as it approaches or recedes from the
viewer.

A substantial amount of research is available on all of these techniques. We will examine
the last two techniques in more detail in the following sections.

16.3 Occlusion Culling

Complex models with high depth complexity render many pixels that are ultimately dis-
carded during depth testing. Transforming vertices and rasterizing primitives that are
occluded by other polygons reduces the frame rate of the application while adding noth-
ing to the visual quality of the image. Occlusion culling algorithms attempt to identify
such nonvisible polygons and discard them before they are sent to the rendering pipeline
(Coorg, 1996; Zhang, 1998). Occlusion culling algorithms are a form of visible surface
determination algorithm that attempts to resolve visible (or nonvisible surfaces) at larger
granularity than pixel-by-pixel testing.

A simple example of an occlusion culling algorithm is backface culling. The surfaces
of a closed object that are facing away from the viewer are occluded by the surfaces facing
the viewer, so there is no need to draw them. Many occlusion culling algorithms operate
in object space (Coorg, 1996; Luebke, 1995) and there is little that can be done with the
standard OpenGL pipeline to accelerate such operations. However, Zhang et al. (1997)
describe an algorithm that computes a hierarchy of image-space occlusion maps for use
in testing whether polygons comprising the scene are visible.

An occlusion map is a 2D array of values; each one measures the opacity of the image
plane at that point. An occlusion map (see Figure 16.2) corresponding to a set of geometry
is generated by rendering the geometry with the polygon faces colored white. The occlu-
sion map is view dependent. In Zhang’s algorithm the occlusion map is generated from a
target set of occluders. The occlusion map is accompanied by a depth estimation buffer
that provides a conservative estimate of the maximum depth value of a set of occluders
at each pixel. Together, the occlusion map and depth estimation buffer are used to deter-
mine whether a candidate object is occluded. A bounding volume for the candidate object
is projected onto the same image plane as the occlusion map, and the resulting projection
is compared against the occlusion map to determine whether the occluders overlap the
portion of the image where the object would be rendered. If the object is determined to be
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Figure 16.2 Occluded torus: front and top views.

overlapped by the occluders, the depth estimation buffer is tested to determine whether
the candidate object is behind the occluder geometry. A pyramidal hierarchy of occlusion
maps (similar to a mipmap hierarchy) can be constructed to accelerate the initial overlap
tests.

16.3.1

Choosing a good set of occluders can be computationally expensive, as it is approximating
the task of determining the visible surfaces. Heuristic methods can be used to choose likely
occluders based on an estimation of the size of the occluder and distance from the eye.
To maintain interactive rendering it may be useful to assign a fixed polygon budget to
the list of occluders. Temporal coherence can be exploited to reduce the number of new
occluders that needs to be considered each frame.

16.3.2

Once the occluders have been selected they are rendered to the framebuffer with lighting
and texturing disabled. The polygons are colored white to produce values near or equal
to 1.0 in opaque areas. OpenGL implementations that do not support some form of
antialiasing will have pixels values that are either 0.0 or 1.0. A hierarchy of reduced
resolution maps is created by copying this map to texture memory and performing bilinear
texture filtering on the image to produce one that is one-quarter size. Additional maps are
created by repeating this process. This procedure is identical to the mipmap generation
algorithm using texture filtering described in Section 14.15.

The size of the highest resolution map and the number of hierarchy levels created is
a compromise between the amount of time spent rendering, copying, and reading back
the images and the accuracy of the result. Some of the lower-resolution images may be
more efficiently computed on the host processor, as the amount of overhead involved
in performing copies to the framebuffer or pixel readback operation dominates the time
spent producing the pixels. It may be more efficient to minimize the number of transfers
back to the host by constructing the entire hierarchy in a single large (off-screen) color
buffer.
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Occlusion map Depth estimation buffer

Figure 16.3 Occlusion map and depth estimation buffer.

16.3.3

Zhang (1997) suggests building a depth estimation buffer by computing the farthest depth
value in the projected bounding box for an occluder and using this value throughout the
occluder’s screen-space bounding rectangle. The end result is a tiling of the image plane
with a set of projected occluders, each representing a single depth value, as shown in
Figure 16.3. The computation is kept simple to avoid complex scan conversion of the
occluder and to simplify the depth comparisons against a candidate occluded object.

16.3.4

The algorithm for occlusion testing consists of two steps. First, the screen-space bounding
rectangle of the candidate object is computed and tested for overlap against the hierarchy
of occlusion maps. If the occluders overlap the candidate object, a conservative depth
value (minimum depth value) is computed for the screen-space bounding rectangle of
the candidate object. This depth value is tested against the depth estimation buffer to
determine whether the candidate is behind the occluders and is therefore occluded.

An opacity value in a level in the occlusion map hierarchy corresponds to the coverage
of the corresponding screen region. In the general case, the opacity values range between
0.0 and 1.0; values between these extrema correspond to screen regions that are partially
covered by the occluders. To determine whether a candidate object is occluded, the
overlap test is performed against a map level using the candidate’s bounding rectangle. If
the region corresponding to the candidate is completely opaque in the occlusion map, the
candidate is occluded if it lies behind the occluders (using the depth estimation buffer).
The occlusion map hierarchy can be used to accelerate the testing process by starting at the
low-resolution maps and progressing to higher-resolution maps when there is ambiguity.

Since the opacity values provide an estimation of coverage, they can also be used
to do more aggressive occlusion culling by pruning candidate objects that are not com-
pletely occluded using a threshold opacity value. Since opacity values are generated using
simple averaging, the threshold value can be correlated to a bound on the largest hole in
the occluder set. The opacity value is a measure of the number of nonopaque pixels and
provides no information on the distribution of those pixels. Aggressive culling is advan-
tageous for scenes with a large number of occluders that do not completely cover the
candidates (for example, a wall of trees). However, if there is a large color discontinuity
between the culled objects and the background, distracting popping artifacts may result
as the view is changed and the aggressively culled objects disappear and reappear.
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16.3.5

Zhang’s algorithm maintains the depth estimation buffer using simplified software scan
conversion and uses the OpenGL pipeline to optimize the computation of the occlusion
maps. All testing is performed on the host, which has the advantage that the testing can
be performed asynchronously from the drawing operations and the test results can be
computed with very low latency. Another possibility is to maintain the occlusion buffer
in the hardware accelerator itself. To be useful, there must be a method for testing the
screen-space bounding rectangle against the map and efficiently returning the result to
the application.

