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Abstract

Large textures cause bottlenecks in real-time applications that of-
ten lead to a loss of interactivity. These performance bottlenecks
occur because of disk and network transfer, texture translation, and
memory swapping. We present a software solution that alleviates
the problems associated with large textures by treating texture as a
bandwidth-limited resource rather than a finite resource. Asare-
sult the display of large textures is reduced to a caching problem in
which texture memory serves as the primary cache for texture data,
main memory the secondary cache, and local disk thetertiary cache.
By using thiscache hierarchy, applications are ableto maintain real-
time performance while displaying textures hundreds of timeslarger
than can fit into texture memory.

CR Categories:
Generation—texture

1.3.7 [ComputerGraphics]: Picture/lmage

Keywords: Texture Caching, Bandwidth-Limited Resource, Tex-
ture Mapping, Real-Time Display, Interactivity

1 Introduction

A texture map, or texture, isan image used to provide surface detail
inacomputer generated scene. Atthemost basic level, texturessup-
ply ascene with “visual interest”. On amuch deeper level, textures
provide important visual cluesto the user and help increase the per-
celved realism of the environment. In some cases, such as[19], tex-
turesreplace complex geometry. | mage based rendering techniques,
such asQuicktimeVR[6], takethisideatoitslimit, reducing ascene
to just afew primitives that serve as projection screens for textures.
When textures form an important part of scene content, reduc-
tion in texture detail may mean aloss of scene comprehension. In
addition, interactivity may be important to scene understanding, so
that when the frame rate drops, so does the scene's utility. Some
high-end platformsare designed to display very largetexturesin real
time, but the cost of such hardware makes it prohibitively expen-
sive for most users. Mid-range to low-end graphics workstations
can usually draw some textured objectsin real time, but they are not
generally equipped to deal with large textures directly. This paper
presents a software approach to texture caching designed to allow
interactive display of very large textures on mid to low-end work-
stations. The new approach has as its basis the following goals:

e Very large textures should be supported, larger than can be
held in either texture or main memories.

e Scene startup time should be as fast as possible, and indepen-
dent of the textures present.

e The system should be implementable on existing low-end
graphics workstations using current graphics API’s.

e Thedifferencein frame rate between an application using tex-
ture caching and the same application using static textures that
all fit into texture memory should be negligible.
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e Maintaining an interactive frame rate should take precedence
over instantaneous detail.

e The system should perform reasonably well when textures
must be fetched over a slow network.

e The system should form a general framework for awide vari-
ety of applications that require large textures.

1.1 Related Work

Most research in texture mapping to date has focused on four areas:
anti-aliasing techniques, acceleration of texture rendering, applying
texture mapping to new rendering problems, and texture synthesis.
Since the development of low-cost rendering hardware, however,
increasing the size of textures that can be practically rendered has
become apopular avenuefor investigation. Such research is needed
because the demand for texture processing has more than kept pace
with hardware advances. This trend does not show signs of letting
up, so for the foreseeable future texture memory aone will not be
sufficient to handle users’ wants.

The remainder of this section discusses techniques designed to
overcome the hardware-imposed upper limit on texture size. In-
cluded among these are texture compression and texture caching al-
gorithms. Other areas of interest that will be discussed are progres-
sive image transmission and methods for dealing with bandwidth-
limited resources.

Texture compression. Ideally, texture compression should
take place in texture memory, effectively increasing its size. By
using compression the hardware can accommodate larger textured
scenes without swapping. One shortcoming of algorithms that keep
texturescompressed in texturememory isthat they require hardware
support, so the compression algorithm must be built into the hard-
ware. Although not usually considered to contain texture compres-
sion facilities, Iris GL [12] provides three rudimentary examples of
texture compression in texture memory. These include selection of
texel size, texture lookup tables, and detail textures. Another ex-
ample of hardware texture compression is found in the Talisman ar-
chitecture. Talisman [21] employs a hardware-based compression
scheme similar to JPEG that keeps texturesin acompressed statein
texture memory.

Software approaches to texture compression cannot increase the
effective size of texture memory. Instead, they allow more texture
to be held in main memory, reducing the need for virtual mem-
ory swapping. To be effective, software-based texture compression
must alow for fast texture decoding, so that decompression time
does not dominate rendering activities. Beerset a. [1], and Levoy
and Hanrahan [10] advocate the use of vector quantization to com-
press textures held in main memory precisely because of decoding
speed.

