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ABSTRACT

This dissertation identifies a class of parallel polygon rendering algorithms suitable for interactive use on
multicomputers, and presents a methodology for designing efficient algorithms within that class. The
methodol ogy was used to design a new polygon rendering algorithm that uses the frame-to-frame coherence
of the screen image to evenly partition the rasterization at reasonable cost. An implementation of the
algorithm on the Intel Touchstone Delta at Caltech, the largest multicomputer at the time, renders 3.1
million triangles per second. The rate was measured using a 806,640 triangle model and 512 i860
processors, and includes back-facing triangles. A similar algorithm is used in Pixel-Planes 5, a system that
has specialized rasterization processors, and which, when introduced, had a benchmark score for the SPEC
Graphics Performance Characterization Group “head” benchmark that was nearly four times faster than
commercial workstations. The algorithm design methodology also identified significant performance
improvements for Pixel-Planes 5.

All fully parallel polygon rendering algorithms have a sorting step to redistribute primitives or fragments
according to their screen location. The algorithm class mentioned above is one of four classes of paralel
rendering algorithms identified; the classes are differentiated by the type of data that is communicated
between processors. The identified algorithm class, called sort-middle, sorts screen-space primitives
between the transformation and rasterization.

The design methodology uses simulations and performance models to help make the design decisions. The
resulting algorithm partitions the screen during rasterization into adaptively sized regions with an average
of four regions per processor. The region boundaries are only changed when necessary: when one region is
the rasterization bottleneck. On smaller systems, the algorithm balances the loads by assigning regions to
processors once per frame, using the assignments made during one frame in the next. However, when 128
or more processors are used at high frame rates, the load balancing may take too long, and so static load
balancing should be used. Additionally, a new all-to-all communication method improves the algorithm’'s
performance on systems with more than 64 processors.
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CHAPTER ONE
INTRODUCTION

1.1 Overview

This dissertation was motivated by my work on the Pixel-Planes 5 system [Fuch89], a high-performance,
parallel graphics supercomputer. The system was quite successful: in 1991, it demonstrated a new level of
performance of 2.3 million on-screen, rendered triangles per second. This dissertation builds on my
experience developing the system’s parallel rendering algorithm in two ways.

First, |1 consider how new algorithms, ones similar to Pixel-Planes 5's basic rendering algorithm, can be
used for interactive rendering on general-purpose parallel systems. | do this for a class of systems known
as multicomputers, which are message-passing, multiple-instruction multiple-data (MIMD) parallel systems
[Bell85]; this class includes the Pixel-Planes 5 system. | focus on systems with tens to hundreds of
processors to find the limits of interactive polygon rendering on these types of systems, and because using
many processors is harder and more interesting. Second, | make a more systematic analysis of the Pixel-
Planes 5 rendering algorithm. This analysis includes a study of the system’s performance and suggestions
on how to improve the performance.

The appropriateness of interactive polygon rendering on multicomputers follows from the typical use of
these systems. Most large systems are used for complex calculations, which typically produce so much
data that the result must be viewed graphically. This visualization operation transforms the result of the
calculations into a graphical representation. Interactive visualization is desirable [McCo87] because it
should allow productivity improvements similar to the improvement gained from the switch from batch
processing to time-sharing. | will focus on the visualization of large polygona datasets, since small
datasets can often be conveniently viewed on workstations. Large datasets, those containing more than
500,000 polygons, cannot usually be conveniently displayed on workstations. The data may not fit in the
workstation’s memory, or may take too long to transfer to the workstation. The data can be reduced by
filtering or decimation, but these operations would result in aless accurate visualization.

111 Targeted Parallel System Architecture

The research uses a multicomputer that, when | started the research, was the most powerful system built:
the Intel Touchstone Delta [Inte91a]. While shared-memory MIMD systems have become more popular
than multicomputers, the largest parallel system currently being built is a multicomputer [Thom96]. Some
definitions of “multicomputer” [Bell85, Atha88] include systems connected by local area networks, but |
exclude those systems; they are more commonly categorized today as distributed systems. Distributed
systems are likely to require different algorithms, since they have much higher communication costs. |
exclude shared-memory systems, since their lower communication costs may also dictate using different
algorithms.

| only consider systems with large-grain nodes, ones with workstation-class microprocessors and at |least 8
Mbytes of memory per node. This restriction removes the cases where overcoming severe node-size
constraints dominates the possible solutions (as severe memory constraints dominated programming in the
1960’'s). Besides the Touchstone Delta, some examples of commercial multicomputers with these
characteristics are the Intel Paragon XP/S [Inte92], the Thinking Machines CM-5 [Hill93], and the Cray
T3D [Kess93]. The Deltais described in more detail in section 1.5.



1.1.2 Targeted Applications

Some of the dissertation’s design decisions are based on the characteristics of typical visualization
applications. Techniques used by these applications include;

« Displaying isosurfaces from volume data by computing triangles with the marching cubes algorithm
[Hans92, Lored7].

« Showing vector fields by injecting particles into the field and following them [Seth88] or calculating
streamlines that simulate smoke streams traveling through the field [Kenw92, Hult92].

« Displaying values on a surface by modulating the surface color.

Other visualization examples can be found in the proceedings of the Visualization conference series [Vis92,
Vis93, Visd4, Vis9s].

These visualization applications have some common characteristics. First, the geometry often changes
substantially from frame to frame, perhaps as the user adjusts the isosurface level or the simulation
progresses through another time step. Second, the triangles in the model are often fairly uniform in size.
Finally, the structure of the model is often simple, in that there are only a few independently moving
objects. However, because all applications do not always have these characteristics, it isimportant that any
algorithm have good overal performance.

In many applications, low display resolution (640x512) is acceptable. However, higher resolutions are
usually preferred. Also, anti-aliasing is often needed to remove the distracting artifacts caused by rendering
small triangles.

Traditionally, polygon rendering techniques include the rendering of a number of different primitives,
including lines, polygons, triangle strips, etc. However, for simplicity | will only consider a single type of
primitive: triangles. Nearly all the techniques described can be easily extended to handle a variety of
simple primitives instead of only triangles. A few techniques will require additional work to handle
complex primitives, such as triangle strips or curved surfaces, because those techniques work better if the
complex primitives are divided into multiple smaller primitives. | will not consider other rendering
methods, such as volume rendering, even though they are often used in visualization. Those methods
require completely different approaches.

1.2 Thesis Statements
This dissertation’ s contributions can be summarized with the following thesis statements:

1. Redistribution of screen-space triangles is necessary for efficient parallel rendering for interactive
visualization applications on multicomputers.

2. A new design methodology can identify promising new algorithms from this class, and then select the
most efficient algorithm.

Some words and phrases may need explanation. Efficient refers to parallel efficiency: the speedup of a
paralel implementation compared to a sequential implementation divided by the number of processors
used. Redistribution of screen-space triangles means that an algorithm must communicate, or redistribute,
screen-space triangles between processors. Necessary implies that redistributing screen-space triangles is
the most efficient under sufficiently many conditions that it must be part of all efficient implementations.
Most efficient means that a given algorithm has the highest average efficiency for a set of models and
viewing configurations, with each run on arange of system sizes.

1.3 Analysis of Redistribution Choices

To achieve the highest performance, each step of a parallel rendering algorithm must have the associated
data divided among multiple processors. | call such algorithms fully parallel algorithms. If a single
processor handled all of the data for a portion of the rendering agorithm, the limited communication
bandwidth of a single general-purpose multicomputer node would limit the overall performance when more
than a handful of processorsis used. Thisis true even at the beginning of the pipeline where the smallest
amount of bandwidth is required.
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Figure 1.1 The three algorithm classes. Key: G = Geometry processing (transformation, clipping,
lighting, etc.), R = Rasterization (from [Moln94]).

All fully parallel rendering algorithms must have a redistribution step, a step where data is reorganized
among the processors. This can be seen by noting that, at the end of the graphics pipeline (during the
hidden-surface elimination), fully parallel algorithms can only divide the data involved by having each
processor be responsible for some subset of the screen’s pixels. Each processor must have received some
representation of the triangles that overlap its pixels to perform the hidden-surface elimination. However, a
given processor cannot start a frame with the triangles necessary for the end of the algorithm since the
triangles screen-space locations have not yet been calculated. Instead, the algorithms' first step must
assume that the triangles are divided among the processors without regard to the screen space location.
Thus, a redistribution step is necessary, since the criterion for dividing the triangle data among the
processors is different for the first and last algorithm steps. The redistribution can occur at various stages
of the rendering algorithm. We will discuss this choice using a classification of fully parallel agorithms
described in [Moln94].

The three main algorithm classes are shown in figure 1.1. The sort-first class of algorithms computes the
triangles’ screen-space locations and then redistributes untransformed, or raw, triangles (the transformed
vertices may be sent as well, or discarded). Sort-middle algorithms redistribute triangles that have been
transformed to screen-space. Sort-last algorithms redistribute pixels or polygon fragments, which can only
be done after scan conversion has started. | consider two sort-last variants. The first, sort-last-sparse, has
each processor redistribute only the pixels or samples generated by the scan conversion of its triangles
without performing any hidden-surface elimination among those pixels or samples. The second, sort-last-
full, has each processor first perform hidden-surface elimination among its triangles, and then has each
processor redistribute the entire screen’s pixels.

More details about the algorithm classification appear in Chapter 3. The classes are evaluated by
calculating the amount of overhead required by all algorithms within each class. The overhead consists of
two parts: the amount of communication required, and the amount of work performed that would not be
done in a serial implementation, such as having to perform the rasterization setup for a given triangle on
more than one processor. Since the overhead calculations cover classes of algorithms, they are fairly
abstract, and do not account for load imbalances or the amount of global communication. Those two topics
are covered in other discussions.

Comparing the overhead calculations for the four algorithm classes gives the following results. Aswill be
shown in section 3.3.1, a straightforward implementation of sort-first requires between 30 and 120% more
overhead computations than a sort-middle implementation, and requires 45 to 64% more communication;
the values vary according to the assumed triangle size and humber of screen subdivisions. However, sort-
first algorithms may be able to take advantage of the frame-to-frame coherence of the triangles' locations
on the screen and reduce the communication overhead, which may make them faster than sort-middle algo-
rithms. Sort-first algorithms can only be faster when there is coherence in the retained geometry to exploit,
which can only happen when the triangle data is relatively unchanged between frames. However,
exploiting this coherence increases the cost of allowing changes to the geometry. This cost is expected to
be so high that sort-first algorithms will be slower when extensive changes are made to the geometry.



Because visualizations applications commonly make extensive changes, a sort-middle implementation is
preferable for an overall high-performance agorithm.

Under certain conditions, sort-last-sparse exhibits lower overhead than sort-middle. Since sort-last-sparse
redistributes every pixel in each triangle, its redistribution cost is smaller when rendering small triangles.
The overhead calculations in section 3.3.2 indicate that sort-last-sparse algorithms have less overhead than
sort-middle algorithms when the average triangle covers fewer than 4.8 pixels. My sample datasets
(described in Appendix A) have average triangle sizes near this value when they are rendered at a 640x512
resolution (the average sizes range from 2.9 to 6.7 pixels). The number of pixels or samples per triangleis
larger than the crossover value when using a 1280 by 1024 screen resolution, or when performing anti-
aliasing. Thus, sort-middle algorithms have lower overhead than sort-last-sparse algorithms in most of my
Cases.

Sort-last-full is different from the other classesin that the amount of per-processor communication required
does not depend on the triangle size or the number of triangles. Instead, the communication amount
depends on the screen resolution and the number of samples per pixel. This means that a performance
increase does not require additional communication. However, sort-last-full requires much more
communication compared to other algorithms running at interactive rates: a sort-last-full algorithm
redistributes 2.6 Mbytes per processor per 640x512 frame, which is the same amount of data as 46,000
triangles. No single processor suitable for use in a general-purpose parallel system can today render 46,000
triangles per frame at fully interactive rates; that figure is larger than the number of triangles that can be
rendered each second. The large communication overhead overwhelms the lesser amount of the other
overhead component, repeated computation, required by sort-last-full.

1.4 Sort-Middle Desigh Methodology

Chapters 4 and 6 support the second thesis statement by describing a design methodology for sort-middle
algorithms. The methodology consists of a series of design choices, and a procedure to make each choice.
The choices can be divided into three categories. The first category determines the overall structure of the
algorithm, and the second category determines how the rasterization is partitioned among the processors.
The choices in these two categories interact, so not all combinations of choices are feasible. The feasible
combinations are shown as ataxonomy in figure 1.2. The third category of choices is independent of the
other choices, and determines how the geometry processing (the transformation, clipping, and per-vertex
lighting) is divided among the processors.

For all three categories of choices, the methodology description is accompanied by an application of the
methodology to one system, the Intel Touchstone Delta. The methodology is also used in Chapter 8 to
analyze the Pixel-Planes 5 system. The design methodology is not exhaustive, since other reasonable
algorithms are possible. The first category of design choices is fairly comprehensive, whereas the other
two categories cover a small fraction of the overall spectrum of reasonable algorithms. An overview of this
methodology and the associated implementation has been previously published [EIIS93, Ells94].

1.4.1 Design Choicesfor the Overall Algorithm Structure

| consider in Chapter 4 four design choices that influence the algorithm'’s overall structure:
e which processors should run which graphics pipeline stages?

« when should the pipeline stages be run?

» which redistribution method should be used?

« when should the portions of the screen, the screen regions, be assigned to processors?

Sort-middle algorithms have three stages: geometry processing, redistribution, and rasterization. The first
design choice is to determine the partitioning strategy: which processors run which stages. While al
processors must participate in the redistribution, one approach would be to have all the processors perform
both the geometry processing and rasterization. The second approach would be to have a portion of the
processors perform the geometry processing, and the remainder perform the rasterization. The first
approach is better since it avoids having to reassign processors between the stages to keep the workloads
balanced as time required for the geometry processing changes relative to the time required for
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Figure 1.2 Taxonomy of the sort-middle algorithms encompassed by the design choices con-
sidered in the dissertation. The choices examined in the dissertation are indicated with solid lines.

