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Abstract

datasets made of computer tomography (CT), magnetic resonance imaging (MRI), and color cryosection images of
male and female human cadavers in an effort to offer a complete digital atlas of the human body [15]. The “Visible
Man” data consists of axial scans of the entire body taken
1 mm intervals at a resolution of    , in which the
whole dataset has over 1870 cross-sections. The “Visible
Woman” data is made of cross-sectional images taken at
one-third the interval of the male. The datasets amount to
15 Gbytes and 40 Gbytes, respectively. Many efforts have
been made to visualize these datasets in various parallel and
distributed environments. (For the previous works on use
of parallelism for rendering of the Visible Human, such as
MPIRE, refer to [15].).

This paper proposes a new parallel/distributed raycasting scheme for very large volume data that can be effectively used in distributed environments. Our method, based
on data compression, attempts to enhance the rendering
speedups by quickly reconstructing voxel data from local
memory rather than expensively fetching them from remote
memory spaces. Our compression-based volume rendering scheme minimizes communications between processing
elements during rendering computation, hence is very appropriate for both distributed-memory multiprocessors and
PC/workstation clusters, where the relatively high communication costs often hinder efficient parallel/distributed processing. We report experimental results on both a Cray T3E
and a PC/workstation cluster for the Visible Man dataset.

Visualizing such very large volume data requires intensive computing time and memory space. In particular,
the ray-casting algorithm is known to produce the highest
quality of rendered images, although it is one of the most
compute- and memory-intensive tasks for volume visualization. There have been several previous works to parallelize
the ray-casing algorithm on various supercomputing environments [1, 7, 8, 12]. In attempt to ray-cast large volume
datasets at interactive rates, we have developed an effective
parallel/distributed ray-casting scheme that can be used to
visualize very large volume data in the distributed environments. In particular, we are concerned with two platforms.
First, we consider the Cray T3E, a distributed-memory
multiprocessor which offers high-performance computing
power. Secondly, we consider clusters of networked PCs
and workstations that are highly available in most environments. While PC/workstation clusters are considered as
a more practical solution in solving large scale scientific
problems, latency is pretty high and bandwidth is relatively
low compared to parallel computers. This has made it difficult to achieve high performance for most applications.
Our rendering method tries to achieve high performance
by minimizing, through compression, communications between processing elements during rendering, hence is very
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1. Introduction
Volume visualization is the research area that attempts
to extract meaningful visual information from abstract and
complex datasets generated in a variety of scientific and engineering fields. In various fields such as computational
fluid dynamics, earth, space and environmental science,
and medical science, volume data are often so huge, ranging from several hundred megabytes to several dozen gigabytes, that they need special treatment for effective manipulation. With the significant advances in computation,
measurement, and storage technologies, terascale datasets
have become increasingly commonplace [17].
One example of very large volume data in medical imaging is the dataset disseminated by the National Library of
Medicine (NLM) of the U.S.A. They created huge volume
1

appropriate for clusters as well as distributed-memory multiprocessors.
Our parallel ray-casting scheme is different from the
previous approaches in that it is based on a compression
method that is well-suited for developing interactive applications. In [3], a new compression method, called zerobit encoding, for 3D gray-scale and RGB volume data was
developed for real-time or interactive applications. In particular, it, based on 3D Haar wavelets, provides very fast
random access ability to compressed volume data. Most
previous parallel rendering algorithms for very large volumes often partition the data into subblocks that can fit into
local memory of processing elements, and distribute them
over the local memory spaces in the system. During rendering, load balancing is usually done dynamically for efficient computation, and this often causes data redistribution between processing elements. The data redistribution,
or remote memory fetch, when implemented carelessly in
distributed environments, is one of the most serious factors
that deteriorate the speedup of parallel volume rendering,
especially when the data is very large [13]. In the rendering
scheme, presented in this paper, on the other hand, the entire volume is stored in compressed form at local memory,
and is locally reconstructed on the fly as necessary. Since no
data communication is required between processors for data
redistribution, our scheme produces better speedups in distributed environments than the previous approaches based
on data redistribution.

