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(57) ABSTRACT

Atexture loading pipeline loads textures for use in rendering
an object. A source texture has one or more levels of detail.
Each level of detail (LOD) contains texture tiles for a
particular area of a global coordinate space at a particular
resolution. There are no mandatory relationships between
the areas represented by, or the resolutions of, different
levels of detail. An instance of the texture loading pipeline
exists for each LOD in the source texture. The texture tiles
of a LOD are stored in a texture storage, which can be local
or remote from the texture loading pipeline. An asynchro-
nous request queue (ARQ) retrieves texture tiles in a region
of interest from the texture storage and stores the tiles in a
tile cache. Toroidal roaming is used to page textures in the
region of interest from the tile cache to a texture cache. The
toroidal roaming performs the best possible update of the
texture cache given a limited update time. A pipeline driver
drives the pipeline by providing the region of interest to the
tile cache and the region of interest and an update time to
texture cache. The majority of processing time is devoted to
the highest-resolution texture loading pipeline that can keep
up with the rate of change in the region of interest. After an
update cycle, a texture selector selects the textures in the
texture cache having the best set of textures for the region of
interest and those textures are used to render the 3-D scene.

39 Claims, 5 Drawing Sheets
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ASYNCHRONOUS MULTILEVEL TEXTURE
PIPELINE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/175,277, filed Jan. 10, 2000.

BACKGROUND

1. Field of the Invention

This invention pertains in general to computer graphics
and in particular to a texture loading pipeline in a three-
dimensional graphics system.

2. Background Art

Texture mapping has become a very common feature in
computer systems such as game consoles, personal
computers, and high-end workstations. Traditionally, texture
mapping is used to add realism to computer graphics images
without increasing the amount of geometry necessary to
produce the images.

The concept of texture mapping is relatively simple:
stretch an arbitrary image and paste it onto a three-
dimensional (3-D) geometry. Mapping the texture to the 3-D
geometry consists of computing, for each picture element
(pixel) in the final image, the corresponding texture element
(texel) in the texture image. There are many different tech-
niques for performing this computation. In general, each of
the techniques treats each pixel as a surface that has a
corresponding surface in the texture image. The texture
surface covered by a given pixel can contain an arbitrary,
and not necessarily integer, number of texels of different
colors. Each pixel, however, can have only one color.
Usually, the color of the pixel is determined by taking
multiple samples from the texture and filtering the samples
at different stages of the rendering to derive the appropriate
color.

When the textures are large, it is difficult to sample and
filter the texture at the rate needed to rapidly draw 3-D
scenes from changing perspectives. Specialized computer
systems with large memories and fast graphics pipelines can
use a brute force approach to process large textures at rates
necessary to support the scene changes. However, dedicated
hardware is often prohibitively costly and cannot be used in
mass market platforms.

A common technique for overcoming this hurdle and
dealing with large textures is a “mipmap.” A mipmap is a
storage technique that stores a texture at multiple levels of
resolution. A mipmap resembles an inverted pyramid. The
top of the mipmap represents the largest texture having the
highest amount of detail. Each level below the top has a
resolution a power of two smaller than the previous level,
and holds that much less detail. For example, if the top
mipmap level of a two dimensional texture holds 64 texels,
the immediately lower level has 16 texels. Subsequent levels
hold four and one texel.

When a mipmapped texture is mapped on a polygon, the
mipmap level that corresponds most closely to the size of the
polygon is used. For example, if the polygon is a square
having four pixels on a side, the mipmap level having 16
texels will be mapped onto the polygon. In effect, the
mipmap reduces hardware demands by performing the
image processing and filtering (i.e., scales down the texture
to fit the polygon) ahead of time.

Storing a mipmap requires only %3 more memory than
storing the original texture. However, storing even this much
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more data creates a problem. Textures must be stored in fast
memory in order to meet the needs of renderer. The fastest
systems use special memory for texture storage while slower
systems use the fast video memory in the display buffer for
texture memory. Textures can easily be too large to fit in
these memories. For example, a texture representing North
America at 25 meter resolution occupies more than 200
gigabytes of memory.

One solution to this problem is to subdivide the geometry.
For example, a texture representing North America can be
divided into four areas, which, in turn, can be subdivided
into smaller areas. The texture can be divided and subdi-
vided in the same manner as the geometry into smaller
textures called “tiles.” Since the tiles are smaller than the
original texture, the tiles can be stored, manipulated, and
processed at the rate necessary to support 3-D rendering.
Tiling, however, creates visible artifacts in the rendered
scene, such as seams at the edges of the tiles. It may be
possible to eliminate the artifacts from one viewpoint in the
final image, but not from all possible viewpoints. Another
disadvantage of tiling is that a complex database must be
used to store the tiles and substantial processing time is
required to regenerate the tiles whenever the texture is
modified. Further, tiling requires that the underlying geom-
etry be divided on the texture boundaries such that edges of
the texture tiles match the edges of the geometry tiles,
thereby making both automatic and real-time geometric
reconstruction of underlying surfaces extremely difficult.

