A Parallel Remote Visualization Server for Clusters

Matthew Everett lan Buck

Milton Chen

Greg Humphreys Pat Hanrahan*

Stanford University

Abstract

Recent research has shown that scalable, high-performance graph-
ics systems may be built from commodity graphics hardware run-
ning on clusters. The rendered images are then displayed on nodes
directly connected to the local system area network. However,
many application scenarios require remote display across low speed
networks. In this paper we describe a remote, image-based, dis-
play system for a central, scalable visualization server. The remote
display system involves two components: an image merging stage
that assembles tiles from a logical framebuffer distributed across
many nodes, and a compression subsystem that compresses the fi-
nal image before transmitting it over alower speed network. In our
system the number of rendering and compression nodes may bein-
dependently varied to meet the demands of the application and the
constraints of the compression and networking technologies. We
leverage existing multimedia libraries, in particular, DirectShow,
which allows 3D graphics to be integrated into a wide range of In-
ternet streaming capabilities, such as video filters and compression
algorithms. Using current technology, we demonstrate interactive,
low-latency rendering and display of 1024 by 768 images across a
100Mbit network at approximately 13 Hz.
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1 Introduction

Graphics resources have typicaly been tightly coupled to a host
CPU and display. This view of graphics is very restrictive; it im-
poses limits on resolution, distance, and usage models. Most im-
portantly, it implies that the rendering power is not shared. Graph-
icsisfairly unique in this regard; most other major components of
a computer, including the CPU, disk, and memory, can be easily
shared by other computers on the network, often transparently to
the application.
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Ideally, it would be convenient to fill amachine room with “visu-
alization servers’ that could be easily shared and partitioned among
agroup of users. The collective processing and rendering resources
present in these servers would be aggregated in a way that is con-
venient both to the programmer and to the user. This would allow
users to access applications and datasets that cannot reside on their
local machines. To achieve this, rendering resources must be de-
coupled from the eventua display and also from the CPU running
the application. In addition, any system that provides rendering re-
sources as a remote service should be sufficiently flexible to meet
the needs of a variety of applications, be they compute-bound or
graphics-bound.

Resent research in scalable, cluster-based graphics systems has
brought these goals closer to reality. One system developed at Stan-
ford called “WireGL” is a system for scalable distributed rendering
on clusters of workstations[5]. WireGL is capable of rendering over
100 million triangles per second on a 32-node cluster. In distribut-
ing rendering work across multiple graphics accelerators, WireGL
creates a logical framebuffer that is physically fragmented across
the cluster nodes. Each rendering node contains one or more dis-
joint tiled regions of the framebuffer. This distributed framebuffer
is necessary to achieve scalable rendering rates for parallel graph-
ics applications, but it must be reassembled to produce afina dis-
play for viewing. This reassembly can be performed in hardware
(e.g. the DVI-based Lightning-2 image composition network [16])
or through high-speed cluster interconnects. However, these solu-
tions are expensive and bandwidth intensive.

In order to display WireGL's distributed framebuffer, we have
designed and implemented a remote display system. The remote
display system generates a stream of compressed images over anet-
work from the cluster’sframebuffer tiles. This stream of images can
be decompressed and viewed remotely while user input is relayed
back to the running application. Although the streaming image ap-
proach to remote rendering has been considered before, our system
has afew features that make it unique.

First, unlike previous approaches to remote visualization, the
remote display system is designed to work with scalable, graph-
ics clusters, in particular, WireGL. Besides providing scalability,
WireGL aso allows great flexibility in the allocation of compute
and graphics resources.

Second, the remote display system parallelizes image compres-
sion across multiple nodes. This technique allows the server to
achieve much higher resolutions and frame rates than what is possi-
blewith asingle node. Furthermore, parallelism provides flexibility
to add or remove compute power in order to match the system’sre-
source requirements or constraints.