2. Wavelet-Based 3D Compression of Volume
Data for Interactive Applications
Our parallel/distributed ray-casting algorithm utilizes a
3D volume data compression scheme which was designed
to meet the following desirable properties: high compression ratio, minimal distortion in the reconstructed images,
fast random access ability, multi-resolution representations,
effective exploitation of data redundancy, selective blockwise compression, and so on. Most of all, very large volume
data must be compressed into smaller sizes that can fit into
local memory spaces, retaining the contents as best as possible after reconstruction. When an individual voxel in the
compressed data is accessed in an unpredictable fashion as
in many applications, it must be reconstructed quickly during run-time. This ability of fast decompression to random
access becomes one of the most important factors when interactive or real-time applications are developed.
Vector quantization [5], that meets some of the above
properties, has been used frequently in developing interactive real-time applications because it offers fast random
decoding through simple table lookups. Recent applications of vector quantization in the computer graphics
field, include compression of CT/MRI datasets [14], light
fields [10], and 2D textures [4].
In an effort to provide a better compression method suitable for interactive/real-time applications, we have developed a 3D wavelet-based compression method [6], and improved its performances substantially in such a way that the
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Figure 1. Voxel Reconstruction Time (UC: Uncompressed, CW: Cell-Wise)
new encoding scheme, called zerobit encoding, can be applied to 3D volume data having either gray-scale or RGBcolor voxel values [3]. Figure 1 briefly show the timing
performances of the compression method, tested on an SGI
machine with 195MHz R10000 CPU using the fresh CT
dataset of the Visible Man that amounts 720Mbytes (   
   bytes). We tested with the four target ratios of wavelet coefficients where the target ratio is roughly
the rates of non-zero wavelet coefficients used after truncation. Compression rates 11.90 to 29.27 were achieved for
the target ratios. When more than 7% of wavelet coefficients are used, the ray-cast images are pretty good compared with those generated from the uncompressed dataset.
Two situations were considered to evaluate reconstruction
overheads: First, the timings (in seconds) for Pure Random access were taken by repeatedly fetching voxel values
one million times with randomly generated indices  
from uncompressed and compressed data, respectively. The
test results indicate that fetching voxel values from compressed data is about 1.20 to 1.38 times slower. The timing differences can be ignored in many compute-intensive
applications such as volume rendering, which usually take
more than a hundred seconds. Secondly, the timings for
Cell-Wise access were taken when voxels are grouped into
  subblocks, called cells, and are reconstructed cellby-cell. Cell-wise reconstruction, which is used in our raycaster, is more efficient for the applications, such as volume
rendering, where data are accessed with some regular pattern. The results show the timings taken for accessing, cellwise, all cells in the dataset (All), and only cells classified
as skin (Skin). Notice that the access speed is even faster
when the voxels are accessed from compressed data. This
is because most of the null detail coefficients are not even
traversed in reconstruction.

3. Compression-Based Parallel Ray-Casting in
Distributed Environments
Our compression-based volume ray-casting scheme is
straightforward. First, the image screen is divided into a
set of regular spaced pixel tiles of small sizes that forms
a pool of tasks. The virtual rendering system is made of
one master processing element (MPE) and multiple slave
processing elements (SPE) where a SPE can be run on the
same physical processor as the MPE. The MPE manages
the entire rendering process by dynamically assigning tiles
in the task list, and collecting the rendered image segments.
The SPEs perform ray-casting repeatedly on assigned tiles

Cray T3E - 900

!"

!"

!"

!"

!"

!"

!"

!"
$ %# $ ( ) % ' & * ' + ,

!"

(a) On Cray T3E

PC/Workstation Cluster

All
Skin

12 34

- . /. 0

(b) On PC/Workstation Cluster

Figure 2. Mapping of the Compression-Based
Rendering Algorithm

until the task pool becomes empty. Load balancing is carried out dynamically during rendering. Figure 2 (a) and (b)
show how our rendering method is ported on the two different platforms. The simplicity of the rendering scheme
makes it possible to implement it on the two environments
with little modification.
The major difference of our method from the previous
parallel ray-casting techniques, devised for distributed environments, is that the entire volume dataset, compressed
with the zerobit encoding technique, is loaded at each local memory in a compressed form. Voxels necessary for
ray-casting are quickly reconstructed on the fly rather than
non-local voxels are fetched on demand from remote processors. Hence, the data communicated by processors are
only the control information and rendered image segments
whose total sizes are much smaller than that of 3D volume data. In spite of fast communication networks of the
recent distributed-memory multiprocessors like Cray T3E,
preventing volume data from being redistributed greatly
helps achieve high speedups. It is very critical for more
practical distributed systems like PC/workstation clusters,
where communications between remote processors are regarded as quite costly.
For rendering on each SPE, we use a true volume raycaster, optimized by min-max octree and early ray termination [9]. In zerobit-encoding, a cell of 565 voxels is the
decoding unit while a 7897 97 unit block is the encoding unit. For each unit block, we build an min-max octree of
level three where the leaves correspond to :;:; cells. In
[2], they used a ray-caster based on object-order traversal,
and adopted an image-space quadtree to simulate the early
ray termination technique. A similar blockwise ray-casting
scheme that attempts to minimize the communication overheads by prefetching blocks necessary for rendering a tile,
was proposed [8]. Contrary to the ray-by-ray traversal, the
block-by-block traversal guarantees that each voxel needs
to be reconstructed as in [2] or remotely fetched as in [8] at

Data
Reconst.
4.50
2.61

4
10.89
3.90

Data Redist. on < Proc’s
8
16
32
13.03 14.45 15.41
4.73
5.17
5.52

64
16.68
5.83

Figure 3. Data Reconstruction v.s. Redistribution on Cray T3E
most once. Furthermore, it is more amenable to exploiting
data coherence in object space than the ray-by-ray computation. However, implementing the ray-casting algorithm, developed inherently in image space, in the object-order fashion entails the additional chores for managing ray segments.
With the improved decoding speed of zerobit encoding, and
the simple ray-casting structure, we found that the renderer
used in this paper is three to four times faster than that used
in [2].