Another problem with mipmaps is that the large source
texture might be composed of many smaller textures linked
together. Some of textures might be from different sources
and, therefore, have different resolutions (i.e., texels per unit
of coordinate space). For example, a texture map of a large
area, such as North America, might use low-resolution
sources for textures of less populated areas and high-
resolution sources for textures of more populated areas.
Mipmaps do not provide a general way to represent the
different resolutions of the textures. The fixed requirement
that levels be separated by powers of two limit the use of
mipmaps in this regard.

Accordingly, there is a need for a way to represent, store,
and process texture data in a way that supports real-time 3-D
rendering. The solution to this need should support the use
of large textures and textures having differing resolutions
and coordinate spaces.

DISCLOSURE OF THE INVENTION

The above needs are met by a texture loading pipeline that
operates on a source texture having one or more levels of
detail. Each level of detail (LOD) represents a rectangular
subset of a particular region of the source texture at a
particular resolution. There can be arbitrary relationships
between the regions and resolutions represented by particu-
lar levels of detail. Thus, the source texture can be sparse and
different levels of detail can represent different regions of the
source texture at different resolutions.

Preferably, there are multiple instances of the texture
loading pipeline, with each instance corresponding to one of
the levels of detail in the source texture. The texture for a
LOD is preferably subdivided into tiles and stored in a
storage space. The storage space can be local to the com-
puter system executing the texture loading pipeline and/or
remote from the computer system. For example, the storage
space can be located on a hard drive or CD-ROM attached
to the computer system and/or in communication with the
computer system through a network. The texture tiles can be
compressed or uncompressed.
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Texture tiles are retrieved from the storage space by an
asynchronous request queue and stored in a tile cache.
Compressed texture tiles are preferably stored in a com-
pressed tile cache. An asynchronous decompression queue
decompresses the texture tiles in the compressed tile cache
and stores the decompressed tiles in a decompressed tile
cache.

Textures in the region of interest are paged from the tile
cache into a texture cache. The texture cache is preferably
located in a high-speed memory, such as a dedicated texture
memory in a graphics adapter. The textures in the region of
interest, i.e., the region of the global coordinate space for
which textures are requested, are preferably selected for
paging via toroidal roaming. In toroidal roaming, an arbi-
trary rectangle, or other bounding shape, specifies the tex-
tures in the tile cache to page into the texture cache. The
rectangle moves as the region of interest changes. Texels
that leave the region of interest are deleted from the texture
cache, texels that enter the region of interest are paged into
the texture cache, and texels remaining in the region of
interest are left in the texture cache.

By definition, the size of the region of interest is bounded
by the resolution of the display 118. The resolution of the
display, refresh rate, and color depth of the textures,
therefore, also define an upper bound on the rate of data, or
bandwidth, required to update the texture cache. The real
bandwidth, however, is often lower than the upper bound
because there is usually spatial coherency between adjacent
frames. Toroidal roaming exploits this coherency to reduce
the needed bandwidth. It is apparent that a pipeline for a
lower-resolution LOD can support an effectively higher
bandwidth through the original image than a higher-
resolution pipeline since the lower-resolution pipeline needs
less texture paging in response to most changes in the region
of interest.

A pipeline driver outputs the region of interest to the tile
cache and the region of interest, a maximum resolution
cutoff, and an update time to the texture cache. The maxi-
mum resolution cutoff preferably specifies the highest LOD
for which the textures in the region of interest should be
cached. Pipelines that cannot meet the rate of data flow
given the change in the region of interest are preferably cut
off since no benefit would be gained by executing those
pipelines.

The update time input specifies the amount of processing
time available to each pipeline. The majority of processing
time is preferably devoted to the pipeline for the highest
resolution LOD that can meet the rate of data flow given the
change in the region of interest. Some processing time is
also preferably devoted to the pipelines for the lower levels
of detail in case the optimal pipeline fails to meet the needed
rate of data flow.

At the end of certain update periods, the textures are
bound to a geometry in order to render a 3-D scene. To
perform this task, a texture selector selects among the
texture caches of the different pipelines for the cache having
the best complete set of textures. The selected textures are
transformed by a hardware texture matrix from the arbitrary
local coordinate space to the global coordinate space. Then,
the textures are simply “bound” and used to render on
geometry using a simple texture coordinate specification.
For the rest of the system, this collection of pipelines acts as
a single large mipmapped texture with a single coordinate
system. The specific operations of the underlying pipelines
are invisible to the rest of the system.