The OpenGL depth buffer can be used to do this with some additional exten-
sions. Occluders are selected using the heuristics described previously and rendered to
the framebuffer as regular geometry. Following this, bounding geometry for candidate
objects are rendered and tested against the depth buffer without changing the contents
of the color buffer or depth buffer. The result of the depth test is then returned to the
application, preferably reduced to a single value rather than the results of the depth test
for every fragment generated. The results of the tests are used to determine whether
to draw the candidate geometry or discard it. Extensions for performing the occlusion
test and returning the result have been proposed and implemented by several hardware
vendors (Hewlett Packard, 1998; Boungoyne,1999; NVIDIA, 2002), culminating in the
ARB_occlusion_query extension.!

An application uses this occlusion query mechanism by creating one or more occlu-
sion query objects. These objects act as buffers, accumulating counts of fragments that
pass the depth test. The commands g1BeginQuery and glEndQuery activate and
deactivate a query. One occlusion query object can be active at a time. When a query is
activated, the pass count is initialized to zero. With the query is deactivated the count is
copied to a result buffer. The results are retrieved using g1GetQuery0bject. The mech-
anism supports pipelined operation by separating the active query object from the retrieval
mechanism. This allows the application to continue occlusion testing with another query
object while retrieving the results from a previously active object. The mechanism also
allows the application to do either blocking or nonblocking retrieval requests, providing
additional flexibility in structuring the application.

16.4 Geometric Level of Detail

When rendering a scene with a perspective view, objects that are far away become smaller.
Since even the largest framebuffer has a limited resolution, objects that are distant become
small enough that they only cover a small number of pixels on the screen. Small objects
reach this point when they are only a moderate distance from the viewer.

1. Added as a core feature in OpenGL 1.4.
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Tahle 16.1 Geometric LOD Changes

Change Description

Shading Disable reflections, bump maps, etc.
Details Remove small geometric details
Texture Don't texture surfaces

Shape Simplify overall geometry

CHINETOES Replace object with billboard

It’s wasteful to render a small object with a lot of detail, since the polygonal and
texture detail cannot be seen. This is true even if multisample antialiasing is used with
large numbers of samples per-pixel. With antialiasing, the extra detail simply wastes
performance that could be used to improve the visual quality of objects closer to the
viewer. Without antialiasing support, lots of polygons projected to a small number of
pixels results in distracting edge aliasing artifacts as the object moves.

A straightforward solution to this problem is to create a geometric equivalent to the
notion of texture level of detail (LOD). A geometric object is rendered with less detail
as it covers a smaller area on the screen. This can be considered yet another form of
visibility culling, by eliminating detail that isn’t visible to the viewer. Changes are made
to an object based on visibility criteria — when the presence or absence of an object detail
doesn’t change the image, it can be removed. A less stringent criteria can also be used to
maximize performance. If the modification doesn’t change the image significantly, it can
be removed. Metrics for significant changes can include the percentage of pixels changed
between the simplified and normal image, or the total color change between the two
images, averaging the color change across all pixels in the object. If done carefully, the
changes in detail can be made unnoticeable to the viewer.

There are a number of ways to reduce geometric detail (they are summarized in
Table 16.1). Since a major purpose of geometric LOD is to improve performance, the
reductions in detail can be ordered to maximize performance savings. Special shading
effects—such as environment mapping, bump mapping, or reflection algorithms—can
be disabled. The overall polygon count can be reduced quickly by removing small detail
components on a complex object. The object’s geometry can be rendered untextured,
using a base color that matches the average texture color. This is the same as the color of
the coarsest 1x1 level on a mipmapped texture.

The geometry itself can be simplified, removing vertices and shifting others to main-
tain the same overall shape of the object, but with less detail. Ultimately, the entire object
can be replaced with a single billboarded polygon. The billboard is textured when the
object covers a moderate number of pixels, and untextured (using the average object
color) when it covers a few pixels.

16.4.1

When creating a list of detail changes for an object, a simple computation for deciding
when to switch to a different LOD is needed. An obvious choice is the size of the object in
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screen space. For an object of a given size, the screen extent depends on two factors: the
current degree of perspective distortion (determined by the current perspective transform)
and the distance from the viewer to the object.

In eye space, the projection changes the size of an object (scaling the x and y values)
as a function of distance from the viewer (z.). The functions x4, (2.) and Y. (z.) define
the ratios of the post-projection (and post-perspective divide) coordinates to the pre-
projection ones. For a projection transform created using g1Frustum, assuming an
initial w value of one, and ignoring the sign change (which changes to a left-handed
coordinate system), the x,.,, and v, functions are

1

N
Ze 2n
1

yscale(ze) = ﬁ
ze( 2 )

The distance from viewpoint to object is simply the z distance to a representative point
on the object in eye space. In object space, the distance vector can be directly computed,
and its length found. The scale factor for x and y can be used in either coordinate system.

Although the ideal method for changing level of detail is to delay switching LOD
until the object change is not visible at the current object size, this can be impractical for
a number reasons. In practice, it is difficult to compute differences in appearance for an
object at all possible orientations. It can be expensive to work through all the possible
geometry and attribute changes, finding how they would affect LOD change. Often a
more practical, heuristic approach is taken.

Whatever the process, the result is a series of transition points that are set to occur at
a set of screen sizes. These screen sizes are mapped into distances from the viewer based
on the projection scale factor and viewport resolution.

Xscale(Ze) =

16.4.2

The simplest method for transitioning between goemetric LOD levels is to simply switch
between them. This abrupt transition can be noticeable to the viewer unless the resulting
pixel image changes very little. Finding these ideal transitions can be difficult in practice,
as seen previously. They can also be expensive; an LOD change delayed until the object is
small reduces its potential for improving performance. An LOD change of a much larger
object may be unnoticeable if the transition can be made gradually.

One direct method of creating a gradual transition is to fade between two repre-
sentations of the object. The object is rendered twice, first at one LOD level, then
the other. The images are combined using blending. A parameter ¢ is used to control
the percentage visibility of each object: tLOD, + (1 — t)LOD, 1. The advantage of this
method is that it’s simple, since constant object LOD representations are used. If the
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Object smoothly morphs towards simpler geometry, no texture

Fine LOD Coarse LOD

Same object shown morphing with size change

Figure 16.4 Morphing transition.

ARB imaging subset is supported, the blend function can use GL_CONSTANT_COLOR
and GL_ONE_MINUS_CONSTANT_COLOR? to blend the two images setting the grayscale
constant color to ¢. Otherwise, the alpha-blending techniques described in Section 11.9
can be used.

The disadvantage of a blended transition is rendering overhead. The object has to
be drawn twice, doubling the pixel fill requirements for the object during transitions.
This leads to more overhead for a technique that is being used to improve perfor-
mance, reducing its benefit. If multisampling is supported, the sample coverage control
glSampleCoverage can be used to perform the fade without requiring framebuffer
blending, but with a reduced number of transition values for ¢ (Section 11.10.1).