Finally, theremote display system isbuilt from commodity parts,
software, and protocols. We use Microsoft DirectShow filters to
create standardized compressed image streams, including industry
standards such as MPEG-4 or H-263, or proprietary streams such as
Intel’s Indeo. By converting the output of our visualization server
to a standard multimedia stream, we connect two relatively inde-
pendent worlds, 3D graphics and streaming multimedia; we also
leverage agreat deal of compression and networking infrastructure.
The DirectShow infrastructure also makesiit easy to modify theim-
age stream with custom or 3rd party multimedia filters. By using
rapidly evolving technology found in commaodity parts, we are able
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to focus our efforts only on the portions of the visualization server
that are unique to our view of 3D graphics as a scalable remote
resource.

2 Background and Related Work

Rendering at a distance has been an important research topic for
several years. X Windows[11] and GLX[7] provide a solution for
rendering 2D and 3D data over a network. In both cases, remote
rendering is accomplished primarily by sending commands to gen-
erate an image, rather than sending the image itself. This trade-off
assumes either that the commands to generate the image will oc-
cupy less space than the image or that the server rendering the final
image has more powerful rendering resources than the client.

Other solutions target image-based transmission rather than
commands such as Sun Ray[14] and VNC[12]. These systems
require the server to perform al of the rendering while the client
processes a stream of image updates from a network. This alows
for large servers with relatively thin client capabilities. However
these solutions are typically not designed with high-performance
3D graphicsin mind.

The GLR[8] system provides image-based transmission for
OpenGL applications. This system renders OpenGL commands on
a high-end rendering server and transmits the resulting images to
any X server. While this provides similar functionality to our vi-
sualization server, it does not support distributed framebuffers or
compressed image transmission.

The work done by Samanta et al.[13] on parallel rendering sys-
tem on PC clusters explores image compositing over a high-speed
network. A sub-portion of the frame is rendered by each node, and
the frames are then transmitted to a simple display node for com-
positing. The limitation is that the display node must be on the fast
cluster interconnect, which requires the end user to be located near
the cluster.

SGI's OpenGL VizServer[15] is a software solution for remote
visualization that generates video streams from an Onyx2 server
framebuffer to adesktop display. Thevideo streams are compressed
with Color Cell compression and Interpolated Color Cell compres-
sion achieving compression ratesranging from 8:1to 4:1. Thissys-
tem provides seamless OpenGL remote rendering from a powerful
shared resource. However, the scalability of the system is inher-
ently limited to the rendering performance of an Onyx2 multipipe
system, which has both physical and economical constraints. The
compression and network protocols are also relatively nonstandard.

2.1 WireGL: Cluster Rendering System

The visualization server is a component of a larger system called
WireGL. WireGL is a graphics system for clusters that provides
scalable output resolution as well as scalable rendering rates.
WireGL transmits an encoded representation of OpenGL API com-
mands from a set of application nodes to a set of server nodes
where those commands are executed on the client’s behalf. The
final image is fragmented across multiple physical framebuffersin
the server nodes. WireGL has been described in detail elsawhere[2,
4, 5]; abrief overview will be presented bel ow.

WireGL replacesthe system’s OpenGL library, allowing unmod-
ified serial applications to render to a virtualized framebuffer that
has been distributed across a cluster. In addition, WireGL allows
multiple client nodes to issue OpenGL commandsin parallel to ren-
der to the same final output image.

WireGL accomplishesthisgoal by analyzing each client’s stream
of OpenGL commands as they are issued and routing them to the
appropriate “pipeservers’ based on the screen-space extent of the
resulting fragments. In the taxonomy proposed by Molnar et al.

[10], thisisaparallel implementation of a sort-first parallel render-
ing architecture.

At the end of a frame, the final image is distributed across the
framebuffers of the pipeservers. To ensure good load balance, mul-
tiple tiles are assigned to each pipeserver. These distributed tiles
must be recombined to form a final image. One method for per-
forming thisimage reassembly isto combine the video output from
the pipeserver graphics cards, as was done with the Lightning-2
[16]. This approach has the disadvantage that it requires special-
purpose hardware. Another approach is to reassembly the tiles in
software. Thisrequiresthat the tiles be read from the graphics card,
sent over the system area network, and then reassembled into the
final image and drawn into another graphics card. The disadvan-
tage of this approach is that it requires a fast pixel readback and
afast system area network. The combination of these two factors
limits the image resolution and frame rates of software only solu-
tions. Neither of these approaches work for remote display, since
wide area networks have |ess bandwidth.