Texture caching. Even with compression, texture data may be
larger than the memory capacity. When this occurs, some form
of caching must be used to manage texture data. A good por-
tion of the texture caching algorithms described in the literature are
application-specific measures designed to solve aparticular caching



problem. For example, Quicktime VR [6] cuts texture panoramas
into vertical strips for caching purposes. Cohen-Or et a. [8] de-
scribe a system that caches photo-textured terrain data. The data
is fetched at different resolutions based on the distance from the
viewer. Oborn [14] a so uses adistance metric to determine the tex-
ture level of detail that will be fetched. In another terrain viewing
application, Lindstrom et a. [11] use the angle at which textures
are viewed to reduce texture requests over using a simple distance
metric. Blow [2, 3] gives an overview of several texture caching
schemes currently in use in the video game industry. He also dis-
cusses the implementation details of the caching system used to
manage |arge terrain textures in a video game setting.

Besides problem-specific texture caching solutions, some work
has been done to provide general support for very large texturesin
non real-time applications. Pharr et al. [16] use a caching scheme
that dices textures into small tiles that are paged into memory as
needed. Using this architecture, their ray tracing software can ef-
ficiently render scenes with textures many timeslarger than the tex-
ture cache. SGI’s ImageVision library [13] uses a similar caching
system based on cutting images into “pages’ that can be manipu-
lated efficiently.

Unfortunately, none of the above mentioned systems serves as
agenera framework for the display of large textures in interactive
environments. One system that is designed for real-time display of
large textures is SGI's InfiniteReality Engine [17]. It uses a virtual
texture scheme called a“ clip-map” to deal with texturestoo largeto
fit in memory. Unlike most texture caching systems, the clip-map
algorithm does not cut alarge texture into tiles. This has the benefit
that since there are no texture tiles, scene geometry does not have
to be diced along tile boundaries. Although the clip-map algorithm
can produceimpressiveresults, it has severa drawbacksthat makeit
abad choice for current low-end hardware. Firt, it requiresalarge
hardware texture capacity.® Second, an efficient implementation of
clip-mapping for real-time display is likely to require some hard-
ware assistance, so it is probably the wrong choice for a software
add-on. Finaly, the clip-map algorithm relies on fast local disk ac-
cess to retrieve texture data, and so does not serve as a framework
for texture caching in low bandwidth situations.

Topics related to texture caching. A successful texture
caching strategy for low-end systems needs to utilize available
bandwidth effectively. Thus, progressive image transmission algo-
rithms and methods designed to deal with limited bandwidth situa-
tions are related to the display of very large textures. Thisis espe-
cialy true for textures stored remotely and accessed across a slow
network.

Hill et al. [9] describe an early attempt to use progressive image
transmission. Their system was designed to send Landsat images
over a slow modem connection. It worked by selectively refining
user-specified areas of interest. In more recent work, Strobel et al.
[20] suggest a method to store and retrieve large image databases
based on wavelet transforms.

Bukowski and Sequin [4] faced a more dynamic data stream than
still images. They designed a viewing program to display informa-
tion from afire simulation. The program allowed users to generate
queriesfor afiresimulation running on aremote machine. A “band-
width manager” was used to optimize data requests.

3Clip-mapping as described in [17] requires more than 22 million texels,
or about 85 MB of texture memory for a 32-bit color implementation. This
number may be reduced to under 7 million texels for 640 x 480 graphics
screens, however.

2 Typical Texture Loading

The common approach to texture mapping in interactive applica-
tionsisto treat texture memory as a finite resource, and texture im-
ages asatomic resources. Such atexture paradigm leadsto two very
specific texture loading practices. First, because texture memory is
viewed as afinite resource, thereisan upper limit on the number of
bytes of texture that a scene may contain. Second, since scene de-
signers view texture images as atomic resources, they usually store
eachimagein one piece on disk, and often do not store MIP mapson
disk at all, preferringto let theviewing program create the M| P maps
when loading textures. At run time, the viewing program loads ev-
ery texture image in a scene before any interaction takes place, and
the user must wait while the textures areloaded. Figure 1 showsthe
common approach to texture mapping in real-time applications.
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Figure 1: Typical texture loading for real-time applications

2.1 Performance Bottlenecks

Treating texture as afinite and atomic resource is conceptually sim-
ple and workswell in many situations, but it breaks down astexture
sizeincreases. When a scene's texture memory reguirements begin
to exceed texture memory size, four performance bottlenecks appear
that can prevent real-time interaction. They are

e Diskor network transfer. If largetexturesmust beloaded from
disk or acrossanetwork beforeinteraction takes place, the user
may be subjected to a significant initial wait. In addition, a
disk access causes the process which initiated it to block un-
til the data transfer completes; consequently, the user cannot
interact with a process while it accesses the disk.