A more sophisticated transition technique is morphing. During a morphing transi-
tion the object is smoothly changed from one LOD level to another (see Figure 16.4).
For a geometric morph, vertices are ultimately removed. The vertices that are being
removed smoothly move toward ones that are being retained, until they are co-incident.
A mipmapped surface texture can be gradually coarsened until it is a single color, or
stretched into a single texel color by smoothly reducing the difference in texture coordi-
nates across the surface. When the vertex is coincident with another, it can be removed
without visible change in the object. In the same way, a surface texture can transition
to a single color, and then texturing can be disabled. Using morphing, small geometric
details can smoothly shrink to invisibility.

This technique doesn’t incur pixel fill overhead, since the object is always drawn once.
It does require a more sophisticated modeling of objects in order to parameterize their
geometry and textures. This can be a nontrivial exercise for complex models, although
there is more support for such features in current modeling systems. Also, morphing
requires extra computations within the application to compute the new vertex positions,

2. Core functionality in OpenGL 1.4.
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so there is a trade-off of processing in the rendering pipeline for some extra processing
on the CPU during transitions.

16.5 Visualizing Surface Orientation

Styling and analysis applications often provide tools to help visualize surface curvature.
In addition to aesthetic properties, surface curvature can also affect the manufacturability
of a particular design. Not only the intrinsic surface curvature, but the curvature relative
to a particular coordinate system can determine the manufacturability of an object. For
example, some manufacturing processes may be more efficient if horizontally oriented
surfaces are maximized, whereas others may require vertically oriented ones (or some
other constraint). Bailey and Clark (Bailey, 1997) describe a manufacturing process in
which the object is constructed by vertically stacking (laminating) paper cutouts corre-
sponding to horizontal cross sections of the object. This particular manufacturing process
produces better results when the vertical slope (gradient) of the surface is greater than
some threshold.

Bailey and Clark describe a method using 1D texture maps to encode the vertical slope
of an object as a color ramp. The colors on the object’s surfaces represent the vertical
slope of the surface relative to the current orientation. Since the surface colors dynamically
display the relative slope as the object’s orientation is modified, a (human) operator can
interactively search for the orientation that promises the best manufacturability.

For simplicity, assume a coordinate space for surface normals with the z axis per-
pendicular to the way the paper sheets are stacked. If the object’s surface normals are
transformed to this coordinate space, the contour line density, d, is a function of the z
component of the surface normal. Figure 16.5 shows a simplified surface with normal
vector N and slope angle 6 and the similar triangles relationship formed with the second
triangle with sides N and N,

J— Av  tan® sin @ \/1_Nz2

“kab Tk kcost kN,

Figure 16.5 Vertical surface slope and surface normal.
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where k is the (constant) paper layer thickness (in practice, approximately 0.0042
inches).

The possible range of density values, based on known manufacturing rules, can be
color-coded as a red-yellow-green spectrum (using an HSV color space), and these values
can in turn be mapped to the range of N, values. For their particular case, Bailey and
Clark found that a density below 100/inch causes problems for the manufacturing process.
Therefore, the 1D texture is set up to map a density below 100 to red.

Typically, per-vertex surface normals are passed to OpenGL using g1Normal3f
calls, and such normals are used for lighting. For this rendering technique, however,
the normalized per-vertex surface normal is passed to g1 TexCoord3f to serve as a 3D
texture coordinate. The texture matrix is used to rotate the per-vertex surface normal
to match the assumed coordinate space, where the z axis is perpendicular to the paper
faces. A unit normal has an N, component varying from [—1,1], so the rotated N,
component must be transformed to the [0, 1] texture coordinate range and swizzled to the
s coordinate for indexing the 1D texture. The rotation and scale and bias transformations
are concatenated as

s 0 0 0.5 0.5 rn rp r3 0 N,
0 _ 0 0 0 0 T4 rs Tg 0 Ny
0 - 0 0 0 0 r7 rg 19 0 Nz
0 0 0 O 1 0 0 0 1 1

The composition of the rotation and scale and bias matrices can be computed by load-
ing the scale and bias transform into the texture matrix first, followed by g1Rotate to
incorporate the rotation. Once the 1D texture is loaded and enabled, the surface colors
will reflect the current manufacturing orientation stored in the texture matrix. To reren-
der the model with a different orientation for the manufacturing process, the rotation
component in the texture matrix must be adjusted to match the new orientation.

Note that there is no way to normalize a texture coordinate in the way that
the OpenGL fixed-function pipeline supports GL_NORMALIZE for normalizing normals
passed to glNormal3f. If rendering the model involves modelview matrix changes,
such as different modeling transformations, these modelview matrix changes must also
be incorporated into the texture matrix by multiplying the texture matrix by the inverse
transpose of the modeling transformation.

OpenGL 1.3 alleviates both of these problems with the GL_NORMAL_MAP texture
coordinate generation function. If the implementation supports this functionality, the
normal vector can be transferred to the pipeline as a regular normal vector and then
transferred to the texture coordinate pipeline using the texture generation function. Since
the normal map function uses the eye-space normal vector, it includes any modeling
transformations in effect. However, since the modelview transformation includes the
viewing transformation, too, the inverse of this transformation should be included in the
texture matrix.
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This technique was designed to solve a particular manufacturing problem, but the
ideas can be generalized. Surface normal vectors contain information about the surface
gradient at that point. Various functions of the gradient can be color-coded and mapped
to the surface geometry to provide additional information. The most general form of the
encoding can use cube environment maps to create an arbitrary function of a 3D surface
normal.

16.6 Visualizing Surface Curvature

Industrial designers are often concerned as much with how the shape of a surface reflects
light as the overall shape of the surface. In many situations it is useful to render object
surfaces with lighting models that provide information about surface reflection. One
of the most useful techniques to simulate more realistic reflection is to use reflection
mapping techniques. The sphere mapping, dual paraboloid, and cube mapping techniques
described in Section 17.3 can all be used to varying degrees to realistically simulate surface
reflection from a general environment.

In some styling applications, simulating synthetic environments can provide useful
aesthetic insights. One such environment consists of a hemi-cylindrical room with an
array of regularly spaced linear light sources (fluorescent lamps) illuminating the object.
The object is placed on a turntable and can be rotated relative to the orientation of the
light sources. The way the surfaces reflect the array of light sources provides intuitive
information regarding how the surface will appear in more general environments.