The numbers indicate the section containing the description of the design choice.

rasterization. However, the approach does increase the overhead, since each stage must be partitioned

among more processors.

The second design choice is how to schedule when each stage should run. In order to maximize the overlap

of communication and computations, the redistribution stage should be performed throughout the frame.



Given this determination, the remaining decision is whether to run the geometry processing and
rasterization consecutively, one after the other, or concurrently, switching between the stages every few
triangles. Running the stages consecutively gives more region assignment choices, as shown in figure 1.2.
It also allows a higher amount of overlapped communication because the transformed triangles are
generated earlier in the frame. However, it requires enough memory to store the entire frame' s transformed
triangles. Running the stages consecutively is the better option since it allows the next design choice’s
more desirable options to be used.

The third design choice is the redistribution technique. The redistribution is global: each processor sends
transformed triangles to all other processors. The triangles are sent as a series of messages instead of a
single large message so the redistribution can start before the end of the geometry processing, and to
simplify memory management. Two techniques are possible:

e stream-per-processor redistribution: each processor sends a single series of messages to each other
processor. Each message may contain triangles for several regions.

e stream-per-region redistribution: each processor sends one or more series of messages to every other
processor, sending a series of messages for every region assigned to the other processor. Each message
contains triangles for a single region.

The first technique requires a smaller minimum number of messages, which makes a difference when each
processor sends only a handful of triangles. (The number of messages is determined by the maximum
message size when the processors exchange many triangles.) Since each message has an associated cost
(the per-message overhead), sending fewer messages will be faster. On the other hand, the second
technique makes it much simpler to rasterize one region at atime, thus saving memory, since each message
has triangles for a single region. The two techniques will respectively send a minimum of N2 and rN
messages, where N is the number of processors andr isthe number of regions.

Modifications of the above techniques must be used with hundreds of processors, because the minimum
number of messages can be quite large. Instead of sending the triangles directly to their final destination
(called one-step redistribution), they are routed via intermediate processors (two-step redistribution). An
example of this modified technique on a 2D mesh is to have the processors first exchange messages with
the other processors in the same row, rearrange the triangles into new messages, and then exchange
messages with the other processors in the same column. While this technique requires the data to be sent
twice, doubling the per-byte communication costs, it reduces the minimum number of messages from N?to
2NN for stream-per-processor redistribution, and from rN to 2N+/r for stream-per-region redistribution.

No one redistribution technique gives the best performance. The one-step stream-per-region technique is
best when using up to ten processors, since it reduces memory usage. With more processors, the one-step
stream-per-processor technique is better, since it has less per-message overhead. When using more than
100 processors, the two-step stream-per-processor technique should be used to further reduce the per-
message overhead. An implementation can automatically switch between the latter two techniques by
evaluating a performance model at run time and selecting the faster one.

The last design choice that affects the overall algorithm structure involves the rasterization load-balancing
algorithm. Sort-middle algorithms balance the rasterization loads by dividing the screen into regions, and
assigning the regions to processors. The number of regions created is usually much greater than the
number of processors. Each region is assigned to a single processor; each processor works on one or more
regions. This design choice specifies one part of the load-balancing algorithm: the time that the region-
processor assignments are made. The assignments can be made:

e dynamically during rasterization, assigning new regions to processors as they finish earlier ones; also
known as a work-queue approach.

e once per frame, between the geometry processing and rasterization stages (between-stages).
« once per frame, between successive frames (between-frames).
e daticaly, at systeminitialization.

These four region assignment styles are ordered according to the cost of calculating and communicating the
assignments as well as the evenness of the assigned processor loads. The first assignment style has the



highest costs as well as the most evenly balanced loads. The goal isto find the most efficient style: the one
that has the best tradeoff between the cost to make the assignments and the higher processor utilization
from the more evenly balanced workloads. Because the assignment costs increase with the number of
processors, simulation studies show that no one assignment style is best. | show in Chapter 6 that the
dynamic region assignment style is the best with two or four processors, that the between-frames once-per-
frame is the best with more than four but less than 512 processors, and that the static assignment style is
the best with 512 processors. The breakpoints between the different styles change with the size of the
model.

1.4.2 Design Choicesfor Load-Balancing the Rasterization

The second group of design choices determine the |oad-balancing algorithm for the rasterization stage. The
design choices are described in Chapter 6, and are;

« the method used to assign regions to processors.

« the procedure for calculating the region boundaries.

« the method used to compute an estimate of the time to rasterize aregion.
e the granularity ratio, the number of regions per processor.

Since these design choices interact with the region assignment style, not all combinations are possible;
figure 1.2 shows the possible combinations. The interactions make the evaluation of individual choices
difficult, so all combinations were evaluated; the results appear at the end of this section. A terminology
note: region assignment styles, discussed in the previous section, are not the same as the region assignment
methods discussed in this section. The first term refers to the time that the assignments are made, and the
second refers to the algorithm for making the assignments.

The first load-balancing design choice is the method for assigning regions to processors. The available
choices are determined by the earlier choice of region assignment style (the time when the regions are
assigned). When the regions are assigned statically, no information is available about the distribution of
triangles on the screen. One static method assigns regions in a regular pattern, and a second assigns them
sequentially to processors. Using aregular pattern gives more uniformly balanced loads, and gives slightly
faster average performance. The two assignment styles that make region assignments once per frame
(between-frames and between-stages) share one assignment method. That method (called greedy) gathers
an estimate of the time to rasterize each region, and then makes greedy assignments: it steps through
regions one-by-one, from the most time-consuming to the least, at each step giving the region to the
processor that is most lightly loaded. The work-queue assignment method used with the work-queue
assignment style is somewhat similar: the regions are sorted according to an estimate of the rasterization
time, and then assigned from most time-consuming to the least. However, the actual assignments are
performed as processors become idle, so the time estimates are only used to start the most time-consuming
regions first.

The second design choice is the method to be used for calculating the region boundaries. The regions
should be approximately square and the same size, since these properties minimize the probability that a
triangle overlaps more than one region and must therefore be handled more than once. | only consider
regular region boundaries, where the boundaries form a grid, cutting the screen from top to bottom and left
to right. This constraint simplifies the per-triangle region classification; others [Whel85, Whit92] have
tried and rejected more complex region boundaries. Given these desiderata, | consider three types of region
boundaries:

« fixed region boundaries.
« adaptive region boundaries adjusted every frame.
e adaptive region boundaries adjusted when necessary.

The fixed region boundaries are calculated at system initialization. The per-frame adaptive region
boundary method adjusts the region boundaries each frame so that the rasterization work is the same for
each row and column of regions. The boundaries are adjusted using the per-region timing estimates that
were gathered to perform the region assignments. The adjusted boundaries are used for the next frame.



The intent is to adjust the boundaries so each region has about the same amount of work, which should
better balance the loads for a given granularity ratio compared to equally sized regions. The adaptive
method does balance the loads better for a given granularity ratio. However, the adaptive method has
higher overhead due to triangles that overlap multiple regions because the regions are small near congested
areas of the screen. The adaptive region method is faster because the additional overhead is not large
enough to outweigh the higher efficiency.

| tried the third region boundary method to avoid an inaccuracy with the per-frame adaptive boundary
method. The per-frame method adjusts the boundaries every frame, which means that the current region
time estimates do not correspond to the new region boundaries. This is a problem when the regions are
assigned between successive frames, since the estimates are used to assign regions to processors. Although
the timing estimates can be adjusted for the new boundaries, the adjustment is done as if work is uniformly
distributed across each region. Since the distribution is not uniform, the adjustment process adds error to
the timing estimates, which results in less well-balanced processor loads. The third region boundary
method only adjusts the boundaries when one region takes so long to rasterize that it determines the overall
rasterization time. Under certain conditions, this method only adjusts the regions every few frames, which
thus often avoids the approximation error. The when-needed adaptive method improves performance over
the per-frame adaptive method.

The third load-balancing design choice is part of the region assignment method. When regions are actively
assigned, they must be assigned using some estimate of the time to rasterize each region. | consider two
possible estimates: one uses a count of the number of triangles overlapping the region, and the other is
based on the size of each triangle. The latter gives better estimates, but takes longer to compute and only
gives at most a 3.4% speedup.

The last design choice is the granularity ratio, which specifies the number of regions per processor. | use a
ratio because the number of regions must scale with the number of processors to avoid having too many
regions when using a few processors, and too few regions with many processors. Using more regions
makes the loads more evenly bal anced, but also increases the communication and per-triangle rasterization
setup overhead.

| evaluated the combinations of design choices using a simulator together with a model of the algorithm’'s
performance. The simulator calculates the average amount of time that the processors are kept working
during rasterization, as well as the average number of regions overlapped by the triangles. These two
values are used in the performance model, which calculates the overall frame time.

This evaluation approach may make it easier to identify the best algorithm for other systems, because the
simulations may not have to be repeated. Instead, the existing simulation results can be used in a
performance model for the new system. The simulation results can be reused if, like the Delta, the new
system'’s rasterization cost is primarily due to per-triangle costs instead of per-pixel costs, and if the per-
region rasterization overhead is small compared to the other rasterization costs.

The performance model shows that the overall best load-balancing algorithm is a hybrid that uses two
region assignment styles. When using up to 512 processors, the best algorithm uses four adaptively sized
regions per processor that are actively assigned between frames. With 512 processors, the algorithm should
switch to regions that are statically assigned in a regular pattern. The static assignment method uses 12
regions per processor because static assignment requires more regions to balance the processor workloads.
The point at which to switch between the algorithms can be calculated automatically by evaluating a
performance model that cal culates whether there is enough time to perform the active load balancing.

143 Geometry Processing Design Choices

The last group of design choices, described in Chapter 5, determines the load-balancing algorithm for the
geometry processing. These choices relate to how a hierarchical display list retained by the graphics
system (either a hardware or software system) can be partitioned among the processors and traversed in
paralel. | do not examine load-balancing algorithms suitable for graphics systems using an immediate-
mode interface, where the application retains the geometric data and gives the graphics library the database
each frame, even though this type of interface is more suitable for visualization applications. | do not treat
these algorithms because correcting the load imbalances is so expensive that it only helps severe
imbalances, which | expect to be rare.



A hierarchical display list organizes the data set into pieces called structures. Each structure is made up of
a series of structure elements, which can be primitives, as described earlier; attributes, such as color
changes and transformation matrices; and execute elements, which cause another structure to be traversed in
a manner similar to a procedure call. During traversal, the set of currently active attributes forms an
attribute state. That state is inherited by a called structure. One key issue is that the attribute state
semantics obtained with a single-processor traversal must be preserved when the display list is traversed in
parallel.

One method for dividing the display list is to put entire structures on different processors; this method is
called distribute-by-structure. A second method, distribute-by-primitive, divides each structure
independently so all processors traverse a smaller version of each structure: a version with a portion of the
primitives and attributes. The second method is discussed in more detail, because it allows the partitioning
to be done statically instead of dynamically, and because a simple algorithm suffices to preserve the
attribute state semantics.

The distribute-by-primitive method divides each structure by storing successive primitives on different
processors. The attribute elements can be sent to all processors, or to only the ones that have primitives
affected by the attribute. The first technique makes it straightforward to make changes to the display list,
but usually requires that the processors traverse many superfluous attribute elements. With the second
technique, it is difficult to edit the display list, but removing the superfluous attributes allows efficient
operation with hundreds of processors.

The distribute-by-primitive method can either give primitives to processors sequentially or randomly.
Assigning primitives sequentially can result in unbalanced loads when the number of processorsis close to,
for example, a dimension of alarge triangle mesh, or the number of triangles into which each primitive is
tessellated. For example, if a model with spheres tessellated into 16 triangles is distributed across 16
processors, all the triangles on each processor will face the same direction. When back-face culling is
enabled, some processors will not have any displayed triangles, and will have much less work to do. This
type of load imbalance occurs surprisingly often with machine-generated databases. The random method
greatly reduces the chance of an unbalanced load at only a dlight speed penalty in other cases.

144 Implementation to Validate the Design Choices

The sort-middle-algorithm design methodology was developed concurrently with a sort-middle
implementation on the Intel Touchstone Delta. The implementation supplies timing figures for the
simulator and performance model, and is used in Chapter 7 to validate the methodology. The
implementation does not exactly match the most efficient algorithm identified by the methodology because
the work on the methodology continued after completing the major experiments with the implementation.
Measured frame times are, on average, within 15% of the ones predicted by the performance model. The
largest mispredictions occur when the overall network bandwidth constrains the performance. The
performance model does not include network limitations, so its predictions are incorrect when running at
high rendering rates. The highest measured performance was 3.1 million triangles per second when using
512 processors and the largest model (806,400 triangles).

145 Systemswith Specialized Rasterization Processors

Chapter 8 discusses how the design methodology analysis changes when applied to a new type of system:
systems that use specialized rasterization processors. The main difference is that there is an efficiency-cost
tradeoff: aless efficient and less costly architecture may have a better price-performance ratio than a more
efficient and more costly one. The chapter illustrates how the methodology can be used to identify a
rendering algorithm for a single architecture by analyzing Pixel-Planes 5 and showing how its existing
rendering algorithms can be improved. The chapter also makes two comparisons between systems with and
without specialized hardware: Pixel-Planes 5 and the Touchstone Delta. The first comparison is the
rendering rates of the systems. The second comparison is the price-performance ratio of the two system’'s
rasterization processors. For the same cost, the specialized Pixel-Planes rasterization processors deliver
three times the performance of the Delta’ s general-purpose i860 processors.

1.5 Description of the Target System

To alow more concrete conclusions, many of the arguments in this dissertation are made with a specific
system in mind: the Intel Touchstone Delta at the California Institute of Technology [Inte914].