4. Experimental Results
4.1. Issues on Data Redistribution v.s. Reconstruction
Our volume ray-casting method relies on the assumption
that the on-the-fly reconstruction of voxels from zerobitencoded volume is faster than the on-demand remote
fetches on the high-performance multiprocessors like Cray
T3E as well as on PC/workstation clusters. We carried out
a simple experiment on the Cray T3E that compares timings between reconstruction and remote fetches. We used
a Cray T3E-900 with 136 processors. The Cray T3E processing element (PE) includes a 450 MHz Alpha processor
and 128 Mbytes local memory, and is connected by a highbandwidth, low-latency bidirectional 3-D torus system interconnect network. In implementing our method, we used
the Cray Shared Memory Access Library (SHMEM) which
provides faster interprocessor communication than MPI and
PVM do.
For a performance test, we have generated a  =  =
> volume dataset from the original fresh CT data of the
Visible Man, which takes up 720 Mbytes (Note that some
portion of slices in the Legs section of the fresh CT are missing.). For rendering, it was compressed into a dataset of size
45.43 Mbytes, using the 3D wavelet compression scheme.
This example data uses 7% of wavelet coefficients, and the
rendered image quality is visually identical to that of the
uncompressed data.
In this experiment, the entire Visible Man dataset in uncompressed form is partitioned into ? subvolumes of equal
size where ? is the number of available processors. They
are distributed into the processing elements, and are loaded
into their local memory space. Each processor has a list of
randomly generated voxel indices, and tries to access the
corresponding voxel values. When a voxel is local, the processor reads it from its own local memory space. Otherwise,
it remotely fetches a @A@  cell, containing the voxel,
from remote memory space. Since there exists some degree
of coherence in accessing voxels during ray traversal, we

Figure 4. A Sequence of Ray-Cast Images
fetch a cell rather than an individual voxel so that the cell is
put into a local cache for possible later use. Another simulation was performed to measure reconstruction overheads
by taking timings for decompressing the 6 ; cells that
include voxels in the same access list.
Figure 3 compares the timing results. When voxels are
reconstructed, there is no communication between processors. Hence we measured the timings on one processor. The
row “All” shows the timings when the entire dataset is accessed. On the other hand, the row “Skin” is for the case
where only the voxels, classified as skin, are decompressed
or fetched. The table indicates that the communication overheads increase as more processors are added. In spite of the
fast communication network of the Cray T3E, the data redistribution is one of the most negative factors that deteriorate parallel/distributed rendering performance. The preliminary test results on a PC/workstation cluster indicate
that the redistribution cost is extremely high. This observation strongly implies that compression-based distributed
rendering is one of the best solutions in the distributed environments especially when the data sizes are very large.

4.2. Performances on Cray T3E
We first implemented the compression-based volume
ray-casting scheme on the Cray T3E. Timings were taken
in seconds for both     and BC images as
rotating the Visible Man by 20 degrees and averaging the
rendering times (Figure 4). We have tested five different
tile sizes, 6D , 8  , E;GF , 7;H7 , and IJ6KIJ , and was
able to use up to 96 processors.
Figure 6 (a) to (e), and Figure 5 show the performance
results that compare very favorably with existing results for
direct volume rendering, say, [1, 7, 8, 11]. These timings
do not include data replication and image display. We observe that efficiency higher than 89% and 97% are achieved
on 96 processors for  @  and  @ JL images,
respectively, which surpasses most of the recently reported
parallel volume rendering on the distributed-memory architectures. When E=6E tiles were used for  MKC images,