2.2 Streaming Multimedia

The remote display system islargely built using Microsoft’s Direct-
Show infrastructure[3]. DirectShow is a streaming media software
API that consists of “streams’ and “filters.” A flow of media data
such as pixels or MPEG-4 frames is called a stream. A filter isa
functiona unit that operates on a multimedia stream. For example,
a DirectShow display filter may take a video stream and display
itin awindow. Likewise, avideo splitter filter may take a single
video stream and produce two identical output streams. Each of
these filters can be arranged in a “filter graph,” which establishes a
DirectShow application.

3 Design Goals

The remote display subsystem provides a software solution to re-
mote visuaization by recombining framebuffer tiles in software,
performing parallel compression, and formatting a stream of im-
ages. In this section, we will present the design goals for the sys-
tem.

e The system is targeted toward a typical work environment
with a 100Mbit Ethernet connection between the compute
cluster and user’s personal computer. The bandwidth required
by our system should not exceed this limitations.

¢ Wetarget an output resolutions of 1024 x 768 at roughly 30Hz.
This rate was chosen by measuring the decompression perfor-
mance of ayear 2000 PC, and isroughly equivalent to HDTV.
We also target an overall latency from user input to final im-
age display of 100 msec.

e The remote display system should work transparently with
WireGL. Transparency means that the application does not
need to be rewritten. This allows unmodified serial OpenGL
applications to be used with our system. WireGL aso pro-
vides a parallel OpenGL so that the rendering performance
may be scaled. The system should provide transparent dis-
play of images produced by any combination or number of
compute and rendering nodes.

e The remote display subsystem itself should be scalable. As
image size increases and cluster rendering rates grow, it is
important that we are able to parallelize the encoding of the
compressed image streams. Modern processors can compress
streamsonly at relatively low image resolutions (320x 240) in
real time. With the ability to encode streams in parallel on a
cluster, we can provide scalable image sizes.
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e Theremote image stream should use standard streaming mul-
timedia codecs and protocols.

¢ Although the remote imagery may be compressed, the com-
pression should be of very high quality. No objectionable ar-
tifacts should be visible when displaying scientific datasets.

These specific goalswere set for the proof of concept system de-
scribed in this paper. An additional goa was to build a prototype
and gain experience with visualization servers. Finaly, we wanted
to identify the ultimate constraints and limitations of different meth-
ods for building visualization servers.

4 System Description

A diagram of the remote visualization system is shown in figure
1. The system is divided into four components: WireGL clients,
WireGL pipeservers, compression nodes, and the display node. We
describe how the remote rendering back-end expands WireGL's ca-
pabilities to enable remote interaction.

4.1 Composition Network

Thefirst stage of the system transfersthe distributed frame buffer to
the compression nodes. When apipeserver decodes a SwapBuffers
message marking the end of aframe, it transmits the contents of its
framebuffer to the compression node responsible for compressing
that portion of the framebuffer. Each compression node is respon-
sible for a rectangular portion of the output. These pixels are sent
uncompressed over the high-speed cluster interconnect and placed
into the compressor’s OpenGL framebuffer.

The number of compression nodes is configurable. If the system
only contains a single compression node, it would be responsible
for gathering the entire framebuffer and compressing it. Adding
additional compression nodes distributes the framebuffer and the
compression workload. While it would be possible to integrate the
WireGL pipeserver and compression node onto the same machine,
separating the two allows for pipelining of the rendering and the
compression in addition to separate |oad balancing.

These nodes are designed as extended WireGL pipeservers. This
closed system allows WireGL to communicate to the compression
nodes without the need to a custom protocol. The disadvantage to
this approach is that the pixels to be compressed reside in a local
OpenGL framebuffer on the compression node. Those pixels must
be read out of the framebuffer before compressing, a significant
operation.