e Texture trandation. If atexture image is stored on disk in a
compressed format it must be decompressed beforeuse. Addi-
tionally, odd sized textures must be resized to have widths and
heights that are powers of 2. Finally, MIP maps may be cre-
ated from the original texture images. Since these steps may
be CPU intensive, they can prevent real-time interaction with
the scene even if the viewing program is designed to allow in-
teraction while loading textures.

e Texture memory thrashing. Most hardware texture mapping
systems place textures in dedicated texture memory. If tex-
ture memory requirements exceed texture memory size, tex-
tures are swapped to main memory by the operating system.
When large amounts of texture must be transferred from main
to texturememory for each frame of aninteractive application,
the frame rate can drop drastically.



e \irtual memory swapping. If texture memory requirements
exceed main memory size, the operating system swaps tex-
tures to disk. When a texture that has been swapped to disk
is requested, the interactive program must wait while the tex-
ture isreloaded into main and texture memories.

Because the common approach to texture mapping in interactive
applications creates performance bottlenecks, it is difficult to acco-
modate very large textures in real-time scenes without increasing
texture memory size. Our solution to the problem of large textures,
outlined in the next section, bypasses the operating system’stexture
caching policies by explicitly creating a hierachy of texture caches,
with a seperate process handling each cache.

3 An Approach to Texture Caching

This section presents an overview of our approach to texture
caching. At the core, we base our strategy on the assumption that
instantaneous texture detail (detail in the current frame) can be sac-
rificed in favor of a higher frame rate. Thus we do not guarantee
that rendered frameswill have all the desired texture detail immedi-
ately. The ability to sacrifice instantaneous detail differentiates our
approach from texture caching algorithms designed simply to accel-
erate rendering of desired frames. These algorithms, while useful,
areessential ly virtual memory schemes. Our algorithm goesbeyond
simple memory management to deal with bandwidth concerns re-
lated to real-time display.

The remainder of this section describes the three essential pieces
of our algorithm. They are the pre-processing of textureimages, the
use of texture servers and regulation of texture flow.

3.1 Mip-Map Caching

Although the original purpose of the MIP map [22] was to reduce
the cost of antialiasing, it can also be used for caching purposes. In
order to do this, the MIP map must be precomputed and stored on
disk. By loading coarse versions of the texturesinitialy, then refin-
ing those textures as time progresses, startup time for programs that
uselargetextures can besignificantly reduced. Inaddition, if texture
detail is loaded on an as-needed basis, some parts of the MIP map
may never be fetched during a given run of the program, reducing
total disk access.

Taking into account only the need to load coarse versions of im-
ages before more detailed versions, one might consider making a
separate image file for each level of the MIP map and then load
thesefiles as needed. Unfortunately, this approach isineffective for
higher levelsin the MIP map because each successive level is four
timeslarger thanitsparent, and the highest MIP-maplevel isaslarge
asthe original image. What is needed is a mechanism to load man-
ageable pieces of texture from anywhere in the MIP map on an as-
needed basis. The route our algorithm takes is to cut the large MIP
map into aquadtree[18] of uniform texturetiles. Uniformtileshave
several advantages over non-uniform sized tiles, namely, they can
be expected to havefairly consistent load times, they simplify mem-
ory management issues, and they help prevent memory fragmenta-
tion. For the remainder of this paper, the word “ quadtree” refersto
the quadtree MIP map unless otherwise stated. Figure 2 shows a
quadtree MIP map.

3.2 The Texture Servers

One of the biggest obstaclesto texture caching for real-time display
is the blocking of a process when data is requested from the disk.
Because of this blocking, most real-time applications do not access
thedisk extensively during interaction. Instead, the datathat ascene

Figure 2: Original image (left) and quadtree MIP map of the same
image (right). Empty tiles are not stored.

needs is loaded before interaction begins, and there is a delay be-
tween scenes while new datais loaded. Pausche [15] used a clever
trick to get around stopping interaction between scenes. Instead of
pausing, he required the user to fly through along corridor contain-
ing minimal texture. The system then had time to swap textures for
the new scene into texture memory. For our texture caching sys-
tem, however, we needed to make a general framework that would
alow continuous texture loading simultaneous to normal scene in-
teraction. To prevent blocking during interaction, our system em-
ploys an additional process called the Texture Server. The Texture
Server handles texture |oading and decompression, and manages an
in-memory texture cache.