........................ Ijlj' L
O C OO C OO OO

DDDDDDDDDDDDDDDDDDDDDDDDDD
OO0O0000000000000000000000

I 0O,
OO O OO OO OO OO
5
OO O OO OO OO OO

5 O Compute Node
OO O OO OO OO OO P
5 W Disk Node
OO O OO OO OO OO .
(50O O W Misc. /O Node
OO O OO OO OO OO or Service Node
5

I OO OO OO OO OO I
O

Figure 1.3 The Intel Touchstone Delta configuration.

The Delta is a one-of-a-kind prototype multicomputer, which is configured as a 16 by 36 2D mesh. The
inner 16 by 32 nodes are the compute nodes, each having a 40 MHz Intel i860XR processor and 16 Mbytes
of memory (seefigure 1.3). Thefirst and last columns of the mesh are the disk nodes, each with 2.8 Gbytes
of storage. The second and next to last columns have service nodes, tape nodes, Ethernet nodes, and HIPPI
nodes. The service nodes run a Unix-like operating system that allows users to run jobs on the compute
nodes and do housekeeping tasks. The other I/0O nodes are used for moving data on and off the system.
Thereis no host processor, unlike some earlier multicomputers (e.g., the iPSC/860).

The 2D mesh network has bi-directional links in each dimension connecting the nodes. Each link can
support 10 Mbytes/sec for long messages if the links have no conflicts [Litt92]. The network uses non-
adaptive wormhole routing [Dall87]: messages are first routed in the long dimension, and then in the short
dimension. The routing is performed in the network, so that processors on the intermediate nodes are not
involved with the transfer, as in store-and-forward routing.

1.6 Structure of the Dissertation

Chapter 2 contains some background information and descriptions of previous work. Chapter 3 describes
the rendering algorithm classification scheme in more detail, along with the analysis of the algorithm
classes. Chapter 4 describes the sort-middle algorithm design choices that affect the overall algorithm
structure (the top half of figure 1.2). Chapter 5 analyses the design choices for oad-balancing the geometry
processing stage, and Chapter 6 analyses the choices for load-balancing the rasterization (the bottom half of
figure 1.2). Chapter 7 describes the implementation on the Touchstone Delta and the experiments made to
validate the design methodology. Chapter 8 contains the analysis of algorithms to be used with specialized
rasterization hardware, and Chapter 9 concludes with a summary and future work. The appendices contain
descriptions of the sample datasets and how the timing values were measured, many charts of simulation
data, and a glossary.

1.7 Expected Reader Background

| expect the reader to have an introduction to parallel processing and computer graphics, at a level of a
single graduate-level course in each topic. The reader can gain the necessary graphics background by
reading one of several books: [Roge85, Fole90, Fole94]. Several books provide an appropriate introduction
to parallel processing, including the following: [Quin87, Braw89, Almad4, Kuma94].
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CHAPTER TWO
BACKGROUND

This chapter contains some background information for the reader. 1t first introduces some terminology by
describing the graphics pipeline, and also the four types of parallelism possible in graphics algorithms.
Additional information on these topics can be found, respectively, in standard graphics texts [Fole90,
Fole94 Roge85], and in Burke and Leler’ s annotated bibliography [Burk90].

The remaining sections describe earlier work in parallel graphics algorithms. Much of the work focuses on
polygon rendering. | include some algorithms that render primitives other than polygons or perform ray
tracing since many of their load-balancing algorithms are applicable to polygon rendering. Nearly all of the
algorithms described are for MIMD systems, since that is the chosen architecture; the algorithms for SIMD
systems are generally not applicable. The previous work first covers software algorithms for general-
purpose systems, and then covers hardware algorithms and implementations. Because this dissertation
focuses on software algorithms, they are more completely covered than hardware algorithms. The reader
can find other surveys of parallel algorithms and architectures in [Burk90], [Whit92], and Chapter 18 of
[Fole90].

2.1 The Graphics Pipeline

The graphics pipeline can be broken up several ways, depending on the type of shading algorithm and how
it isto be performed. For Gouraud shading, the pipeline is as shown in figure 2.1a (thisis similar to figure
8.3in[Fole90]) The pipeline has the following stages:

e Traverse/Generate: if the graphics library stores the geometric model (using a retained-mode interface),
the first stage traverses the retained model, processing state changes such as the transformation stack
and the current color. If the application stores the model and uses a library with an immediate mode
interface, the stage allows the user to generate the polygons using a series of procedure calls.

« Transform to Eye Space: transform the polygons to eye space, a space where the primitives have had all
the modeling transformations applied and where the eye is aways in the same place.

¢ Clip: clip the polygons to the hither plane and, if desired, to the far and side planes of the viewing
frustum. The far plane clip is optional, and the side plane clipping need only be done if the rasterization
technique requires it or if it is faster to do so. Polygons that are completely outside of the viewing
frustum are rejected. If back-face culling is enabled, polygons with their back facing the eye are
discarded here.

e Transform to Screen Space: perform the perspective division, and map the polygons to the appropriate
window coordinates.

e Shade vertices: In Gouraud shading, the vertices are shaded according to the Gouraud shading model
[Gour71]. The shading can be calculated using the dot product of the light vector(s) and normal vectors
transformed into eye space, or the product of the light vector(s) back-transformed into modeling space
and the untransformed normal vectors.

e Scan-convert: determine the interior of the polygon. This can be done by first calculating the first and
last scanlines that the polygon crosses, and then, for each scanline, calculating the first and last pixels
that are inside the polygon. The usual serial implementation loops for each pixel in the polygon and
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Figure 2.1 Example graphics pipelines for three types of shading.

does the scan conversion, z-buffering, and shading interpolation for each pixel before working on the
next pixel.

e z-buffer: determine each pixel’svisibility by comparing the pixel’s depth with the stored z value.

¢ Interpolate Shading: interpolate the pixel’s color values from the values calculated at the polygon
vertices.

The first five steps together constitute the geometry processing part of the pipeline, and the last three steps
constitute rasterization. When performing Phong [Buit75] shading and/or texture mapping, the last step is
often modified to interpolate the normal vector and/or texture coordinates, and the shading is then
calculated from the interpolated values (see Figure 2.1b).

However, some systems use a different algorithm for performing higher quality shading, using what is
called deferred shading; see Figure 2.1c [Fuch89, Tebb90, Deer88]. This method interpolates the normal
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vector and/or texture coordinates as before, but does not calculate the shading inside of the per-pixel scan
conversion loop. Instead, the interpolated values, plus the texture identifier and the color of the polygon,
are stored in per-pixel memory. After all of the polygons have been rasterized, the rasterization processor
reads the stored values in each pixel, and computes the final color value. This method has the advantage
that each pixel is only shaded once, instead of shading all pixels that pass the z-buffer test. Since it shades
all of the pixels at once instead of just one polygon’s pixels, this method has an advantage for some parallel
systems. With a vector processor, this increases the vector length, boosting efficiency. With a SIMD
processor, it increases the data size, which allows more processors to perform calculations instead of idling.

2.2 Types of Parallelism
Four types of parallelism can be used with the rendering process:

1. Functiona Parallelism. The operations are performed by having different processors perform different
functions. This method is also known as operation parallelism. Functional parallelism is used in
pipelines of processors, where the operations to be performed are distributed among a set of different
processors.

2. Frame Paralelism. Frame parallelism has different processors (or groups of processors) work on
successive frames in an animation sequence or interactive session. The main advantage of frame
paralelismisits linear speedup, as the usua performance is proportional to the number of processors.
However, the performance increase is not accompanied by a reduction in latency, which is a drawback
for interactive and real-time systems. This is less of a problem when the frame rate is high or the
number of processorsissmall.

3. Image Parallelism. The screen is divided into regions, which are assigned to processors. Each processor
then processes the primitives that overlap its regions. Primitives overlapping multiple regions are
processed once for each. Image parallelism is often used for the rasterization part of the pipeline. The
method for dividing the screen should handle the normal clustering of primitives on the screen so that
the processors’ loads are balanced, and it should also minimize having to process primitives more than
once.

4. Object paralelism. The model is split up among the processors, and the processors perform operations
on the primitives. The primitives can be split using random assignment, sequential assignment, or some
other basis. Object parallelism is most often used for the initial portion of the pipeline because the
splitting can be done without primitives’ screen space locations.

Of the four types, frame parallelism is the least often used for interactive systems. More than one type of
parallelism is usually used; some systems use all four types (e.g., the Silicon Graphics SkyWriter [SGI192]).
Many systems use object parallelism for the front-end tasks (transformation, clipping, and lighting), and
image parallelism for the rasterization and shading (e.g., [Whit92], [Croc93], and [Cox95]). Hardware
systems usually use these two types of parallelism for the different tasks, but perform them on different pro-
cessors, and thus aso use functional parallelism (e.g., [Ghar88], the Silicon Graphics GTX [Akel88], Pixel-
Planes 5 [Fuch89], and the Silicon Graphics RealityEngine [Akel93]). The next sections will show many
of the different possibilities done to date.

2.3 Algorithms for General-Purpose Parallel Computers

The discussion is divided into three sections. The first two sections primarily describe algorithms
organized around the traditional graphics pipeline; the first section describes image-parallel algorithms, and
the second, object-parallel algorithms. Most of these algorithms only support a simple shading model, as
they are optimized for speed. Also, most support Gouraud shading, although one also supports the Blinn
[Blin77] and Cook-Torrance [Cook82] lighting models. The algorithms are not tailored for interactive use,
although most of them will run at interactive rates when given an appropriate data set size and system size.

The third section contains a different class of algorithms: parallel ray-tracing algorithms. These compute
high-quality images and support complex primitives. Both image- and object-parallel algorithms are
covered.

It is difficult to compare the performance of these earlier works. Comparing triangles per second figures
does not take into account differences in databases, rendering quality, or speed of the underlying machine.
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Figure 2.2 Taxonomy of the parallel polygon rendering algorithms for general purpose systems
covered in this section.

Each can change the performance by at least a factor of ten. Comparing the speedups achieved over a
single-processor implementation normalizes the computation power between different systems, but does
not normalize the communication capacity, or the database and rendering quality differences. | will quote
triangles per second figures for the interactive systems that use a simple shading model, and quote speedup
figures for the non-interactive systems that use complex shading models. These figures are the most favor-
able for each type of implementation, and are the ones typically reported.

2.3.1 Image-Parallel Polygon Algorithms

The first four algorithms use image parallelism, where the screen is subdivided and the pieces are given to
different processors. The screen subdivision can be regular subdivision, as shown in figure 2.3, where the
screen is divided into a regular grid of regions. Or, the subdivision can be adaptive, where the regions are
made smaller where the image is complex, and larger where it is simple. One important parameter is the
number of regions. Several implementations use a constant number of regions per processor. | will call
that constant factor the granularity ratio.

All screen subdivision methods have a redistribution step, where the polygons are routed to the processors
rendering the regions that the polygon overlaps. A polygon must be routed to more than one processor
when it straddles a region boundary and the regions are rendered by different processors. In an image-
parallel implementation, part of the geometry processing classifies each polygon according to the regions it
overlaps and places the transformed polygon in a data structure, or bucket, associated with each region. |
call this process bucketization.

Roble. One of the early parallel polygon rendering systems was done by Roble on the iPSC Hypercube
[Robl88]. This system uses an adaptive screen-space subdivision method. The regions are calculated by
first using aregular grid of regions, with one region per processor, and counting the number of polygonsin
each region. The regions are then combined and split so that same number of regions remain, but with
approximately the same number of primitivesin each.

(' A

»-

- /

Figure 2.3 Regular screen subdivision. The triangle will be processed by the four processors that
are assigned to the regions overlapping the triangle.
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In this algorithm, the manager processor transforms the polygons and sends them to the node processors
round-robin. The node processors calculate the number of their polygonsin each of the initial regions and
send the counts to the manager processor. The manager processor cal culates the new region boundaries and
broadcasts them to the node processors. The node processors redistribute the polygons, sending each
polygon to al the processors that have aregion overlapping it. Finally, the node processors use a scan-line
algorithm to render their regions, and send the computed pixels to the frame buffer or disk.

The agorithm works well for a small number of processors, but becomes inefficient with more than 32
processors, since the load-balancing is done serially and can be a bottleneck. Also, the load-balancing
method does not give especially high processor utilization (the percentage of time doing useful work)
during the parallel rendering step—33 to 73% for the 16-processor cases.

Crockett and Orloff. Crockett and Orloff [Croc93] used a newer Intel MIMD system, the iPSC/860. They
used a regular screen subdivision method, giving each processor the same number of scanlines to render.
Since the amount of work in each scanline group can vary, this algorithm does not load-balance the
rasterization process.

The algorithm starts by loading the data set onto the node processors, assigning polygons round-robin. The
node processors transform and light the polygons, and decompose them into trapezoids with horizontal tops
and bottoms (some tops and bottoms will have zero length). The trapezoids are redistributed to the
appropriate processors and are rendered. The processors do the transformation and rendering semi-
concurrently, switching from one to the other every few polygons. This reduces the memory requirements
since buffering is only needed to hold a portion of aframe's trapezoids.

The implementers took care to optimize the polygon redistribution. The communication is done
asynchronously to the computation to avoid waiting for the network. The communication is buffered, with
the size of the buffers optimized to minimize the execution time. The algorithm description includes a
performance model of the algorithm, which givesinsight into the algorithm’s behavior. A limitation of this
algorithm is its omission of load-balancing, which reduces its performance: a test scene with 50,000
randomly-placed triangles runs at approximately 130,000 triangles per second when using 128 processors,
while a realistic scene with 59,276 triangles runs at 100,000 triangles per second with 64 processors (with
128 processors, the agorithm runs at 90,000 triangles per second).

A later paper [Croc94] describes a version of the algorithm which redistributes spans instead of trapezoids.
Since the decomposition of primitives into spans is done only once, the later version requires more
communication and less computation. The new algorithm has higher performance, rendering nearly
300,000 triangles per second when running on a 192-processor Intel Paragon. Some of the performance
increase is probably due to the Paragon’s slightly faster processors and much faster communication.

