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Today: Architecture and Graphics

Time Machine: Building expensive 
prototypes to see the future of research.

Future to Present: The path from the 
SGI Reality Engine to Nvidia GPUs.

Short Break

ClipMaps:  How does Earth view in 
Google Maps cache 25 PetaBytes?

SGI RealityEngine:  1993’s $1M+ 
time machine for the Maps prototype
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The time machine model of computer science research.
Prototype hardware that 
is expensive today ...
but will be affordable 
in 20 years.

Be the first one 
to see the 

future.
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2011:
first 
Project 
Glass 
prototype
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2012:
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Explorer 
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4.4 Triangle Bus
All graphics architectures that implement parallel primitive pro-
cessing and parallel fragment/pixel processingmust also implement
a crossbar somewhere between the geometry processors and the
framebuffer[5]. While many of the issues concerning the placement
of this crossbar are beyond the scope of this paper, we will men-
tion some of the considerations that resulted in our Triangle Bus
architecture. The RealityEngine Triangle Bus is a crossbar between
the Geometry Engines and the Fragment Generators. Described
in RealityEngine terms, architectures such as the Evans & Suther-
land Freedom SeriesTM implement Geometry Engines and Fragment
Generators in pairs, then switch the resulting fragments to the ap-
propriate Image Engines using a fragment crossbar network. Such
architectures have an advantage in fragment generation efficiency,
due both to the improved locality of the fragments and to only one
Fragment Generator being initialized per primitive. They suffer
in comparison, however, for several reasons. First, transformation
and fragment generation rates are linked, eliminating the possibil-
ity of tuning a machine for unbalanced rendering requirements by
adding transformation or rasterization processors. Second, ultimate
fill rate is limited by the fragment bandwidth, rather than the prim-
itive bandwidth. For all but the smallest triangles the quantity of
data generated by rasterization is much greater than that required
for geometric specification, so this is a significant bottleneck. (See
Appendix 2.) Finally, if primitives must be rendered in the order
that they are specified, load balancing is almost impossible, because
the number of fragments generated by a primitive varies by many
orders of magnitude, and cannot be predicted prior to processor
assignment. Both OpenGL and the core X renderer require such
ordered rendering.
The PixelFlow[6] architecture also pairs Geometry Engines and

FragmentGenerators,but the equivalent of ImageEngines andmem-
ory for a pixel tile are also bundled with each Geome-
try/Fragment pair. The crossbar in this architecture is the composit-
ing tree that funnels the contents of rasterized tiles to a final display
buffer. Because the framebuffer associated with each processor is
smaller than the final display buffer, the final image is assembled as
a sequenceof logical tiles. Efficient operation is achieved
only when each logical tile is rasterized once in its entirety, rather
than being revisited when additional primitives are transformed. To
insure that all primitives that correspond to a logical tile are known,
all primitives must be transformed and sorted before rasterization
can begin. This substantially increases the system’s latency, and
requires that the rendering software support the notion of frame de-
marcation. Neither the core X renderer nor OpenGL support this
notion.

4.5 12-bit Color
Color component resolution was increased from the usual 8 bits to
12 bits for two reasons. First, the RealityEngine framebuffer stores
color components in linear, rather than gamma-corrected, format.
When 8-bit linear intensities are gamma corrected,single bit changes
at low intensities are discernible, resulting in visible banding. The
combination of 12-to-10 bit dithering and 10-bit gamma lookup ta-
bles used at display time eliminates visible banding. Second, it is
intended that images be computed, rather than just stored, in the
RealityEngine framebuffer. Volume rendering using 3D textures,
for example, requires back-to-front composition of multiple slices
through the data set. If the framebuffer resolution is just sufficient to
displayan acceptable image, repeatedcompositionswill degrade the

Figure 6. A scene from a driving simulation running full-screen at
30 Hz.

Figure 7. A 12x magnified subregion of the scene in figure 6. The
sky texture is properly sampled and the silhouettes of the ground
and buildings against the sky are antialiased.

resolution visibly. The 12-bit components allow substantial frame-
buffer composition to take place before artifacts become visible.

Conclusion

The RealityEngine system was designed as a high-end workstation
graphics accelerator with special abilities in image generation and
image processing. This paper has described its architecture and
capabilities in the realm of image generation: 20 to 60 Hz anima-
tions of full-screen, fully-textured, antialiased scenes. (Figures 6
and 7.) The image processing capabilities of the architecture have
not been described at all; they include convolution, color space
conversion, table lookup, histogramming, and a variety of warping
and mapping operations using the texture mapping hardware. Fu-
ture developments will investigate additional advanced rendering
features, while continually reducing the cost of high-performance,
high-quality graphics.

115

1993 example: Walk through of a city, at 30 frames/sec. 
A $1.5M visualization supercomputer (SGI RealityEngine)

Like Google Street View, but hand-crafted city models.
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special OpenGL clipmap control and virtualization extensions; and
support within the IRIS Performer [2] real-time graphics software
toolkit for clipmap virtualization, second-level tile caches, tile pag-
ing from the filesystem, and for automatic load-management con-
trols as described above.

In working with the system, developers find the results of using
the clipmap approach to be excellent. Real-time graphics applica-
tions can now use textures of any desired precision at full speed—
examples include planet-wide textures from satellite data, country
and continent scale visual simulation applications with centimeter
scale insets, architectural walkthrough applications showing
murals with minute brush strokes visible at close inspection, and
numerous advanced uses in government.

The image in Figure 12 shows an overhead view of a 81922 tex-
ture image of the Moffet Field Naval Air Station in Mountain
View, California rendered onto a single polygon. The colored
markers are diagnostic annotations indicating the extent of each
clipmap level. The EffectiveArea has been significantly reduced by
enlarging the InvalidBorder to make these concentric bands of pre-
cision easily visible.

The image in Figure 13 shows a very small portion of a 25m per
texel clipmap of the entire United States—the area shown here is
the southern half of the Yosemite National Park. That our approach
makes this single 170 GByte texture displayable at 60 Hertz with
an approximately 16 MByte clipmap cache is impressive; equally
so is the fact that the application being used need not know about
clipmaps—all clipmap definition, updating, load-management and
default ClipCenter selection happens automatically within IRIS
Performer.

9 CONCLUSIONS
We have developed a new texture representation—the clipmap—

a look-ahead cache configured to exploit insights about mipmap
rendering, spatial coherence, and object to texture space coordinate
mappings. This representation is simply parameterized and can be
implemented in hardware via small modifications to existing mip-
map rendering designs. It has been implemented in a system fea-
turing a fast system-to-graphics interface allowing real-time
update of clipmap caches. This system renders high quality images
in real-time from very large textures using relatively little texture
memory. The hardware supports virtualization for textures larger
than it can address directly. This approach is not only important for
representing textures of arbitrary scale. Equally important is that it
also liberates geometric modeling and level of detail decisions
from texture management concerns.

The guiding insights about mipmap utilization that made the

clipmap solution possible can be applied to related problems in
computer graphics. Display resolution provides an upper bound to
the amount of data needed in any rendering. It seems possible to
develop a system that stages geometric level-of-detail information
for large databases similarly to the way clipmaps stage image data.
If an adaptive rendering algorithm were defined to create continu-
ous tessellations from partially specified geometric levels of detail,
then the same look ahead cache notions could be used to stage
geometry. At a system level, this approach has predetermined
throughputs and bandwidths that can be established to ensure both
high fidelity and robust real-time behavior. In this way, the overall
data flow of large systems can be easily sized and tuned for a wide
range of applications.

Since the original development of clipmaps and their hardware
and software implementations, we have explored several exten-
sions including 3D clipmaps, texture download optimizations, and
new inter-level texture blend modes. This work leads us to believe
that there is considerably more to be discovered. We have seen
realism in real-time visual simulation revolutionized in the wake of
the introduction of clipmaps and we eagerly anticipate new ways
in which clipmaps can have this effect in other application areas.
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40 million pixels

20 
million 
pixels

11 Petabytes for a 
full-zoom map of 
the earth’s surface

How do you 
cache an 11 
Petabyte map 
in hardware, 
so you can 
walk and zoom 
through it at 
60 frames/sec?
In 1998?
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ABSTRACT
We describe the clipmap, a dynamic texture representation that

efficiently caches textures of arbitrarily large size in a finite
amount of physical memory for rendering at real-time rates. Fur-
ther, we describe a software system for managing clipmaps that
supports integration into demanding real-time applications. We
show the scale and robustness of this integrated hardware/software
architecture by reviewing an application virtualizing a 170
gigabyte texture at 60 Hertz. Finally, we suggest ways that other
rendering systems may exploit the concepts underlying clipmaps
to solve related problems.
CR Categories and Subject Descriptors: I.3.1 [Computer

Graphics]: Hardware Architecture—Graphics Processors; I.3.3
[Computer Graphics]: Picture/Image Generation—Display Algo-
rithms; I.3.4 [Computer Graphics]: Graphics Utilities—Graphics
Packages; I.3.7 [Computer Graphics]: Three-Dimensional Graph-
ics and Realism—Color, shading, shadowing, and texture.
Additional Keywords: clipmap, mipmap, texture, image exploi-

tation, terrain visualization, load management, visual simulation.

1 INTRODUCTION
Textures add important visual information to graphical applica-

tions. Their scope, fidelity, and presentation directly affects the
level of realism and immersion achievable for a given object or
environment. From being able to discern each brush stroke in every
mural in a virtual Vatican to counting tire tracks in the sand half-
way around a simulated globe, the amount of visual information
applications require is growing without bound. It is this enormous
visual dynamic range that illuminates the limitations of current
texture representations and defines our problem space.

Specifically, our representation addresses all of the issues rele-
vant to the real-time rendering of the earth’s surface as a single
high resolution texture. Representing the earth with one meter tex-
els requires a 40 million by 20 million texel texture and an overall
square, power of two mipmap size of approximately 11 petabytes.

We identified six goals for an effective solution to this problem.
First, the new texture system must support full speed rendering
using a small subset of an arbitrarily large texture. Second, it must
be possible to rapidly update this subset simultaneously with real-
time rendering. Third, the texture technique must not force subdi-
vision or other constraints onto geometric scene components.
Fourth, load control must be robust and automatic to avoid distract-
ing visual discontinuities under overload. Fifth, it must be possible
for the representation to be seamlessly integrated into existing
applications. Finally, the incremental implementation cost should
be small relative to existing hardware.

Our initial clipmap implementation addresses these goals
through a combination of low-level hardware and higher-level sys-
tem level software. The hardware provides real-time rendering
capabilities based on the clipmap representation, while the soft-
ware manages the representation and interfaces with applications.
This paper describes our clipmap implementation and reviews how
well it meets the goals and challenges already outlined: §2 presents
past approaches to managing large texture images, §3 describes
exactly what a clipmap is and what it achieves, §4 explains how the
clipmap is updated and addresses memory bandwidth issues, §5
shows how the clipmap representation is a modification of mipmap
rendering, §6 describes how clipmaps are generalized to overcome
hardware resource and precision limits, §7 discusses the higher-
level software used to update clipmaps, manage system load, and
deal with data on disk, §8 examines several applications of the sys-
tem, and finally, §9 considers the success of our first implementa-
tion and suggests directions for further research.

2 PREVIOUS APPROACHES
The common method for dealing with large textures requires

subdividing a huge texture image into small tiles of sizes directly
supportable by typical graphics hardware. This approach provides
good paging granularity for the system both from disk to main
memory and from main memory to texture memory. In practice,
however, this approach has several drawbacks. First, geometric
primitives must not straddle texture-tile boundaries, forcing
unwanted geometric subdivision. Second, texture border support is
required for each level of each tile if correct sampling is to be per-
formed at tile boundaries. Lastly, the level of detail mechanisms
take place at the granularity of the tiles themselves—producing
disconcerting visual pops of whole texture/geometry tiles. These
limitations limit visual effectiveness and add an extra level of com-
plexity to geometric modeling, morphing, and LOD definition—all
of which must take the texture tile boundaries into account.

The higher-quality system of Sanz-Pastor and Barcena [4] blends
multiple active textures of differing resolutions. Each of these lev-
els roams based on its dynamic relationship to the eyepoint; poly-
gons slide from one texture to another with textures closer to the
eyepoint at higher-resolution. The drawback of such a system is
that geometry is still tied directly to one of these textures so texture
LOD decisions are made at the per-polygon rather than per-pixel.
Developers must also obey a complex algorithm to subdivide
geometry based on the boundaries between the different textures of
different resolutions. Further, texture LOD choices made by the
algorithm are based on coarse eyepoint range rather than the fine
display space projection of texel area.

An advanced solution outlined by Cosman [1] offers per-pixel
LOD selection in a static multiresolution environment. Although
similar to our clipmap approach in some ways, Cosman does not
address look-ahead caching, load control, or the virtualization of
the algorithm beyond hardware limits.

Although these approaches have solved large scale problems,
they do not appear generalizable to fully address all six goals of §1.

3 THE CLIPMAP REPRESENTATION

3.1 Observations about Mipmaps
The following review summarizes the key mipmap concepts on
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The Clipmap: A Virtual Mipmap
Christopher C. Tanner, Christopher J. Migdal, and Michael T. Jones

Silicon Graphics Computer Systemswhich clipmaps are based. A mipmap as defined by Williams [6] is
a collection of correlated images of increasingly reduced resolu-
tion arranged, in spirit, as a resolution pyramid. Starting with level
0, the largest and finest level, each lower level represents the image
using half as many texels in each dimension: 1D = 1/2, 2D = 1/4,
and 3D = 1/8 the texels. The 2D case is illustrated in Figure 1.