The environment can be approximated as an object enclosed in a cylinder with the
light sources placed around the cylinder boundary, aligned with the longitudinal axis
(as shown in Figure 16.6). The symmetry in the cylinder allows the use of a cylinder
reflection mapping technique. Cylinder mapping techniques parameterize the texture map
along two dimensions, 6,l, where 6 is the rotation around the circumference of the
cylinder and / is the distance along the cylinder’s longitudinal axis. The reflection mapping
technique computes the eye reflection vector about the surface normal and the intersection
of this reflection vector with the cylindrical map. Given a point P, reflection vector R and
cylinder of radius r, with longitudinal axis parallel to the z axis, the point of intersection
Q is P + kR, with the constraint Q2 + Q% = 72, This results in the quadratic equation

(RZ+ R})k* + 2(PxRy + PyRy)k + (P2 + P3 — %) = 0

with solution

—2(PyRy + P,Ry) % \/4(PxRx +PyRy)> — 4(R2 + R3)(P2 + P2 — 12)

k= 2(RZ+R2)
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Figure 16.6 Hemicylinder environment map.

With k determined, the larger (positive) solution is chosen, and used to calculate Q. The
x and y components of Q are used to determine the angle, 6, in the x — y plane that the
intersection makes with the x axis, tan@ = Q,/Qx. The parametric value [ is Q.

Since each light source extends from one end of the room to the other, the texture
map does not vary with the [ parameter, so the 2D cylinder map can be simplified to a
1D texture mapping 6 to the s coordinate. To map the full range of angles [—r, 7] to the
[0, 1] texture coordinates, the mapping s = [atan(Q,/Qx)/m + 1]/2 is used. A luminance
map can be used for the 1D texture map, using regularly spaced 1.0 values against 0.0
background values. The texture mapping can result in significant magnification of the
texture image, so better results can be obtained using a high-resolution texture image.
Similarly, finer tessellations of the model geometry reduces errors in the interpolation of
the angle 8 across the polygon faces.

To render using the technique, the s texture coordinate must be computed for each
vertex in the model. Each time the eye position changes, the texture coordinates must be
recomputed. If available, a vertex program can be used to perform the computation in
the transformation pipeline.

16.7 Line Rendering Techniques

Many design applications provide an option to display models using some form of
wireframe rendering using lines rather than filled polygons. Line renderings may be



Line Rendering Techniques 381

generated considerably faster if the application is fill limited, line renderings may be used
to provide additional insight since geometry that is normally occluded may be visible in a
line rendered scene. Line renderings can also provide a visual measure of the complexity
of the model geometry. If all of the edges of each primitive are drawn, the viewer is given
an indication of the number of polygons in the model. There are a number of useful line
rendering variations, such as hidden line removal and silhouette edges, described in the
following sections.

16.7.1

To draw a polygonal model in wireframe, there are several methods available, ordered
from least to most efficient to render.

1.

Draw the model as polygons in line mode using g1Begin(GL_POLYGON) and
glPolygonMode (GL_FRONT_AND_BACK, GL_LINE).

This method is the simplest if the application already displays the model as a
shaded solid, since it involves a single mode change. However, it is likely to be
significantly slower than the other methods because more processing usually occurs
for polygons than for lines and because every edge that is common to two polygons
will be drawn twice. This method is undesirable when using antialiased lines as
well, since lines drawn twice will be brighter than any lines drawn just once. The
double-edge problem can be eliminated by using an edge flag to remove one of the
lines at a common edge. However, to use edge flags the application must keep track
of which vertices are part of common edges.

Draw the polygons as line loops using g1Begin(GL_LINE_LOOP).

This method is almost as simple as the first, requiring only a change to each
g1Begin call. However, except for possibly eliminating the extra processing
required for polygons it has all of the other undesirable features as well. Edge flags
cannot be used to eliminate the double edge drawing problem.

Extract the edges from the model and draw as independent lines using
glBegin(GL_LINES).

This method is more work than the previous two because each edge must be
identified and all duplicates removed. However, the extra work need only be done
once and the resulting model will be drawn much faster.

Extract the edges from the model and connect as many as possible into long line
strips using g1Begin(GL_LINE_STRIP).

For just a little bit more effort than the GL_LINES method, lines sharing common
endpoints can be connected into larger line strips. This has the advantage of
requiring less storage, less data transfer bandwidth, and makes most efficient use of
any line drawing hardware.

When choosing amongst these alternative methods there are some additional factors
to consider. One important consideration is the choice of polygonal primitives used
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in the model. Independent triangles, quads, and polygons work correctly with edge
flags, whereas triangle strips, triangle fans, and quad strips do not. Therefore, algo-
rithms that use edge flags to avoid showing interior edges or double-stroking shared
edges will not work correctly with connected primitives. Since connected primitives are
generally more efficient than independent primitives, they are the preferred choice when-
ever possible. This means that the latter two explicit edge drawing algorithms are a better
choice.

Conversely, g1PolygonMode provides processing options that are important to
several algorithms; both face culling and depth offsetting can be applied to polygons
rendered as lines, but not to line primitives.

16.7.2

This section describes techniques to draw wireframe objects with their hidden lines
removed or drawn in a style different from the ones that are visible. This technique can
clarify complex line drawings of objects, and improve their appearance (Herrell, 1995;
Attarwala, 1988).

The algorithm assumes that the object is composed of polygons. The algorithm first
renders the object as polygons, and then in the second pass it renders the polygon edges
as lines. During the first pass, only the depth buffer is updated. During the second pass,
the depth buffer only allows edges that are not obscured by the object’s polygons to be
rendered, leaving the previous content of the framebuffer undisturbed everywhere an edge
is not drawn. The algorithm is as follows:

Disable writing to the color buffer with g1ColorMask.
Set the depth function to GL_LEQUAL.
Enable depth testing with g1Enable(GL_DEPTH_TEST).

1.

2

3

4. Render the object as polygons.

5. Enable writing to the color buffer.
6

Render the object as edges using one of the methods described in Section 16.7.1.

Since the pixels at the edges of primitives rendered as polygons and the pixels from the
edges rendered as lines have depth values that are numerically close, depth rasterization
artifacts from quantization errors may result. These are manifested as pixel dropouts
in the lines wherever the depth value of a line pixel is greater than the polygon edge
pixel. Using GL_LEQUAL eliminates some of the problems, but for best results the lines
should be offset from the polygons using either g1PolygonOffset or gl DepthRange
(described in more detail shortly).

The stencil buffer may be used to avoid the depth-buffering artifacts for convex
objects drawn using non-antialiased (jaggy) lines all of one color. The following technique
uses the stencil buffer to create a mask where all lines are (both hidden and visible). Then
it uses the stencil function to prevent the polygon rendering from updating the depth
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buffer where the stencil values have been set. When the visible lines are rendered, there
is no depth value conlflict, since the polygons never touched those pixels. The modified
algorithm is as follows:

1. Disable writing to the color buffer with g1ColorMask.
Disable depth testing: g1Disable(GL_DEPTH_TEST).
Enable stenciling: g1Enable(GL_STENCIL_TEST).

Clear the stencil buffer.