4.2 Streaming Multimedia: DirectShow

In order to leverage standard streaming multimedia codecs and pro-
tocols, the system uses Microsoft’s DirectShow framework asillus-
trated in figure 1. We have implemented variety of filters as well
leveraged existing filters available with DirectShow. The first fil-
ter is the source filter, which generates a DirectShow stream from
the frame data collected on the compositing network. This stream
is read by the DirectShow compressor filter, which outputs com-
pressed video data. The compressed data is then read by the net-
work send filter, which transmitsthe frame data via UDP messaging
over a 100Mbit Ethernet network to the display node.

By encapsulating the compression algorithm in a DirectShow fil-
ter, we allow the user to replace the compression algorithm to match
the needs of the application. Since DirectShow is an established
standard, there are dozens of compressors available for use with the
system to match user needs.

4.3 Display Node

The display node receives the UDP packets via a DirectShow net-
work receive filter. The messages are streamed to the decompressor,
which is able to restore the compressor’s frame. While there exists
only a single display node, there is a one-to-one relationship be-
tween compressor and decompressor filtersin the system. In other
words, multiple instances of the decompressor filter must be run-
ning on the display node if multiple compressor nodes exist.

Whilethisrelationship isarequirement of the commodity codec,
it has the added benefit on multiprocessor display machines. If mul-
tiple decompressors are needed, the frame decompression can occur
in parallel. Secondly, by adding more compression streams, we in-
crease the bitrate to the decompressor. By introducing additional
compressor nodes, we are able to aggregate the bitrate of al the
compressors until we are limited by the network link.

Once the pixels are decompressed, the output of the decompres-
sors needs to be integrated into asingle image. This composition is
done by an image reassembly filter that drawsthe complete frameto
the screen. Thisfilter completes the remote visualization rendering
path.

We can also add pre-existing DirectShow filters at the display
or compression nodes to perform additional tasks such as edge-
detection, chroma-keying, and any other multimedia filter. Since
DirectShow is a commodity standard, the system can easily inte-
grate any 3rd party filters by editing the filter graph. This modular-
ity and flexibility are key features of the remote rendering system
design.

4.4 User Input

To allow for user interaction with the graphics application, the sys-
tem relies on the windowing system for input event management.
Since WireGL behaves as an OpenGL driver, applications can sim-
ply use the standard X-Windows interface for events, and the ren-
dering will occur on the graphics cluster while transmitting the
frames back to the user’s display.

5 Results

To demonstrate the viability of the remote rendering system, we
have tested it with an application “March,” a parallel implemen-
tation of the marching cubes volume rendering algorithm[9] de-
signed for WireGL. A 64x64x64 volume is divided into subvol-
umes which are processed in parallel by a number of isosurface
extraction and rendering processes distributed across the graphics
cluster. This application renders a 1024x768 or 640x480 size
frame (distributed) of a view of a skull dataset in 40ms. The ap-
plication accepts mouse events from the user to direct the viewing
angle.

March was selected to test the limits of the system. High-quality
volume visualizations, even on paralel systems, may only be able
to render a single frame per second. March however uses a delib-
erately small dataset to stress the system by driving afast real-time
graphics application to a remote display. This allows for a better
understanding of the limitations of each component for interactive
remote rendering.

5.1 Testing Environment

The cluster we used for all our experiments, caled “Chromium,”
consists of 32 Compag SP750 workstations. Each node has two 800
MHz Pentium |11 Xeon processors, 256 megabytes of RDRAM, and
an NVIDIA Quadro2 Pro graphics adapter. 28 SP750s are running
RedHat Linux 7.0 with NVIDIA's 0.9-769 OpenGL drivers which
are used as WireGL rendering clients and servers. The remaining
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Figure 1: The remote visuaization system. The system is constructed of four types of nodes. WireGL client or computation nodes,
WireGL rendering nodes, Compression nodes, and a Display node. All nodes except the display node are alocated to machines in
the cluster, which are connected via a Myrinet high-speed interconnect. The system begins with the display node sending X events to
a parallel graphics application. Frames generated at the WireGL pipeservers are sent, via Myrinet, to the compression nodes, which
composite the framebuffer and compress the pixels. The compressed bits are sent via 100Mbit Ethernet to the display nodes, which

decompress and display the rendered image.