When rendering with a mipmap, pixels are projected into mip-
map space using texture coordinates, underlying geometric posi-
tions, geometric transformations, and texture transformations to
define the projection. Each rendered pixel is derived from one or
more texel samples taken from one or more levels of the mipmap
hierarchy. In particular, the samples chosen are taken from the
immediate neighborhood of the mipmap level where the display’s
pixel-to-texel mapping is closest to a 1:1 mapping, a level dictated
in part by display resolution. The texels are then filtered to produce
a single value for further processing.

Given this simple overview of mipmap processing, we now ask
which texels within a mipmap might be accessed during the ren-
dering of an image. Clearly there can be many variations in the fac-
tors that control pixel to display projection, such as differing
triangle locations within a large database, so it may seem that all of
the texels are potentially used if the universe of possible geometry
is taken into consideration. Refer to Figure 2 for an illustration of
the relationship between eyepoint position and texel access.

Mipmaps are potentially fully accessed during rendering when
their size in texels is less than twice the size of the maximum dis-
play extent in pixels. This observation derives from interactions
between mipmap sample selection logic and finite display resolu-
tion. For example, when rendering a 327682 texel mipmap to a
10242 pixel display, the mipmap sample-selection logic will
choose the texels that are closest to having a 1:1 mapping to pixel
area. Thus it will use at most 10242 texels from a level before
accessing an adjacent level. Implementations that blend samples
from adjacent levels (as in trilinear filtering) potentially access
twice as many texels in each dimension. For an example of this
refer to the center diagram in Figure 2, where texels from level 1
are being fully used. If the eyepoint were just slightly closer, then
samples would be blended from both level 0 and level 1, but 10242

texels from level 1 would still be accessible. The corresponding
texels from level 0 needed to blend with these 10242 level 1 texels
are distributed over a 20482 texel extent in level 0.

When the indexing arithmetic for very large mimpaps is ana-
lyzed, it becomes clear that the majority of the mipmap pyramid
will not be used in the rendering of a single image no matter what
geometry is rendered. The basis of our system is this realization
that eyepoint and display resolution control access into the mip-

map and that in the case of the very large textures we are con-
cerned with, only a minute fraction of the texels in the mipmap are
accessible. We can build hardware to exploit this fact by rendering
from the minimal subset of the mipmap needed for each frame—a
structure we term a clipmap.

3.2 The Anatomy of a Clipmap
A clipmap is an updatable representation of a partial mipmap, in

which each level has been clipped to a specified maximum size.
This parameterization results in an obelisk shape for clipmaps as
opposed to the pyramid of mipmaps. It also defines the size of the
texture memory cache needed to fully represent the texture hierar-
chy.

3.2.1 Defining Clipmap Region with ClipSize
ClipSize represents the limit, specified in texels, of texture cache

extent for any single level of a clipmap texture. Each level of a nor-
mal mipmap is clipped to ClipSize if it would have been larger
than ClipSize, as shown in Figure 3. All levels retain the logical
size and render-time accessing arithmetic of the corresponding
level of a full mipmap.

Based on this mipmap subset representation, we further define
the Clipmap Stack to be the set of levels that have been clipped
from full mipmap-size by the limit imposed by ClipSize. These
levels are not fully resident within the clipmap; only a ClipSize2

subset is cached. These levels are the topmost levels in Figure 4.
Below the Clipmap Stack is the Clipmap Pyramid, defined as the
set of levels of sizes not greater than the ClipSize limit. These lev-
els are completely contained in texture memory and are identical to
the corresponding portions of a full mipmap.

3.2.2 Defining Clipmap Contents with ClipCenter
Given the notion of clipping a mipmap to fit in a subset clipmap

cache, we specify the data present in this cache by specifying a
ClipCenter for each stack level. A ClipCenter is an arbitrary tex-
ture space coordinate that defines the center of a cached layer. By
defining ClipSize and ClipCenter for each level, we precisely
select the texture region being cached by the ClipStack levels of
our representation.

One implementation is to specify the ClipCenter for stack level 0
and derive the ClipCenter of lower levels by shifting the center
based on depth. This forces each level to be centered along a line
from the level 0 center to the clipmap apex. This center is the dot
indicated at the top of Figure 4. This type of centering yields con-
centric rings of resolution surrounding the level 0 ClipCenter. The
center location may be placed anywhere in full mipmap space. The
image in Figure 5 shows an orthogonal view of a polygon (viewed

Figure 1: Mipmap Image Pyramid and Side-View Diagram
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Figure 2: Texel Access within a Mipmap

Figure 3: Clipmap Region within a Mipmap
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Figure 4: Clipmap Stack and Pyramid Levels

Imagine: The same 1 square mile patch of earth, 
pictured in larger and larger images

As we go larger and larger, we see 
more and more details within the 1 square mile ...

first roads ... then cars ... then people ...
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 Assume MacBook Air ... 1386 x 768 screen ...

We are all 
zoomed in on 
Google Maps

which clipmaps are based. A mipmap as defined by Williams [6] is
a collection of correlated images of increasingly reduced resolu-
tion arranged, in spirit, as a resolution pyramid. Starting with level
0, the largest and finest level, each lower level represents the image
using half as many texels in each dimension: 1D = 1/2, 2D = 1/4,
and 3D = 1/8 the texels. The 2D case is illustrated in Figure 1.

When rendering with a mipmap, pixels are projected into mip-
map space using texture coordinates, underlying geometric posi-
tions, geometric transformations, and texture transformations to
define the projection. Each rendered pixel is derived from one or
more texel samples taken from one or more levels of the mipmap
hierarchy. In particular, the samples chosen are taken from the
immediate neighborhood of the mipmap level where the display’s
pixel-to-texel mapping is closest to a 1:1 mapping, a level dictated
in part by display resolution. The texels are then filtered to produce
a single value for further processing.

Given this simple overview of mipmap processing, we now ask
which texels within a mipmap might be accessed during the ren-
dering of an image. Clearly there can be many variations in the fac-
tors that control pixel to display projection, such as differing
triangle locations within a large database, so it may seem that all of
the texels are potentially used if the universe of possible geometry
is taken into consideration. Refer to Figure 2 for an illustration of
the relationship between eyepoint position and texel access.

Mipmaps are potentially fully accessed during rendering when
their size in texels is less than twice the size of the maximum dis-
play extent in pixels. This observation derives from interactions
between mipmap sample selection logic and finite display resolu-
tion. For example, when rendering a 327682 texel mipmap to a
10242 pixel display, the mipmap sample-selection logic will
choose the texels that are closest to having a 1:1 mapping to pixel
area. Thus it will use at most 10242 texels from a level before
accessing an adjacent level. Implementations that blend samples
from adjacent levels (as in trilinear filtering) potentially access
twice as many texels in each dimension. For an example of this
refer to the center diagram in Figure 2, where texels from level 1
are being fully used. If the eyepoint were just slightly closer, then
samples would be blended from both level 0 and level 1, but 10242

texels from level 1 would still be accessible. The corresponding
texels from level 0 needed to blend with these 10242 level 1 texels
are distributed over a 20482 texel extent in level 0.

When the indexing arithmetic for very large mimpaps is ana-
lyzed, it becomes clear that the majority of the mipmap pyramid
will not be used in the rendering of a single image no matter what
geometry is rendered. The basis of our system is this realization
that eyepoint and display resolution control access into the mip-

map and that in the case of the very large textures we are con-
cerned with, only a minute fraction of the texels in the mipmap are
accessible. We can build hardware to exploit this fact by rendering
from the minimal subset of the mipmap needed for each frame—a
structure we term a clipmap.

3.2 The Anatomy of a Clipmap
A clipmap is an updatable representation of a partial mipmap, in

which each level has been clipped to a specified maximum size.
This parameterization results in an obelisk shape for clipmaps as
opposed to the pyramid of mipmaps. It also defines the size of the
texture memory cache needed to fully represent the texture hierar-
chy.

3.2.1 Defining Clipmap Region with ClipSize
ClipSize represents the limit, specified in texels, of texture cache

extent for any single level of a clipmap texture. Each level of a nor-
mal mipmap is clipped to ClipSize if it would have been larger
than ClipSize, as shown in Figure 3. All levels retain the logical
size and render-time accessing arithmetic of the corresponding
level of a full mipmap.

Based on this mipmap subset representation, we further define
the Clipmap Stack to be the set of levels that have been clipped
from full mipmap-size by the limit imposed by ClipSize. These
levels are not fully resident within the clipmap; only a ClipSize2

subset is cached. These levels are the topmost levels in Figure 4.
Below the Clipmap Stack is the Clipmap Pyramid, defined as the
set of levels of sizes not greater than the ClipSize limit. These lev-
els are completely contained in texture memory and are identical to
the corresponding portions of a full mipmap.

3.2.2 Defining Clipmap Contents with ClipCenter
Given the notion of clipping a mipmap to fit in a subset clipmap

cache, we specify the data present in this cache by specifying a
ClipCenter for each stack level. A ClipCenter is an arbitrary tex-
ture space coordinate that defines the center of a cached layer. By
defining ClipSize and ClipCenter for each level, we precisely
select the texture region being cached by the ClipStack levels of
our representation.

One implementation is to specify the ClipCenter for stack level 0
and derive the ClipCenter of lower levels by shifting the center
based on depth. This forces each level to be centered along a line
from the level 0 center to the clipmap apex. This center is the dot
indicated at the top of Figure 4. This type of centering yields con-
centric rings of resolution surrounding the level 0 ClipCenter. The
center location may be placed anywhere in full mipmap space. The
image in Figure 5 shows an orthogonal view of a polygon (viewed

Figure 1: Mipmap Image Pyramid and Side-View Diagram
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Figure 4: Clipmap Stack and Pyramid Levels

which clipmaps are based. A mipmap as defined by Williams [6] is
a collection of correlated images of increasingly reduced resolu-
tion arranged, in spirit, as a resolution pyramid. Starting with level
0, the largest and finest level, each lower level represents the image
using half as many texels in each dimension: 1D = 1/2, 2D = 1/4,
and 3D = 1/8 the texels. The 2D case is illustrated in Figure 1.

When rendering with a mipmap, pixels are projected into mip-
map space using texture coordinates, underlying geometric posi-
tions, geometric transformations, and texture transformations to
define the projection. Each rendered pixel is derived from one or
more texel samples taken from one or more levels of the mipmap
hierarchy. In particular, the samples chosen are taken from the
immediate neighborhood of the mipmap level where the display’s
pixel-to-texel mapping is closest to a 1:1 mapping, a level dictated
in part by display resolution. The texels are then filtered to produce
a single value for further processing.

Given this simple overview of mipmap processing, we now ask
which texels within a mipmap might be accessed during the ren-
dering of an image. Clearly there can be many variations in the fac-
tors that control pixel to display projection, such as differing
triangle locations within a large database, so it may seem that all of
the texels are potentially used if the universe of possible geometry
is taken into consideration. Refer to Figure 2 for an illustration of
the relationship between eyepoint position and texel access.

Mipmaps are potentially fully accessed during rendering when
their size in texels is less than twice the size of the maximum dis-
play extent in pixels. This observation derives from interactions
between mipmap sample selection logic and finite display resolu-
tion. For example, when rendering a 327682 texel mipmap to a
10242 pixel display, the mipmap sample-selection logic will
choose the texels that are closest to having a 1:1 mapping to pixel
area. Thus it will use at most 10242 texels from a level before
accessing an adjacent level. Implementations that blend samples
from adjacent levels (as in trilinear filtering) potentially access
twice as many texels in each dimension. For an example of this
refer to the center diagram in Figure 2, where texels from level 1
are being fully used. If the eyepoint were just slightly closer, then
samples would be blended from both level 0 and level 1, but 10242

texels from level 1 would still be accessible. The corresponding
texels from level 0 needed to blend with these 10242 level 1 texels
are distributed over a 20482 texel extent in level 0.

When the indexing arithmetic for very large mimpaps is ana-
lyzed, it becomes clear that the majority of the mipmap pyramid
will not be used in the rendering of a single image no matter what
geometry is rendered. The basis of our system is this realization
that eyepoint and display resolution control access into the mip-

map and that in the case of the very large textures we are con-
cerned with, only a minute fraction of the texels in the mipmap are
accessible. We can build hardware to exploit this fact by rendering
from the minimal subset of the mipmap needed for each frame—a
structure we term a clipmap.

3.2 The Anatomy of a Clipmap
A clipmap is an updatable representation of a partial mipmap, in

which each level has been clipped to a specified maximum size.
This parameterization results in an obelisk shape for clipmaps as
opposed to the pyramid of mipmaps. It also defines the size of the
texture memory cache needed to fully represent the texture hierar-
chy.

3.2.1 Defining Clipmap Region with ClipSize
ClipSize represents the limit, specified in texels, of texture cache

extent for any single level of a clipmap texture. Each level of a nor-
mal mipmap is clipped to ClipSize if it would have been larger
than ClipSize, as shown in Figure 3. All levels retain the logical
size and render-time accessing arithmetic of the corresponding
level of a full mipmap.

Based on this mipmap subset representation, we further define
the Clipmap Stack to be the set of levels that have been clipped
from full mipmap-size by the limit imposed by ClipSize. These
levels are not fully resident within the clipmap; only a ClipSize2

subset is cached. These levels are the topmost levels in Figure 4.
Below the Clipmap Stack is the Clipmap Pyramid, defined as the
set of levels of sizes not greater than the ClipSize limit. These lev-
els are completely contained in texture memory and are identical to
the corresponding portions of a full mipmap.