it took 64.1 seconds per frame on one processor, and 0.68
seconds on 96 processors. Considering that most portion
of the  NOL image is opaque, and our ray-caster is a
true volume renderer, the rendering speed appears to be very
high. The primary reason for getting such good speedups is
that our rendering scheme minimizes the data communication overheads during rendering. Breakdown of execution
time for processors shows that the communication time for
task assignment and image segment collection is negligible
compared to the rendering time.
The graph (a) and (b) shows that the renderer performed
best when the tile sizes are PQ and ERME for the image sizes
 6N  and  C , respectively. There is a tradeoff
between tile sizes and performances. The graph (c) illustrates how evenly the tasks are distributed for the various tile
sizes when 16 processors are used. Here, the value for each
processor is obtained by dividing the processor’s time spent
computing by the total execution time, and indicates how
well the processor is utilized without communicating and
idling. For a fixed image size, a fine-grained decomposition
of the image screen achieves good dynamic load balancing
and speedups as more processors join in computation. However, the larger number of smaller tasks increases overheads
of communication and task management. At some point,
there is no net gain from having the tiles smaller. In the
graph (d) of the rendering times for  ;9JL images, we
see the the tile size of EGSE is optimal when more than 80
processors are used.
The graph (e) illustrates the rendering times over varying
rotational angles, and indicates that the oblique views take
more rendering time. When the Visible Man is rendered
from the front view, it took only 0.62 seconds to generate
the  :GC image on 96 processors. Our optimized raycaster module produces much faster rendering compared to
the previous result [2] in which 2.86 seconds was taken for
the front view on the same number of processors.

4.3. Performances on PC/Workstation Cluster
We also implemented our rendering scheme on a
PC/workstation cluster. Figure 6 (f) to (g) show the distributed rendering performances where the cluster consists
of 8 400/450 MHz Intel Pentium II processors and two
195 MHz MIPS R10000 processors running Windows NT
4.0/Windows 98 and Irix 6.4, respectively. We generated
both  S   and  ATJL images using 7AU7 ,
I;DIJ , and 7CN7 tiles. The computers in the cluster are
connected through an Ethernet, and there was normal network traffic during test period. The Pentium II processors
were added one at a time until all 8 PCs joined, then the two
SGIs are added. Since the R10000 CPU turned out to be a
little bit slower in running our ray-caster than the Pentium
II processors, the speedup went a little worse when the 9th
and 10th processors are added (graph (f) and (g)). Since the
cluster is made of heterogeneous processors, the speedup
curve is less meaningful to study the performance of our
method. Nevertheless, we observe that the compressionbased volume rendering scheme is also pretty effective on
the PC/workstation clusters.

 9
   Images
(NH Tiles)
   C Images
( EKE Tiles)

Ren. Times (sec’s)
Speedups
Ren. Times (sec’s)
Speedups

1
34.53
1.0
64.09
1.0

32
1.16
29.7
2.09
30.7

48
0.78
44.4
1.40
45.9

64
0.59
58.9
1.05
61.0

80
0.48
72.0
0.81
78.6

96
0.40
86.1
0.68
93.8

Figure 5. Rendering Times and Speedups with 96 CPUs
When all the 10 PCs/SGIs were used to generate a

L image, it took 6.38 seconds on the cluster using IJVWI tiles. When only the 8 PCs were used, it
took 7.68 seconds. This is, in fact, faster than the parallel rendering on Cray T3E using 8 processors that took
8.23 seconds. The current high-end processors of PCs and
workstations are as fast as those of the expensive highperformance parallel machines. As mentioned, the major
drawback of a PC/workstation cluster is that its communication network is relatively slower. Contrary to the Cray
T3E which has a fast communication network, we observe
that the time spent communicating and idling increases in
the PC/workstation cluster environment, which deteriorates
the overall performance (graph (h)). In our compressionbased scheme, the time taken for communication is very
small compared to the time taken for rendering computation. This property becomes crucial when our method is implemented on PC/workstation clusters with a slower Ethernet links. We were able to use up to only 10 processors due
to the limitation of our environment. While achieving linear
speedup in such a heterogeneous environment has been considered to be difficult, the simple computational structure
of our scheme will allow to achieve very good speedups in
distributed volume rendering when a large number of computers join the rendering computation.

5. Conclusions and Future Work
In this paper, we proposed a new compression-based
parallel/distributed ray-casting scheme devised for the distributed environments, and showed that it can be used effectively for rendering very large volumes. Our current result
may not be the fastest in terms of frame rates. For example, interactive rendering of iso-surfaces of Visible Woman
was achieved on an SGI Reality Monster, which is a scalable shared-memory multiprocessor [16]. Our ray-casting
scheme targets visualization of very large volume data on
distributed systems, and attempts to achieve high performance by minimizing communications between processing elements during rendering through compression. Our
scheme is more practical than the previous works in that
it is also very appropriate for distributed systems with low
bandwidth links such as easily available clusters of PCs and
workstations, in which communications between processors
are regarded as quite costly. We have been applying our
ray-casting scheme to development of a volume navigation
system which harnesses the computing power of clusters to
interactively investigate very large volumes. We believe that
utilizing idle CPU time of networked PCs and workstations
in this way would be the most cost-effective way to visual-

ize huge volume datasets.
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