
client switches to the visualization of a brain CT data
set with an isovalue of 170. Since the size of the
geometry data extracted with this isovalue is compar-
able to the frame buffer size and the client workstation
is heavily loaded with several other concurrent
graphics applications, the system transmits the
geometry data to an intermediate PlanetLab node,
planetlab2.csee.usf.edu, deployed at the University of
South Florida, which renders and sends the final
image to the client for display. In Event B.3, due to the
drastic performance decrease on the boba cluster, the
system chooses a duplicate of the brain data on the
OSU storage system and uses the bale cluster for
isosurface extraction. The previous rendering node in
Florida is replaced by a new PlanetLab node,
planetlab2.hstn.internet2.planet-lab.org in Houston
to take advantage of the higher transport band-
width of its connection to the selected bale cluster.
In Event B.4, the hand CT data on the GIT storage
system is selected for visualization using isosurface
extraction technique. Due to the small data size, the
system sends the entire raw data directly to the
client to avoid the unnecessary computing over-
head (data partitioning and image gathering)
incurred for parallel processing on a cluster.

3. Engineering application. Event C.1 corresponds to the
initial network setup for the client at UCD that
requests to visualize the rage data set. In Event C.2,
the client switches to visualizing the jet shockwave
simulation data using the raycasting technique. The
data set is then retrieved from GIT storage and sent
to the boba cluster for parallel rendering using
16 nodes. In Event C.3, the visualization method is
switched to isosurface extraction. Since, at that

moment, there is a substantial performance drop
on the clusters and only very limited bandwidth is
available, the system chose the workstation planet
lab2.flux.utah.edu deployed at the University of
Utah among the network for isosurface extraction.
Due to its limited rendering capability, the extracted
geometry data is sent to the client for final rendering
and display.

For all of the events shown in Fig. 10, the overall
estimation error of transport and computing times is less
than 5.0 percent, which demonstrates the accuracy of our
performance models for both network and visualization
parts. We also observed that the system overhead is
typically of less than one second, which is about 7.0 percent
of the total loop delay in Fig. 10. This overhead consists of
two components: setup time and loop time. The former is
the time needed to compute VRT and establish a visualiza-
tion path. An example of VRT is illustrated in Fig. 11. The
computing time for a VRT scales nicely with the number of
nodes in the network due to the polynomial computing
time for the dynamic programming-based optimization
algorithm, as shown in Section 3.3. The latter is the time
spent in delivering control messages along the network
loop for interactive visualization operations.

The setup and loop times are related to the size of the
VRTs and control messages. The size of a VRT depends on
the number of modules in a visualization pipeline. A typical
pipeline of common visualization techniques such as
isosurface extraction and raycasting may produce a VRT
of several hundred bytes. A control message is generally
several dozen bytes, containing user-specified parameters.
Hence, we can conveniently pack a VRT or a control
message into a single TCP segment or UDP datagram,
which implies that the loop time is roughly the sum of the
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Fig. 10. Adaptive reconfiguration of DRIVE visualization loops in response to system variations and client interactions.



minimum end-to-end link delays along a visualization loop.
Once a visualization path has been established, the system
only has the loop time overhead, which is generally less
than half a second if the routing table remains the same.
This amount of overhead is almost negligible compared to
the end-to-end delay on the order of dozens of seconds for
large-scale remote visualization.

It is interesting to point out that the advantage of
utilizing an intermediate MPI module is not very obvious

for small data sets because of the overhead incurred by data
distributions and communications among cluster nodes. As

a matter of fact, for data sets of several or dozens of Mbytes,
a simple PC-PC configuration with any type of server/

client mode might be sufficient to deliver reasonable
performances for remote visualization (such as Event B.4).

However, for large-scale scientific data sets, parallel
processing modules have become an indispensable tool

supporting the visualization task. Hence, it also becomes
increasingly important to select an appropriate set of

processing nodes available on the Internet to map the
visualization pipeline for the optimal performance.

To show that our system has a relatively small control
overhead, we also conducted performance comparisons
between DRIVE and ParaView for the same visualization
tasks. For these tasks, DRIVE consistently achieved compar-

able or somewhat better performance compared to Para-
View. The configuration, however, had to be manually
performed in the ParaView setup, whereas, in DRIVE, the
configuration is automatically computed and is self-
adaptive. The performance advantage observed in DRIVE
may have been caused by higher processing and commu-
nication overhead incurred by visualization and network
transfer functions of ParaView. However, it is not our main
goal to compare the performance of our visualization
modules with that of existing ones, but rather to illustrate
the performance of visualization pipeline mapping onto
network nodes.

7 CONCLUSIONS

Interactive remote visualization of large-scale scientific data
sets and on-going computations is a challenging research
and development task. In this paper, we present a general
framework for remote visualization systems which self-
adapt over wide-area networks with dynamic host and
network conditions. We have found that it is practical to
develop performance models for estimating the times of
both visualization computation and network transport
subtasks. In addition, using these performance estimations,
we developed an efficient dynamic programming method
for computing an optimal configuration of a visualization
pipeline to achieve minimal end-to-end delay. By integrat-
ing a message-driven control mechanism, our system could
efficiently self-adapt to dynamic scenarios. Even though we
focused on volume visualizations, our framework can be
readily extended to supporting any other computing tasks
with a pipelined process flow.

It is of future interest to study various analytical
formulations of this class of problems from the viewpoint
of computational complexity. For experimental research, we
plan to deploy our distributed visualization system over the
dedicated networks UltraScience Net [40] and CHEETAH
[41] to evaluate the possibilities of handling terabyte data
sets using remote visualization. Our near-term focus in that
regard involves incorporating the latest network transport
protocols for high-performance shared [42] and dedicated
connections [43] with optimized remote visualization
algorithms. Finally, we note that, although most visualiza-
tion techniques employ a linear pipeline without branches
or loops, computational science tasks involving compara-
tive visualization, and coordinated computational monitor-
ing and steering require more complex configurations. We
plan to expand our framework to address visualization
pipelines with branches and loops.
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Fig. 11. An example of a visualization routing table (VRT) in DRIVE.

Fig. 12. DRIVE client GUI with TSI simulation data set rendered using

the raycasting technique.
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