3.2.2 Defining Clipmap Contents with ClipCenter
Given the notion of clipping a mipmap to fit in a subset clipmap

cache, we specify the data present in this cache by specifying a
ClipCenter for each stack level. A ClipCenter is an arbitrary tex-
ture space coordinate that defines the center of a cached layer. By
defining ClipSize and ClipCenter for each level, we precisely
select the texture region being cached by the ClipStack levels of
our representation.

One implementation is to specify the ClipCenter for stack level 0
and derive the ClipCenter of lower levels by shifting the center
based on depth. This forces each level to be centered along a line
from the level 0 center to the clipmap apex. This center is the dot
indicated at the top of Figure 4. This type of centering yields con-
centric rings of resolution surrounding the level 0 ClipCenter. The
center location may be placed anywhere in full mipmap space. The
image in Figure 5 shows an orthogonal view of a polygon (viewed
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from the “Eyepoint Near” position of Figure 2) that has been tex-
tured with a clipmap having a very small ClipSize in order to dem-
onstrate the concentric rings of texture resolution.

When the cache is insufficient, due either to an overly small
ClipSize or a poor choice of ClipCenter, the best available lower
resolution data from lower in the clipmap stack or pyramid is used.
This “clip texture accesses to best available data” nature is a sec-
ond reason why we chose the name clipmap for this approach.

In normal use, however, the ClipSize is set to equal or exceed the
display size, in which case the rings of resolution shown in Figure
5 are large enough that, with a properly chosen ClipCenter, these
rings form a superset of the needed precision. Thus, the subset
nature of clipmaps does not limit the texture sample logic—every
texel addressed is present in the clipped mipmap and the resulting
image will be pixel-exact with one drawn using the full mipmap,
meeting the first of the goals outlined for this texture system.

3.2.3 Invalid Border for Parallel Update
The previous subsection presents rendering from a Clipmap

Stack level as a static subset of the complete mipmap level; it does
not address the need to pre-page data needed for future frames con-
currently with rendering. In order to provide storage for paged data
and for load control, we introduce another parameter, the Invalid-
Border, defined as a border of texels existing within each stack
level that is InvalidBorder texels wide. Texels within the Invalid-
Border are inactive and are not accessed by the texel-sample index-
ing logic. They provide a destination region into which higher-
level software prefetches data. The size of the active portion of a
clip map is simply ClipSize minus twice the InvalidBorder, known
as the EffectiveSize of each stack level. The relationship and posi-
tion of the InvalidBorder and EffectiveSize are illustrated in Figure
6.

3.2.4 TextureOffset for Efficient Update
The final fundamental parameter of our low-level clipmap repre-

sentation is the TextureOffset, the starting address used by the tex-
ture address generator to locate the logical center of a clipmap’s
EffectiveSize within the ClipSize2 memory region allocated for
each Clipmap Stack level. The addressing logic uses the Texture-
Offeset and modular addressing to roam efficiently through the
level’s ClipSize2 memory region as discussed in detail in §4, where

the process of clipmap updating and rendering is presented. This
offset is specified per level and affects addressing for the level
exactly as a texture matrix translation with a wrap-style texture
clamp mode.

3.3 Clipmap Storage Efficiency
Consider a 16 level 327682 clipmap to be rendered on a 10242

display. We begin our analysis with pixel-exact rendering. Given
the display size, we know that the upper bound on texture usage
from a single level is 20482, so we set the ClipSize to 2048. There
will be four clipped levels forming our Clipmap Stack and 12 lev-
els in the Clipmap Pyramid. The storage required for this is 20482

texels * 4 levels + 4/3 * 20482 texels for the pyramid = 42.7 MB at
2 bytes per texel. This perfect clipmap configuration requires only
42.7 MB of the full 2.8 GB present in the complete mipmap. A
more typical configuration using a 1024 ClipSize will achieve
attractive results using 10242*5 stack texels + 10242*4/3 pyramid
texels = 12.7 MB. Finally, a 512 texel ClipSize yields reasonable
results with 5122*6 stack texels + 5122*4/3 pyramid texels = 3.7
MB of storage.

In general, a 2nx2n clipmap with a ClipSize of 2m requires only
4m(n - m + 4/3) - 1/3 texels of texture storage. For full mipmaps,
the storage needed is (4n+1 - 1)/3 texels. Both of the equations must
be scaled by the number of bytes per texel to compute physical
memory use. Note that total mipmap storage is exponential in n
where clipmap storage is linear, underscoring the practical ability
of clipmaps to handle much larger textures than mipmaps.

Comparative storage use is tabulated in Table 1, where KB =
1024 Bytes, and 16-bit texels are used. The final column shows
memory use for a 226x226 image large enough to represent the
earth at 1 meter per texel; the 34.7 MB clipmap requirement fits
nicely into the texture memory of a modern high-performance
graphics workstation, confirming the ability of clipmaps to address
the problem identified in §1.

4 UPDATING CLIPMAPS
Clipmap caches are by intent just large enough to effectively

cache the texels needed to render one view. It is therefore impor-
tant to update the cache as the viewpoint changes, typically before
each frame is rendered. This update is performed by considering
the texture regions needed for each level as described in §3 and
loading them into texture memory. Moreover, to take advantage of
the significant frame-to-frame coherence in cache contents, we can
reuse cached texels in subsequent frames. We define each level as
an independently roaming 2D image cache that moves through the
entire region of that level within the complete mipmap using toroi-
dal addressing, a commonly used approach in image processing
applications [5]. We then update each level incrementally by
downloading the new data into the cache and letting this address-
ing scheme define the destination. The same logic is used when
reading memory to render the texture. The four steps of this load-
ing/addressing scheme are presented in Figure 7. The process
begins with a 2D image centered in the cache as shown on the left.
We then specify a new ClipCenter, in this case d texels above and
to the right of the old center. Comparing the old and new image

Figure 5: Rings of Texture Resolution

InvalidBorder

Figure 6: Clipmap with InvalidBorder and EffectiveSize

InvalidBorder

Effective
Size

Type and Size 5122 10242 40962 327682 671088642

Full Mipmap 682KB 2.7MB 42.7MB 2.7GB 10923TB

5122 Clipmap 682KB 1.1MB 2.2MB 3.7MB 9.1MB

10242 Clipmap 682KB 2.7MB 6.7MB 12.7MB 34.7MB

20482 Clipmap 682KB 2.7MB 18.7MB 42.7MB 131.7MB

Table 1: Clipmap Storage Requirements 11Thursday, April 17, 14
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Recall that a mip-map represents a source image with a pyramidal
set of two-dimensional images, each of which covers the full area
of the source image at successively coarser resolution [Will83]. A
clip-map can be thought of as a subset of the mip-map of the entire
texture. It has two parts: a clip-map pyramid which is exactly the
same as the coarser levels of the original mip-map, and a clip-map
stack which holds a subset of the data in the original mip-map for
the finest levels of detail. The clip-map stack levels all have the
same size in texture memory, but each successively coarser level
covers four times the source image area of the immediately finer
level. Figure 6 illustrates the relationships between levels in a clip-
map when viewed from above a textured database. The clip-map
stack levels are centered on a common point. Each stack level rep-
resents larger and larger areas as the resolution of the data they
contain becomes coarser and coarser. Figure 7 illustrates a clip-
map for a 32K x 32K source image using a 2K x 2K clip-map tile
size. Note that the clip-map representation requires about 1/64 the
storage of the equivalent 32K x 32K mip-map.

Figure 6: Clip-Map Levels

Because the clip-map stack does not contain the entire texture the
position of the clip-map stack needs to be updated to track the
viewer’s position, or more optimally the center of the viewer’s
gaze. As the viewer’s position or gaze moves, the contents of the
clip-map stack should be updated to reflect this movement. New
texture data is loaded into the texture memory to replace the tex-
ture data that is no longer required. The rate of update of texture
data is highest for the finest clip-map stack level and becomes less
for coarser stack levels of the clip-map. In the InfiniteReality sys-
tem, it is not necessary to replace all data in a clip-map level when
only a few texels actually need to be updated. The hardware loads
new texture data over the old and automatically performs the cor-
rect addressing calculations using offset registers. Additionally, the
Fragment Generators contain registers that define the clip-map
center as it moves through the texture.

If the stack tile size is chosen correctly and the clip-map stack is
updated properly as the viewpoint moves through the scene, the
InfiniteReality system will produce images identical to those that
would have been produced if the entire source mip-map had been
resident in texture memory.

It cannot always be guaranteed that the texture data requested dur-

ing triangle rendering will be available at the requested level of
detail. This may occur if the size of the clip-map tile has been cho-
sen to be too small, or the update of the stack center failed to keep
pace with the motion of the viewer. The InfiniteReality texture sub-
system detects when texture is requested at a higher resolution than
is available in texture memory. It substitutes the best available data
which is data at the correct spatial position, but at a coarser level-
of-detail than requested. As a result, the rendered scene will have
regions where the texture will be coarser than if the entire mip-map
were resident in texture memory. However, it will otherwise be
rendered correctly. This substitution mechanism limits the required
clip-map tile size and reduces the required texture update rate.

Figure 7: 32Kx32K texture represented as a 2Kx2K clip-map.

The Fragment Generator is limited to addressing a 32K x 32K clip-
map. The addressability of clip-maps can be extended to arbitrary
texture sizes through software. The software layer needs only to
keep track of and implement a transformation from an arbitrarily
large texture space into the texture space addressable by the hard-
ware.

3.2 Texture Loading and Paging
We minimize the performance impact of large amounts of texture
paging in the design of InfiniteReality system. The graphics sub-
system interprets texture images directly as specified by the
OpenGL programmer so no host processor translation is required.
The front end of the Geometry Subsystem includes pixel unpack-
ing and format conversion hardware; DMA hardware directly
implements stride and padding address arithmetic as required by
OpenGL. The Fragment Generators accept raster-order texture
images at Vertex Bus-limited rates. To eliminate the need for the
host computer to make and retain copies of loaded textures for
context switching, the hardware supports texture image reads back
to the host.

The Geometry-Raster FIFO maintains a separate path through
which data bound for texture memory is routed. When the Frag-
ment Generators are busy with fill-limited primitives, pending tex-
ture data is transferred over the Vertex Bus and routed to write
queues in the TM ASICs. When a moderate amount of texture data
is queued for a particular texture DRAM, the TM suspends draw
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Recall that a mip-map represents a source image with a pyramidal
set of two-dimensional images, each of which covers the full area
of the source image at successively coarser resolution [Will83]. A
clip-map can be thought of as a subset of the mip-map of the entire
texture. It has two parts: a clip-map pyramid which is exactly the
same as the coarser levels of the original mip-map, and a clip-map
stack which holds a subset of the data in the original mip-map for
the finest levels of detail. The clip-map stack levels all have the
same size in texture memory, but each successively coarser level
covers four times the source image area of the immediately finer
level. Figure 6 illustrates the relationships between levels in a clip-
map when viewed from above a textured database. The clip-map
stack levels are centered on a common point. Each stack level rep-
resents larger and larger areas as the resolution of the data they
contain becomes coarser and coarser. Figure 7 illustrates a clip-
map for a 32K x 32K source image using a 2K x 2K clip-map tile
size. Note that the clip-map representation requires about 1/64 the
storage of the equivalent 32K x 32K mip-map.

Figure 6: Clip-Map Levels

Because the clip-map stack does not contain the entire texture the
position of the clip-map stack needs to be updated to track the
viewer’s position, or more optimally the center of the viewer’s
gaze. As the viewer’s position or gaze moves, the contents of the
clip-map stack should be updated to reflect this movement. New
texture data is loaded into the texture memory to replace the tex-
ture data that is no longer required. The rate of update of texture
data is highest for the finest clip-map stack level and becomes less
for coarser stack levels of the clip-map. In the InfiniteReality sys-
tem, it is not necessary to replace all data in a clip-map level when
only a few texels actually need to be updated. The hardware loads
new texture data over the old and automatically performs the cor-
rect addressing calculations using offset registers. Additionally, the
Fragment Generators contain registers that define the clip-map
center as it moves through the texture.

If the stack tile size is chosen correctly and the clip-map stack is
updated properly as the viewpoint moves through the scene, the
InfiniteReality system will produce images identical to those that
would have been produced if the entire source mip-map had been
resident in texture memory.

It cannot always be guaranteed that the texture data requested dur-

ing triangle rendering will be available at the requested level of
detail. This may occur if the size of the clip-map tile has been cho-
sen to be too small, or the update of the stack center failed to keep
pace with the motion of the viewer. The InfiniteReality texture sub-
system detects when texture is requested at a higher resolution than
is available in texture memory. It substitutes the best available data
which is data at the correct spatial position, but at a coarser level-
of-detail than requested. As a result, the rendered scene will have
regions where the texture will be coarser than if the entire mip-map
were resident in texture memory. However, it will otherwise be
rendered correctly. This substitution mechanism limits the required
clip-map tile size and reduces the required texture update rate.

Figure 7: 32Kx32K texture represented as a 2Kx2K clip-map.

The Fragment Generator is limited to addressing a 32K x 32K clip-
map. The addressability of clip-maps can be extended to arbitrary
texture sizes through software. The software layer needs only to
keep track of and implement a transformation from an arbitrarily
large texture space into the texture space addressable by the hard-
ware.