Whitman. The next image-parallel polygon algorithm was implemented on the BBN Butterfly [Whit92,
Whit94], a non-uniform memory access (NUMA) shared-memory system. Whitman investigated severa
methods of screen-space subdivision. All use dynamic scheduling, also known as work-gqueue scheduling.
The subdivision methods are;

e scan-line decomposition: each processor renders ascan line at atime.

e regular rectangular regions, with different aspect ratios, and different numbers of regions per processor.
He found that square regions and 12—24 regions per processor worked the best.

e adaptive decomposition. His method is somewhat similar to Whelan’s (below). The method starts
with a regular rectangular decomposition with 40 regions per processor, and counts the polygons in
each region. The final regions are made by starting with a single full-screen region, and then
repeatedly dividing the region with the largest number of polygonsin half until there are 10 regions per
processor. The value of 10 was determined experimentally (see figure 2.4).

e task adaptive. The screen is initially broken up into regular rectangular regions, and each processor
workson aregion at atime. When a processor is free and no more unassigned regions are available, the
processor finds the processor that has the most work left undone, and takes half of it. Whitman
experimented with different numbers of regions per processor, and found that two regions per processor
worked the best.
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Figure 2.4 Whitman’s adaptive decomposition with 8 regions. Each split is numbered by its order
within the splitting.

All of the algorithms initially assign polygons to processors in round-robin order. They then bin-sort the
polygons according to the regions they overlap, and place them into global shared memory. When a
processor starts rendering aregion it retrieves the associated polygons from global memory (see figure 2.5).
Whitman experimented with leaving the polygons in global memory versus copying the polygonsinto local
memory, and found the latter was faster due to reduced network contention.

Whitman’'s system achieved impressive parallel efficiencies: an average of 82% for 96 processors. This
was due in part to the high quality rendering (the system produced images with anti-aliasing and Blinn
shading [Blin77]); thus, the communication and load balancing overhead could be amortized over more
calculations than would be if a simpler shading model was used. Also, shared memory systems allow low
overhead communication, so load-balancing is somewhat cheaper than with most message-passing systems.
However, the raw rendering rates are fairly low: up to 100,000 non-anti-aliased polygons per second using
96 processors.

Cox. In his dissertation, Cox [Cox95] describes three different parallel agorithms for the CM-5. The
algorithms are parallel versions of the commercial RenderMan package [Upst89], a very high-quality, or
photorealistic, renderer. The package supports curved surfaces as well as the traditional polygons,
transparency, textures, and user-programmable shading.

Two of his algorithms do most of the work using image parallelism; a third uses object parallelism, and is
described in the next section. The first two agorithms divide the screen into equal-sized, roughly square
regions, and varied the number of regions per processor. Each processor is randomly assigned the same

/ / /
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Each processor places
primitivesinto its set of
buckets in global memory. Processor 2 \ ~N T
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Screen Regions
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Figure 2.5 Data flow of Whitman's implementation. The box represents a 3D array of bucketsin
global shared memory. Two of the box’s dimensions are for the 2D grid of regions, and the third
isfor the processors.
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number of regions. In the first algorithm, the primitives (mostly curved surfaces) are initially assigned to
processors k at atime; the assignment is either random or round-robin. Then, the processors transform the
primitives to screen space, and send them to the appropriate processor(s). The final steps tessellate and
shade the primitives, and then z-buffer them. The first algorithm reached a maximum speedup of 45 when
using 512 processors. It was limited by the fairly large amount of repeated work and, to a smaller extent,
load imbalances.

The second agorithm is a hybrid between the first algorithm and the third algorithm. The algorithm has the
same initial steps as the first one. But, when a processor finishes its work from the initial assignment, it
then “steals” work from other processors. It requests patches from still-busy processors, rasterizes them,
and then returns the samples to the original processor. In most cases, the second algorithm was an
improvement over thefirst, but it did not improve the maximum speedup.

2.3.2 Object-Parallel Polygon Algorithms

These algorithms do all of the work up to and including scan conversion using object parallelism before
using another form of parallelism to perform the hidden surface elimination. The switch in parallelism
methods means that samples and z values generated in the earlier stage need to be redistributed among the
processors before they are combined, or composited, to create the final sub-image on each processor.

Cray Animation Theater. The polygon renderer for the Cray T3D system [Kili94] uses an image
composition algorithm similar to the ones used by the hardware implementations described later in this
chapter. It first divides the triangles arbitrarily among processors. Then, each processor renderers its
triangles into a local color and z-buffer. Afterwards, the processors combine the local frame buffers by
making a series of partial exchanges of the local color and z values with another processor so that each ends
up with a few completely z-buffered scanlines (see figure 2.6). This is done by arranging the N processors
into a conceptual hypercube with dimension log, N. Then, the processors loop over each dimension in the
hypercube. In each step, each processor sends half of its remaining color and z-buffer to the other
processor in the current dimension, and composites its remaining buffer with the incoming data. One
processor sends the top half of the remaining buffer, and the other sends the bottom half. The resulting
smaller z-buffer isthen used in the next iteration. At the end of the loop, the computed scanlines are broad-
cast to all processors using the algorithm in reverse, without composition. The broadcast is not strictly
necessary; other methods could be used to transfer the image to the frame buffer. This renderer is currently
the fastest one running on a general-purpose parallel processor, running at 4.5 million triangles per second
with 256 processors.

processor

Step 1

=

Figure 2.6 Binary-swap composition example with four processors. The gray rectangles indicate
the portion of the image to be sent and the black outlines indicate the portion of the image stored
by each processor.
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Cox. Cox’sthird RenderMan implementation [Cox95] uses object parallelism for most of the work. The
primitives are first distributed among the processors using the same method as the earlier algorithms. Then,
each processor transforms, tessellates, shades, and samples its assigned primitives. The samples are then
redistributed for the z-buffering using image parallelism. Each processor does the z-buffering for a constant
number of approximately square regions; the regions are assigned randomly at the start of the frame.

Due to memory constraints, each processor can only receive samples for alimited number of regions at a
time. This means that each processor starts the z-buffering of afew regions at the start of aframe. During
aframe, a processor can only start z-buffering a new region when an old one finishes. The rendering must
be synchronized with the z-buffering to ensure that only samples for the current regions are sent. A
processor must wait if it generates samples for aregion that is not currently being z-buffered.

Cox’s measurements show that a large fraction of the time is spent synchronizing the per-region z-
buffering. When combined with load imbalances as large as those of the first implementation, the
maximum speedup is limited to two, even when using 64 or more processors. Thus, he found this strategy
impractical.

L ee, Raghavendra, and Nicholas. A recent paper [Lee95] compared four methods for redistributing and
combining the samples on the Intel Touchstone Delta. The earlier steps of the authors’ implementations are
the same as in the Cray Animation Theater: the triangles are first divided among the processors, and then
each processor generates a full screen image of itstriangles. All of the four methods carefully schedule the
communication so that network contention is either reduced or completely avoided. The communication is
performed by having each processor first exchange samples among processors in each column of the 2D
mesh, combine the received samples, and then exchange samples among processors in each row. The
details of the communication scheduling are too complex to be described here. A brief description of the
methods follows:

1. Parallel Pipeline. Each processor sends a full screen image. The communication is broken up into a
series of steps. 1n each step, each processor sends one portion of the screen, receives a different portion,
and then composites the incoming data with the corresponding portion of itslocal frame buffer.

2. Parallel Pipeline with Bounding Boxes. This method is similar to the previous except that blank areas of
the screen are not sent. The method only sends the portion of each region within a bounding box that
contains all of the active pixels (pixels other than the background).

3. Direct Pixel Forwarding. This method only sends the active pixels. Each processor is given
responsibility for an equal-sized region of the screen, and the active pixels are sent to it. The number of
regions horizontally and vertically is the same as the number of columns and rows in the mesh of
processors.

4. Direct Pixel Forwarding with Static Load Balancing. This method is the same as the previous method
except that a different method of assigning pixels to processors is used, one that better balances the
composition workloads. The screen isfirst divided horizontally by the number of columns in the mesh.
Then, the scanlines in each column of pixels are assigned round-robin to the processors in the
corresponding mesh, interleaving the scan lines among the processors. This balances the composition
workloads better because each processor works on pixels distributed across the screen, which reduces
the probability that one processor is given aregion with too many active pixels.

The last method gives the best performance because it sends the smallest amount of data and also
incorporates load balancing. When rendering Gouraud-shaded triangles, it runs at rates between 2.8 and 4
million triangles per second using 512 processors, depending on data set.

Ortega, Hansen, and Ahrens. While this algorithm [Orte93] was implemented on a MIMD system like
the previous algorithms, it is very different as it is written using a data-parallel paradigm, like a SIMD
system. However, it is an object parallel algorithm because the rasterization is done by dividing the data
without regard to screen location. It was implemented on the CM-5, which has architectural and software
support for data-parallel programming. Data-parallel programming uses the concept of virtual processors,
where one programs as if there were a processor for each piece of data. Virtual processors are implemented
by having each real processor store and process several pieces of data. Each real processor iterates over its
set of virtual processor data when performing each operation.
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Figure 2.7 Taxonomy of the ray-tracing algorithm covered in this section.

Ortega et. a.’s algorithm works by first assigning each polygon to a distinct virtual processor. The
processors transform the polygons, discard those outside the window, light the polygons, and scan convert
the polygons into spans. The spans are routed to a second set of virtual processors, where the spans are
clipped to the window, and then are interpolated to calculate the pixels. Finally, a third set of virtual
processors, one for each screen pixel, is used for the z-buffering. Each processor is sent all the samples that
overlap its pixel, and it determines the visible sasmple. The algorithm requires two communication steps,
one for the transition from polygons to spans, and another for the transition from spans to pixels.

The basic algorithm works well when the polygons are nearly the same size, displaying nearly a million
triangles per second, but its performance drops by a factor of ten when some larger polygons are included.
An improved agorithm performs load-balancing steps between processing steps so the data can be moved
from busy to free processors.

2.3.3 Ray Tracing Algorithms

There has been considerable interest in developing algorithms for paralel ray tracing that are suitable for
general purpose parallel systems. Some of the algorithms use image parallelism like the polygon rendering
algorithms mentioned above, while others use object parallelism. While many of these algorithms cannot
be directly used for polygon rendering, some of their concepts can be reused, and thus | only report the
earliest reported algorithm of each taxonomy type. Other algorithms can be found in [Burk90] and
[Gree9l].

Object-parallel ray tracing. In object-parallel ray tracing, the primitives are partitioned among the
processors, and each processor intersects rays against its primitives. This is done by first dividing world
space into volume elements (voxels), assigning one or more voxels to each processor, and giving each
processor the primitives inside its voxels. Then, during rendering, rays are generated and sent to the
processor that handles the first voxel encountered. As aray progresses among the primitives, it is handled
by the processor assigned to the associated voxel of world space. When aray is traced into space handled
by a new processor, it is sent to that processor.

Cleary et. al. [Clea83] first proposed this type of algorithm but did not perform load-balancing. Kobayashi
et. al. [Koba87] used static load-balancing, giving each processor several voxels. Dippé and Swenson
[Dipp84] proposed a custom architecture that used an algorithm with dynamic load-balancing. The latter
algorithm’s subdivision method cut the object space into an irregular 3D mesh. When a processor was
overloaded it would move one of the corners of its voxel so that a neighboring processor would take on
some of the load.

Image-parallel ray tracing. The other class of algorithms for ray tracing, the screen subdivision
algorithms, can be divided into two subclasses: ones that do and do not replicate the model for every
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processor. Replicating the model on every processor greatly simplifies the algorithm. Unlike polygon
rendering, replicating the model is somewhat practical for ray tracing, as the models tend to be fairly
compact because higher-order primitives (like patches and quadric objects) are often used, and because the
slower speed of ray tracing makes large models less practical. One example of aimage-parallel algorithm
that replicates the model is one by Packer [Pack87] for an array of Transputers. This algorithm
dynamically parcels out patches of the screen to processors, with each processor ray-tracing its patches
independently. This work-queue approach automatically balances the workloads.

Another image-parallel algorithm is the one by Crow et. a [Crow88], which uses the first Connection
Machine, the CM-1. The screen is first divided into 128x128 pixel regions. Each region is rendered by
assigning a processor to each pixel, and then making a series of passes over the scene description. In each
pass, each processor intersects its current ray with all of the primitives in the scene, finding the closest
intersection. The first pass intersects the primitives with the ray starting from the processor’s pixel, finds
the closest primitive, and computes the ray reflected from the primitive. Later passes intersect the database
with each processor’s current reflected ray. This method did not perform load-balancing, instead using the
large computational power of the machine for the algorithm’ s speed.

Other image-parallel algorithms do not replicate the model at each processor. Instead, these algorithms
divide the model among the processors by dividing object-space into voxels, and distributing the voxels and
associated primitives across the processors. When the processors trace rays through voxels, they retrieve
the contents of voxels from the processor permanently storing them. To reduce communication, the voxels
are cached: some number of the most recently used voxels are saved in local memory.

Green and Paddon [Gree89] used this method and achieved speedups of six with eight processors when at
least 10% of the model could be stored at each node. They optimized the method by observing that alarge
percentage of the database queries were made to a small portion of the database. This observation led them
to modify the caching strategy so that a portion of the cache storage is dedicated to statically store the most-
often-referenced primitives. The modification improves the performance because accessing a static object
is faster than searching the cache. The portion of the database to be stored statically is determined from
statistics gathered when tracing a low resolution image; the primitives that are often used are then stored
statically for the high resolution image. Their algorithm uses a work-queue to dynamically assign regions
to processors.

While some of the parallel ray-tracing algorithms are similar to those used by the parallel polygon
algorithms, it is hard to draw comparisons between the two classes of algorithms. To get its higher-quality
shading, ray tracing requires much more computation per primitive than polygon rendering, which reduces
the effects of overhead and communication. The additional computation implies that the best load-
balancing methods should be more accurate, and also more expensive, than those used in parallel polygon
rendering algorithms.