4 machines, running Windows 2000, are configured as DirectShow 80 -
compression nodes. " _

Each node has a Myricom high-speed network adapter [1] con- T 604 — = 1024x768
nected to its PCl bus. Each network card has 2MB of local mem- e} i 640x480
ory and a 66 MHz LANai 7 RISC processor. The cluster is fully §); 40 512x384
connected using two cascaded 16-port Myricom switches. Using = i 300%240
the 1.4pre37 version of the Myricom Linux drivers, we are able to S 50 \/‘/—A\‘ <
achieve a bandwidth of 101 MB/sec when communicating between
two different hosts. 0 17—

A final external SP750, running Windows 2000, is the display
node connected to the cluster via standard 100Mbit Ethernet, atyp-
ical connection for aremote user. This node performs the decom-
pression and display of the final image.

5.2 Compositing Performance

First, we evaluate the compositing performance of the remote ren-
dering system. This stage includes the pixel readback from the
WireGL rendering servers and the transmission of the pixelsto the
compression nodes over the high-speed interconnect. In order for
the system to be effective, it should support a variety of WireGL
configurations at different resolutions.

To examine our system’s flexibility in this area, we measure the
timerequired to perform the pixel readback and send with avariable
number of WireGL pipeservers each sending to a single compres-
sion node. The results are shown in figure 2. Each line represents a
different output resolution with a different number of pipeservers.

The initia performance improvement from one to four
pipeservers is due to the parallelization of the readback from the
pipeserver framebuffers. Aswe increase the number of pipeservers,
the portion of the logical framebuffer managed by each node de-
creases. For example, in the single pipeserver configuration, the
complete framebuffer must be read out from the graphics card
memory by a single node, an expensive operation. However, as

1 4 8 12 16
Number of Pipeservers

Figure 2. The compositing results. For each resolution, the
number of WireGL pipeserversisvaried and the time required
to read out the framebuffer and send to a single compression
node is recorded. The initial improvement in performance is
due to parall€elization of the framebuffer readback. The slight
time increase as we add pipeservers is due to network fan-in
congestion at the single compressor.

we add more pipeserver nodes, the number of pixels read back by
each node decreases and the system becomes dominated by the net-
work transmission of the pixels to a single compression node over
the high-speed cluster interconnect.

The time dlightly increases as we add more pipeservers. While
we are still transmitting the same number of pixels in each case,
the network fan-in can reduce the efficiency of the network band-
width into a single compression node. We are also susceptible to
load imbalances within WireGL since we must wait for the slowest
pipeserver to complete before compressing aframe. However even
in the worse case of 1024 x 768 with 16 pipeservers, we see aonly
28% increase from the best case.
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Figure 3: The end-to-end system timing results for two out-
put resolutions with one and four compression nodes. This
shows the breakdown of the end-to-end throughput of the sys-
tem of the four components of the system: WireGL “Ren-
der & Composite” time, “Local Image Transfer” time spent
reading pixels from compressor framebuffers to the compres-
sor, MPEG-4 frame “Compress’ time, “Network” time spent
transmitting the compressed image and X events, and “Dis-
play” time spent MPEG-4 decompressing and drawing the
output. As we increase the number of compression nodes,
the end-to-end latency improves. The table below provides an
exact breakdown of the timing information (in milliseconds).