3.2 Texture Loading and Paging
We minimize the performance impact of large amounts of texture
paging in the design of InfiniteReality system. The graphics sub-
system interprets texture images directly as specified by the
OpenGL programmer so no host processor translation is required.
The front end of the Geometry Subsystem includes pixel unpack-
ing and format conversion hardware; DMA hardware directly
implements stride and padding address arithmetic as required by
OpenGL. The Fragment Generators accept raster-order texture
images at Vertex Bus-limited rates. To eliminate the need for the
host computer to make and retain copies of loaded textures for
context switching, the hardware supports texture image reads back
to the host.

The Geometry-Raster FIFO maintains a separate path through
which data bound for texture memory is routed. When the Frag-
ment Generators are busy with fill-limited primitives, pending tex-
ture data is transferred over the Vertex Bus and routed to write
queues in the TM ASICs. When a moderate amount of texture data
is queued for a particular texture DRAM, the TM suspends draw
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Recall that a mip-map represents a source image with a pyramidal
set of two-dimensional images, each of which covers the full area
of the source image at successively coarser resolution [Will83]. A
clip-map can be thought of as a subset of the mip-map of the entire
texture. It has two parts: a clip-map pyramid which is exactly the
same as the coarser levels of the original mip-map, and a clip-map
stack which holds a subset of the data in the original mip-map for
the finest levels of detail. The clip-map stack levels all have the
same size in texture memory, but each successively coarser level
covers four times the source image area of the immediately finer
level. Figure 6 illustrates the relationships between levels in a clip-
map when viewed from above a textured database. The clip-map
stack levels are centered on a common point. Each stack level rep-
resents larger and larger areas as the resolution of the data they
contain becomes coarser and coarser. Figure 7 illustrates a clip-
map for a 32K x 32K source image using a 2K x 2K clip-map tile
size. Note that the clip-map representation requires about 1/64 the
storage of the equivalent 32K x 32K mip-map.

Figure 6: Clip-Map Levels

Because the clip-map stack does not contain the entire texture the
position of the clip-map stack needs to be updated to track the
viewer’s position, or more optimally the center of the viewer’s
gaze. As the viewer’s position or gaze moves, the contents of the
clip-map stack should be updated to reflect this movement. New
texture data is loaded into the texture memory to replace the tex-
ture data that is no longer required. The rate of update of texture
data is highest for the finest clip-map stack level and becomes less
for coarser stack levels of the clip-map. In the InfiniteReality sys-
tem, it is not necessary to replace all data in a clip-map level when
only a few texels actually need to be updated. The hardware loads
new texture data over the old and automatically performs the cor-
rect addressing calculations using offset registers. Additionally, the
Fragment Generators contain registers that define the clip-map
center as it moves through the texture.

If the stack tile size is chosen correctly and the clip-map stack is
updated properly as the viewpoint moves through the scene, the
InfiniteReality system will produce images identical to those that
would have been produced if the entire source mip-map had been
resident in texture memory.

It cannot always be guaranteed that the texture data requested dur-

ing triangle rendering will be available at the requested level of
detail. This may occur if the size of the clip-map tile has been cho-
sen to be too small, or the update of the stack center failed to keep
pace with the motion of the viewer. The InfiniteReality texture sub-
system detects when texture is requested at a higher resolution than
is available in texture memory. It substitutes the best available data
which is data at the correct spatial position, but at a coarser level-
of-detail than requested. As a result, the rendered scene will have
regions where the texture will be coarser than if the entire mip-map
were resident in texture memory. However, it will otherwise be
rendered correctly. This substitution mechanism limits the required
clip-map tile size and reduces the required texture update rate.

Figure 7: 32Kx32K texture represented as a 2Kx2K clip-map.

The Fragment Generator is limited to addressing a 32K x 32K clip-
map. The addressability of clip-maps can be extended to arbitrary
texture sizes through software. The software layer needs only to
keep track of and implement a transformation from an arbitrarily
large texture space into the texture space addressable by the hard-
ware.

3.2 Texture Loading and Paging
We minimize the performance impact of large amounts of texture
paging in the design of InfiniteReality system. The graphics sub-
system interprets texture images directly as specified by the
OpenGL programmer so no host processor translation is required.
The front end of the Geometry Subsystem includes pixel unpack-
ing and format conversion hardware; DMA hardware directly
implements stride and padding address arithmetic as required by
OpenGL. The Fragment Generators accept raster-order texture
images at Vertex Bus-limited rates. To eliminate the need for the
host computer to make and retain copies of loaded textures for
context switching, the hardware supports texture image reads back
to the host.

The Geometry-Raster FIFO maintains a separate path through
which data bound for texture memory is routed. When the Frag-
ment Generators are busy with fill-limited primitives, pending tex-
ture data is transferred over the Vertex Bus and routed to write
queues in the TM ASICs. When a moderate amount of texture data
is queued for a particular texture DRAM, the TM suspends draw
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from the “Eyepoint Near” position of Figure 2) that has been tex-
tured with a clipmap having a very small ClipSize in order to dem-
onstrate the concentric rings of texture resolution.

When the cache is insufficient, due either to an overly small
ClipSize or a poor choice of ClipCenter, the best available lower
resolution data from lower in the clipmap stack or pyramid is used.
This “clip texture accesses to best available data” nature is a sec-
ond reason why we chose the name clipmap for this approach.

In normal use, however, the ClipSize is set to equal or exceed the
display size, in which case the rings of resolution shown in Figure
5 are large enough that, with a properly chosen ClipCenter, these
rings form a superset of the needed precision. Thus, the subset
nature of clipmaps does not limit the texture sample logic—every
texel addressed is present in the clipped mipmap and the resulting
image will be pixel-exact with one drawn using the full mipmap,
meeting the first of the goals outlined for this texture system.

3.2.3 Invalid Border for Parallel Update
The previous subsection presents rendering from a Clipmap

Stack level as a static subset of the complete mipmap level; it does
not address the need to pre-page data needed for future frames con-
currently with rendering. In order to provide storage for paged data
and for load control, we introduce another parameter, the Invalid-
Border, defined as a border of texels existing within each stack
level that is InvalidBorder texels wide. Texels within the Invalid-
Border are inactive and are not accessed by the texel-sample index-
ing logic. They provide a destination region into which higher-
level software prefetches data. The size of the active portion of a
clip map is simply ClipSize minus twice the InvalidBorder, known
as the EffectiveSize of each stack level. The relationship and posi-
tion of the InvalidBorder and EffectiveSize are illustrated in Figure
6.

3.2.4 TextureOffset for Efficient Update
The final fundamental parameter of our low-level clipmap repre-

sentation is the TextureOffset, the starting address used by the tex-
ture address generator to locate the logical center of a clipmap’s
EffectiveSize within the ClipSize2 memory region allocated for
each Clipmap Stack level. The addressing logic uses the Texture-
Offeset and modular addressing to roam efficiently through the
level’s ClipSize2 memory region as discussed in detail in §4, where

the process of clipmap updating and rendering is presented. This
offset is specified per level and affects addressing for the level
exactly as a texture matrix translation with a wrap-style texture
clamp mode.

3.3 Clipmap Storage Efficiency
Consider a 16 level 327682 clipmap to be rendered on a 10242

display. We begin our analysis with pixel-exact rendering. Given
the display size, we know that the upper bound on texture usage
from a single level is 20482, so we set the ClipSize to 2048. There
will be four clipped levels forming our Clipmap Stack and 12 lev-
els in the Clipmap Pyramid. The storage required for this is 20482

texels * 4 levels + 4/3 * 20482 texels for the pyramid = 42.7 MB at
2 bytes per texel. This perfect clipmap configuration requires only
42.7 MB of the full 2.8 GB present in the complete mipmap. A
more typical configuration using a 1024 ClipSize will achieve
attractive results using 10242*5 stack texels + 10242*4/3 pyramid
texels = 12.7 MB. Finally, a 512 texel ClipSize yields reasonable
results with 5122*6 stack texels + 5122*4/3 pyramid texels = 3.7
MB of storage.

In general, a 2nx2n clipmap with a ClipSize of 2m requires only
4m(n - m + 4/3) - 1/3 texels of texture storage. For full mipmaps,
the storage needed is (4n+1 - 1)/3 texels. Both of the equations must
be scaled by the number of bytes per texel to compute physical
memory use. Note that total mipmap storage is exponential in n
where clipmap storage is linear, underscoring the practical ability
of clipmaps to handle much larger textures than mipmaps.

Comparative storage use is tabulated in Table 1, where KB =
1024 Bytes, and 16-bit texels are used. The final column shows
memory use for a 226x226 image large enough to represent the
earth at 1 meter per texel; the 34.7 MB clipmap requirement fits
nicely into the texture memory of a modern high-performance
graphics workstation, confirming the ability of clipmaps to address
the problem identified in §1.

4 UPDATING CLIPMAPS
Clipmap caches are by intent just large enough to effectively

cache the texels needed to render one view. It is therefore impor-
tant to update the cache as the viewpoint changes, typically before
each frame is rendered. This update is performed by considering
the texture regions needed for each level as described in §3 and
loading them into texture memory. Moreover, to take advantage of
the significant frame-to-frame coherence in cache contents, we can
reuse cached texels in subsequent frames. We define each level as
an independently roaming 2D image cache that moves through the
entire region of that level within the complete mipmap using toroi-
dal addressing, a commonly used approach in image processing
applications [5]. We then update each level incrementally by
downloading the new data into the cache and letting this address-
ing scheme define the destination. The same logic is used when
reading memory to render the texture. The four steps of this load-
ing/addressing scheme are presented in Figure 7. The process
begins with a 2D image centered in the cache as shown on the left.
We then specify a new ClipCenter, in this case d texels above and
to the right of the old center. Comparing the old and new image

Figure 5: Rings of Texture Resolution

InvalidBorder

Figure 6: Clipmap with InvalidBorder and EffectiveSize

InvalidBorder

Effective
Size

Type and Size 5122 10242 40962 327682 671088642

Full Mipmap 682KB 2.7MB 42.7MB 2.7GB 10923TB

5122 Clipmap 682KB 1.1MB 2.2MB 3.7MB 9.1MB

10242 Clipmap 682KB 2.7MB 6.7MB 12.7MB 34.7MB

20482 Clipmap 682KB 2.7MB 18.7MB 42.7MB 131.7MB

Table 1: Clipmap Storage Requirements

Hardware
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In computer graphics, pyramidal tex- 
ture maps may be used to perform arbitrary 
mappings of a function with minimal alias- 
ing artifacts and reduced computation. 
Once again, images may be represented at 
different spatial bandwidths. The concern 
is that inappropriate resolution 
misrepresents the data; that is, sampling 
high-resolution data at larger sample 
intervals invites aliasing. 

2. Parametric Interpolation 

By a pyramidal parametric data struc- 
ture, we will mean simply a pyramidal 
structure with both intra- and inter-level 
interpolation. Consider the case of an 
image represented as a two-dimensional 
array of samples. Interpolation is neces- 
sary to produce a continuous function of 
two parameters, U and V. If, in addition, 
a third parameter (call it D) moves us up 
and down a hierarchy of corresponding 
two-dimensional functions, with interpola- 
tion between (or among) the levels of the 
pyramid providing continuity, the struc- 
ture is pyramidal parametric. 

~he practical distinction between 
such a structure and an ordinary interpo- 
lant over an n-dimensional array of sam- 
ples is that the number of samples 
representing each level of the pyramid may 
be different. 

~. Mip Mapping 

"Mip" mapping is a particular format 
for two-dimensional parametric functions, 
which, along with its associated address- 
ing scheme, has been used successfully to 
bandlimit texture mapping at New York 
Institute of Technology since 1979. The 
acronym "mip" is from the Latin phrase 
"multum in parvo," meaning "many things in 
a small place." Mip mapping supplements 
bilinear interpolation of pixel values in 
the texture map (which may be used to 
smoothly translate and magnify the tex- 
ture) with interpolation between prefil- 
tered versions of the map (which may be 
used to compress many pixels into a small 
place). In this latter capacity, mip 
offers much greater speed than texturing 
algorithms which perform explicit convolu- 
tion over an area in the texture map for 
each pixel rendered [I], [6]. 

Mip owes its speed in compressing 
texture to two factors. First, a fair 
amount of filtering of the original tex- 
ture takes place when the mip map is first 
created. Second, subsequent filtering is 
approximated by blending different levels 
of the mip map. This means that all 
filters are approximated by linearly 
interpolating a set of square box filters, 
the sides of which are powers-of-two pix- 
els in length. Thus, mapping entails a 
fixed overhead, which is independent of 
the area filtered to compute a sample. 

G 

Figure (i) 
Structure of a Color Mip Map 

Smaller and smaller images diminish into 
the upper left corner of the map. Each of 
the images is averaged down from its 
larger predecessor. 

(Below:) 
Mip maps are indexed by three coordinates: 
U, V, and D. U and V are spatial coordi- 
nates of the map; D is the variable used 
to index, and interpolate between, th~ 
different levels of the pyramid. 