2.4 Hardware Graphics Systems

Hardware graphics systems have different constraints than software implementations using general purpose
hardware. Their specialized design allows them to provide, for example, higher bandwidths than are
generally found in general purpose systems. This difference means that image-parallel systems can use
different screen subdivision methods, and also means that the higher bandwidths required by object-parallel
systems are more practical. About half of the systems described have been or are being built; they are
listed in the taxonomy in figure 2.8 with both their name and a reference to their description.

The image-parallel hardware systems use functional parallelism, where the front-end processing is done by
one processor or set of processors, and the back-end processing is done on a separate processor or
processors. This allows the processors to be specialized, which is useful because the work is also
specialized: the front-end processing is floating-point-intensive while the back-end processing is both
integer-operation- and memory-intensive. Object-parallel systems can also use this parallelism, but it is
less visible because each front-end processor istightly coupled to a back-end processor; the two processors
can be thought of as a single “meta-processor”.

24.1 Image-Parallel Systems

The main difference between hardware-and software-based image-parallel algorithms is that software
systems usually assign a few large regions to each processor whereas hardware systems usually assign
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Figure 2.8 Taxonomy of the hardware graphics systems discussed in this section. Systems that
have been built are shown with both the system’ s name and a reference to the description.

many small regions to each processor. The most common case is where the regions are the smallest
possible: a single pixel. These “regions’ are assigned to processors in an interleaved fashion (see figure
2.9). Values for i and j are chosen such that ij = N, and then each processor is given every it region
horizontally and jt region vertically.

If the regions are sufficiently small, all or nearly al the processors will work on each primitive, balancing
the rasterization load. Usually, the rasterization processors do not perform the rasterization setup, as this
would be expensive. Instead, the setup is done earlier in the pipeline. Using small interleaved regions
means that each rasterization processor must accept a description of most of the primitives. In aspecialized
architecture, this bandwidth can be accommodated during the system design. Most general-purpose
paralel processors do not have enough network bandwidth to accept a large fraction of the primitives, and
must use much fewer regions. Some of the earlier hardware papers described systems using large,
contiguous regions, which are more applicable for use on the general-purpose parallel systems considered
in this dissertation.

Fuchs. One of the early parallel graphics systems was proposed by Fuchs [Fuch77, Fuch79]. This system
has a central processor perform the geometry processing and the rasterization setup, and then uses a parallel
subsystem to rasterize the polygons (see figure 2.10a). The processors are assigned portions of the screen
in an interleaved fashion. All processors rasterize the same polygon at a time, waiting for the other pro-
cessors to finish before going on to the next.

1(2|11|2|1|2]|1|2
314[13[4]3[4([3]|4
1(2|11|2|1|2]|1|2
31413413434
1(2|11|2|1|2]|1|2
31413413434
1(2|11|2|1|2]|1|2
31413413434

Figure 2.9 Example of interleaved partitioning using four processors. Each square usually
represents a single pixel but can also represent a group of pixels. The numbers represent the
processor assigned to the pixel or group of pixels.
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Parke. Parke's paper [Park81] analyzed Fuchs's architecture as well as two other proposed architectures
(see figure 2.10). The first proposed architecture used a screen subdivision method with one contiguous
region per processor. The processors are organized in a pipeline by having a tree of splitter processors
divide the incoming stream of polygons into a stream for each rasterization processor. The second
proposed architecture is a hybrid between Fuchs's architecture and the first. The splitter tree is the same,
but not as deep as before, giving a smaller number of contiguous regions. Each contiguous region is
worked on by four processorsin an interleaved subdivision method, asin Fuchs's architecture.

Parke derived performance models for the three architectures and also simulated the architectures. He
simulated Fuchs's architecture for different interleave patterns, and found that the best interleave pattern is
where the footprint approximates a sgquare instead of one that is a single row or column. His models
predicted that, for his test cases, the best architecture is the splitter architecture. However, that architecture
suffers from load imbalances when the distribution of polygons on the screen is not uniform, and his
performance model assumed a uniform polygon distribution. Because of this, he concluded that the hybrid
architecture would be the best for most cases.

Parks. Parks[Park82] compared the three architectures proposed by Fuchs and Parke. He simulated each
architecture for a series of scenes. He concluded that Parke's splitter architecture worked best with scenes
having a uniform polygon distribution while Fuchs's interleave architecture works best with scenes having
clusters of polygons. The hybrid algorithm had performance between the other two algorithms'. He also
noted that the splitter architecture was the most sensitive to the screen position of the polygons; slight
changes in the distance from the viewer to the model could make dramatic differences in the frame time.
Fuchs's interleaved architecture was relatively insensitive the polygons' locations. These conclusions are
for systems with 16 processors. The splitter algorithm is the best choice when using 256 processors
because the per-polygon overhead dominates the time required by the interleaved method.

Whelan. In his dissertation [Whel85], Whelan simulated several different screen subdivision methods in
order to find a suitable one for hardware implementation. He looked at three screen subdivision methods,
dividing the screen into rows (i.e. regions extending the width of the screen), columns, and a equally-
spaced grid of rectangular regions. His simulations included trying a range of region-processor ratios from
25to 1. These methods used a static assignment of regions to processors, assigning the processors in an
interleaved fashion. Each processor works on one or more contiguous regions of pixels.

Whelan also studied an adaptive screen subdivision method. The method generates 2/ regionsin i steps. In
each step, each existing region is cut in half so that each has half of the polygons (the location of a polygon
is considered to be a single point, the centroid of the polygon). The odd steps cut the regions verticaly, and
the even steps cut the regions horizontally, as shown in figure 2.11.

His simulations indicated that the method that gave the highest parallel efficiency during rendering was the
adaptive method, followed by the rectangular region method with more than one region per processor.
However, he concluded that the rectangular region method was the most suitable for his hardware design,
because calculating the region boundaries is quite expensive: “determining a partitioning ... probably
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Figure 2.10 Architectures proposed by Fuchs and Parke.
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Figure 2.11 Example of Whelan's adaptive subdivision. Each line is numbered with the step
where it was created.

reguires as much computation as computing the image of the scene”. Because his non-adaptive screen-
space subdivision methods used static assignment of regions to processors, his methods were somewhat
inefficient, using 16 processors with at most 70% efficiency .

Hu and Foley. A paper by Hu and Foley [Hu85] considered some similar methods for hardware
implementation. They considered three architectures with a uniprocessor performing the transformation,
lighting, and clipping, and then broadcasting the polygons to a parallel system for rasterization. Their
simulations considered three methods of screen-space subdivision, al of which allocate scanlines:

e static assignment of a contiguous group of scanlines to each processor.
e dtatic interleaved assignment of scanlines to processors.

« dynamic assignment of scanlines to processors. The uniprocessor handled the scanline assignment in
this case. An omega network [Lawr75] handled communications between the processors and the shared
frame buffer.

The authors simulated the three methods using each of two methods of broadcasting the primitives. The
first method broadcasts the primitives one at a time, synchronizing the processors between polygons. The
second method broadcasts all the primitives to the processors, so no synchronization is performed except at
the end of processing. (The second method assumes each processor has sufficient storage to avoid delays.)
They conclude that the dynamic assignment without per-primitive synchronization was the most practical.
However, they do not take into account the increased cost of a system that supports dynamic assignment of
scanlines compared to one with that has fixed assignments, or contention for the frame buffer.

SAGE. The SAGE (Systolic Array Graphics Engine) [Ghar88] is arendering system which uses a systolic
array [Kung82] of processors to generate the image a scanline at atime (see figure 2.12). A simple system
has one processor for every column on the screen. Since Gharachorloo et. a. implemented the rasterizer in
aVLSI chip that contains 256 processors, a complete rasterizer array requires only afew parts. Spans are
input to the processor array, where each processor calculates whether the span overlaps it pixel location,
and then passes the span to the next processor.

SVIP x right
> VIPES
- VIPH
Transformation Polygon Polygon |, > VIP S = = = D =P
Processor Memory Manager || [ VIPY = S EEEE o E
untransformed unsorted screen- -sorted screen- span info g Vl P ” . D el
polygons space polygons épace polygons ' L VP z L one SAGE processor (SP) pIxes
vipLe b per pixel column
_’

Figure 2.12 The SAGE architecture. Key: VIP = Vertical Interpolation Processor.
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A full system has a parallel transformation engine to traverse the data set, generate screen-space polygons,
and sort the polygons according to their topmost y value, placing them into a buffer. A second engine
traverses the polygon buffer and computes the edge, color, and z slopes. It then loads the polygons and
slope values into the Vertical Interpolation Processors (VIPs), aso to be implemented as a VLSI chip.
These processors interpolate the active polygons and generate the spans for the SAGE processors. When a
scanline is rasterized, the spans for that scanline are fed into the systolic array and percolate through the
processors. When al of the spans are processed, the computed pixels are read out and stored in a frame
buffer.

The SAGE system promised rendering performance approaching one million polygons per second. The
front-end processor has not been described.

Pixel-Planes 4. The Pixel-Planes 4 system [Fuch85] takes an extreme approach to screen subdivision,
using a processor per pixel. The systems consists of afloating-point front end, plus a512x512 SIMD array
for the rasterization. A key feature of the SIMD processorsistheir linear expression tree, which enables the
processors to quickly evaluate linear expressions in screen space. Linear expressions can be used to define
polygon edges and to interpolate z and color values.

The front-end processor traverses the data set that is stored in its memory, and does the usual front end
tasks: the transformation, clipping, and lighting calculations. It also generates instructions for the SIMD
array, which involves calculating the slopes’ values. Because the rasterization array is SIMD, it takes the
same amount of time to rasterize a large polygon as it does to rasterize a small one. This characteristic is
good if the data set has large polygons, but bad with many small polygons: most processors do no useful
work when rasterizing small polygons. The system can display 37,000 Gouraud-shaded triangles per
second.

Pixel-Planes 5. The Pixel-Planes 5 system [Fuch89] continues the use of SIMD processors for rasterization,
but uses multiple SIMD arrays (called renderers) instead of one large one. The SIMD arrays only execute
instructions sent to them, so instead of sending screen-space primitives to the renderers, a series of
instructions are sent that perform the rasterization.

The Pixel-Planes 5 front end consists of several Intel i860 processors. Each stores a portion of the model,
and transforms it during each frame, much like the Pixel-Planes 4 front-end processor. After the
transformation is complete, the rasterization is performed, with the screen is subdivided into 128x128 pixel
regions, the size of the SIMD array. The renderers are initially assigned to the regions with the most
primitives, and each front-end processor sends the instructions to rasterize the primitives that overlap the
assigned regions, sending them to the appropriate renderer. When all processors have sent their commands
for a given region, that renderer is reassigned to the region with the next smaller primitive count. This
continues until all of the regions are completed.

The Pixel-Planes 5 system uses the Phong shading model and supports procedural textures. MIPMAP
textures are also supported, but at a lower speed. The system is described in detail in Chapter 8. The
chapter also describes a second rendering algorithm, called MEGA, that uses static assignment of regions to
renderers.

Silicon Graphics GTX. The Silicon Graphics GTX [Akel88] is a highly pipelined graphics system (see
figure 2.13a). The front end calculations are performed in a pipeline of identical processors. The pipeline
stages are as follows:

*  Geometry Accelerator: buffers Graphics Library (GL) calls and converts data formats.

e Geometry Engines. The GTX has five Geometry Engines, each implementing a different part of the
pipeline. Each engine has a first-in first-out buffer and a floating point processor. The different
Geometry Engines split the front end calculations as follows:

1. Vertex and normal transformation, and transformation matrix calculations.

2. Lighting calculations.

3. Cliptesting and trivial rejection.

4. Perspective division and clipping, when indicated by the previous step.

5. Vertex transformation to the viewport, clamping of colors to the allowed range, and depth cueing.
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Figure 2.13 (a) Silicon Graphics GTX architecture (b) Silicon Graphics VGX Architecture.

Abbreviations. SP - Span Processor; |E - Image Engine; Seq - Sequencer; ALU - Arithmetic Logic
Unit (floating point); AP - Area Processor.

« Polygon Processor: decomposes polygons into screen-aligned trapezoids (the vertical edges are screen-
edge aligned), and cal cul ates parameter (r, g, b, y, 2) lopesin the horizontal direction.

e Edge Processor: iterates horizontally along the trapezoids, generating vertical spans, and calcul ates the
parameter slopes of the spans.

e Span Processors: The 5 Span Processors generate pixels from the vertical spans. Each Span Processor is
responsible for every 5 column of pixels. The Span Processors operate independently, in MIMD
fashion.

* Image Engines. Each Span Processor has four Image Engines associated with it that perform the z-
buffering. Each MIMD Image Engine operates on every 4th pixel in the columns assigned to the
associated Span Processor.

The GTX supports linearly-interpolated colors (Gouraud shading) using the Phong lighting model at each
vertex.

Silicon Graphics VGX. The VGX [SGI90] is a pipelined graphics system similar to the GTX, but with a
shorter and wider front-end pipeline, and with more processors in the rasterization system (see figure
2.13b). The pipeline stages are as follows:

e Command Processor: parses GL library calls and outputs complete primitives.

* Geometry Engine: A 4-way SIMD floating point processor that does the transformation, lighting, and
clip testing, usually with one vertex per processor.
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Vertex Reorganizer: reorganizes vertex-per-processor data format from the Geometry Engine to the
polygon-per-processor format needed by later processors.

Polygon Engine: A 4-way SIMD processor that calculates polygon slopes and clips when necessary.
Area Engine: A 4-way SIMD fixed-point processor that generates vertical spans from polygons.

Span Processors: The 5 or 10 Span Processors generate pixels from the vertical spans. Each Span
Processor is responsible for every 5" or 10 column of pixels. The Span Processors operate
independently, in MIMD fashion.