A problem similar to disk blocking can occur when texture data
resides across a slow network. |f textures from the network are
cached on alocal disk, texture access time becomes bimodal. That
is, access to textures aready in the local disk cacheis fast, but ac-
cess to textures that must be downloaded over the network is slow,
and the Texture Server may end up waiting for the network when it
could be filling requests for textures stored locally. The solution to
this problem is to employ athird process, the Meta-texture Server,
to download textures over a slow network.

By using a Texture Server and Meta-texture Server, athree-level
hierarchy of texture caches emerges, each level tended by a sepa-
rate process. The application program regul atestexture memory, the
Texture Server takes care of the main memory cache, and the Meta-
texture Server tends the local disk cache. Figure 3 shows how the
application and texture servers work together.

3.3 Texture as a Bandwidth-Limited Resource

All computers have limited bandwidth. By bandwidth we mean
time-constrained resources, such as CPU cycles per second, disk ac-
cess rates, and network speed. Any real-time application requires
some percentage of the computer’s bandwidth to run. If texture flow
(loading texture from disk or over a network, decompressing tex-
tures, copying textures and texture definition) consumes too much
bandwidth, real-time performance will be lost. For this reason the
application program and the texture servers must work together to
constrain texture flow so that sufficient bandwidth is available for
scene interaction.

The application program’s main responsibility with respect to
texture flow is to prevent texture memory thrashing. Thus, the ap-
plication may only use as much texture at atime as can fit into tex-
ture memory. In addition, the application must decide what textures
to discard when texture memory is full. When a desired piece of
textureis not resident in texture memory, the application requests it
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Figure 3: Texture management using texture servers. Bold arrrows
indicate texture flow. Other arrows indicate inter-process commu-
nication.

from the Texture Server, in the meantime drawing the scene with a
coarseversion of the desired textureif oneisavailable. Theapplica-
tion must be careful to limit therate at which it requeststexturefrag-
ments, as the Texture Server may get bogged down processing old
reguests. Sinceit usually cannot request every texture that it wants,
the application collects potential requestsin apriority queue, called
the“ pre-queue’, asit drawsthe scene. At theend of each frame, the
pre-queueisused tofill the Texture Server’srequest queue, and then
is cleared.

The Texture Server has severa responsibilities related to texture
flow. To prevent virtual memory swapping, the Texture Server lim-
itsthe size of the in-memory texture cache. In addition, the Texture
Server must limit the rate at which it loads textures, decompresses
them, and transfers them to the application. If the Texture Server
works too quickly it will consume needed machine bandwidth, re-
ducing interactivity.

The Meta-texture Server may begin to use excessive machine
bandwidth in some circumstances. For example, If the application
program requires data from across the network, the Meta-texture
Server must make sure not to saturate network bandwidth, prevent-
ing vital non-texture data from reaching the application program.
Another example of the Meta-texture Server using too much band-
widthisif it is given the task of decompressing texture files asthey
come across the network. Compute-intensive image decompression
may consume needed CPU bandwidth, preventing interactivity.

4 Implementation

This section describes our implementation of an application pro-
gram, Texture Server, and Meta-texture Server. The application, a
program to view phototextured terrain, uses aquadtree based terrain
decimation scheme called Q-morphing [ 7] that mesheswell with the
texture caching system. As mentioned in Section 3.1, the MIP-map
tiles for the terrain texture are computed in advance and stored on
disk.

4.1 Finding the Right Texture Tile

Graphics APIs that provide MIP-mapping generally compute the
MIP-map level that will be used for rendering automatically. Our
system cannot usethisfacility, however. Instead, weexplicitly com-
putetheappropriate M I P-map level to usefor each polygon or group

of polygons to be rendered. This is done in a three step process.
First, the screen radius of the polygon is calculated. Second, the
texture radius of the polygon is calculated for a texture tile some-
where in the quadtree. Finally, the algorithm ascends or descends
the quadtree until the polygon’stexture radius matchesits screenra-
diusas closely as possible.

Computing the screen radius. The screen radius of a poly-
gonisan estimate of the polygon’srendered size. It isdefined asthe
length of the semi-minor axis of the projected bounding circle of the
polygon. A good approximation to the screen radius of a polygon,
or group of polygons, isderived in [11]. We use a slightly modified
version of thisformula:
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where

rs = screen radius of the polygon

h = height of viewport in pixels

1) = vertical field of view anglein radians

r = world radius of polygon (maximum distance from
centroid to avertex in world space)

¢ = angle between polygon normal and ray from
polygon centroid to viewpoint

d = distance from viewpoint to polygon centroid

It may beinefficient to find a separate texture tile for each polygon,
so one tile may be used for a group of polygons. The screen radius
of agroup of semi-coplanar polygonsis defined as:

h _ rcos(max(0, ¢ —v))
v d

where v is the maximum, or mean, deflection angle between the
group’s mean normal and the polygon normals of the group, and
other variables are as defined above.
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Computing the texture radius. Thetextureradius of apoly-
gon is an estimate of the amount of texture that the polygon covers,
and is defined as the maximum distance in texels from the centroid
of the polygon to any vertex in texture space. Assuming texture co-
ordinates do not change, the texture radius of a polygon on apartic-
ular texturetileis constant and need be computed only once.