V 
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V 

Figure (I) illustrates the memory 
organization of a color mip map. The 
image is separated into its red, green, 
and blue components (R, G, and B in the 
diagram). Successively filtered and down- 
sampled versions of each component are 
instanced above and to the left of the 
originals, in a series of smaller and 
smaller images, each half the linear 
dimension (and a quarter the number of 

which clipmaps are based. A mipmap as defined by Williams [6] is
a collection of correlated images of increasingly reduced resolu-
tion arranged, in spirit, as a resolution pyramid. Starting with level
0, the largest and finest level, each lower level represents the image
using half as many texels in each dimension: 1D = 1/2, 2D = 1/4,
and 3D = 1/8 the texels. The 2D case is illustrated in Figure 1.

When rendering with a mipmap, pixels are projected into mip-
map space using texture coordinates, underlying geometric posi-
tions, geometric transformations, and texture transformations to
define the projection. Each rendered pixel is derived from one or
more texel samples taken from one or more levels of the mipmap
hierarchy. In particular, the samples chosen are taken from the
immediate neighborhood of the mipmap level where the display’s
pixel-to-texel mapping is closest to a 1:1 mapping, a level dictated
in part by display resolution. The texels are then filtered to produce
a single value for further processing.

Given this simple overview of mipmap processing, we now ask
which texels within a mipmap might be accessed during the ren-
dering of an image. Clearly there can be many variations in the fac-
tors that control pixel to display projection, such as differing
triangle locations within a large database, so it may seem that all of
the texels are potentially used if the universe of possible geometry
is taken into consideration. Refer to Figure 2 for an illustration of
the relationship between eyepoint position and texel access.

Mipmaps are potentially fully accessed during rendering when
their size in texels is less than twice the size of the maximum dis-
play extent in pixels. This observation derives from interactions
between mipmap sample selection logic and finite display resolu-
tion. For example, when rendering a 327682 texel mipmap to a
10242 pixel display, the mipmap sample-selection logic will
choose the texels that are closest to having a 1:1 mapping to pixel
area. Thus it will use at most 10242 texels from a level before
accessing an adjacent level. Implementations that blend samples
from adjacent levels (as in trilinear filtering) potentially access
twice as many texels in each dimension. For an example of this
refer to the center diagram in Figure 2, where texels from level 1
are being fully used. If the eyepoint were just slightly closer, then
samples would be blended from both level 0 and level 1, but 10242

texels from level 1 would still be accessible. The corresponding
texels from level 0 needed to blend with these 10242 level 1 texels
are distributed over a 20482 texel extent in level 0.

When the indexing arithmetic for very large mimpaps is ana-
lyzed, it becomes clear that the majority of the mipmap pyramid
will not be used in the rendering of a single image no matter what
geometry is rendered. The basis of our system is this realization
that eyepoint and display resolution control access into the mip-

map and that in the case of the very large textures we are con-
cerned with, only a minute fraction of the texels in the mipmap are
accessible. We can build hardware to exploit this fact by rendering
from the minimal subset of the mipmap needed for each frame—a
structure we term a clipmap.

3.2 The Anatomy of a Clipmap
A clipmap is an updatable representation of a partial mipmap, in

which each level has been clipped to a specified maximum size.
This parameterization results in an obelisk shape for clipmaps as
opposed to the pyramid of mipmaps. It also defines the size of the
texture memory cache needed to fully represent the texture hierar-
chy.

3.2.1 Defining Clipmap Region with ClipSize
ClipSize represents the limit, specified in texels, of texture cache

extent for any single level of a clipmap texture. Each level of a nor-
mal mipmap is clipped to ClipSize if it would have been larger
than ClipSize, as shown in Figure 3. All levels retain the logical
size and render-time accessing arithmetic of the corresponding
level of a full mipmap.

Based on this mipmap subset representation, we further define
the Clipmap Stack to be the set of levels that have been clipped
from full mipmap-size by the limit imposed by ClipSize. These
levels are not fully resident within the clipmap; only a ClipSize2

subset is cached. These levels are the topmost levels in Figure 4.
Below the Clipmap Stack is the Clipmap Pyramid, defined as the
set of levels of sizes not greater than the ClipSize limit. These lev-
els are completely contained in texture memory and are identical to
the corresponding portions of a full mipmap.

3.2.2 Defining Clipmap Contents with ClipCenter
Given the notion of clipping a mipmap to fit in a subset clipmap

cache, we specify the data present in this cache by specifying a
ClipCenter for each stack level. A ClipCenter is an arbitrary tex-
ture space coordinate that defines the center of a cached layer. By
defining ClipSize and ClipCenter for each level, we precisely
select the texture region being cached by the ClipStack levels of
our representation.

One implementation is to specify the ClipCenter for stack level 0
and derive the ClipCenter of lower levels by shifting the center
based on depth. This forces each level to be centered along a line
from the level 0 center to the clipmap apex. This center is the dot
indicated at the top of Figure 4. This type of centering yields con-
centric rings of resolution surrounding the level 0 ClipCenter. The
center location may be placed anywhere in full mipmap space. The
image in Figure 5 shows an orthogonal view of a polygon (viewed

Figure 1: Mipmap Image Pyramid and Side-View Diagram
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Updating the image as we move over the Earth
regions, note that the central texels are unchanged (SAME) in each,
so only the top (T), corner (C), and right (R) border areas are
updated, as indicated in the third diagram.

Using toroidal addressing, new data at the top of the image is
loaded at the bottom, data on the right is loaded at the left, and the
upper right corner is loaded at the lower left. Implementation is
easy: compute the virtual texel address by adding the ClipCenter to
the texel address and then use the remainder modulo ClipSize as
the physical address. The cache start address moves from (s/2, s/2)
to (s/2+d, s/2+d), so the TextureOffset for this level is set to this
new origin address, identifying the starting address of the cached
image to the addressing unit.

Given that each stack level roams independently based on its
center and assuming that we are centering all the levels based on
the same ClipCenter, we can visualize the complete multi-level
update process as shown in Figure 8.

This side view of the toroidal indexing scheme shows how the
entire set of stack levels appears to have moved when in fact all
updates are performed in place as described previously. The over-
lap areas are unchanged and require no update. In practice, this
area is relatively large so only minor paging at the edges is
required to update a clipmap stack. Since lower levels are coarser
resolutions as in normal mipmapping, the same movement of cen-
ter point will result in only half as much movement of a lower level
than the level above it, and less movement means less paging.

When movement of the TextureCenter is smaller than the
InvalidBorder for a given level, then the update regions can be
loaded while texture is being drawn with the previous center. This
is true because the InvalidBorder guarantees those texels will not
be used. This also allows large updates to be performed in an incre-
mental manner across multiple frames before the ClipCenter is
moved.

4.1 Update Bandwidth Considerations
In addition to rendering, implementations must also offer enough

texture download bandwidth to meet the demands implied by Clip-
map Stack depth, ClipSize, and the speed of eyepoint travel
through texture space as defined by ClipCenter. An upper limit to
cache update time is that time needed to replace all clipmap stack

levels. In the case of the 327682 clipmap with a 1024 StackSize
that our implementation is designed to handle, reloading the cache
levels requires 10MBytes of texture paging. Given memory-to-
graphics rates of 270MBytes per second, a flush requires 1/27th

second. Fortunately, the cache need not be completely flushed due
to the texel reuse and incremental update allowed by toroidal
addressing. With this efficiency, the ClipCenter can be moved 1000
texels on the highest level map in this configuration in less than 1/
60th of a second. This corresponds to an eyepoint speed of 134,160
miles per hour when 1 meter texels are used, a rate that easily
exceeds our update goals.

5 RENDERING WITH CLIPMAPS
Rendering with a clipmap is much the same as rendering with a

mipmap. The only modifications to the normal mipmap rendering
are slight changes to the level-of-detail selection algorithm and to
the texture memory addressing system. However, it is important to
note that building clipmapping support into low level hardware is
crucial. With this in mind, here are the steps to sample texture for a
given pixel using a clipmap representation:
1. Determine the S, T coordinates for the current pixel. This is

done exactly as addressing an equivalent mipmap.
2. Calculate the level of detail based on normal mipmapping crite-

ria. This calculation yields a floating-point LOD where the frac-
tional part of the number represents blending between two
LODs. If this LOD resides completely in the pyramidal portion
of the clipmap then we simply proceed with addressing the
appropriate LODs as a normal mipmap. If the finer LOD being
blended resides in the Clipmap Stack and the coarser LOD
resides in the pyramid, then we address the coarser LOD as a
mipmap but continue on the clipmap path for the finer LOD
addressing.

3. Calculate the finest LOD available given the texture coordinates
established in Step 1. This calculation is done by comparing the
texture coordinate to all of the texture regions described in §3.
This calculation has to be done in case the texels are not present
at the LOD requested. There are several hardware optimizations
that can be performed to make this Finest LOD for a texture
coordinate calculation tenable and efficient in hardware. For
cost sensitive solutions, a restriction can be made where all lev-
els must be centered concentrically, such that calculating a sim-
ple maximum distance from the TextureCenter to the texture
coordinate generated can yield the finest available LOD based
on the following:
Sdist = roundUp(abs(Scenter – s))
Tdist = roundUp(abs(Tcenter – t))
MaxDist = max(Sdist, Tdist)
FinestLODAvailable = roundUp(log2(MaxDist) – log2(ClipSize))

The equation for FinestLODAvailable is adjusted to consider
the InvalidBorder designed to prevent accessing texels that are
in the process of being asynchronously updated. Having calcu-
lated the LODmip and LODAvailable, we simply use the
coarser of the two. We emphasize that it is possible to configure
a system and application where the LODAvailable never limits
the LOD calculation. This is done by selecting a sufficiently
large ClipSize and placing the ClipCenter appropriately.

4. Convert the s and t coordinates into level-specific and cache-
specific coordinates. First, we split the calculation into two to
account for the blending between two active LODs (fine and
coarse).
Sf = (s >> LODclip) – 0.5
Tf = (t >> LODclip) – 0.5
Sc = (s >> (LODclip + 1)) – 0.5
Tc = (t >> (LODclip + 1)) – 0.5

Figure 7: 2D Image Roam using Toroidal Addressing
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regions, note that the central texels are unchanged (SAME) in each,
so only the top (T), corner (C), and right (R) border areas are
updated, as indicated in the third diagram.

Using toroidal addressing, new data at the top of the image is
loaded at the bottom, data on the right is loaded at the left, and the
upper right corner is loaded at the lower left. Implementation is
easy: compute the virtual texel address by adding the ClipCenter to
the texel address and then use the remainder modulo ClipSize as
the physical address. The cache start address moves from (s/2, s/2)
to (s/2+d, s/2+d), so the TextureOffset for this level is set to this
new origin address, identifying the starting address of the cached
image to the addressing unit.

Given that each stack level roams independently based on its
center and assuming that we are centering all the levels based on
the same ClipCenter, we can visualize the complete multi-level
update process as shown in Figure 8.

This side view of the toroidal indexing scheme shows how the
entire set of stack levels appears to have moved when in fact all
updates are performed in place as described previously. The over-
lap areas are unchanged and require no update. In practice, this
area is relatively large so only minor paging at the edges is
required to update a clipmap stack. Since lower levels are coarser
resolutions as in normal mipmapping, the same movement of cen-
ter point will result in only half as much movement of a lower level
than the level above it, and less movement means less paging.

When movement of the TextureCenter is smaller than the
InvalidBorder for a given level, then the update regions can be
loaded while texture is being drawn with the previous center. This
is true because the InvalidBorder guarantees those texels will not
be used. This also allows large updates to be performed in an incre-
mental manner across multiple frames before the ClipCenter is
moved.

4.1 Update Bandwidth Considerations
In addition to rendering, implementations must also offer enough

texture download bandwidth to meet the demands implied by Clip-
map Stack depth, ClipSize, and the speed of eyepoint travel
through texture space as defined by ClipCenter. An upper limit to
cache update time is that time needed to replace all clipmap stack

levels. In the case of the 327682 clipmap with a 1024 StackSize
that our implementation is designed to handle, reloading the cache
levels requires 10MBytes of texture paging. Given memory-to-
graphics rates of 270MBytes per second, a flush requires 1/27th

second. Fortunately, the cache need not be completely flushed due
to the texel reuse and incremental update allowed by toroidal
addressing. With this efficiency, the ClipCenter can be moved 1000
texels on the highest level map in this configuration in less than 1/
60th of a second. This corresponds to an eyepoint speed of 134,160
miles per hour when 1 meter texels are used, a rate that easily
exceeds our update goals.

5 RENDERING WITH CLIPMAPS
Rendering with a clipmap is much the same as rendering with a

mipmap. The only modifications to the normal mipmap rendering
are slight changes to the level-of-detail selection algorithm and to
the texture memory addressing system. However, it is important to
note that building clipmapping support into low level hardware is
crucial. With this in mind, here are the steps to sample texture for a
given pixel using a clipmap representation:
1. Determine the S, T coordinates for the current pixel. This is

done exactly as addressing an equivalent mipmap.
2. Calculate the level of detail based on normal mipmapping crite-

ria. This calculation yields a floating-point LOD where the frac-
tional part of the number represents blending between two
LODs. If this LOD resides completely in the pyramidal portion
of the clipmap then we simply proceed with addressing the
appropriate LODs as a normal mipmap. If the finer LOD being
blended resides in the Clipmap Stack and the coarser LOD
resides in the pyramid, then we address the coarser LOD as a
mipmap but continue on the clipmap path for the finer LOD
addressing.