Image Engines. Each Span Processor has four Image Engines associated with it that perform the texture
lookup and z-buffering. Each MIMD processor operates on every 4th pixel in the columns assigned to
the associated Span Processor

The VGX supports Gouraud shading and Phong lighting, and can also do texture mapping. The texture
mapping is not true MIPMAP texture mapping [SGI93]: it only does a bilinear interpolation from pixels
using asingle texture resolution for the polygon. It also only performs perspective correction on the texture
coordinates at each vertex instead of at each pixel. The system supports automatic polygon subdivision to
reduce errors from the two approximations to MIPMAP texturing. Later systems, the VGXT, SkyWriter
and RealityEngine, perform true MIPMAP texturing.

Silicon Graphics RealityEngine. The SGI RealityEngine [Akel93] is similar to the VGX system but has
an even shallower pipeline, and has a larger feature set. It can perform MIPM AP texture mapping and one-
pass anti-aliasing using 4, 8, or 16 samples per pixel.

The pipeline stages are as follows:

Command Processor: parses GL library calls and outputs complete primitives.

Geometry Engines: The Geometry Engine stage has 6, 8, or 12 MIMD i860 processors that do the
transformation, lighting, clipping, and calculate the triangle slopes.

Fragment Generators: The Fragment Generators scan-convert the polygons, generating pixels or pixel
fragments. It also does the MIPMAP texture mapping. A system can have 5, 10, or 20 Fragment
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Figure 2.14 Silicon Graphics RealityEngine architecture. Abbreviations: Geom - Geometry; FG -
Fragment Generator; |E - Image Engine.
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Generators, each responsible for an equal number of pixels on the screen. The FG's are MIMD
processors.

¢ |Image Engines. The MIMD Image Engines takes the pixels and subpixel masks generated by the
Fragment Generators and z-buffers each of the samples. Each Fragment Generator has 16 Image
Engines.

The RealityEngine graphics subsystem has been succeeded by ones with higher-performance and similar
feature sets, the RealityEngine? and the InfiniteReality.

242 Object-Parallel Architectures

The hardware-based object parallel systems generally have specialized interconnection networks to
combine the samples generated by the rendering engines. The specialized networks are designed to handle
the large bandwidths required, which can saturate general purpose networks. One common method used is
to have each processor compute a full screen image of a cut-down version of the model. Then, the image
from each processor is read out along with the z values, and the nearest primitive in each pixel selected by
examining the z values of the frame buffers.

Figure 2.15 shows an example of this type of system where the rendering processors continually output the
video image. The z and RGB values are sent through the composition tree and then to digital-to-analog
converters and the monitors. This requires synchronizing both the frame buffer pixel scan-out and buffer
swaps.

24.2.1 Primitive-Per-Processor Systems

The early work in image composition architectures was done using primitive-per-processor systems. These
systems have rasterization processors that can only rasterize one primitive at a time. The image
compositors are usually incorporated with the rasterizer, and the processors arranged in a pipeline (a
maximally unbalanced tree). This arrangement makes it very easy to expand the system. Some systems
time-share processors so that they can support more complex scenes, with more primitives than one per
processor. These systems first sort all the primitives by their topmost y coordinate. Then, at the start of a
new scanline, they load the primitives that have their top at the current scanline, and also they remove
primitives that have their bottom at the previous scanline. Thus, a system can reuse processors during a
frame; it only needs to have enough processors to handle the scanline that has the largest number of
primitives crossing it.

The first implementation was the NASA |l flight simulator built by General Electric [Scha83]. In this
system, four circuit boards (one per edge) were used to determine whether the current pixel was within a
quadrilateral. Many cards were used to support a complex scene. Here, the priority order was fixed,
without regard to the z value. The lowest numbered card set with a polygon overlapping the current pixel
determines the pixel’s color. Primitives are assigned to modules according to their priority order by another
processor. That processor determines the priorities using precomputed intra-object polygon ordering and
inter-object ordering using separating planes.

Renderer and
Frame Buffer
Renderer and rgb
Frame Buffer ‘
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/
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Frame Buffer zandrgb

Figure 2.15 Example of avideo-output image composition system.
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A later system was proposed by Cohen and Demetrescu [Deme80], which used processors implemented in
VLSI. The processors were arranged in a pipeline, and compared depth values. This idea was extended in
the system proposed by Weinberg [Wein81] to support anti-aliasing using a variant of the A-Buffer
algorithm [Carp84]. Instead of outputting a single z and RGB pair, each processor outputs a sequence of
polygon fragments consisting of those objects that overlap the pixel. The compositor then merge these lists
of fragments. Fragments that are not visible are not passed on, which helps keep the list size manageable.
The output of the composition tree is sent to filter processors, which combine the fragments to arrive at the
final pixel value.

Deering et. al. [Deer88] extended the basic model in a different direction by adding deferred shading,
allowing Phong shading. In their proposed system, the processors output a packet containing z, material
type, and normal vector. These values are compared and the front-most one given to a set of shading
processor, which computes the color. Anti-aliasing is supported by supersampling.

Finally, Schneider and Claussen [Schn88] combined deferred shading and one-pass anti-aliasing in their
design of the PROOF architecture. The pixel fragments lists are first merged in the composition tree. The
fragments are then each shaded using shading processors, and finally filtered to the final pixel valuein the
filtering processors.

One common characteristic of the primitive-per-processor systems is that their performance drops
considerably when there are more primitives than processors. When this happens, a multipass algorithm is
used to handle the “overflow” primitives. In each pass, the N processors are loaded with the next N
primitives, and the z and RGB values from the previous pass are passed through the processor array. Some
systems place primitives in processors only when the primitive crosses the current scanline, reducing the
need for the multipass algorithms.

24.2.2 Large-Grain Image Composition Systems

Some later image compositions used larger-grained processors, ones that process more than one primitive at
atime. Shaw et. al. [Shaw88] proposed a system that supports anti-aliasing. Each renderer outputs a z,
color, and coverage value for each pixel. The compositor combines the samples using a simplified version
of Duff’s composition algorithm [Duff85].

In his dissertation, Molnar [Moln91b] explored large-grained composition systemsin detail. He examined
several A-buffer type methods that were used previously, and concluded that they had objectionable
artifacts. The only way to remove the artifacts is to include enough information in each fragment to
calculate multiple samples per fragment in the filtering stage. Including that much information makes the
composition bandwidth required approach the bandwidth required by a brute-force supersampling
technique using five samples-per-pixel. (Molnar also investigated anti-aliasing methods that reduce the
number of samples required [Moln91a]). The A-buffer method would also require complicated, high
performance compositors and fragment combiner processors, while the supersampling method has trivial
compositors and simple fragment combiners.

He developed a detailed system design called PixelFlow that used multiple-sample anti-aliasing and
included support for deferred shading. A revised description of the system appears in [Moln92] and is
currently being implemented.

2.4.2.3 Image Composition with Image Parallelism

Kubota Pacific Denali and Evans and Sutherland Freedom. Some recent workstations, the Kubota
Pacific Denali [Kubo93] and the Evans and Sutherland Freedom Series [E& S92] perform most of the work
using object parallelism. Unlike the earlier object-parallel systems, the hidden surface elimination is done
using image paralelism. One set of processors executes the functions of the graphics pipeline through scan
conversion, with the processors operating on different primitivesin parallel. A second set of processors do
the z-buffering, with each processor responsible for a portion of the screen.

The Denali system accepts commands from the host processor and sends them to one or more Transform
Engine Modules (TEM). It broadcasts attribute changes to al modules, and sends primitives to a single
module in round-robin order. The TEMs transform the primitives and rasterize them. They are then routed
to a Frame Buffer Module (FBM) for z-buffering.
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A Denali system can contain 5, 10, or 20 FBMs. Each holds the z-buffer and frame buffer for a portion of
the screen. In afive FBM system, the first FBM does the first four pixelsin a scanline, the next FBM does
the next four pixels, etc. In a 10 FBM system, 5 FBMs handle the even scanlines, and the other handle the
odd scanlines, with each set of 5 FBMs dividing up the scanline like the 5 FBM system. In a 20 FBM
system each set of 5 FBMs works on every fourth scanline. The Denali system can perform Gouraud
shading and Phong lighting, and can do MIPM AP texture mapping.

The Evans and Sutherland Freedom Series operate similarly. They have up to 16 front-end processors
similar in function to the Denali TEMs. The systems have a routing network and a parallel frame buffer,
but no details are available. The Freedom systems support texture mapping like the Denali and also support
one-pass anti-aliasing using sub-pixel masks.

2.5 Summary

This chapter has described many different algorithms, most of which predicted or delivered good results.
Because the algorithms were targeted for a variety of architectures and different image quality levels, it is
difficult to evaluate their suitability for use for polygon rendering on a general-purpose multicomputer.
The next chapter will take a step back and place many of the algorithms described here in a taxonomy and
evaluate the branches of the taxonomy.

29



CHAPTER THREE
CLASSES OF PARALLEL POLYGON RENDERING ALGORITHMS

This chapter describes a classification of polygon algorithms and analyzes each to find the one most suit-
able for multicomputers. The classification used was developed at UNC by several members of the Pixel-
Planes project, and has been described previously in Molnar’s dissertation [Moln91b] and in a paper by
Molnar, Cox, Ellsworth, and Fuchs [Moln94]. Much of the discussion and analysisin this chapter is based
on the work in the latter paper.

There have been severa classifications of polygon algorithms. Sutherland, Sproull, and Schumacker’s
classic paper [Suth74] characterizes ten uniprocessor polygon hidden-surface algorithms. Gharachorloo et
al. [Ghar89] describes algorithms used in hardware systems, many of which are paralel. Whitman
[Whit92] describes a taxonomy of parallel algorithms. However, there has not been a characterization of
the different methods of parallelizing the entire rendering process until the Pixel-Planes characterization.

3.1 Description of the Algorithm Classes

This classification of parallel rendering algorithms only considers fully parallel rendering algorithms,
where the data at each step in the pipeline is divided among multiple processors. Partially parallel algo-
rithms can be considered as degenerate cases, but the analyses may not be correct since some overhead
costs do not exist. Also, the classification only covers feed-forward algorithms, algorithms based on the
traditional graphics pipeline. It does not cover ray tracing or certain volume-rendering algorithms. Figure
3.1 shows the graphics pipeline implemented in afully parallel algorithm.

If, for simplicity, shading and anti-aliasing are omitted, the graphics pipeline is as follows. The pipeline
starts by traversing the graphics database or by generating the triangles (for retained-mode and immediate-
mode interfaces, respectively). The output of this step is raw triangles, 3D triangles in world space or
modeling space that have yet to be transformed. The next step is the geometry processing, which consists
of the transformation to eye space, clipping, transformation to screen space, and perhaps shading the ver-
tices. The output of this step is triangles in screen space, or display triangles.

Graphics database
generation or traversal

v
v

W [+~ [7][1] et
\

Display

Figure 3.1 Graphics pipelinein afully parallel rendering system. Processors G perform geometry
processing. Processors R perform rasterization (after [Moln94]).



The final step turns the display triangles into the final pixel values. The triangles are scan converted, and
each pixel is z-buffered and shaded. The display triangles are usually converted first to spans, then to
pixels, and then to visible pixels.

In afully parallel algorithm, the final step must be done using image parallelism, as all the potentially
visible pixels must be examined to determine the final pixel value. However, image parallelism cannot be
used for the entire graphics pipeline. The pipeline begins with raw triangles, which cannot be sorted in
screen-space because the screen space location has yet to be calculated. The graphics pipeline must start
with object parallelism, with the raw triangles distributed to the processors.

So, the triangles must be partitioned two different ways at different points of the pipeline. The changein
partitioning the triangles requires that the triangles be sent among the processors, with the triangles sorted
according to the location of triangles on the screen. The sort, or redistribution, can be made at many differ-
ent points within the graphics pipeline. The data that is redistributed is different when the sort is done at
different places in the pipeline. At different points in the pipeline, the data corresponding to asingle trian-
gle varies in size, which implies that performing the sort at different locations would require differing
amounts of communication bandwidth. The placing of the sort aso determines the amount of computation
that is duplicated. Because of these factors, choosing where to perform the sort between partitionings is
quite important when choosing a parallel algorithm.

Sort-first algorithms perform the sort as early as possible in the pipeline, before completing the geometry
processing, and redistribute raw (untransformed) triangles. When the sort is performed later on in the
pipeline, after all the geometry processing has been completed, display triangles are redistributed. These
algorithms are called sort-middle. Finaly, if the sort is done after rasterization has started, so that spans,
pixels, or pixel fragments are redistributed, the algorithm isin the class called sort-last.

These algorithm classes are not comprehensive. Algorithms exist that perform more than one redistribution
(e.g., [Orte93]). However, these algorithms do not appear to be feasible for multicomputer algorithms. On
current multicomputers, the redistribution step takes a significant amount of time, making algorithms that
perform it more than once have a disadvantage compared to algorithms that do only one redistribution.
Additional redistributions might give better load-balancing. However, this seems unlikely, as the algo-
rithms presented in later chapters achieve high efficiency using one redistribution.

Even so, the classification method allows high level analysis of algorithms, which will be done in sections
3.2 and 3.3. The next sections describe the classes in more detail.

3.1.1 Sort-First

In sort-first, the redistribution step is performed as early as possible. Most of the work is done using image
parallelism, where each processor is responsible for one or more regions on the screen. However, as men-
tioned above, the start of the transformation process is done with the triangles distributed across the proces-
sors by some method. Each triangle is transformed to screen space, and then sent to the processors
handling the regions the triangle overlaps. Only the vertices of the triangle are transformed; other calcula
tions, like transforming normal vectors and shading, are done on the receiving processors. The transformed
points may be sent, along with the triangle, if it isfaster to do so instead of retransforming the triangle.

The agorithm works well with primitives that are more complex than triangles because the cost to trans-
form the primitive is small compared to the total cost. Thisistrue for complex primitives like curved sur-
faces. The algorithm also works well when the frame-to-frame coherence of each triangl€’ s location on the
screenisused. If the display list is not changed between frames, the receiving processor can save the raw
triangles for one frame in the hope that it will be need them for the next frame. The processor can reuse a
triangle without further redistribution if the processor is assigned the same region(s) in the next frame, and
the triangle is still in the processor’s region. In some cases the redistribution traffic can be nearly reduced
to zero.