Accordingly, the present invention allows arbitrarily large
textures to be represented as a single texture with a single
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coordinate system. The rendering system “thinks” of this
texture as “just another texture.” Also, since the underlying
caching mechanisms are multi-level asynchronous look-
ahead caches, a fixed amount of bandwidth-bounded and
directly proportional to screen resolution-can be used to
represent a texture of arbitrary size.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a high-level block diagram of a computer
system, such as a personal computer, a game console, a
stand-alone video game, or a high-performance graphics
workstation, for executing a texture loading pipeline accord-
ing to an embodiment of the present invention;

FIG. 2 is a high-level block diagram illustrating an
embodiment of the texture loading pipeline;

FIGS. 3A-3C illustrate toroidal roaming;

FIG. 4 is a block diagram illustrating the pipeline driver
for driving the texture loading pipeline of FIG. 2; and

FIG. 5 is a block diagram illustrating how the contents of
a texture cache are selected and bound to a group of
polygons.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention is a texture loading pipeline system
and method, and a texture representation, that allows an
extremely large and detailed source texture to be used in a
three-dimensional (3-D) graphics environment. The phrase
“source texture” refers to a set of texture data for a geometry
in a 3-D scene, and may, for example, occupy a petabyte (i.e.
2°° bytes) or more of storage. The source texture can have
different components with different resolutions and can be
sparse. Thus, the texture data can come from different
sources having different inherent resolutions. The source
texture is formed by fitting together the source data using a
single unifying coordinate system. In one embodiment, the
unifying coordinate system is the global coordinate space,
i.e., the object having the geometry to which the texture will
be applied.

The present invention preferably represents the source
texture as a set of smaller textures, called “levels of detail.”
Each level of detail (LOD) preferably contains a sparse,
tile-based subset of a particular resolution of the larger
source texture. Unlike with a mipmap, there can be arbitrary
relationships between the levels of detail and each LOD
need not represent the same area in the global coordinate
space. For example, the source texture can be represented by
three levels of detail. One LOD can represent North America
at a first resolution. Another LOD can represent only certain
cities in North America at a second, higher, resolution, while
yet another LOD can represent the entire Earth at a third,
lower, resolution. Representing the Earth at one meter
resolution typically requires approximately 25-30 levels of
detail.

FIG. 1 is a high-level block diagram of a computer
system, such as a personal computer, a game console, a
stand-alone video game, or a high-performance graphics
workstation, for storing a source texture and executing the
texture loading pipeline according to an embodiment of the
present invention. Illustrated are at least one processor 102
coupled to a bus 104. Also coupled to the bus 104 are a
memory 106, a storage device 108, a keyboard 110, a
graphics adapter 112, a pointing device 114, and a network
adapter 116. A display 118 is coupled to the graphics adapter
112.
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The at least one processor 102 may be any general-
purpose processor such as an INTEL x86, POWERPC, or
MIPS-compatible central processing unit (CPU). The stor-
age device 108 may be any device capable of holding large
amounts of data, like a hard drive, compact disk read-only
memory (CD-ROM), DVD, or some other form of fixed or
removable storage device. The memory 106 holds instruc-
tions and data used by the processor 102. The pointing
device 114 may be a mouse, track ball, light pen, touch-
sensitive display, or other type of pointing device and is used
in combination with the keyboard 110 to input data into the
computer system 100. The network adapter 116 optionally
couples the computer system 100 to a local or wide area
network.

The graphics adapter 112 preferably has a memory 120
for storing textures and other data for display on the display
118 and optionally has specialized hardware for rendering
3-D graphics. The graphics adapter is preferably controlled
through a 3-D application programming interface (API) such
as OPENGL from SGI, Inc. or DIRECT3D from Microsoft
Corp.

Program modules 122 for executing the texture loading
pipeline according to an embodiment of the present inven-
tion are stored on the storage device 108, loaded into the
memory 106, and executed by the processor 102.
Alternatively, hardware or software modules may be stored
elsewhere within the computer system 100. In one embodi-
ment of the present invention, the operation of the computer
system 100 is controlled by the WINDOWS 2000 operating
system, although other operating systems such as LINUX or
a dedicated game console operating system, such as the
SONY PLAYSTATION 2 operating system, can be used as
well.