3. Calculate the finest LOD available given the texture coordinates
established in Step 1. This calculation is done by comparing the
texture coordinate to all of the texture regions described in §3.
This calculation has to be done in case the texels are not present
at the LOD requested. There are several hardware optimizations
that can be performed to make this Finest LOD for a texture
coordinate calculation tenable and efficient in hardware. For
cost sensitive solutions, a restriction can be made where all lev-
els must be centered concentrically, such that calculating a sim-
ple maximum distance from the TextureCenter to the texture
coordinate generated can yield the finest available LOD based
on the following:
Sdist = roundUp(abs(Scenter – s))
Tdist = roundUp(abs(Tcenter – t))
MaxDist = max(Sdist, Tdist)
FinestLODAvailable = roundUp(log2(MaxDist) – log2(ClipSize))

The equation for FinestLODAvailable is adjusted to consider
the InvalidBorder designed to prevent accessing texels that are
in the process of being asynchronously updated. Having calcu-
lated the LODmip and LODAvailable, we simply use the
coarser of the two. We emphasize that it is possible to configure
a system and application where the LODAvailable never limits
the LOD calculation. This is done by selecting a sufficiently
large ClipSize and placing the ClipCenter appropriately.

4. Convert the s and t coordinates into level-specific and cache-
specific coordinates. First, we split the calculation into two to
account for the blending between two active LODs (fine and
coarse).
Sf = (s >> LODclip) – 0.5
Tf = (t >> LODclip) – 0.5
Sc = (s >> (LODclip + 1)) – 0.5
Tc = (t >> (LODclip + 1)) – 0.5

Figure 7: 2D Image Roam using Toroidal Addressing
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Virtual ClipMaps
Then, determine the offsets necessary to address the fine and
coarse LOD given the data currently cached inside each level.
Sfoff = ClipCenter[LODclip].S – TextureSize[LODclip]/2
Tfoff = ClipCenter[LODclip].T – TextureSize[LODclip]/2
Scoff = ClipCenter[LODclip+1].S – TextureSize[LODclip]/2
Tcoff = ClipCenter[LODclip+1].T – TextureSize[LODclip]/2

Finally, determine the actual S, T address within the clipmap
level cache for both the fine and coarse LODs by using the
actual texture coordinate, the recently computed center offset,
and the user specified TextureOffset. These addresses are inter-
preted using modular addressing consistent with the way that §4
describes cache updates based on TextureOffset.
Sclipfine = (Sf – Sfoff – TextureOffset[LODclip].S)% ClipSize
Tclipfine = (Tf – Tfoff – TextureOffset[LODclip].T)% ClipSize
Sclipcoarse = (Sc – Scoff – TextureOffset[LODclip+1].S)% ClipSize
Tclipcoarse = (Tc – Tcoff – TextureOffset[LODclip+1].T)% ClipSize

5. Use the two sets of texture coordinates (fine and coarse) to gen-
erate a filtered texture value for the pixel exactly as for a mip-
map texture.

6 VIRTUAL CLIPMAPS
Having defined the low-level architecture of the clipmap repre-

sentation, we consider a key implementation issue—the numerical
range and precision required throughout the texture system. This
issue is central because it controls cost and complexity in an imple-
mentation, factors that we seek to minimize as goals of our devel-
opment. Previous mipmap implementations have supported texture
sizes as large as 28 to 212 in each dimension, far less than the 226

needed by a 1 meter per texel whole earth texture. Thus, having
first solved the storage problem for huge texture images, we must
now find an affordable way to address their compact representa-
tion.

The hardware environment of our first implementation [3] dic-
tated that directly enlarging the numerical range and precision
throughout the system to match the needs of 27-level and larger
clipmaps was not practical. The impact would have included bus
widths, gate counts, circuit complexity, logic delays, and packag-
ing considerations; full-performance rendering would have been
impossible. These issues, along with the practical matter of sched-
ule, encouraged us to solve the 226 clipmap problem within the 215

precision supported in hardware.
Our approach to virtualizing clipmaps is based on the observa-

tion that while the polygons comprising a scene extend from the
eyepoint to the horizon, each individual polygon only subtends a
portion of this range. Thus, while a scene may need the full 27-
level clipmap for proper texturing, individual polygons can be
properly rendered with the 16-level hardware support so long as
two conditions are met: the texture extent across each polygon fits
within the hardware limit, and an appropriate adjustment is made
as polygons are rendered to select the proper 16 levels from the full
27 level virtual clipmap.

We implement virtual clipmaps by adding two extensions to the
clipmap system. First, we provide a fixed offset that is added to all
texture addresses. This value is used to virtually locate a physical
clipmap stack within a taller virtual clipmap stack, in essence mak-
ing one of the virtual stack levels appear to be the top level to the
hardware. Second, we add a scale and bias step to texture coordi-
nate processing. This operation is equivalent to the memory
address offset but modifies texture coordinates rather than texel
memory addresses. In concert, these extensions provide address
precision accurate to the limit of either user specification or coor-
dinate transformation. With a 32-bit internal implementation, this
is sufficient to represent the entire earth at 1 centimeter per texel
resolution, which exceeds our stated goal.

This virtualization requires that the low-level clipmap algorithm
be extended to address a sub-clipmap out of an arbitrary clipmap

when the depth exceeds the directly supported precision. Given the
stack and pyramid structure defined in a clipmap, we observe three
possible types of addressing that must be supported as illustrated in
Figure 9.

1. Address a stack level as a stack level. No address modifications
necessary other than the upstream scale and bias.

2. Address a stack level as a pyramid level. Need to provide an off-
set into the level to get to the correct data. This can be done by
starting from the center texel, and offsetting backwards to find
the origin texel of the sub-level based on desired level size.

3. Address a pyramid level as a pyramid level. This can be imple-
mented by knowing the actual level size, finding the center
texel, and offsetting backwards to find the origin texel of the
sub-level based on desired level size.

These three cases define the additional addressing hardware used
to switch between the normal stack address processing (as
described in §5), sub-addressing as defined above for cases 2 and
3, and normal mipmap addressing. With these addressing exten-
sions, software can select sub-clipmaps and implement texture
coordinate scale and bias.

Why add this additional complexity to an otherwise simple low-
level implementation? Because there is seemingly no limit to
desired texture size. While the size of directly supported clipmaps
will likely grow in future implementations, so will the demand for
larger textures. Since each extra level directly supported by hard-
ware forces expensive precision-related system costs onto imple-
mentations, we believe that virtual clipmap support will always be
useful.

7 DYNAMIC CLIPMAP MANAGEMENT
Having described the clipmap representation, the architecture,

and the refinements needed to virtualize a clipmap beyond imple-
mentation limits, we now consider the remaining issue—keeping
the clipmap updated as the eyepoint moves through texture space.
This is a significant part of any implementation, since the tremen-
dous efficiency of the clipmap representation reduces only the
number of texels resident in texture memory at any one time, not
the total number of texels in the mipmap. A series of images ren-
dered interactively may visit the entire extent of the texture image
over the course of time; an image which for a one meter per texel
earth is an intimidating 10,923 TBytes of data.

Our goals for dynamic clipmap management are these: effective
use of system memory as a second-level cache to buffer disk reads,
efficient management of multiple disk drives of differing speeds
and latencies as the primary source for texture images, automated
load management of the clipmap update process to avoid distract-
ing visual artifacts in cases of system bandwidth overload, support
for high resolution inset areas (which implies a sparse tile cache on
disk), and finally, complete integration of this higher-level clipmap
support into software tools in order to provide developers the sense
that clipmaps are as complete, automatic, and easy to use as stan-
dard mipmaps.

Pyramid from Pyramid

Stack from Stack

Pyramid from Stack Virtual
Clipmap

Real Clipmap

Figure 9: Virtual Addressing in Stack and Pyramid Levels
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7.1 Main Memory as Second-Level Cache
To use main memory as a second level cache we must optimize

throughput on two different paths: we need to optimize throughput
from disk devices to memory and we need to optimize throughput
from memory to the underlying hardware clipmap cache. In order
to optimize utilization of system resources we use separate threads
to manage all aspects of data flow. We need at least one process
scheduling data flow, one process moving data from disk to mem-
ory, and one process incrementally feeding clipmap updates to the
graphics subsystem. In the context of our high-level graphics soft-
ware toolkit, IRIS Performer [2], this means that scheduling is
done by the software rendering pipeline in the Cull process, down-
loading of data to the graphics pipeline is done in the Draw pro-
cess, and a new lightweight asynchronous disk reading process is
created to manage file system activities.

The second level cache represents each level of the mipmap
using an array of tiles. These tiles must be large enough to enable
maximum throughput from disk, but small enough to keep overall
paging latency low. We use sizes between 1282 and 10242 depend-
ing on disk configurations. For this second level cache to operate
as a real-time look-ahead cache, we load into parts of the cache
that are not currently needed by the underlying hardware. Thus
each cache level contains at least enough tiles to completely hold
the underlying clipmap level that is currently resident while
prefetching border tiles. With a ClipSize of 1024 and a tile size of
2562, the cache must be configured to be at least 6 by 6 tiles or
1536 by 1536 texels, as shown in Figure 10.

Due to memory alignment issues, low-level texture updates must
be implemented as individual downloads based on tile boundaries.
In Figure 10, the left drawing shows a minimal cache for one stack
level. This cache has already copied the texels in the ClipSize2 cen-
tral area down to the clipmap in texture memory. The cache has
also pre-fetched the minimal single-tile border of image tiles, the
“ready” area. The center illustration indicates that the ClipCenter
(the dot) has been moved up and to the right by half of a tile (128
texels in this case). What actions are implied by this recentering
action? First, the clipmap must be updated. This is done by access-
ing the border tiles above and to the right of the existing stack data.
The white square indicates the new clipmap area, and the nine
crosshatched rectangles are the texture downloads required to
update the hardware clipmap stack for this level. Multiple down-
loads are performed because it is infeasible to perform real-time
memory to memory copies to realign memory when overall texture
load rates are 270 MB per second. Once the clipmap layer is
updated, the main memory tile-cache must be roamed up and to the
right, by scheduling disk reads to retrieve the newly uncovered
tiles, indicated as the “page” area in the diagram. While the new
tiles are logically up and to the right, we store them at the bottom
and the left, using the same toroidal addressing used in the clipmap
itself—as in that case, unchanged data is never updated.

This main memory clipmap cache is very much a larger tiled ver-
sion of the underlying hardware representation. It has a section of
static pyramid levels and a section of cached roaming stack levels.
The biggest difference being that an external tile border is used for
paging in main memory and an internal InvalidBorder-sized region

serves the same purpose within the clipmap. Each cache roams
through its level of the full mipmap texture independently based on
the level’s ClipCenter. Each cache level performs look-ahead pag-
ing, requesting disk reads for image tiles that are likely to be
loaded into the clipmap in the near future. Each level is responsible
for managing the corresponding level of the underlying hardware
clipmap implementation: recentering the underlying hardware
level and incrementally downloading the relevant texture data from
its tiled cache.

To configure the main memory cache system, developers specify
information for each clipmap level. For stack levels, they provide
image cache configurations that describe how to load tiles (such as
an sprintf format-string to convert tile row and column indices into
a full filesystem path name for each level), how big the cache
should be, how big the underlying hardware clipmap level is, and
other basic information. For pyramid levels, they simply provide
the static image. Global clipmap data is also provided, such as the
ClipSize for the clipmap, the storage format of the texels, and
parameterization for load control.

7.2 Cache Centering Algorithms
In addition to the low and high level representations we have

defined so far, there is still an important issue we have not yet dis-
cussed: how to decide which part of the image should be cached.
We encourage developers to set the center directly in both the
lower and higher-level software since the optimal place to center
the cache is inherently application dependent. Some applications
use narrow fields of view and thus look at data in the distance,
which is where the ClipCenter should be located. Other applica-
tions, such as head-tracked ground-based virtual reality applica-
tions, want to ensure that quick panning will not cause the clipmap
cache to be exceeded, arguing for placing the ClipCenter at the
viewer’s virtual foot position. Our higher-level software provides
utilities to automatically set the clipmap ClipCenter based on a
variety of simple viewpoint projections and viewing frustum
related intersection calculations as a convenience in those cases
where default processing is appropriate.

7.3 Managing Filesystem Paging
The low-level clipmap representation provides fully determinis-

tic performance because it is updated with whatever texels are
required before rendering begins. Unfortunately, this is not true of
the second-level cache in main memory due to the vagaries of file-
system access in terms of both bandwidth and latency. Compared
to memory-to-graphics throughput of 200-450 MBytes/second,
individual disk bandwidths of 3-15 MBytes per second are very
slow. This could lead to a situation where speedy eyepoint motion
exceeds the pace of second-level tile paging, causing the Effective-
Size cache region to “stall” at the edge of a cache level awaiting
data from disk before being recentered. We must anticipate this
problem since we do not limit eyepoint speed, but we can avoid
visual distraction should it occur.

The important realization is that the requested data is always
present in the clipmap, albeit at a coarser resolution than desired,
since the top-most of the pyramid levels in the clipmap caches the
entire image. We use the MaxTextureLOD feature already present
in the hardware to disable render access to a hardware stack level
whenever updating a level requires unavailable data. The clipmap
software system attempts to catch up to outstanding paging
requests, and will re-enable a level by changing the MaxTexture-
LOD as soon as the main memory texture tile cache is up to date.
Thus MaxTextureLOD converts the stack levels into a resolution
bellows, causing the clipmap to always use the best available data
without ever waiting for tardy data. This makes it possible for clip-
maps to allow arbitrary rates of eyepoint motion no matter what

Stack Ready Recenter Page Destination

Figure 10: Tiled Main-Memory Image Cache

“Disk” became Google Maps “cloud”
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SGI Onyx2
(1998)

6 board
Infinite
Reality
graphics 

(per pipeline)

Many copies 
of 12 custom 
ASICS ... full 
configuration 
had 251 M 
transistors

$1M+ ...
time machine for 
single-chip GPUs.
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Raster Manager board ... 4 different ASICs
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How does an 
Earth ClipMap 

become a globe?
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From a triangle ... to a globe ...
Simplest closed 
shape that may be 
defined by 
straight edges.