640x480 1024x768
1 4 1 4
Render & Composite | 40.00 | 4259 | 6250 | 43.59
Local Image Transfer | 42.09 | 10.20 | 75.38 | 25.34

Compress 34.05 9.14 84.30 24.21
Network 1.08 9.76 447 9.27

Display 5146 | 2311 | 11251 | 64.38
Total 168.69 | 94.80 | 339.15 | 166.79

These results also demonstrate the need to parallelize the com-
positing phase of the system, especialy at high resolutions. At
1024 x 768 with 16 pipeservers, we can only composite a frame in
64ms or at arate of 15.6 frames per second. With a single com-
pression node, this places a lower limit on the rendering rate of the
system. If we increase the output resolution further, the rate will
continue to decrease linearly with the number of pixels sent over
the network[5]. Therefore, it is imperative that we parallelize this
compositing step across multiple nodes to prevent the image com-
position from becoming the limiting operation.

5.3 System Performance

To test the throughput of our system, we ran two different configu-
rations with the March application:

16-12-1-1: As a baseline configuration, we have 16 WireGL
clients with 12 rendering nodes, 1 compression node, and 1 dis-
play node. This configuration demonstrates a serial compression
pipeline.

16-12-4-1: This configuration is the same as above, except with
four compression nodes. This change paralelizes the compres-
sion and compositing operations. This demonstrates the parallel
pipeline.

Both configurations are run at 640x480 and 1024 x 768 output
resolution for comparison.

For our tests, we needed to decide upon a compression codec.
The ideal compression implementation should minimize the re-
quired network bandwidth and processor utilization while max-
imizing image quality. We evaluated five realtime DirectShow

codecs with similar processor utilization: Microsoft Videol, Mi-
crosoft Motion-JPEG, Microsoft MPEG-4, Intel Indeo 5.10, and
Intel H263. Many other codecs were obtainable, but some were not
realtime or freely available. We used avideo sequence from our test
scene with large differences between successive frames to measure
the worst-case behavior. Videol and H263 generated many blocky
artifactswhile the other three codecs produced images visually sim-
ilar to the original. Of the three high quality codecs, MPEG-4 re-
quired the least bandwidth.

The breakdown of the system is divided into five parts as shown
in figure 3. “Render & Composite” consists of the time March
takes to produce aframe in the pipeserver’s distributed framebuffer
and to perform the compositing into the compression node frame-
buffer. “Local Image Transfer” is the time required to read the pix-
els out of the compression framebuffer into DirectShow infrastruc-
ture. “Compress’ is the time for the DirectShow MPEG-4 com-
pressor to produce a compressed frame. “Network” in transmitting
the compressed frame to the display node and the X events, all oc-
curring over the 100Mbit Ethernet. “Display” is the time required
for areceived compressed stream to be decompressed and rendered.
Each portion represents a different operation required to produce an
output image on the remote display. Furthermore these were suit-
able locations within the system where timings could be evaluated.

The comparison between the single compression node and the
four node configurations demonstrates the scalability of the com-
pression subsystem. First, the render time decreases slightly in the
high resolution case since we have divided up the compositing op-
eration across four nodes.

The Loca Image Transfer time improves four-fold in the
640x 480 case and three-fold in the 1024x 768 case. Thisis due
to the parallelization of the pixel readback from the compressor
framebuffers into DirectShow. The compression time also exhibits
a 3.7 and 3.4 speedup since we have parallelized the compression
across four nodes. Finally, the display timing exhibitsa 2.2 and 1.7
speedup since the four compressed data streams can be decoded in
parallel on the two processors available on the display node.

The Network time increases since we are sending 4 MPEG-4
bitstreams rather than a single stream however we are well below
the Ethernet link limitations. Each MPEG-4 bitstream outputs an
observed maximum bitrate of a 500K bits per second. Since we
have divided the frame between four compressors, each compres-
sor can output the maximum MPEG-4 bitrate for its corresponding
subregion of the output. The bandwidth limit for the entire output
is therefore four times the limit of a single compressor. However,
even with four saturated MPEG-4 streams, this results in roughly
2Mbits per second of data received by the display node. Given that
our link is 100Mbit, we certainly are not limited by the network
layer.

The results generated above used a lossy MPEG-4 compression
algorithm which did produce minor artifacts in the final image.
However by introducing multiple compression nodes, the aggregate
compression bitrate was increased. This reduced the image arti-
facts and demonstrates an additional benefit of parallel compression
nodes. The results of MPEG-4 compression are shown in figure 4.