U N T

Set the stencil buffer to set the stencil values to 1 where pixels are drawn:
glStencilFunc(GL_ALWAYS, 1, 1) and
glStencilOp(GL_REPLACE, GL_REPLACE GL_REPLACE).

6. Render the object as edges.

7. Use the stencil buffer to mask out pixels where the stencil value is 1:
glStencilFunc(GL_EQUAL, 1, 1) and
glStencilOp(GL_KEEP, GL_KEEP, GL_KEEP).

8. Render the object as polygons.

9. Disable stenciling: g1Disable(GL_STENCIL_TEST).
10. Enable writing to the color buffer.
11. Render the object as edges.

Variants of this algorithm may be applied to each convex part of an object, or, if the
topology of the object is not known, to each individual polygon to render well-behaved
hidden line images.

Instead of removing hidden lines, sometimes it’s desirable to render them with a
different color or pattern. This can be done with a modification of the algorithm:

Change the depth function to GL_LEQUAL.
Leave the color depth buffer enabled for writing.
Set the color and/or pattern for the hidden lines.
Render the object as edges.

Disable writing to the color buffer.

Render the object as polygons.

Set the color and/or pattern for the visible lines.

Sl U A

Render the object as edges using one of the methods described in Section 16.7.1.

In this technique, all edges are drawn twice: first with the hidden line pattern, then with
the visible one. Rendering the object as polygons updates the depth buffer, preventing
the second pass of line drawing from affecting the hidden lines.
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16.7.3

To enhance the preceding methods, the g1Polygon0ffset command can be used to
move the lines and polygons relative to each other. If the edges are drawn as lines using
polygon mode, glEnable(GL_POLYGON_OFFSET_LINE) can be used to offset the
lines in front of the polygons. If a faster version of line drawing is used (as described
in Section 16.7.1), g1 Enable(GL_POLYGON_OFFSET_FILL) can be used to move the
polygon surfaces behind the lines. If maintaining correct depth buffer values is necessary
for later processing, surface offsets may not be an option and the application should use
line offsets instead.

Polygon offset is designed to provide greater offsets for polygons viewed more edge-
on than for polygons that are flatter (more parallel) relative to the screen. A single constant
value may not work for all polygons, since variations resulting from depth interpolation
inaccuracies during rasterization are related to the way depth values change between frag-
ments. The depth change is the z slope of the primitive relative to window-space x and y.

The depth offset is computed as o,, = factor*m+r*units, where m = (i‘;’%"u’/)2 + (g%)z.
The value of m is often approximated with the maximum of the absolute value of the
x and y partial derivatives (slopes), since this can be computed more efficiently. The
maximum slope value is computed for each polygon and is scaled by factor. A constant
bias is added to deal with polygons that have very small slopes. When polygon offset
was promoted from an extension to a core feature (OpenGL 1.1), the bias value was
changed from an implementation-dependent value to a normalized scaling factor, units,
in the range [0, 1]. This value is scaled by the implementation-dependent depth buffer
minimum resolvable difference value, r, to produce the final value. This minimum resolv-
able difference value reflects the precision of the rasterization system and depth buffer
storage. For a simple n-bit depth buffer, the value is 27, but for implementations that
use compressed depth representations the derivation of the value is more complicated.

Since the slope offset must be computed separately for each polygon, the extra pro-
cessing can slow down rendering. Once the parameters have been tuned for a particular
OpenGL implementation, however, the same unmodified code should work well on other
implementations.

16.7.4

An effect similar to the constant term of polygon offset can be achieved using
glDepthRange with no performance penalty. This is done by displacing the near value
from 0.0 by a small amount, €, while setting the far value to 1.0 for all surface draw-
ing. Then when the edges are drawn the near value is set to 0.0 and the far value is
displaced by the same amount. Since the NDC depth value, z4, is transformed to window
coordinates as

[(f —n)zq + (n+ )]
2

w =
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surfaces drawn with a near value of # + € are displaced by

[—€zq + €]
2

Oy =

and lines with a far value of f — € are displaced by

00 = [ ez; €]
The resulting relative displacement between an edge and surface pixel is €. Unlike the
polygon offset bias, the depth range offset is not scaled by the implementation-specific
minimum resolvable depth difference. This means that the application must determine the
offset value empirically and that it may vary between different OpenGL implementations.
Values typically start at approximately 0.00001. Since there is no slope-proportionate
term, the value may need to be significantly larger to avoid artifacts with polygons that
are nearly edge on.

16.7.5

Haloing lines can make it easier to understand a wireframe drawing. Lines that pass
behind other lines stop short before passing behind, making it clearer which line is in
front of the other.

Haloed lines can be drawn using the depth buffer. The technique uses two passes.
The first pass disables updates to the color buffer, updating only the content of the
depth buffer. The line width is set to be greater than the normal line width and the
lines are rendered. This width determines the extent of the halos. In the second pass,
the normal line width is reinstated, color buffer updates are enabled, and the lines are
rendered a second time. Each line will be bordered on both sides by a wider “invisible
line” in the depth buffer. This wider line will mask other lines that pass beneath it, as
shown in Figure 16.7 The algorithm works for antialiased lines, too. The mask lines

Depth buffer
changed

This line drawn first

Depth buffer

This line drawn second values

Figure 16.7 Haloed line.
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should be drawn as aliased lines and be as least as wide as the footprint of the antialiased
lines.

1. Disable writing to the color buffer.
Enable the depth buffer for writing.
Increase line width.

Render lines.

Enable writing to the color buffer.

2

3

4

5. Restore line width.
6

7. Ensure that depth testing is on, passing on GL_LEQUAL.
8

Render lines.

This method will not work where multiple lines with the same depth meet. Instead of
connecting, all of the lines will be “blocked” by the last wide line drawn. There can also
be depth buffer rasterization problems when the wide line depth values are changed by
another wide line crossing it. This effect becomes more pronounced if the narrow lines
are widened to improve image clarity.

If the lines are drawn using polygon mode, the problems can be alleviated by using
polygon offset to move narrower visible lines in front of the wider obscuring lines. The
minimum offset should be used to avoid lines from one surface of the object “popping
through” the lines of an another surface separated by only a small depth value.

If the vertices of the object’s faces are oriented to allow face culling, it can be used to
sort the object surfaces and allow a more robust technique: the lines of the object’s back
faces are drawn, obscuring wide lines of the front face are drawn, and finally the narrow
lines of the front face are drawn. No special depth buffer techniques are needed.

Cull the front faces of the object.
Draw the object as lines.

Cull the back faces of the object.

= B b=

Draw the object as wide lines in the background color.
5. Draw the object as lines.

Since the depth buffer isn’t needed, there are no depth rasterization problems. The back-
face culling technique is fast and works well. However, it is not general since it doesn’t
work for multiple obscuring or intersecting objects.