Traversing the quadtree. Given the texture radius of a poly-
gon for areference texture tile, r,. ¢, and the screen radius of the
same polygon, r, the next task isto find the appropriate level of the
quadtreeto usefor rendering. Thisisdone by ascending or descend-
ing the quadtree until r, the texture radius of the polygon, matches
most closely with its screen radius. More precisely, the correct tile
is found when r, < rs and 2r; > r. Note that the texture ra-
dius doubles for each level of descent in the quadtree, and halves
for each level of ascent. Thusthe approriate level of the quadtreeis
|log,(7s/Tirer) | evels below the referencetile, counting negative
vaues as levels above.

4.2 Texture Coordinates

Ascending and descending the quadtree. For thisdiscus-
sion, assumethat the origin of atextureisthe bottom | eft corner, and
texture coordinates u and v increase to the right and up respectively.
Children in the quadtree are numbered from |eft to right and bottom
to top as follows:



3
0|1

Ascending or descending the quadtree requires a modification to a
point’stexture coordinates. Thismodificationisbased onthepoint’s
current texture coordinates and its location in the parent or child
level. Pseudocode for the texture coordinate modification is given
in Figure 4.

TextureTile * Ascend( float & U, float &V, int ChildNum, TextureTile * ThisTile)

{
U*=0.5;
if (ChildNum == 1 OR ChildNum ==3)
U+=05;
V *=0.5;
if (ChildNum == 2 OR ChildNum == 3)
V +=0.5;
return Parent( ThisTile);
}

TextureTile * Descend( float & U, float &V, TextureTile * ThisTile)
{

therequestedtileismarked as*“pending”. Texturerequeststhat were
pushed out of the pre-queue or that did not make it into the Texture
Server’s request queue will be regenerated during the next frame.
Figure 9 gives pseudocode for the generation of texture requests.

The maximum depth of the request queue going to the Texture
Server should be kept as short as possible while still alowing for
efficient bandwidth use. Thisis consistent with Bukowski and Se-
quin’s idea of running a bandwidth-limited resource in “starvation
mode” [4]. We tried maximum request queue depths of 1 and 2 with
similar resultsin both cases. The request queue going to the Texture
Server was implemented using a datagram socket in our system.

To fill aregquest for texture, the Texture Server loads the desired
image and constructs it in a shared memory segment. The applica-
tion then copies the image and defines it as a texture. We control
which texture is overwritten in texture memory by using a texture
handle stack. At texture definition time, a handle is popped off the
stack and givento thetexturetile. When thetexturetileisdiscarded,
its handle is pushed back onto the handle stack.

To keep the texture server from working too quickly, we only
provide one location in shared memory where the requested image
may be placed. Hence, the Texture Server must wait for the applica-
tionto release shared memory beforeit can construct another image.

o ChIONUm=0: Pseudocode for the Texture Server's main loop is given in Figure
if (U> 10) 6. Since our system only allows one texture to be defined during
u—=10 agiven animation frame, a good portion of texture flow regulation
v *_Cg'(')c_"\‘“m =1L becomes choosing the right texture tile size. We found 256 x 256
it (\_/ 2 10) tiles to be the best suited for the configurations with which we ex-
V=10 perimented. Figure 5 gives texture definition times for the Reality
ChildNum += 2; Engine and O2.
return Child( ChildNum, ThisTile);
' RE2 o2
Definition Type | gray color | gray color
Fast Define <01 <01 - -
Figure 4: Texture coordinate modification for ascending and de- Iris GL No MIP map 114 182 | 122 502
scending the quadtree WithMIPmap | 208.0 216.0 | 264.0 354.0
OpenGL | No MIP map 45 199 13.8 325
Unfortunately, descending the quadtree may cause asingle poly- With MIP map 81 261 229 483
gon to span multipletexturetiles, requiring apolygon split. Toavoid Software | Resampling 45 113 50 128

polygon splitting, our terrain viewing application dividestheterrain
into small “gridiets’ that are aligned with the nodes in the texture
quadtree. Decisions about which texture tile to use are made on a
per-gridiet basis, so no splitting is necessary. A similar partitioning
of geometry is not practical for all applications, however, so geom-
etry splitting may be a necessity in some cases. The benefit of poly-
gon splitting isthat it allows the quadtree MIP map to be applied to
arbitrary polygonal geometries. Splitting may be done at scene cre-
ation time or at render time. Splitting at render time has the advan-
tage that it can be done adaptively, producing fewer polygons than
splitting done at scene creation time. The disadvantage, of course,
is the computational cost of the splitting.