The remote rendering components are pipelined across multiple
nodes. Asaresult, the framerate of the system isdetermined largely
by the slowest node in the system. We observed average framerates
of 25 fps for the 4 compression node 640x 480 March and 13 fps
for the 1024x 768 configuration. Furthermore, the end-to-end la-
tency of the system is only 95ms for a 640x 480 output and 167ms
for 1024 x 768 case. These values clearly allow interactive remote
rendering with our system.
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Figure 4. A DirectShow image processing tool which used in
the visualization system. The top image is the original input.
Next is an MPEG-4 compressed version followed by an edge
detector. This last component was added by simply editing
the DirectShow filter graph on the display node.

5.4 Image Streaming Flexibility

In order to demonstrate the flexibility afforded through the use of
DirectShow, we created a set of filters based on the Intel Image Pro-
cessing Library (IPL)[6]. IPL provides a suite of highly optimized
image operatorsimplemented as DirectShow filters. Figure 4 shows
the operations of afilter performing high-pass filtering to reveal the

image edges. Since IPL is designed to support DirectShow, only
atrivial amount of coding is required to insert these filters. These
filters operate in realtime and can be dynamically inserted into our
remote visualization framework. We have aso explored other fil-
ters such as file streaming filters to save and playback renderings,
network broadcast filters for multiple viewing, and image analysis
tools such as histogram filters.

6 Discussion and Future Work

Our results demonstrate that by combining cluster-based rendering
with remote display services, we can provide high performance vi-
sualization services to the desktop. Thistype of system isideal for
visualizing large datasets. The system is very flexible, allowing for
different numbers of compute, rendering and compression nodes.
This flexibility alows the system to support different applications
and situations with different resource requirements or constraints.
It also allows the system to easily track new technologies.

Currently the system has been optimized around the capabilities
of the most common client display server, a modern PC. This ob-
viously has practical advantages, but some disadvantages. Since
commodity PCs are oriented around applications with large mar-
kets, such as digital television, they are optimized for displaying
HDTV-1resolutionsand framerates—roughly 1024 x 768 at 30Hz.
Theseimage display rates are determined by the speed of a software
decompressor running on the main processor. However, graph-
ics accelerators are now beginning to implement MPEG decode in
hardware. This should allow significantly higher performance and
hence higher image resolutions. This assumes the system is de-
signed to support variable resolution imagery, which surprisingly is
not part of many video standards. However, if higher resolutions or
frame rates becomes possible, our system could easily be reconfig-
ured to support this by adding more compressors.

Somewhat surprisingly, by choosing to use commodity technol-
ogy, we are not bandwidth limited. The widely available codecs
are optimized for video applications. In particular, MPEG-4 isvery
good at providing relatively high quality at low bitrates. On the
negative side, the MPEG-4 codec is very compute intensive. Thus,
we need to devote significant resources to compression. On the pos-
itive side, because the compression rate of commercial codecsis so
good, our system is able to run very well on low bandwidth net-
works. For example, we could use the system described here with
10 Mb/s networks and a television channel (which delivers 19.2
Mb/s). On the other hand, it is difficult right now to adapt our sys-
tem to higher bandwidth networks. Ideally the compression codec
should be able to trade-off quality and bitrate to adapt to the com-
puting resources and the network. We are currently investigating
codecs with these properties.

Finally, wethink it is very important to couple 3D graphics with
streaming multimedia. This brings together in a single system two
very powerful capabilities. DirectShow has been an excellent sys-
tem for rapid prototyping. The implementation was very simple be-
cause we could utilize preexisting components and did not have to
build them ourselves. More importantly, combining systems adds
agreat deal of additional functionality. For example, we demon-
strated how local image enhancement is possible by inserting a Di-
rectShow edge detection filter into the display pipeline. Other pos-
sibilities include combining images generated from multiple sites,
combining data display with videoconferencing, and so on. These
are dl interesting directions for future research.
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