16.7.6

Sometimes it can be useful for highlighting purposes to draw a silhouette edge around a
complex object. A silhouette edge defines the outer boundaries of the object with respect
to the viewer (as shown in Figure 16.8).
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Figure 16.8 Shaded solid image, silhouette edges, silhouette and boundary edges.

The stencil buffer can be used to render a silhouette edge around an object. With
this technique, the application can render either the silhouette alone or the object with a
silhouette around it (Rustagi, 1989).

The object is drawn four times, each time displaced by one pixel in the x or y direction.
This offset must be applied to the window coordinates. An easy way to do this is to change
the viewport coordinates each time, changing the viewport origin. The color and depth
values are turned off, so only the stencil buffer is affected. Scissor testing can be used to
avoid drawing outside the original viewport.

Every time the object covers a pixel, it increments the pixel’s stencil value. When
the four passes have been completed, the perimeter pixels of the object will have stencil
values of 2 or 3. The interior will have values of 4, and all pixels surrounding the object
exterior will have values of 0 or 1. A final rendering pass that masks everything but pixels
with stencil values of 2 or 3 produces the silhouette. The steps in the algorithm are as
follows:

Render the object (skip this step if only the silhouette is needed).

Clear the stencil buffer to zero.

Disable color and depth buffer updates using g1ColorMask.

Set the stencil function to always pass, and set the stencil operation to increment.
Translate the object by +1 pixel in y, using g1Viewport and render the object.

Translate the object by —2 pixels in y, using g1Viewport and render the object.
Translate by +1 pixel x and +1 pixel in y and render the object.

Translate by —2 pixels in x and render the object.

o ® N N R w D=

Translate by +1 pixel in x, bringing the viewport back to the original position.

—_
e

Enable color and depth buffer updates.

—_
—_

Set the stencil function to pass if the stencil value is 2 or 3. Since the possible
values range from 0 to 4, the stencil function can pass if stencil bit 1 is set
(counting from 0).
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12. Render a rectangle that covers the screen-space area of the object, or the size of
the viewport to render the silhouette.

One of the bigger drawbacks of this image-space algorithm is that it takes a large number
of drawing passes to generate the edges. A somewhat more efficient algorithm suggested
by Akeley (1998) is to use g1 PolygonOffset to create an offset depth image and then
draw the polygons using the line polygon mode. The stencil buffer is again used to count
the number of times each pixel is written. However, instead of counting the absolute
number of writes to a pixel the stencil value is inverted on each write. The resulting
stencil buffer will have a value of 1 wherever a pixel has been drawn an odd number
of times. This ensures that lines drawn at the shared edges of polygon faces have stencil
values of zero, since the lines will be drawn twice (assuming edge flags are not used).
While this algorithm is a little more approximate than the previous algorithm, it only
requires two passes through the geometry.

The algorithm is sensitive to the quality of the line rasterization algorithm used by
the OpenGL implementation. In particular, if the line from pg to p; rasterizes differently
from the line drawn from p1 to po by more than just the pixels at the endpoints, artifacts
will appear along the shared edges of polygons.

The faster algorithm does not generate quite the same result as the first algorithm
because it counts even and odd transitions and relies on the depth image to ensure that
other nonvisible surfaces do not interfere with the stencil count. The differences arise
in that boundary edges within one object that are in front of another object will be
rendered as part of the silhouette image. By boundary edges we mean the true edges of
the modeled geometry, but not the interior shared-face edges. In many cases this artifact
is useful, as silhouette edges by themselves often do not provide sufficient information
about the shape of objects. It is possible to combine the algorithm for drawing silhouettes
with an additional step in which all of the boundary edges of the geometry are drawn
as lines. This produces a hidden line drawing displaying boundary edges plus silhouette
edges, as shown in Figure 16.8. The steps of the combined algorithm are as follows:

1. Clear the depth and color buffers and clear the stencil buffer to zero.
2. Disable color buffer writes.

3. Draw the depth buffered geometry using g1Polygon0ffset to offset the object
surfaces toward the far clipping plane.

Disable writing to the depth buffer and g1PolygonOffset.

Set the stencil function to always pass and set the stencil operation to invert.
Enable face culling.

Draw the geometry as lines using g1Po1ygonMode.

Enable writes to the color buffer, disable face culling.

Y *® N o B

Set the stencil function to pass if the stencil value is 1.
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10. Render a rectangle that fills the entire window to produce the silhouette image.
11.  Draw the true edges of the geometry.
12. Enable writes to the depth buffer.

Since the algorithm uses an offset depth image, it is susceptible to minor artifacts from
the interaction of the lines and the depth image similar to those present when using
glPolygonOffset for hidden line drawings. Since the algorithm mixes lines drawn in
polygon mode with line primitives, the surfaces must be offset rather than the lines. This
means that the content of the depth buffer will be offset from the true geometry and may
need to be reestablished for later processing.

16.7.7

When drawing a series of wide smoothed lines that overlap, such as an outline composed
of a GL_LINE_LOOP, more than one fragment may be produced for a given pixel. Since
smooth line rendering uses framebuffer blending, this may cause the pixel to appear
brighter or darker than expected where fragments overlap.

The stencil buffer can be used to allow only a single fragment to update the pixel.
When multiple fragments update a pixel, the one chosen depends on the drawing order.
Ideally the fragment with the largest alpha value should be retained rather than one at
random. A combination of the stencil test and alpha test can be used to pass only the
fragments that have the largest alpha, and therefore contribute the most color to a pixel.
Repeatedly drawing and applying alpha test to pass fragments with decreasing alpha,
while using the stencil buffer to mark where fragments previously passed, results in a
brute-force algorithm that has the effect of sorting fragments by alpha value.

1.  Clear the stencil buffer and enable stencil testing.

2.  Set the stencil function to test for not equal: g1StencilFunc(GL_NOTEQUAL,
1, Oxff).

3. Set the stencil operation to replace stencil values that pass the stencil test and depth
test and keep the others.

4. Enable line smoothing and blending.
5. Enable alpha testing.

6. Loop over alpha reference values from 1.0 — step to 0, setting the alpha function to
pass for alpha greater than the reference value and draw the lines. The number of
passes is determined by step.

Speed can be traded for quality by increasing the step size or terminating the loop at a
larger threshold value. A step of 0.02 results in 50 passes and very accurate rendering.
However, good results can still be achieved with 10 or fewer passes by favoring alpha
values closer to 1.0 or increasing the step size as alpha approaches 0. At the opposite
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extreme, it is possible to iterate through every possible alpha value, and pass only the
fragments that match each specific one, using step = 1/26L-ALPHABITS

16.7.8

If wide lines form a loop, such as a silhouette edge or the outline of a polygon, it may be
necessary to fill regions where one line ends and another begins to give the appearance of a
rounded joint. Smooth wide points can be drawn at the ends of the line segments to form
an end cap. The preceding overlap algorithm can be used to avoid blending problems
where the point and line overlap.