FIG. 2 is a high-level block diagram illustrating an
embodiment of the texture loading pipeline 200. Preferably,
the texture loading pipeline 200 is replicated for each LOD
of the source texture 208. Thus, if there are four levels of
detail for the source texture 208, there are preferably four
texture loading pipelines 200 for the source texture. Typical
embodiments of the present invention can have more than 15
texture loading pipelines 200. The pipelines 200 can be
logically or physically separate and particular pipelines can
be created or destroyed as warranted. Each pipeline 200
operates independently of the other pipelines on a single
LOD in order to maximum total concurrency and through-
put. In addition, the elements of each pipeline 200 operate
asynchronously wherever possible. When multiple pipelines
share a single resource, such as a disk paging queue or a
texture paging bus, a resource manager preferably manages
that resource to provide maximum concurrency and through-
put. Except where otherwise indicated, the following
description refers to a single instance of a texture loading
pipeline 200.

The source texture 208, including the LOD 212, is stored
in a storage space 210. The storage space 210 can be, for
example, the storage device 108 locally coupled to the
computer system 100 or a remote storage coupled to the
network adapter 116 of the computer system via a local area
network (LAN), wide area network (WAN), or some other
form of network. For example, all or part of the source
texture 208 can be stored in a server located on the Internet
and the computer system 100 can be coupled to the Internet
via a telephone, digital subscriber line (DSL), or cable
modem or an Ethernet connection.

The source texture 208 stored in the storage space 200 is
preferably subdivided into tiles. Each tile has a particular
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resolution and, thus, belongs to a certain LOD 212. Each
LOD 212 has a coordinate space arbitrarily defined as
extending from zero to one. Preferably, a particular tile in the
LOD 212 is identified by its location in the global coordinate
space. The tiles can be stored in a compressed format, such
as the Graphics Interchange Format (GIF), compressed
using another known compression algorithm such as Joint
Photographic Experts Group (JPEG), JPEG2000 or another
form of wavelet compression, or uncompressed.

The tiles in the LOD 212 are retrieved, or paged, from
storage 210 by an asynchronous request queue (ARQ) 214.
The ARQ 214 receives as input a reference to a specific tile,
such as the location of the tile in the global coordinate space,
retrieves the tile from storage, and provides the tile as
output. In one embodiment, the ARQ 214 holds all tile
requests as a batch list of requests. These batched requests
can be resorted, prioritized, or eliminated based on updates
from the rest of the system. For example, the requested tiles
can be sorted or prioritized based on whether the tiles are
still needed, when the tiles are needed, and/or how “impor-
tant” the tiles are.

Tiles output by the ARQ 214 are provided to a tile cache
216. The tile cache 216 can be located in either the memory
106 or on the storage device 108. If some or all of the tiles
are compressed, the tile cache 216 preferably has two
separate components: a compressed tile cache 216A for
holding compressed tiles retrieved from the storage space
210 and an uncompressed tile cache 216B for holding
uncompressed tiles. Preferably, an asynchronous decom-
pression queue 218 operates within the texture cache 216 to
decompress the tiles in the compressed tile cache 216A and
move the tiles to the uncompressed tile cache 216B.
Alternatively, the tiles can be decompressed at another stage
in the pipeline 200. For example, a decompression engine
can be integrated into the ARQ 214 such that the tiles are
decompressed as the tiles are paged from storage 210. The
tile cache 216 is preferably large enough to enable look-
ahead caching on tiles surrounding the region of interest. In
look-ahead caching, tiles surrounding the region of interest
are requested prior to the tiles being needed by the under-
lying texture caching system.

Preferably, the decompression queue 218 or another
operator in the tile cache 216 can also perform image
processing on the texture tiles. For example, assume that a
set of tiles for one LOD stored in the storage space 210 holds
ground textures for the Earth, a set of tiles for another LOD
holds country border lines, and the ARQ 214 is modified to
retrieve tiles from both levels of detail. The operator in the
tile cache 216 can combine the levels of detail by overlaying
the border lines on top of the ground textures to produce a
single LOD with texture tiles having both ground textures
and border lines. Since this processing happens near the
beginning of the texture loading pipeline 200, the processing
is transparent to the rest of the pipeline.

Preferably, the tile cache 216 can hold a large number of
texture tiles and uses an algorithm to determine when to
purge tiles from the cache. Textures in the tile cache 216 are
paged into the texture cache 220. The texture cache 220 is
preferably stored in the dedicated texture memory 120 in the
graphics adapter 112. Alternatively, the texture cache 220
can be located in main memory 106 or another fast memory.

The present invention preferably uses toroidal roaming to
determine which textures to page into the texture cache 220.
FIGS. 3A-3C illustrate toroidal roaming. The tiles in the tile
cache 216, or a subset of the tiles, when aligned, define a
surface 300. The surface can be sparse if not all of the tiles
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