The screen-space subdivision methods described in Chapter 2 can be used to parallelize the rasterization
part of the pipeline. However, Mueller’s simulations [Muel 95] show that better |oad-balancing comes with
the cost of decreased coherence. The better oad-balancing methods break up the screen so that each
processor could have several regions. However, the best coherence comes when each processor has only
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Figure 3.2 Sort-first. Redistributes raw triangles during geometry processing (from [Moln94]).

one region, as each region is larger, increasing the probability that a triangle will remain on the same pro-
Cessor.

Sort-first algorithms that exploit coherence must partition the triangles during geometry processing the
same way as they are partitioned during rasterization: the triangles are divided following the chosen screen-
space subdivision method. Triangles that are outside the viewing frustum must also be partitioned among
the processors so that they can be transformed each frame to see if they become visible. One way to parti-
tion the off-screen triangles is to randomly assign them to processors when they leave the screen. Other
methods are possible.

Of the three classes of algorithms, sort-first has been studied the least. One of Cox’s parallel RenderMan
implementations [Cox95] uses a sort-first algorithm. Because it redistributes complex primitives such as
curved surfaces, and because it only renders one frame, it does not make use of coherence. | have heard
that Robert Stein of the Parallel Software Group is in the process of building a sort-first system, but little
information is available about the work. Mueller's paper [Muel95] is the only one published to date that
considers sort-first algorithms that use coherence.

No sort-first rendering algorithm has been developed that supports editing a hierarchical display list, such
asused in PHIGS [ANSI88]. Most retained-mode libraries have hierarchical display lists. When coherence
is used, the triangles that are distributed across the processors must be from a flattened display list, without
hierarchy. Some correspondence between the hierarchical and flattened display lists must be maintained so
that editing is possible. When the display list is edited the flattened display list must also be updated. This
can be difficult as a single polygon may be instanced more than once. Also, hierarchical display lists have
attributes that affect triangles below them in thelist. An attribute can affect hundreds or thousands of trian-
gles. When the attribute is edited, the new attribute must somehow be associated with each affected trian-
gleinthe flattened display list.

Editing aflat display list is somewhat easier. One method for alowing editing would keep a separate ver-
sion of the display list that is statically partitioned among the processors. When atriangle is updated, the
display list is queried, and the old triangle returned. The new triangle is sent to the processors that overlap
the old triangle, which is determined by transforming the old triangle and calculating the regions it over-
laps. A second method would also keep a static display list, but with a list of the processors that have a
copy of each triangle. Each processor would update the display list whenever it starts or finishes keeping a
copy of atriangle. The first method does not work if there are transformation matrices internal to the
display list. However, it does not need the additional communication used by the second method to keep
the triangle-processor directory up to date.

3.1.2 Sort-Middle

In sort-middle algorithms, display triangles are redistributed. The display triangles are first generated by
transforming the raw triangles, and are then redistributed among the processors. The display triangles are
rasterized after the redistribution. As with the other algorithm classes, the tasks before and after the redis-
tribution step must both be partitioned among the processors so that the loads are balanced. Both of these
partitionings are fairly simple to implement. Most parallel polygon implementations to date have been in
the sort-middle category.
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Figure 3.3 Sort-middle. Redistributes screen-space triangles between geometry processing and
rasterization (from [Moln94]).

The geometry processing can be partitioned arbitrarily aslong as the load is balanced. For flat, all-triangle,
models (ones that don’'t have hierarchy), the simple method of assigning polygons to processors in round
robin fashion has worked well [Whit92, Croc93]. Here, a polygon p gets assigned to processor p mod N,
where N isthe number of processors. Thisworks even though the cost to transform atriangle can vary by a
factor of up to 50. If the triangle is off-screen, it can be rejected quickly. It can also be rejected quickly
when the back face is visible, and back-face culling is enabled. On the other hand, clipping a triangle when
it crosses a viewing frustum boundary can take ten times a normal triangle€’s processing time. Also, large
triangles (large in screen area) are more expensive than small triangles because, on average, they need to be
redistributed to more processors. The simple method works because it places triangles that are near to each
other in the display list, which are usually also near to each other in world space, on different processors.
Even though the cost of transforming the triangles changes, it changes somewhat evenly across the proces-
sors because the imbalances are usually averaged out across the entire display list.

Attributes (transformation matrices, color changes) can possibly affect all the triangles found later in the
display list, making them harder to distribute. One can simply send attribute changes to all of the proces-
sors. However, a processor may not have any of the triangles that the attribute affects, so having that pro-
cessor process the attribute is inefficient. An algorithm that removes the extra attribute changes is
described in [Ells90a]. This paper also describes a method for distributing hierarchical display lists. More
details about distributing display lists appear in Chapter 5.

Sort-middle also supports an immediate-mode interface. However, load-balancing the transformation
process is more difficult with an immediate mode interface compared to a retained-mode interface. One
reason is that the user performs the data partitioning, usually without regard to the transformation process.
It is more likely that a single processor’ s triangles are located close together in world space, and thusiit is
more likely that they will all go off screen, or increase in screen size due to perspective. Removing this
load imbalance is fairly difficult. When the geometry processing is done on the same processor where the
triangles are generated, there is no redistribution step beforehand that can be used to repartition the trian-
gles. Compare this with the rasterization task, which has a redistribution step before it runs. Overloaded
processors can send untransformed triangles to other processors, but the necessary communication takes a
large fraction of the transformation time. This means that correcting the load imbalances will only help
when there are gross imbal ances. When there are small imbalances, the additional communication cost will
overwhelm the savings from the higher efficiency. Also, the cost of determining the heavily- and lightly-
loaded processors must be considered, which is a global operation. Load-balancing a parallel immediate-
mode system has not yet been fully studied. It is currently being studied for the PixelFlow system at UNC
[Moln92].

Many of the image parallelism methods described in Chapter 2 can be used to partition the rasterization
step. Sort-middle algorithms do not need to constrain the partitioning algorithm to improve coherence as
sort-first algorithms do. Image parallelism methods for sort-middle are discussed further in Chapters 4 and
6.

Sort-middle has been studied extensively. Two parallel software systems, by Whitman [Whit92, Whit94]
and Crockett and Orloff [Croc93], are sort-middle algorithms. Roble [Robl88] has a sort-middle-like
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Figure 3.4 Sort-last. Redistributes pixels, samples, or pixel fragments during rasterization (from
[Moln94]).

software implementation, but he did not perform the transformation in parallel. Severa hardware systems
have been proposed that use image parallelism suitable for sort-middle [Fuch79, Park80, Whel85, Hu85,
Ghar88], and at least one full hardware system has been built [Fuch89]. Many of the commercia graphics
systems are best considered sort-middle systems [Akel88, SGI90, Akel 93] even though they not fully paral-
lel (they send all primitives through a single processor at some point in the pipeline).

3.1.3 Sort-Last

In sort-last, the redistribution step is done after rasterization is started. However, the redistribution step
must be done before all the hidden surfaces have been removed, since any processor may determine the
final pixel value. This means that pixels, spans, or samples are redistributed along with depth information.
Nearly all the rendering is performed before the redistribution; only hidden surface removal and possibly
deferred shading are done after redistribution.

There are two main variants of sort-last. One method, called sort-last-sparse, has each processor transmit
only the pixels within its triangles. The other method, called sort-last-full, has each processor transmit the
entire screen. In sort-last-sparse, hidden surface elimination among a processor’s triangles is usually not
performed because the cost usually outweighs the cost of sending more than one sample for a few pixels
[Cox92]. This especialy true when using more than a few tens of processors. Local hidden surface elimi-
nation is always done in sort-last-full.

The triangles are partitioned among processors using object parallelism methods, methods similar to the
ones described for sort-middle algorithms. The main difference is due to more work being done on a pro-
cessor before redistribution: in sort-middle, only the transformation is done, while in sort-last, much of the
rasterization is done. This means that the difference in work to process different triangles can vary by a
larger factor, up to afactor of amillion (compare the cost of a one-pixel triangle with a million-pixel trian-
gle). The large difference in work will make load-balancing more difficult. For example, statically divid-
ing the triangles among the processors will not work as well as with sort-first and sort-middle, since the
larger variance in the time to rasterize each triangle will increase the variance in the time taken by each
processor.

Cox’s sort-last-sparse implementation, which uses a static assignment of regions, did not effectively
balance the loads [Cox95]. Molnar studied load-balancing effects for systems with specialized SIMD
rasterization hardware [Moln91b]. The SIMD hardware's rasterization time is less sensitive to the size of
the triangles, which puts less stress on the oad-balancing algorithm.

L oad-balancing the tasks after redistribution is fairly simple with sort-last. It is trivia for sort-last-full:
each processor can handle an equal portion of the screen. It isaso simple to do for sort-last-sparse. The
screen can be divided in a single-pixel interleaved fashion. Asdiscussed in section 2.4.1, this means each
processor will process nearly the same number of pixelsfor composition.

Sort-last has been fairly well investigated. The primitive-per-processor systems [Deme80, Wein81,
Scha83, Deer88, Schn88] are all sort-last-full systems. Two large-grain image composition systems
[Shaw88, M0oln92] are also sort-last-full. Sort-last-sparse has been implemented on the CM-5 [Cox95], and
is currently available in commercia workstations [Kubo93, E& S92].
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3.1.4 Other Algorithms

As mentioned before, algorithms do not necessarily fit into one of the three classes. For example, an algo-
rithm can redistribute the data more than once. A data parallel (i.e., SIMD) algorithm implemented by
Ortega et. al. [Orte93] redistributes both spans and potentially visible samples. It also redistributes the data
more than once to improve the load-balancing. However, since good agorithms exist that have only one
redistribution step, it appears that the additional redistribution is unnecessary.

Other hybrid algorithms are more promising. These algorithms have one redistribution step but vary the
place where the redistribution is performed. Cox’s hybrid algorithm [Cox95] is mainly a sort-first imple-
mentation, but uses a sort-last-sparse-like algorithm to move work from overloaded processors to others
that finish early. Or, agraphics library that has both immediate-mode and retained-mode interfaces could
use a sort-middle algorithm to process triangles given to the library via the immediate mode interface, and
use a sort-first algorithm to process the triangles retained between frames. The sort-first algorithm would
be able to reduce the required communication by migrating the triangles to the processors that render them.
The latter hybrid is atopic for future research.

3.2 Models of the Algorithm Classes

Now that the algorithms have been described, along with the characteristics of typical 1oad-balancing algo-
rithms, we can compare the suitability of the algorithm classes for use on general-purpose multicomputers
running the typical application, the visualization of scientific applications. Three characteristics of these
applications bear on the analysis: (1) it istypical for the application to regenerate large portions of the geo-
metric model each frame; (2) the models are fairly large, having at least 50,000 triangles; and (3) the trian-
gles are fairly small, usualy containing fewer than 10 pixels. | will compare the algorithms by devel oping
equations for the overhead costs of algorithms in each class, and then use the equations to compare the
algorithms.

The analytic performance models of the algorithm describe most of the computation and communication
done by the algorithm. They do not include load-balancing, as detailed load-balancing information has not
yet been published for most of the classes. The models also do not include provisions for editing the user’s
geometric models. Even so, high-level analytic models enable one to calculate some bounds on the
performance of the various classes.

The models presented here have been developed starting with the models published in [Moln94]. However,
the models presented here are somewhat more detailed than those. They are also specialized to include
costs incurred when running on general-purpose systems, and to the characteristics of interactive applica-
tions. (The consequence of the latter specialization is the dropping of provisions for tessellation, as most
interactive applications do not use curved surfaces.) The main difference is that the costs (times and sizes)
are quantified, instead of being left unbound. The timing values for the models in this chapter are derived
from measurements of a sort-middle implementation running on the Caltech Touchstone Delta system. The
implementation is described further in later chapters, and the measurement methods are described in
Appendix B. Because the values are from a single implementation, they are only directly representative of
one class of algorithms. Using the values for other classes is an approximation. For example, a sort-last
implementation does not need to perform bucketization. The sort-middle code has provisions for
bucketization, and thus takes additional time. On the other hand, each method requires that additional code
be inserted, making them take more time than the sort-middle measurements indicate. Given these caveats,
the sort-middle measurements are useful as estimates of the actual times.

In the equations, times are indicated using a subscripted t; the subscript indicates the category.
Redistribution costs are not shown as times since they consume both communication bandwidth and
processor time. Instead, the redistribution costs are shown as the total number of bytes to be transferred
each frame. The sizes of different data types are shown using subscripted s. The processing time required
by the redistribution can be calculated by multiplying the total humber of bytes by the per-byte time
communication time. The symbols used in the analysis are listed in table 3.1, and the times and data sizes
areintables 3.2 and 3.3.
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Table 3.1 Symbolsused in the analysis of the algorithm classes.

Cost Description Value (usec)
tore xform time to transform atriangle to screen space 3.2
tgeom time to transform atriangle, and cal culate per-vertex lighting 8.3
toucket time to put a triangle into one bucket 2.7

tiri time required for per-triangle rasterization setup 18.8

tiine time for per-scanline setup 2.74
tcan time to scan-convert a pixel 0.03
teomp time to composite a pixel 0.2

teira comp | EXtratime to composite a sort-last-sparse pixel 0.28

Table 3.2 Costs used in the analysis of the algorithm classes. The values are from an Intel
Touchstone Delta implementation.