A sphere whose faces are made 
up of triangles. With enough 
triangles, the curvature of the 
sphere can be made arbitrarily 
smooth.

19Thursday, April 17, 14



EECS 150: Graphics Processors UC Regents Fall 2013 © UCB

Triangle defined by 3 vertices
By transforming (v’ = f(v)) all vertices in a 
3-D object (like a globe), you can move it 
in the 3-D world, change it’s size, rotate it, etc.

vertex vo = (xo, yo, zo)
vertex v1 = (x1, y1, z1)

vertex v2 = (x2, y2, z2)

If a globe has 10,000 triangles, need to transform 
30,000 vertices to move it in a 3-D scene ... per frame!
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We see a 2-D window into the 3-D world

Let’s 
follow 

one 
3-D 

triangle.
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From 3-d triangles to screen pixels
First, project each 3-D triangle that might

“face” the “eye” onto the image plane.

Then, create “pixel fragments” 
on the boundary of the 

image plane triangle

Then, create “pixel fragments” 
to fill in the triangle 

(rasterization).

Why “pixel fragments”?  A screen pixel color might 
depend on many triangles (example: a glass globe).
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Process each fragment to “shade” it.
11 PB Earth Map: Lives in Google cloud. Cached
locally in a ClipMap.  We “map” the correct Earth 
“texture” onto each pixel fragment during shading.
Final step: 
Output 
Merge. 
Assemble 
pixel 
fragments 
to make 
final 2-d 
image 
pixels.

24Thursday, April 17, 14



EECS 150: Graphics Processors UC Regents Fall 2013 © UCB

Graphics Acceleration

Next: Back to architecture ...
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The graphics pipeline in hardware (2004)Figure 2-1 Block diagram
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The architecture of Mac mini is designed around the PowerPC G4 microprocessor and the Intrepid
memory and I/O device controller. The Intrepid occupies the center of the block diagram.

The MaxBus connects the PowerPC G4 microprocessor to the Intrepid ASIC. The MaxBus has 64 data
lines, 32 address lines, and a bus clock speed of 167 MHz. The Intrepid ASIC has other buses that
connect with the boot ROM, the hard disk drive, and the optical drive, the power controller IC, the
sound IC, the internal modem module, and the optional wireless LAN module.

The Intrepid I/O controller has a 32-bit PCI bus with a bus clock speed of 33 MHz.

Each of the components listed here is described in one of the following sections.
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Create pixels 
fragments

Algorithms 
are usually 
hardwired

Process each 
vertex

3-D vertex “stream” sent by CPU

Programmable CPU
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Process pixel 
fragments

Programmable CPU
”Pixel Shader”
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Language/API? 
DirectX, OpenGL

Output Merge
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The MaxBus connects the PowerPC G4 microprocessor to the Intrepid ASIC. The MaxBus has 64 data
lines, 32 address lines, and a bus clock speed of 167 MHz. The Intrepid ASIC has other buses that
connect with the boot ROM, the hard disk drive, and the optical drive, the power controller IC, the
sound IC, the internal modem module, and the optional wireless LAN module.

The Intrepid I/O controller has a 32-bit PCI bus with a bus clock speed of 33 MHz.

Each of the components listed here is described in one of the following sections.
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Architecture

To 
displayRaster Operations (ROP)
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Vertex Shader: A “stream processor”

Shader CPU

Input Registers 
(Read Only)

Vertex “stream” from CPU
Only one vertex at a time 
placed in input registers.

Constant 
Registers 

(Read Only)

From CPU: changes 
slowly (per frame, 

per object)

Output Registers 
(Write Only)

Vertex “stream” 
ready for 3-D to 
2-D conversion

Shader creates 
one vertex out for 
each vertex in.Working 

Registers 
(Read/Write)

Shader 
Program 
Memory

Short 
(ex: 128 instr)
program
code. 
Same code 
runs on every 
vertex. 
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Optimized instructions and data formats

Input Registers 

From CPU

Output Registers 

Shader CPU Shader 
Program 
Memory

128-bit 
registers, 
holding four 
32-bit floats. 

Typical use: 
(x,y,z,w) 
representation 
of a point in 
3-D
space.

x y z w

x y z w

Typical instruction:

rsq dest src

dest.{x,y,z,w} = 
1.0/sqrt(abs(src.w)).
If src.w=0, dest ∞.

The 1/sqrt() 
function is often 
used in graphics.

To 3-D/2-D 
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Easy to parallelize: Vertices independent

Input Registers 

From CPU

Output Registers 

Shader CPU

x y z w

x y z w

Input Registers 

Output Registers 

Shader CPU

x y z w

x y z w

To 
3-D/ 
2-D 

Caveat: 
Care 
might be 
needed 
when 
merging 
streams.

Why?
3-D to 
2-D may 
expect   
triangle 
vertices 
in order.

Shader CPUs 
easy to multithread. Also, SIMD-like control.
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Figure 4.14 Simplified block diagram of a Multithreaded SIMD Processor. It has 16 SIMD lanes. The SIMD Thread 
Scheduler has, say, 48 independentthreads of SIMD instructions that it schedules with a table of 48 PCs.

Copyright © 2011, Elsevier Inc. All rights Reserved. 11

Figure 4.16 Scheduling of threads of SIMD instructions. The scheduler selects a ready thread of SIMD instructions and 
issues an instruction synchronously to all the SIMD Lanes executing the SIMD thread. Because threads of SIMD instructions 
are independent, the scheduler may select a different SIMD thread each time.

Multithreading? SIMD? Recall last lecture!

From 
Hennessy

and 
Patterson 
textbook.
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Pixel shader specializations ...

Process each 
vertex

Create pixels 
fragments

Output Merge

Figure 2-1 Block diagram
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The MaxBus connects the PowerPC G4 microprocessor to the Intrepid ASIC. The MaxBus has 64 data
lines, 32 address lines, and a bus clock speed of 167 MHz. The Intrepid ASIC has other buses that
connect with the boot ROM, the hard disk drive, and the optical drive, the power controller IC, the
sound IC, the internal modem module, and the optional wireless LAN module.

The Intrepid I/O controller has a 32-bit PCI bus with a bus clock speed of 33 MHz.

Each of the components listed here is described in one of the following sections.
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The MaxBus connects the PowerPC G4 microprocessor to the Intrepid ASIC. The MaxBus has 64 data
lines, 32 address lines, and a bus clock speed of 167 MHz. The Intrepid ASIC has other buses that
connect with the boot ROM, the hard disk drive, and the optical drive, the power controller IC, the
sound IC, the internal modem module, and the optional wireless LAN module.

The Intrepid I/O controller has a 32-bit PCI bus with a bus clock speed of 33 MHz.

Each of the components listed here is described in one of the following sections.

16 Block Diagram and Buses
2005-04-05   |   © 2005 Apple Computer, Inc. All Rights Reserved.

C H A P T E R  2

Architecture

Process pixel 
fragments

”Pixel Shader” 
CPU

Pixel shader needs fast 
access to ClipMap to 
shade globe (via 
graphics card RAM).

Texture maps (look-up 
tables) play a key role.
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Pixel Shader: Stream processor + Memory

Shader CPU

Input Registers 
(Read Only)

Pixel fragment stream from rasterizer
Only one fragment at a time 
placed in input registers.

Constant 
Registers 

(Read Only)

From CPU: changes 
slowly (per frame, 

per object)

Registers 
(Read/Write)

Register R0 is 
pixel fragment, 

ready for output merge

Shader creates one 
fragment out for 
each fragment in.

Indices into 
texture maps.

Texture
Registers

Texture 
Engine

Memory 
System

Engine does 
interpolation.
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Example (2006): Nvidia GeForce 7900

Vertex 
Shaders: 8

Pixel 
Shaders:
24

3-D to 2-D

Output 
Merge 
Units

Texture Cache

278 Million Transistors, 650 MHz clock, 90 nm process
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The Intrepid I/O controller has a 32-bit PCI bus with a bus clock speed of 33 MHz.

Each of the components listed here is described in one of the following sections.
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Break Time ...

Next: Unified architectures

Play
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Unified Architectures

Basic idea: Replace specialized logic (vertex 
shader, pixel shader, hardwired algorithms)  
with many copies of one unified CPU design. 

Consequence: You no longer “see” the 
graphics pipeline when you look at 
the architecture block diagram.

Designed for: DirectX 10 (Microsoft Vista), 
and new non-graphics markets for GPUs. 
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throughput by exploiting the natural independence between verti-
ces and between pixels fragments.  Multiple instances of vertex 
and pixel shaders are used to process independent vertices and 
pixel fragments in parallel.  Hardware implementations typically 
include a larger number of pixel shaders than vertex shaders re-
flecting the higher ratio of pixels to vertices in a typical rendering 
workload [Montrym and Moreton 2005].  This characteristic also 
influences the cost of pixel shaders relative to vertex shaders since 
pixel shaders are more heavily replicated. 

The programmable pipeline is directed using a low-level ab-
straction layer such as OpenGL or Direct3D.  The abstraction 
layer serves to hide the differences between varying implementa-
tions of the pipeline and provide a more convenient programming 
abstraction.  Fixed platforms, such as consoles, differ from PCs in 
that there is only one hardware implementation, so often low-level 
details of the hardware are exposed through the abstraction layer.  

We refer to the abstraction layer as a runtime and it is con-
trolled through its API. The runtime provides device independent 
resource management (allocation, lifetime, initialization, virtual-
ization, etc) for texture maps, vertex buffers, and other state and it 
communicates with the hardware accelerator through device-
dependent driver software.  The transition to a programmable 
pipeline has added the task of abstracting and managing shader 
programs to the runtime. 

The limited instruction store of early programmable proces-
sors made the choice of programming in an assembly-like lan-
guage [Gray 2003] both practical and in many cases necessary to 
maximize control of the limited resources.  However, modest 
increases in available hardware resources created a need for a 
higher-level programming abstraction to maximize programmer 
productivity. C-like programming languages with some customi-
zations to match the underlying rendering pipeline (4-vectors, 
intrinsics, I/O registers) answered this need [Proudfoot et al. 2001; 
Microsoft 2002; Mark 2003; Kessenich 2004; McCool and Du 
Toit 2004;]  Additionally, other languages have been developed to 
explore the use of the substantial floating-point processing and 
memory bandwidth of GPUs for application domains other than 

rendering [Buck et al. 2004; McCormick et al. 2004], but we will 
not address this latter subject further in this paper. 

While there are similarities to imperative CPU programming 
languages (notably C), there are some significant departures.  For 
example, the machine and compilation model is more virtual ma-
chine-like, with the shader assembly language serving as a ma-
chine-independent intermediate language (IL) rather than a spe-
cific machine language1. Though a high-level language like Mi-
crosoft’s HLSL can be compiled to IL offline, the translation to 
the target hardware occurs just in time (JIT) at run-time with the 
translator implemented as part of the driver infrastructure for the 
GPU.  We note that the OpenGL Shading Language takes a dif-
ferent approach with the entire compilation process occuring at 
run-time.  

Another significant difference is that shading programs are 
not standalone applications, and are instead executing in concert 
with a program executing on the CPU that orchestrates the render-
ing pipeline.  The CPU program also supplies parameters to the 
shading program in the form of texture maps or by populating on-
chip registers called constants. 

While this paper does not describe a specific hardware em-
bodiment of the new pipeline architecture, the pipeline design is 
shaped significantly by hardware practicalities and was designed 
concurrently with multiple hardware implementations. Many of 
the structural underpinnings from current hardware implementa-
tions [ATI 2005; Doggett 2005; Montrym and Moreton 2005] 
continue to be both relevant and influential in this design. 

Feature   1.1  2001    2.0  2002  3.0  2004†   4.0  2006 

128 256 !512 instruction slots 

4+8‡ 32+64‡
!512 

!64K 

!96 !256 !256 constant regis-

ters 8 32 224 

16x4096 

12 12 32 tmp registers 

2 12 32 

4096 

16 16 16 16 input registers 

4+2§ 8+2§ 10 32 

render targets 1 4 4 8 

samplers 8 16 16 16 

  4 textures 

 8 16 16 

128 

2D tex size   2Kx2K 8Kx8K 

integer ops    ! 

load op    ! 

sample offsets    ! 

! ! ! transcendental 

ops  ! ! 

! 

 

derivative op   ! ! 

 static stat/dyn flow control 

   stat/dyn 

dynamic 

Table 1: Shader model feature comparison summary.  
5
specification released in 2002, hardware in 2004; 

<
texture load > arithmetic 

instructions; 
?
texture > color registers; dashed line separates vertex shader 

(above) from pixel shader (below) 

3. The Pipeline 

The Direct3D 10 pipeline retains the structure of the traditional 
hardware-accelerated 3D pipeline.  Two new stages have been 
added and other stages have been either simplified or further gen-
eralized.  The basic pipeline is illustrated in Figure 1. For consis-
tency we describe each of the pipeline stages, rather than just the 
additions. We use traditional terms such as vertex, texture, and 
pixel for continuity with prior nomenclature, but acknowledge 
that this terminology reflects a specific usage of a more general 
processing capability. 

