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Abstract
This paper describes a number of parallel rendering strategies that were tested
in order to determine their suitability for use in virtual reality systems. Each
strategy was implemented on a cluster of transputers and evaluated with
respect to rendering speed and interaction latency. Strategies were developed
that are better suited to parallel virtual reality systems than the standard
graphics pipeline.

1. Introduction
The rapid rendering of images is pivotal in all applications of computer graphics, and perhaps
most of all in the field of virtual reality. Research suggests that there is a limit to the
improvement in performance that can be attained by the selection of the appropriate algorithms
and their careful optimisation. Hardware implementation increases expense and limits the
flexibility of the equipment. A relatively unexplored option is the use of parallel processing
in image rendering, especially image rendering in virtual reality systems.
This paper examines the application of parallel processing to image rendering in a virtual
reality system. The requirements of a virtual reality system are noted. A number of different
parallelisation techniques are proposed, and each analyzed with regard to its effectiveness in
meeting these requirements. Performance values, measured from an implementation of each

Table 1 Speed of the rendering system in frames/s
Frames rates:

Simple world

Complex world

512 x 512 resolution

4.17

0.87

320 x 200 resolution

5.67

0.88

technique on a transputer architecture, are used to highlight the advantages and disadvantages
of each technique.

2. Rendering for a virtual reality system
Virtual reality applications are specialised in that the images must be rendered very rapidly,
in real time, and that the delay between a user input and the corresponding change in the
rendered output, the latency, must be small. In working virtual reality systems [2] [1], frame
rates of 6 frames/second and a latency of less than 200 milliseconds are suggested as
minimum requirements for the illusion of reality. These two factors, the speed of rendering,
and the latency period are used as the criteria for evaluating the parallelisation techniques
explored in this paper.

3. Parallelisation of the graphics pipeline
A number of different parallel decomposition strategies for polygon rendering are described
in a paper by Whitman [3]. Four decomposition strategies were implemented, and are
described in the following sections.
The hardware platform on which the parallelisation was carried out was a cluster of 32 T800
transputers. Each transputer is a reasonably powerful processor in its own right, capable of
running a number of concurrent processes. The addition of 4 communications links allows it
to transfer data to and from others transputers. Each transputer has its own private memory
and all synchronisation and data transfer occurs through the links. A single bidirectional link
can transfer a theoretical maximum of 2.35 Mbytes/s, or 1.74 Mbytes/s if communication is
only in one direction.
A set of standard test data was used to obtain timing data from the various implementations.
The speed of the rendering system on a single processor is given in Table 1. The simple test
world contains 30 objects amounting to about 250 polygons (each with 4 or more sides). The
complex world consists of a single object containing about 1650 triangular polygons.

Figure 1 Processor layout for pipeline parallelism
3.1. Pipeline parallelism
The most obvious strategy when confronted with the graphics pipeline is to place each
component of the pipeline on a separate processor. An important consideration with this
approach is the latency problem, the delay between input and the corresponding output. Since
there is a certain overhead associated with the communication between pipeline components,
the delay between data entering the pipeline and it reaching the output increases with pipeline
length, even though the rate at which images are produced is increased.
Let N be the number of processors and let T be the time for the job on the single processor
system. The data output rate is then T/N. The latency is at least T seconds.
The latency is constant, assuming zero communication time, and is independent of the
number of processors. For this reason pipeline parallelism is better suited to systems that
require computationally intensive rendering with limited user interaction.
A limited rendering pipeline with three nodes was implemented. The processor layout is
shown in Figure 1. Timing figures are given in Table 2. The differences in speedup at
different screen resolutions are due to change in the load balance. The renderer has to do more
work at higher resolutions and so acts as a bottleneck.
3.2. Coarse grained parallelism
The coarse grained parallel decomposition strategy renders successive frames on separate
processors. The transputer network is arranged to allow a number of independent pipelines to
be created, as shown in Figure 2. Each pipeline renders one frame in memory which is then
Table 2 Frame rates for pipeline parallelism
Frames rates:

Simple world

Complex world

512 x 512 resolution

6.99

1.09

320 x 200 resolution

10.00

1.11

Figure 2 Processor layout for coarse grained parallelism
transferred directly to the graphics node. This technique promises the greatest speedup since
it requires no load balancing. Each processor can start work on another frame as soon as the
current one is finished. The load is also approximately equal from one frame to the next, so
they are likely to stay in step. There is thus no waiting for other processors to catch up.
The delay between input and output is still the time taken for the pipeline to render the
frame. No decrease in this time occurs even when the number of parallel pipelines is
increased. The latency is thus constant and independent of the number of processors used.
Values for the speedup obtained from an implementation of this technique are shown in
Figure 3. As may be seen, linear speedup is obtained for most of these examples. The only