4.3 Texture Loading

To load textures, the application program requests image tiles from
the Texture Server. If the application were to request textures asfast
as the need arose, the Texture Server would get bogged down pro-
cessing old requests. For this reason, the application program pri-
oritizes requests for texture, sending only the most urgent requests
to the Texture Server. This prioritization is done by means of a pri-
ority queue called the “ pre-queue”. Each time the renderer asks for
a piece of texture that is not available, arequest for that texture is
placed in the pre-queue based on a priority that will be explained
later. At the end of each frame, the requests in the pre-queue are
emptied into the Texture Server’s actual request queue up to some
maximum depth. The pre-queue is then cleared before the start of
the next frame. When atexture request is sent to the Texture Server,

Figure 5: Measured times for definition of 256 x 256 texture tiles
on a Redlity Station 10000 and O2. Both computers have a single
R10000 processor. Times are given in milliseconds. The first three
rows of the table show timesfor Iris GL texture definition. The next
two give datafor OpenGL. Thelast row of the table shows the time
required to create M1 P-map images using asimple box filter in soft-
ware.

We set the maximum queue depth for requests going to the Meta-
texture Server to 1. The rationale behind this restriction is that any
extrareguests in the Meta-texture Server’s queue will likely be ob-
solete before they can be filled. To pass data to the Texture Server,
the Meta-texture Server copies files to the disk cache, and then re-
turnsthe request to the Texture Server through apriority channel. In
thisway arequest from the Meta-texture Server need not be placed
in the rear of the Texture Server’s request queue. The main loop of
the Meta-texture Server isgivenin Figure 7.

We did not want the application program to have to know in ad-
vance which requests can befilled by the Texture Server, and which
must go to the Meta-texture Server, so a feedback mechanism is
employed which returns requests to the application program un-
filled when the Meta-texture Server’s queueisfull. To processare-
turned request, the application simply clears the requested texture's
pending flag so that it can be requested again. By using the feed-
back mechanism, the application can makearbitrary texture requests
without clogging the queue to the Meta-texture Server. Pseudocode
for the application program is given in Figure 8.



TextureServerMainL oop()

repeat
/* GET NEXT TEXTURE REQUEST */
Wait for message from Application or Meta-texture Server.
if (thereisarequest from the Meta-texture Server )
Read request from Meta-texture Server.
gCanSendM etaRequest = TRUE;
else
Read request from Application.

if (request ==“quit” ) return;

/* FILL THE REQUESTS THAT WE CAN */
if ( requested bitmap in memory or the disk cache))
Load requested bitmap if not in memory.
Wait until shared memory available.
Construct bitmap in shared memory.
Release shared memory to application program.

/* PASS ALONG REQUESTS NOT FILLED */
else
if ( gCanSendMetaRequest == TRUE )
Send current request to Meta-texture Server.
gCanSendMetaRequest = FAL SE;
else
Return request to application.

/* DISCARD IN-MEMORY BITMAPS */
while ( bitmap memory usage > MAX _bitmap_mem_usage )
Discard least significant bitmap. /* LRU */

Figure 6: Texture Server main loop

MetaTextureServerMainLoop()

repeat
Read request from Texture Server.
if (request =="“quit” ) return;
Copy requested file or URL to disk cache.
Send request to Texture Server’s priority channel.
while (disk cache size > MAX_disk_cache_size )
Delete least significant bitmap file. /* FIFO */

Figure 7: Meta-texture Server main loop

4.4 Caching Algorithms

Unlike caching problems in which al requested data must be
fetched before computation can take place, our texture caching sys-
tem relies on the fact that the sceneis still useful even if itstextures
momentarily contain less than full detail. Even so, the most impor-
tant caching choice that the application program needs to make is
which texture tile to request, that is, what priority algorithm to use
for the pre-queue. Our approach to this algorithm isto treat texture
retrieval as a progressive transmission problem. Thus the applica-
tion does not request a texture tile until its parent isresident in tex-
ture memory or currently pending. In order to keep scene texture
quality as uniform as possible, the priority for texture requests is
based on the distance between the requested tile and itsideal coun-
terpart in the quadtree. The priority is given by
/’15
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where p,. isthetile’srequest priority, rs the screen radius of a poly-
gon requesting thetile, and r; the polygon’stextureradiusin there-

/* To be executed after each frame redraw */
ServeTextures()

/* DEFINE TEXTURES */
while ( thereis atexture in shared memory )
Pop texture handle from handle stack.
Define texture tile from shared memory using
popped texture handle.
Attach texture tile to proper quadtree location.
Clear texture tile’s pending flag.
Release shared memory to Texture Server.