Input Assembler (IA) gathers 1D vertex data from up to 8 
input streams attached to vertex buffers and converts data items to 
a canonical format (e.g., float32).  Each stream specifies an inde-
pendent vertex structure containing up to 16 fields (called ele-
ments).  An element is a homogenous tuple of 1 to 4 data items 
(e.g., float32s).  A vertex is assembled by reading from the cur-
rently enabled streams.  Normally vertex data is read sequentially 
from each vertex buffer; however, if an index buffer is specified 
then each stream uses a shared index to compute the offset into 
each vertex buffer.   Indexing allows additional performance op-
timizations in that the vertex processor computes a result that is 
completely determined by the index value, therefore recomputa-
tion of results for the same index can be avoided using a result 
cache indexed by the index value.  

The IA also supports a mechanism that allows the IA to effec-
tively replicate an object n times. This mechanism is an address-
ing mode referred to as instancing in which a repeat count n is 
associated with block of k vertices (corresponding to an object).  
At the same time, the primitive data is “tagged” with a current 
instance, primitive, and vertex id and these ids can be accessed in 
the programmable stages to compute values such as transforma-
tions or material parameters based on these ids. 

                                                                 
1 This does contradict the notion that the assembly-level shader program-

mer has absolute control. 

DirectX 10 (Vista): Towards Shader Unity
Earlier APIs: Pixel and Vertex CPUs very different ...

DirectX 
10: 
Many 
specs 
are 
identical 
for 
Pixel 
and 
Vertex 
CPUs
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DirectX 10 : New Pipeline Features ...
 

Vertex Shader (VS) is most commonly used to transform 
vertices from object space to clip space. The VS reads a single 
vertex and produces a single vertex as output.  The VS and other 
programmable stages share a common feature set that includes an 
expanded set of floating-point, integer, control, and memory read 
instructions allowing access to up to 128 memory buffers (tex-
tures) and 16 parameter (constant) buffers. This common core is 
described in more detail in Section 4. 

Geometry Shader (GS) takes the vertices of a single primi-
tive (point, line segment, or triangle) as input and generates the 
vertices of zero or more primitives.  The input and output primi-
tive types need not match, but they are fixed for the shader pro-
gram.   A GS program can amplify the number of input primitives 
by emitting additional primitives subject to a per-invocation limit 
of 1024 32-bit values of vertex data.  Triangles and lines are out-
put as connected strips of vertices. A GS program can output 
more than one strip in a single invocation or it can effectively 
delete an input primitive by not producing an output. A GS pro-
gram can also simply affix additional attributes to a primitive 
without generating additional geometry, for example, computing 
additional uniform-valued attributes for each primitive.  Since all 
of the primitive vertices are available, geometric attributes such as 
a triangle’s plane equation can be readily computed.  

In addition to the traditional input primitives, triangle and line 
primitives may also be processed with their adjacent vertices.  A 
triangle comprises 3 vertices plus 3 adjacent vertices while a line 
has 2 vertices with 2 adjacent vertices as shown in Figure 2.  Ad-
jacent vertices are included as part of the vertex buffer formats for 
triangle and line primitives and are extracted by the IA when a 
primitive topology with adjacency is specified (rendered). 

Stream Output (SO) copies a subset of the vertex informa-
tion output by the GS to up to 4 1D output buffers in sequential 

order.  Ideally the SO should have symmetric output capabilities 
with the (non-indexed) input capabilities of the IA (8 streams x 16 
elements), but the hardware costs were not justified. The SO is 
limited to either 1 multi-element output stream of up to 16 ele-
ments or up to 4 single-element output streams. While the IA can 
support reading from 8- and 16-bit data types and converting to 
float32, the SO can only write raw 32-bit data types.  However, 
data conversion and packing can be easily implemented in a GS 
program reducing the need for fixed-function support. 

Set-up and Rasterization Stage (RS) is a fixed-function 
stage handling clipping, culling, perspective divide, viewport 
transform, primitive set-up, scissoring, depth offset, and fragment 
generation.  Modern GPU designs invariably include some form 
of early depth processing (z-cull, hierarchical-z) [ATI 2005; Mon-
trym and Moreton 2005] as well.  We explicitly mention this op-
timization as it is becoming less transparent to application devel-
opers. The input of the RS is the vertices and attributes of a single 
primitive and the output is a series of pixel fragments.   

The pixel shader program specifies the manner in which ver-
tex attributes are interpolated to produce fragment attributes (no 
interpolation, non-perspective-corrected interpolation, or perspec-
tive-corrected interpolation).  Modern GPUs usually support mul-
tisample antialiasing [Akeley 1993].  Multisampling requires 
additional care in specifying attribute evaluation behavior when a 
fragment does not include the pixel center, since center evaluation 
may result in an out-of-gamut value.  An additional evaluation 
qualifier (centroid) can be specified to request evaluation within 
the fragment boundaries. 

Pixel Shader (PS) reads the attributes of a single pixel frag-
ment and produces a single output fragment consisting of 1 to 8 
attribute (color) values and optionally a depth value.   The attrib-
ute values (elements) are each written to a separate color buffer 
(termed a render target) or the entire result may be discarded (no 
fragment is output).   Normally depth and stencil values are for-
warded from the RS.  However, the PS can replace the depth 
value with a computed value, but not the stencil value.  Both dis-
carding pixels and replacing the depth value may defeat depth-
processing optimizations in the RS since they can change the 
fragment’s visibility. 

 
Figure 1: Direct3D 10 pipeline. 
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Output Merger (OM)2 takes a fragment from the PS and per-
forms traditional stencil and depth testing operations as well as 
render target blending. The OM specifies bind points for a single 
unified depth/stencil buffer and up to 8 other render targets (at-
tribute buffers).  The pixel shader must output a separate value for 
each render target (there is no multicast).  While a single blending 
function is shared across all of the render targets, blending can be 
enabled or disabled independently for each render target. 

DS

DM

DL

'S

'L

'M

DS

DM

'S

'M

Figure 2: Triangle and line segment with ad1acent vertices. 

3.1 Memory Structure and Data Flow 

Modern GPUs rely heavily on processing retained data structures 
in the form of vertex and index buffers, texture maps, render tar-
gets and depth/stencil buffers. GPUs typically store these in a 
high-performance memory system attached directly to the GPU.  
The range of structures includes homogeneous 1D through 3D 

                                                                 
2 Some implementations traditionally refer to this functionality as “ROP” 

for raster operations. 

Geometry 
Shader: 
Lets a 
shader 
program 
create new 
triangles.

Stream 
Output: 
Lets 
vertex 
stream
recirculate 
through 
shaders 
many 
times ...
(and also, 
back to 
CPU)

Also: Shader 
CPUs are more 

like RISC 
machines in 
many ways.
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Why? “Particle Systems” ...Why?  Particle systems ...
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Why?  Fractal images ...
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Why? Position-Based Fluids  
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 GeForce 8800 Architecture in Detail 
    

 

 

Figure 12. GeForce 8800 GTX Block Diagram 
 

 

 

 

TB-02787-001_v1.0  19 

NVidia 8800: Unified GPU, announced Fall 2006

128 
Shader 
CPUs Streams

loop 
around...

Thread processor sets shader type of each CPU

1.35 GHz Shader CPU Clock, 575 MHz core clock
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 GeForce 8800 Architecture in Detail 
    

 

 

Figure 12. GeForce 8800 GTX Block Diagram 
 

 

 

 

TB-02787-001_v1.0  19 

Graphics-centric functionality ...
3-D to 2-D (vertex to pixel)

Pixel fragment output merge

Texture 
engine and 
memory 
system
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Can be reconfigured with graphics logic hidden ...

128 scalar 1.35 GHz processors: Integer ALU, 
dual-issue single-precision IEEE floats.

 GeForce 8800 Architecture Overview 
    

 

 

Figure 9. CUDA Thread Computing Pipeline 
CUDA enables new applications with a standard platform for extracting valuable 

information from vast ;uantities of raw data< and provide the following key benefits 

in this area? 

! Enables high density computing to be deployed on standard enterprise 

workstations and server environments for data intensive applications. 

! Divides complex computing tasks into smaller elements that are processed 

simultaneously in the GPU to enable real-time decision making. 

! Provide a standard platform based on industry-leading NVIDIA hardware and 

software for a wide range of high data bandwidth< computationally intensive 

applications. 

! Combines with multi-core CPU systems to provide a flexible computing 

platform. 

! Controls complex programs and coordinates inherently parallel computation on 

the GPU processed by thousands of computing threads. 

 

CUDAHs high performance< scalable computing architecture solves complex parallel 

problems 100x faster than traditional CPU-based architectures? 

! Up to of 12L parallel 1.35GHz compute cores in GeQorce LL00 GTX GPUs 

harness massive floating point processing power enabling maximum application 

performance. 

! Thread computing scales across NVIDIAHs complete line of next generation 

GPUs - from embedded GPUs to high performance GPUs that support 

hundreds of processors. 

! NVIDIA SUIV technology allows multiple GPUs to distribute computing to 

provide unparalleled compute density. 

 

TB-02787-001_v1.0  13 

Texture system set up to look like a conventional 
memory system (768MB GDDR3, 86 GB/s)

1000s 
of active 
threads

0.3 TeraFlops Peak Performance 
Ships with a C compiler.
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X

y

dy/dt

dx/dtOptic Flow (Computer Vision)

Notate a movie with 
arrows to show speed 
and direction.
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Chip Facts

90nm process
681M Transistors
80 die/wafer 
(pre-testing)

A big die. Many chips will not work 
(low yield). Low profits.

4 year 
design cycle

Design Facts

$400 Million 
design budget
600 person-years: 10 people at start, 300 at peak
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GeForce 8800 GTX Card: $599 List Price

PCI-Express 16X Card - 2 Aux Power Plugs!

185 Watts Thermal Design Point (TDP) -- 
TDP is a “real-world” maximum power spec.
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Some products are “loss-leaders”

Breakthrough 
product 
creates
“free” 
publicity you 
can’t buy.

(1) Hope: when chip “shrinks” to 65nm fab process, die will 
be smaller, yields will improve, profits will rise.
(2) Simpler versions of the design will be made to create an 
entire product family, some very profitable.
“We tape out a chip a month”,  NVidia CEO quote.
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And it happened! 2008 nVidia products

GTX 280

Price 
similar 
to 
8800, 
stream 
CPU 
count 
> 2X.

9800 
GTX 

Specs 
similar 
to 8800, 
card sells 
for 
$199. 

49Thursday, April 17, 14



EECS 150: Graphics Processors UC Regents Fall 2013 © UCB

And again in 2012!  GTX 680 -- “Kepler”

GTX 
560 Ti 

Specs
better 
than  
GTX 280, 
sells for 
$249

GTX 680

3X more 
effective 
CPUs as 
GTX 280, 
lower price 
point.

6X more 
CPUs as 
8800, 
(from 
2006).
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28nm 
process 

3.5 billion 
transistors

GTX 680

1 GHz 
core clock

6GHz 
GDDR5

3 years, 
1000 
engineers
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5 
 

Kepler Architecture In-Depth (GeForce GTX 680) 
Like Fermi, Kepler GPUs are composed of different configurations of Graphics Processing Clusters 
(GPCs), Streaming Multiprocessors (SMs), and memory controllers. The GeForce GTX 680 GPU consists 
of four GPCs, eight next-generation Streaming Multiprocessors (SMX), and four memory controllers.  

 

Figure 1: GeForce GTX 680 Block Diagram 

GTX 680 

4X as many 
shader CPUs, 
running at 
2/3 the clock 
(vs GTX 560).

Polymorph 
engine does 
polygon 
tessellation. 
PCIe bus no
longer limits 
triangle count.
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2013 -- Waiting for 20nm to arrive ...

GTX 
770

Specs 
close to 
GTX 680, 
$100 
cheaper.

GTX 780 Ti

1.6X more 
effective 
CPUs as 
GTX 770, 
1.7x higher 
price.

Why? Still 
at 28 nm, 
so die size 
is larger.
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History and Graphics Processors

Create standard model from common 
practice:  Wire-frame geometry, 
triangle rasterization, pixel shading.

Put model in hardware: Block diagram of 
chip matches computer graphics math.

Evolve to be programmable: At some 
point, it becomes hard to see the math 
in the block diagram.

“Wheel of reincarnation” -- Hardwired graphics hardware 
evolves to look like general-purpose CPU.  Ivan Sutherland 
co-wrote a paper on this topic in 1968!
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4 core 
Jaguar
x86

4 core 
Jaguar
x86

1152 GPU Cores

1.84 TeraFLOP

5.5 GHz GDDR5

176 GB/s Mem BW Sony PS 4

348 mm2 
28 nm HP

140 W 
system 
power 

$399 US

Camera 
$59 extra

8GB 
DRAM

Focus is on 
“serious gamer” 

not 
“media center”.

56Thursday, April 17, 14



57Thursday, April 17, 14



Apple A7

1.1B 
transistors

102 mm2 die
28 nm CMOS

 64-bit ARM 
1.4 GHz

200M 
transistors

4MB 
6-T cells

GPU fills 
22% of die

Core #1

Core #2
GPU: 2.7% of 

GTX 780 Ti 
(in GFLOPs).
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On Tuesday

How did we get here?

Have a good weekend !

Or, maybe another 
architecture topic ...
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