Figure 3 Speedup values for coarse grained parallelism

Figure 4 Processor layout for fine grained parallelism
factor preventing linear speedup in all cases is the bandwidth restriction on the links to the
graphics node.
There is a general tendency for a drop in the speedup when more than four pipelines are
used, especially in high traffic situations. It can be ascribed to the necessary doubling of the
traffic on one of the links to the video controller card.
3.3. Fine grained parallelism
A more suitable parallel decomposition for interactive graphics applications would have the
processors connected in parallel, and all working on the same frame. In this way the delay
between input and corresponding output would be shortened.
A profile of the graphics routines running on a single processor reveals that the bulk of the
effort is spent on the stage involving hidden surface removal and polygon rendering. Thus the
bulk of the effort in parallelisation has gone into decreasing the time spent on this stage.
The fine grained parallelisation technique partitions the display area into horizontal strips,
and the hidden surface removal and rendering for each strip occurs on a separate processor.
The processor layout used to implement this technique is shown in Figure 4. The
transformation stage can be parallelised in the same manner, with the transformations
restricted to those objects appearing on any particular strip. However, in practice most objects
appear on every strip and so this does not result in any significant saving. The transformation
stage will be placed on a single processor to simplify the model.
Consider a simplified version of the graphics pipeline that consists of K stages with each
stage taking time T to complete their task. By using N processors on one of the stages and
assuming linear speedup, the time for that stage will be reduced to T/N. The total time taken
to traverse the pipeline is (K - 1)T + T/N. The latency decreases as the number of processors
is increased. The restrictions given above can be relaxed, and as long as speedup is obtained,
latency will decrease.
The speedup values obtained from implementations of this strategy are shown in Figure 5.
This technique does not produce a large speedup, nor does the speedup increase very much
with the number of processors used. Two factors are found to contribute to these effects.
When rendering the horizontal strips, the polygons that fall partially outside these strips must

Figure 5 Speedup values for fine grained parallelism
be clipped. The clipping overhead becomes significant as the number of strips increases.
The second factor involves load balancing. The picture is not always evenly distributed over
the screen. Sometimes all the objects cluster in one region of the screen. In this case one
processor is required to render most of the objects while others render almost nothing.
Alternative techniques for distributing sections of the display area over N processors to
improve the load balancing include:
• Placing successive scan-lines on different processors.
• Dividing the screen into N2 horizontal slices and placing successive slices on
different processors.
These alternatives, however, incur greater overheads which makes them slower than the
original technique.
The frame rates obtained with these methods were not high enough for bandwidth limitations
to be a constraint.
3.4. Object-based parallelism
An object space parallelisation strategy was designed in which rendering of different objects
occurs on different processors. For the case of N processors, the objects are sorted into N
groups based on their depth. Each group is then rendered on one of the processors and sent
to the graphics node where the images are combined. The transputer has a specialised block

Figure 6 Processor layout for object oriented parallelism
move instruction that allows this to be done relatively quickly and easily. Both the
transformation and hidden surface/polygon rendering stages can be done in parallel with this
method.
The transputer network used to implement this strategy is shown in Figure 6. This
parallelisation strategy has one immediate disadvantage. If the scene consists of only one
object, then there is little point in using more than one processor. Consequently a world
containing 16 objects, each with 276 triangles was used instead of the complex world used
for previous tests.
Values obtained for the speedup for an implementation of this strategy are shown in

Figure 7 Speedup values for object oriented parallelism

Figure 7. The bandwidth limitation is particularly severe in this case. In the case where the
number of processors used is less than five, an entire image needs to be sent across each of
the transputer’s links. This places an upper limit on the frame rate of 6.6 frames per second
for 512 x 512 resolution or 27 frames per second for 320 x 200 resolution. The speedup
values tend to level off as this barrier is reached. Adding a fifth processor only exacerbates
the situation.
A further problem with this technique is load balancing. Some objects are more complex
than others, and just distributing equal numbers of objects may result in some processors
having to do more work. A finer, more balanced approach would be to distribute on a polygon
basis. This could be implemented relatively easily. However such an approach is not worth
exploring until higher bandwidth systems are available.
The simplified version of the graphics pipeline used in the previous latency calculation, gives
the total time taken to traverse the pipeline as (K - 2)T + 2T/N, since two stages of the
pipeline are parallelised. The latency is less than that for the fine grained decomposition and
also decreases as the number of processors is increased.

4. Conclusions
This paper describes a number of different parallelisation strategies that were tested in an
attempt to increase the rendering speed and decrease the interaction latency in virtual reality
systems. The strategies explored tended to exhibit a tradeoff between speedup and latency. A
frame per processor approach gave almost linear speedup, but left the latency unaffected.
Strategies which distributed the calculations for a single frame over a number of processors
resulted in latency decreasing as the number of processors increased. These techniques did,
however, have a lesser speedup.
A significant factor in the tests carried out was the limited bandwidth of the transputer links.
An increase in the communication speed could contribute toward producing acceptable
rendering speeds with some of the lower latency strategies. In particular, the technique which
rendered slices of the image on different processors proved to be the most satisfying to use
in practice. The object per processor strategy will become acceptable once the communication
bandwidth increases.
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