/* CLEAR PENDING FLAGS*/
while ( returned request queue not empty )
Clear pending flag for returned request.

/* SEND REQUESTS */

while ( pre-queue not empty AND Texture Server request queue not full )
Place head of pre-queue in Texture Server request queue.
Set texture tile's pending flag.

Clear pre-queue.

/* DISCARD TILES*/

while ( texture memory usage > MAX _texture_.mem_usage )
Discard least significant texture tile. /* modified LRU */
Push discarded tile's texture handle on handle stack.

Figure 8: Pseudocode for the application program

TextureTile * TileToUse( TextureTile * DesiredTile, TextureCoordinates &C )

float p;
TextureTile*T;
p = PolygonScreenRadius / PolygonTextureRadius;
T = DesiredTile;
while (T not in texture memory )
if (T not pending AND ( Parent(T) in texture memory or pending ) )
place request for T in pre-queue with priority p.
p*=2
T = Parent( T);
Modify C using Ascend().
return T;

Figure 9: Finding the right texture

quested texturetile. Given the desired texturetile for apolygon, the
actual tileused in rendering isfound by ascending the quadtree until
aresident tileisfound, placing requests in the pre-queue as needed.
Figure 9 gives pseudocode for this operation.

Determining which texture tiles to discard from the three texture
caches (texture memory, main memory, and local disk) is impor-
tant, but not as vital as choosing which texture to fetch. We use a
modified LRU discarding rulefor tilesin texture memory that favors
keeping tiles based on their distance from the root. The priority is
given by

pa=f(l+1) 4

where p, isthe discard priority for thetile, f the number of frames
since the tile was last used, and | the tile's quadtree level, counting
root level as zero. For the other two caches, the in-memory cache
and the local disk cache, LRU and FIFO are used respectively.



4.5 Texture Compression

Image compression in our system plays two important roles. First,
it serves to increase the effective size of the main memory and disk
caches. Second, it increasesthe effective transfer rate of textureim-
ages over a slow network. In both cases, however, the main pur-
pose of compressionisto increase the flow rate of texturesfrom sec-
ondary storage to texture memory without degrading real-time per-
formance.

One of our main design goals was to make a texture caching
system compatible with a wide variety of existing hardware. For
this reason we could not expect to achieve compression for textures
stored in texture memory. The main memory cache and the local
disk cache, on the other hand, are more readily accessible and can
be used to hold compressed textures.

We experimented with two types of compression, JPEG and Vec-
tor Quantization (VQ) [1]. Figure 10 gives CPU usage for decom-
pression of JPEG and VQ texturetiles. For the single processor sys-
temsthat wewere using, decompression complexity turned out to be
abigissue. JPEG decoding is quite CPU intensive, and produces a
visible stutter in frame rate each time atexture tile is expanded. To
lessen this effect, the Meta-texture server decompresses JPEG tex-
tures when they are put into the disk cache. Vector Quantization,
on the other hand, is particularly efficient at decompression, so the
system keeps these textures compressed in the main memory cache.

RE2 02
gray color | gray color
PPM 0.5 6.2 0.6 7.2
JPEG | 172 322 | 196 375
VQ 0.6 18 0.7 22

Figure 10: CPU usage for decompression of 256 x 256 images on
the RE2 and O2. Times are in milliseconds. JPEG measurements
are based on alibrary from the Independent JPEG Group.

5 Results

We tested our sample application running a Texture Server and
Meta-texture Server on two platforms, an SGI Redlity Station
(RE2), and an SGI O2. The RE2 was equipped with 16 MB of
texture memory and a single R10000 processor. The O2 also had
a single R10000 processor, and used 16 MB of RAM as texture
memory. The main memory cache for both systems was con-
strained to 100 MB. Frame rate and M SE trials were calculated for
a 1383 frame flyby of Park City, Utah. The original texture image
for the datasetis6121 x 7651 pixelsin size. The quadtree MIP map
contains 965 256 x 256 texturetiles. Disk usagefor thetexturetiles
exceeds 60 MB.