16.8 Coplanar Polygons and Decaling

Using stenciling to control pixels drawn from a particular primitive can help solve
important problems, such as the following:

1. Drawing depth-buffered coplanar polygons without z-buffering artifacts.
2. Decaling multiple textures on a primitive.

Values are written to the stencil buffer to create a mask for the area to be decaled. Then
this stencil mask is used to control two separate draw steps: one for the decaled region
and one for the rest of the polygon.

A useful example that illustrates the technique is rendering coplanar polygons. If one
polygon must be rendered directly on top of another (runway markings, for example). The
depth buffer cannot be relied upon to produce a clean separation between the two. This
is due to the quantization of the depth buffer. Since the polygons have different vertices,
the rendering algorithms can produce z values that are rounded to the wrong depth
buffer value, so some pixels of the back polygon may show through the front polygon
(Section 6.1.2). In an application with a high frame rate, this results in a shimmering
mixture of pixels from both polygons, commonly called “z-fighting.” An example is
shown in Figure 16.9.

To solve this problem, the closer polygons are drawn with the depth test disabled,
on the same pixels covered by the farthest polygons. It appears that the closer polygons
are “decaled” on the farther polygons. Decaled polygons can be drawn via the following
steps:

1. Turn on stenciling: g1 Enable(GL_STENCIL_TEST).
2. Set stencil function to always pass: g1StencilFunc(GL_ALWAYS, 1, 1).

3. Set stencil op to set 1 if depth test passes: 0 if it fails: g1Stencil0p(GL_KEEP,
GL_ZERO, GL_REPLACE).

4. Draw the base polygon.
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Rendered directly Decaled using stencil

Figure 16.9 Using stencil to render co-planar polygons.

5. Set stencil function to pass when stencil is 1: g1StencilFunc(GL_EQUAL,
1, 1).

6. Disable writes to stencil buffer: g1StenciIMask(GL_FALSE).
7.  Turn off depth buffering: g1Disable(GL_DEPTH_TEST).
8. Render the decal polygon.

The stencil buffer does not have to be cleared to an initial value; the stencil values are
initialized as a side effect of writing the base polygon. Stencil values will be 1 where the
base polygon was successfully written into the framebuffer and 0 where the base polygon
generated fragments that failed the depth test. The stencil buffer becomes a mask, ensuring
that the decal polygon can only affect the pixels that were touched by the base polygon.
This is important if there are other primitives partially obscuring the base polygon and
decal polygons.

There are a few limitations to this technique. First, it assumes that the decal
polygon does not extend beyond the edge of the base polygon. If it does, the entire
stencil buffer must be cleared before drawing the base polygon. This is expensive on
some OpenGL implementations. If the base polygon is redrawn with the stencil opera-
tions set to zero out the stencil after drawing each decaled polygon, the entire stencil
buffer only needs to be cleared once. This is true regardless of the number of decaled
polygons.

Second, if the screen extents of multiple base polygons being decaled overlap, the
decal process must be performed for one base polygon and its decals before proceeding
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to another. This is an important consideration if the application collects and then sorts
geometry based on its graphics state, because the rendering order of geometry may be
changed as a result of the sort.

This process can be extended to allow for a number of overlapping decal poly-
gons, with the number of decals limited by the number of stencil bits available for the
framebuffer configuration. Note that the decals do not have to be sorted. The procedure
is similar to the previous algorithm, with the following extensions.

A stencil bit is assigned for each decal and the base polygon. The lower the number,
the higher the priority of the polygon. The base polygon is rendered as before, except
instead of setting its stencil value to one, it is set to the largest priority number. For
example, if there are three decal layers the base polygon has a value of 8.

When a decal polygon is rendered, it is only drawn if the decal’s priority number is
lower than the pixels it is trying to change. For example, if the decal’s priority number is
1 it is able to draw over every other decal and the base polygon using g1StencilFunc
(GL_LESS, 1, 0)andglStencilOp(GL_KEEP, GL_REPLACE, GL_REPLACE).

Decals with the lower priority numbers are drawn on top of decals with higher
ones. Since the region not covered by the base polygon is zero, no decals can write to it.
Multiple decals can be drawn at the same priority level. If they overlap, however, the last
one drawn will overlap the previous ones at the same priority level.

Multiple textures can be drawn onto a polygon using a similar technique. Instead of
writing decal polygons, the same polygon is drawn with each subsequent texture and an
alpha value to blend the old pixel color and the new pixel color together.

16.9 Capping Clipped Solids

When working with solid objects it is often useful to clip the object against a plane
and observe the cross section. OpenGL’s application-defined clipping planes (sometimes
called model clip planes) allow an application to clip the scene by a plane. The stencil
buffer provides an easy method for adding a “cap” to objects that are intersected by the
clipping plane. A capping polygon is embedded in the clipping plane and the stencil buffer
is used to trim the polygon to the interior of the solid.

If some care is taken when modeling the object, solids that have a depth complexity
greater than 2 (concave or shelled objects) and less than the maximum value of the stencil
buffer can be rendered. Object surface polygons must have their vertices ordered so that
they face away from the interior for face culling purposes.

The stencil buffer, color buffer, and depth buffer are cleared, and color buffer writes
are disabled. The capping polygon is rendered into the depth buffer, and then depth buffer
writes are disabled. The stencil operation is set to increment the stencil value where the
depth test passes, and the model is drawn with g1Cul1Face(GL_BACK). The stencil
operation is then set to decrement the stencil value where the depth test passes, and the
model is drawn with g1Cul1Face (GL_FRONT).
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At this point, the stencil buffer is 1 wherever the clipping plane is enclosed by the
front-facing and back-facing surfaces of the object. The depth buffer is cleared, color
buffer writes are enabled, and the polygon representing the clipping plane is now drawn
using whatever material properties are desired, with the stencil function set to GL_EQUAL
and the reference value set to 1. This draws the color and depth values of the cap into
the framebuffer only where the stencil values equal 1. Finally, stenciling is disabled, the
OpenGL clipping plane is applied, and the clipped object is drawn with color and depth
enabled.

16.10 Constructive Solid Geometry

Constructive solid geometry (CSG) models are constructed through the intersection (N),
union (U), and subtraction (—) of solid objects, some of which may be CSG objects
themselves (Goldfeather, 1986). The tree formed by the binary CSG operators and their
operands is known as the CSG tree. Figure 16.10 shows an example of a CSG tree and
the resulting model.