Trial 1-Frame rate. To get a feel for how much frame rate
would degrade while running the Texture Server, we ran the Park
City animation twice, using PGM versions of the texture files.> On
the first pass, we started the animation with only the root texture
loaded, and allowed normal texture loading. On the second pass,
however, we killed the Texture Server to prevent texture loading
during the animation. By comparing the frame rates for the two
passes, we were able to measure the frame rate degredation caused
by running the Texture Server. Frame rate results for the Park City
flyby aregivenin Figure 11. Asevidenced by thefigure, the Texture
Server has only aminimal impact on a program'’sinteractivity.

4The 02 usesaunified memory architecture, and has no dedicated texture
memory.

5Wedid not use the Meta-texture Server for thistiming trial. Thisreflects
actua practice since the Meta-texture Server should not be used unless tex-
ture access characteristics become strongly bimodal.
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RE2(1024x800): no texture server

RE2(1024x800): texture server ------
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Figure11: Frameratesfor RE2 and O2 during Park City flyby show-
ing the frame rate degredation caused by the Texture Server. The
important thing here is not the actual frame rate achieved, but the
drop in frame rate caused by running the Texture Server.
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Figure 12: Mean squared error for frames extracted from the Park
City flyby. Compression for vector quantized tileswas 3.8:1. Aver-
age compression for JPEG was 7.4:1. Bandwidth limits correspond
roughly toaT1 line and an ISDN line.

Trial 2-Mean Squared Error. An important indicator of the
quality of our system isan error metric between desired frames and
actual frames from the same camera path under differing disk band-
widths and compression schemes. For comparison purposes we
used the mean squared error per color component, not considering
untextured background pixels. MSE results are given in Figure 12.
Figure 13 demonstrates the image quality degredation that occurs
when disk bandwidth is constrained to simulate a slow network.

The largest practical dataset that we have made to date covers a
51 x 98 km region of the Wasatch Front in Northern Utah. Figure 14
shows screen captures from this scene. The quadtree MIP map for
the scene contains 60,309 256 x 256 image tiles. Total disk usage
for the PGM tilesis 3.68 gigabytes. Since the grayscale texel size
for the RE2 is 2 bytes, its 16 MB texture cache can hold at most 128
of the texture tiles. The texture quadtree for the scene is 471 times
larger than texture memory capacity, and would not be displayable
at all using traditional texture mapping methods.



Figure 13: A frame from the Park City flyby under differing band-
widths. Unrestricted disk bandwidth with PGM textures (left).
Bandwidth restricted to 8000 bytes/sec with JPEG textures (right).

6 Future Work

There are a number of open issues with respect to texture caching
that we have not explored.

Our implementation does not provide trilinear M1P-mapping ca-
pability. Future implementations may provide trilinear filtering by
defining a standard M1P map for each texturetile.

Image compression remains an area for further research. Thus
far we have only considered two image compression schemes, JPEG
and VQ. Other compression algorithms such as GIF or CCC encod-
ing [5] may prove useful. We have also not considered progressive
image encoding algorithms, which may be able to leverage the in-
formation of parent texture tilesto build their children.

One thing we have not discussed is how to quickly map the
quadtree of textures onto arbitrary polygonal topologies. When a
polygon spans more than one texture tile, it must be split. If real-
time performance is to be maintained for arbitrary topologies, the
modeler cannot simply dice polygons so that each piece coversasin-
gleleaf texture.

Prediction is another area in which additional work could be
done. By using appropriate prediction, the bandwidth available for
textureflow could be moreefficiently utilized, increasing the quality
of rendered images.

Finally, we have not thoroughly explored caching and priority al-
gorithms. There may be more effective criteriathan the oneswe are
currently using to determine which texture tiles to fetch and which
to discard.

7 Conclusion

We have developed a texture caching system suitable for interac-
tive display of very large textures. The new approach eliminates
the performance bottlenecks associated with large textures by treat-
ing texture as abandwidth-limited resource, alowing an application
to maintain real-time performance while rendering textures nearly
five hundred timeslarger than the hardware texture cache. For some
datasets, the textures that the system can display in real time are
larger than can be feasibly displayed at all using traditional texture
mapping methods. The approach is completely software based and
can be impemented on existing low-end graphics workstations.
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Figure 14: Frames from a flythrough of the Wasatch Front dataset. The images were captured at a resolution of
1024 x 512 pixels. Rectangles show the approximate framing of successive viewpoints.