The representation used in CSG for solid objects varies, but we will consider a solid
to be a collection of polygons forming a closed volume. Solid, primitive, and object are
used here to mean the same thing.

CSG objects have traditionally been rendered through the use of raycasting, (which
is slow) or through the construction of a boundary representation (B-rep). B-reps vary
in construction, but are generally defined as a set of polygons that form the surface of
the result of the CSG tree. One method of generating a B-rep is to take the polygons
forming the surface of each primitive and trim away the polygons (or portions thereof)
that do not satisfy the CSG operations. B-rep models are typically generated once and
then manipulated as a static model because they are slow to generate.

CGS tree Resulting
solid

Figure 16.10 Anexample of constructive solid geometry.
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Drawing a CSG model using stenciling usually requires drawing more polygons than
a B-rep would contain for the same model. Enabling stencil itself also may reduce per-
formance. Nonetheless, some portions of a CSG tree may be interactively manipulated
using stenciling if the remainder of the tree is cached as a B-rep.

The algorithm presented here is from a paper (Wiegand, 1996) describing a
GL-independent method for using stenciling in a CSG modeling system for fast inter-
active updates. The technique can also process concave solids, the complexity of which
is limited by the number of stencil planes available.

The algorithm presented here assumes that the CSG tree is in “normal” form. A tree
is in normal form when all intersection and subtraction operators have a left subtree
that contains no union operators and a right subtree that is simply a primitive (a set of
polygons representing a single solid object). All union operators are pushed toward the
root, and all intersection and subtraction operators are pushed toward the leaves. For
example, ((ANB)— C)U(((DNE)NG)—F))UH is in normal form; Figure 16.11
illustrates the structure of that tree and the characteristics of a tree in this form.

A CSG tree can be converted to normal form by repeatedly applying the following
set of production rules to the tree and then its subtrees.

X-(YUZ) > (X-Y)-Z
XN(YUZ) - (XNY)U(XNZ)
X—(YNZ) > X-Y)U(X-2)
XN(YNZ) - (XNY)nZ

X—(Y-Z) > (X-Y)U(XNZ)

Union at top of tree
U
Left child of intersection / Key
or subtraction is

@] .
never union \ ‘U/ Union
\ - N Intersection

o d Subtraction

@/ .’g / : @ Primitive

Right child of intersection
or subtraction always

a primitive

U A

((((ANB) - C) U ((DNE) NG) - F)) UH)

Figure 16.11 ACSG tree in normal form.
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XN(Y-Z) > (XNY)-Z
(X-Y)NZ > (XNZ)=Y
(XUY)—Z > (X=2Z2)U(Y-2)
(XUY)NZ — (XNZ)Uu(YNZ)

X, Y, and Z here match either primitives or subtrees. The algorithm used to apply the
production rules to the CSG tree follows.

normalize(tree *t){

if (isPrimitive(t))
return;

do {

while (matchesRule(t)) /* Using rules given above */

applyFirstMatchingRule(t);

normalize(t->left);

} while (!(isUnionOperation(t) ||
(isPrimitive(t->right) &&
I isUnionOperation(T->1eft))));

normalize(t->right);

Normalization may increase the size of the tree and add primitives that do not contribute
to the final image. The bounding volume of each CSG subtree can be used to prune the tree
as it is normalized. Bounding volumes for the tree can be calculated using the following
algorithm.

findBounds(tree *t){

if (isPrimitive(t))
return;

findBounds(t->left);
findBounds(t->right);

switch (t->operation){
case UNION:
t->bounds = unionOfBounds(t->Teft->bounds,
t->right->bounds);
case INTERSECTION:
t->bounds = intersectionOfBounds(t->Teft->bounds,
t->right->bounds);



396 CAD and Modeling Techniques

case SUBTRACTION:
t->bounds = t->Teft->bounds;

CSG subtrees rooted by the intersection or subtraction operators may be pruned at each
step in the normalization process using the following two rules.

1. If T is an intersection and not intersects(T->1eft->bounds,
T->right->bounds), delete T.

2. If T is a subtraction and not intersects(T->1eft->bounds,
T->right->bounds), replace T with T->Teft.

The normalized CSG tree is a binary tree, but it is important to think of the tree as a
“sum of products” to understand the stencil CSG procedure.

Consider all unions as sums. Next, consider all the intersections and subtractions
as products. (Subtraction is equivalent to intersection with the complement of the term
to the right; for example, A — B = A N B.) Imagine all unions flattened out into a
single union with multiple children. That union is the “sum.” The resulting subtrees of
that union are all composed of subtractions and intersections, the right branch of those
operations is always a single primitive, and the left branch is another operation or a
single primitive. Consider each child subtree of the imaginary multiple union as a single
expression containing all intersection and subtraction operations concatenated from the
bottom up. These expressions are the “products.” For example, (AN B) — C)U (((GN
D) — E)N F) U H can be thought of as (ANB — C)U(GND — ENF)UH. Figure 16.12
illustrates this process.

(((ANB) = C) U ((DNE)NG) — F)) UH) (ANB - C) U (DNENG - F) UH

Figure 16.12 Thinking of a CSG tree as a sum of products.
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At this time, redundant terms can be removed from each product. Where a term
subtracts itself (A — A), the entire product can be deleted. Where a term intersects itself
(AN A), that intersection operation can be replaced with the term itself.

All unions can be rendered simply by finding the visible surfaces of the left and right
subtrees and allowing the depth test to determine the visible surface. All products can be
rendered by drawing the visible surfaces of each primitive in the product and trimming
those surfaces with the volumes of the other primitives in the product. For example, to
render A — B the visible surfaces of A are trimmed by the complement of the volume of
B, and the visible surfaces of B are trimmed by the volume of A.

The visible surfaces of a product are the front-facing surfaces of the operands of inter-
sections and the back-facing surfaces of the right operands of subtraction. For example, in
(A—BNC) the visible surfaces are the front-facing surfaces of A and C and the back-facing
surfaces of B.

Concave solids are processed as sets of front-facing or back-facing surfaces. The
“convexity” of a solid is defined as the maximum number of pairs of front and back
surfaces that can be drawn from the viewing direction. Figure 16.13 shows some examples
of the convexity of objects. The nth front surface of a k-convex primitive is denoted A,7,
and the nth back surface is A,,;,. Because a solid may vary in convexity when viewed from
different directions, accurately representing the convexity of a primitive may be difficult
and may involve reevaluating the CSG tree at each new view. Instead, the algorithm must
be given the maximum possible convexity of a primitive; it then draws the nth visible
surface by using a counter in the stencil planes.

The CSG tree must be further reduced to a “sum of partial products” by converting
each product to a union of products, each consisting of the product of the visible surfaces
of the target primitive with the remaining terms in the product. For exa