Name Description Size (bytes)
Sraw tri size of raw triangle 88
Sdisp tri size of display triangle 56
Syparse samp | SiZe Of sort-last-sparse sample 12
Stull samp size of sort-last-full sample 8

Table 3.3 Datasizes used in the analysis of the algorithm classes.
321 Serial Algorithm Cost

As a starting point, let us derive a model for the serial rendering algorithm, aslisted in table 3.4. Thefirst
pipeline stage is the geometry processing, which takes tye, time for each of the n triangles. The rendering
stage first does per-triangle setup (sorting vertices, calculating slopes), then does per-scanline calculations,
and finally per-pixel calculations. The per-pixel calculations are broken into two parts, scan conversion and
visibility. While shading is not explicitly mentioned, the time to perform it isincluded in the timing values
for the geometry processing and the per-pixel calculations. Thetimesin table 3.2 are for Gouraud shading.

Pipeline Stage Serial Cost
Geometry processing Nt geom
Scan conversion Nty; + NNty + NAS oy
Visibility NS o

Table 3.4 Serial algorithm cost.
3.22 Sort-First Overhead

As mentioned previously, sort-first algorithms can use the coherence of a polygon’s position on the screen
to reduce redistribution. If there is no coherence, each of the n triangles will have to be redistributed. As
mentioned in section 3.1.2, when atriangle is distributed to processors subdividing the screen it may need
be sent to more than one processor. The average number of regions that the triangles overlap is denoted O,
the overlap factor. This factor can be approximated when the screen is divided evenly using a formula
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Pipeline Stage Overhead Cost
Pre-transform CNlyre xform
Geometry processing N(O = Dtyeom
Bucketization NOty,cket
Redistribution CNOS, 4 tri
Scan conversion n(O - Dt,; +n(~/O —Dht;; .
Visihility —

Table 3.5 Overhead costs in sort-first algorithms. The communication cost is shaded to indicate
that it is the amount of communication, not the time required.

developed by John Eyles. For aregion with width W and height H, and a triangle with width w and height
h, the overlap factor is approximately

OW+wH +h[
Ow MOH O

(3.1)

Derivations of this formula appear in [Moln91b] and [Moln94].

So, when there is no coherence, the redistribution cost isnOs;4,, 1. To model coherence, we use ¢, the frac-
tion of triangles that must be redistributed in each frame. If there is no coherence, cis 1. With coherence,
the redistribution cost is cnOs; 4y, gri-

There are several components of the computation overheads. The first isthe pre-transformation. A proces-
sor may transform atriangle to screen space only to find out that the triangle does not overlap the proces-
sor’s portion of the screen. The processor then sends the raw triangle to a processor that will handle it,
discarding the transformed triangle. This assumes that is cheaper to retransform the triangle instead of
sending the transformed triangle, which is currently the case. The cost of this lost work is cntpye yiorm, the
number of triangles multiplied by the fraction of triangles needed to be redistributed and the time to trans-
form araw triangle.

Each processor that stores (or receives) a triangle transforms it each frame. This duplicated geometry
processing results in an overhead of n(O — 1)tyem Since triangles that cross region boundaries are trans-
formed more than once. In addition, all the regions that a triangle overlaps must be examined to make sure
that the corresponding processor has a copy of the triangle. If the processor does not have a copy, then one
issent toit. The cost of this checking is NOt,, et

Finally, there is additional cost due to screen space subdivision, in that the per-polygon setup and scanline
processing must be repeated for each region that the polygon overlaps. The polygon setup portion gives a
cost of n(O — 1)ty,;. The repeated scanline processing is proportional to a one-dimensional version of the
overlap factor. Thisis approximated by usi ngthe square root of the factor. Thus, each scanline must be
processed /O —1 times, giving a cost of n('O —-Dht;.. The costs for sort-first are summarized in table
3.5.

3.2.3 Sort-Middle Overhead

Conceptually, the overhead for sort-middle is simpler than for sort-first. Because each triangle is on one
processor, the geometry processing needs to be done only once. At the end of the geometry processing, the
triangle must be put into the correct buckets. On average, each triangle is placed into O buckets, giving a
cost of nOt,,4e- The redistribution size is proportionate to the bucketization cost, since all triangles are
sent each frame. The size of the triangle given is the size of a Gouraud shaded triangle, alowing 16 bytes
per vertex (floats for x, y, z plus bytes for r, g, b), plus 8 bytes of region identifier, primitive identifier, and
primitive size (this allows for primitives other than triangles). The scan conversion and visibility costs are
the same as sort-first, since they are also done using screen-space subdivision. The model of the overhead
issummarized in table 3.6.
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Pipeline Stage Overhead Cost
Geometry processing —
Bucketization NOtpycket
Redistribution NOSyisp tri
Scan conversion N(O =Dty +n(O =Dty
Visihility —

Table 3.6 Overhead costs in sort-middle algorithms. The communication cost is shaded to
indicate that it is the amount of communication, not the time required.

3.24 Sort-Last-Sparse Overhead

In sort-last-sparse, there is no additional cost for geometry processing or scan conversion, as the work is
done on a single processor (see table 3.7). During scan conversion, each pixel is placed in a bucket for
redistribution to the correct processor, taking additional time proportional to the number of samples, nas.
Since it is much easier to bucketize a single pixel compared to bucketizing a triangle, it should take much
less time; thus, | omit this factor. The redistribution is also proportional to the number of samples, so the
redistribution cost is naSs,, . The sample Size S samp IS larger than the sample for sort-last-full,
as each sample must contaln the screen location of the sample as well as color and depth values. Thereis
additional cost for visibility, even though the number of comparisons is the same as the serial algorithm.
Each pixel takes longer to composite because the incoming pixels are in near-random order instead of being
contiguous. The additional time is taken in calculating the address of the pixel in the processor’s frame
buffer, and by having to wait more often for valuesto be fetched from memory instead of cache.

Pipeline Stage Overhead Cost
Geometry processing —
Scan conversion —
Redistribution NASSgarse samn
Visibility NS eira como

Table 3.7 Overhead costs in sort-last-sparse algorithms. The communication cost is shaded to
indicate that it is the amount of communication, not the time required.

3.25 Sort-Last-Full Overhead

Like sort-last-sparse, sort-last-full has no additional cost for geometry processing or scan conversion. Since
each of the N processors outputs a full screen of samples (AS samples), the redistribution cost is
NASst|_samp- Each processor does visibility tests for each sample during scan conversion, which is the
same number of tests as the serial algorithm. So, each of the visibility tests of the redistributed samplesis
an additional cost, giving (N-1)AS or NASadditional compositing operations, depending on whether the
first processor composites with an empty frame or not. We will use NASfor ssimplicity.

Pipeline Stage Overhead Cost
Geometry processing —
Scan conversion —
Redistribution NASS11_samp
Visibility NAS comp

Table 3.8 Overhead costs in sort-last-full algorithms. The communication cost is shaded to
indicate that it is the amount of communication, not the time required.

3.3 Comparisons of the Classes

The next three sections compare the various classes of algorithms. The comparisons will be made using the
timing values and sizes shown earlier to calculate the relative overhead or time taken by the different algo-
rithm classes. Only some of the variables will be bound because the equations are compared analytically.
For simplicity, the average triangle height h will be set to v2a which assumes that each triangle has a
square bounding box. The overhead costs are summarized in table 3.9.
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Overhead Costs
Pipeline Stage Sort-First Sort-Middle Sort-L ast-Sparse | Sort-L ast-Fulll
Pre-transform CNtpre xform — — —
Geometry processing | n(O — D)tyeom — — —
Bucketization NOtpcket NOtpcket — —
Redistribution CnOS,aW tri nOSjiS) tri néSssparse samp NA&fu” samp
Scan conversion n(O-t,; + n(O-t,; + — —
n(\/6 - l)ﬁtline n(\/6 B l)ﬁtline
Visibility — — NS oqra como NASt omp

Table 3.9 Overhead costs summary.

3.3.1 Sort-First vs. Sort-Middle

The main attraction of sort-first is its reduced communications cost. Of the four classes, it has the lowest
communication cost if the amount of coherenceis high (cislow). But, it has higher computation costs than
sort-middle, because more of the pipeline is processed using screen-space subdivision, and thus the over-
head factor appliesto alarger part of the pipeline.

We can calculate the relative amount of computation overhead by using typical values for the overlap factor
and average triangle size. | will use two values for the overlap factor, 1 and 2, which are the range of values
seen later in the dissertation. | will also use two values for the average triangle size: 5 and 50 pixels. When
the four combinations of the two pairs of values are placed in the above equations and compared, the
amount of extra computation done by sort-first iseither 1 + 1.2¢, 1.3 + 0.1c, or 1.2 + 0.1c times the amount
of work done by sort-middle. When there is no coherence to be exploited, for example the geometry is
being generated for each frame, sort-first has between 1.3 and 2.2 times as much repeated computation as
sort-middle.

This does not include the time for communication. It can be estimated by computing a per-byte communi-
cation cost. The Delta has a per-message overhead of 504 ps, and a per-byte time of 0.24 ps. If we assume
4096 bytes per message, this gives a cost of 0.36 us per byte. When there no coherence, and using the
same range of values for O and a as before, sort-first algorithms have between 45 to 64% more overhead
than sort-middle ones.

Factors not expressed in the model will also have an impact. Sort-first load-balancing algorithms must
trade off load-balancing efficiency against coherence. Because sort-middle |oad-balancing algorithms do
not have this constraint, they should be able to balance the loads more effectively.

A second factor not in the model is the cost to support selective editing. Because sort-first migrates trian-
gles between processors, there must be some mechanism to find the triangle being updated. If the display
list is flat with no modeling transformations, the processor storing a triangle can be determined by trans-
forming it to screen space. The actual location of the triangle within the processor could then be deter-
mined by searching a directory.

However, most retained display lists support hierarchy with modeling transformations, where a single
triangle could be instanced multiple times, each with a different location on the screen. Each triangle
instance needs to be associated with the attribute state in effect at each instance in the hierarchy. The
attribute state includes a modeling matrix and triangle color. The modeling matrix is composed of one or
more concatenated transformation matrices.

One way to associate a triangle instance with its attribute state would be to maintain a bi-directional link
between each triangle and each instance’'s modeling matrix. Each modeling matrix also needs bi-direc-
tional links to all the transformation matrices that it is composed of. When a transformation matrix in the
hierarchy is updated, all the associated modeling matrices must be updated, along with all the triangle
instances associated with the updated modeling matrices. Then, the new screen-space values of each trian-
gle are calculated, and the actual triangles updated using the same methods for a flat display list. The
colors in the attribute states can be kept updated using a similar method that uses bi-directional links
between each triangle and the color element that affectsit.
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Maintaining all the links will be fairly expensive compared to the cost of rendering the display list. It will
take as much time to update the attribute state for a triangle as it would to do all of atriangle’s geometry
processing. This estimate is for a serial algorithm. The model must be distributed across multiple proces-
sors. Parallel algorithms to maintain the required data structures have not yet been developed, and will
have higher costs. The costs will only be a small fraction of the geometry processing time when only a
small fraction of the triangles is updated. The costs will be quite high if the model is regenerated in each
frame.

The better algorithm class depends on the application space. Visualization requires support for editing;
support for hierarchical display listsis quite desirable. Given the required bookkeeping costs, it is currently
hard to tell whether sort-first will be faster than sort-middle when no changes are made to the model. If
there are substantial changes, it appears that sort-middle algorithms will be faster. Since substantial or
complete model changes are common in and important to visualization applications (as discussed in section
1.1.2), sort-middle algorithms appear to be the better choice.

3.3.2 Sort-Middlevs. Sort-L ast-Sparse

The overhead in sort-middle algorithms is roughly proportional to the number of triangles multiplied by the
overlap factor, while the overhead in sort-last-sparse algorithms is proportional to the number of triangles
multiplied by the number of samples per triangle. The overhead can be estimated by setting the overlap
factor to 1 and calculating the size of the triangle that makes the overhead the same for both sort-middle
and sort-last-sparse. This approximation for O is reasonable because the triangle sizes turn out to be small.
If one sample per pixel is used, and with the same redistribution costs as before, the overhead is the same
with 4.8 pixels per triangle. With 16 samples per pixel, the overhead time is the same with 0.3 pixels per
triangle.

Load-balancing is not factored in. The simple methods used by sort-middle are not sufficient for sort-last-
sparse. | expect that the more complex methods that are necessary will be more expensive. However, this
is hard to quantify since the papers that describe sort-last-sparse implementations with active |oad-balanc-
ing do not include load-balancing information.

As processor speeds and the number of processorsin parallel systems both increase, systems will be able to
process models containing more triangles. Since at least some of the additional triangles will be visible, the
depth complexity will rise more slowly than the increase in triangles, and thus the average triangle size will
decrease. Thisimpliesthat sort-last-sparse will become faster than sort-middle at some point in the future.
For the models in appendix A and a 640x512 resolution screen, the average triangle sizes range from 2.9 to
6.7 pixels, straddling the crossover point of 4.8 pixels. When using a screen resolution of 1280x1024, the
triangle sizes are all above the 1.2 pixel crossover point. When performing anti-aliasing, sort-last-sparse
must send each sample instead of each pixel (assuming brute-force supersampling is used), which can be
viewed as increasing the screen resolution. With 16 sample (4x4 subpixel) anti-aliasing the effective trian-
gle sizes are well above the crossover point.

3.3.3 Sort-Middlevs. Sort-L ast-Full

The main characteristic of sort-last-full is that the amount of data each processor redistributes does not
depend on the number of triangles, the size of the triangles, or the overlap factor. Instead, the amount
depends on the number of samples used per frame. This means that the amount of redistribution and
computation overhead is fixed for a given screen size and number of samples.

Unfortunately, the fixed amounts are quite large. With A =640x512, S=1, and O = 1.2, the amount of
redistribution per processor for sort-last-full is the same as in sort-middle if each processor has 40,000
triangles. This is many more triangles than can be rendered interactively on current systems: individual
processorsin current parallel systems can render 15,000—25,000 triangles per second.

Sort-last-full has one useful characteristic, that the redistribution can be structured so that all communica-
tion is between adjacent processors. This can be done by arranging the processorsin a pipeline, and having
the end processor send its frame buffer and depth map to the next processor. That processor composites its
frame buffer with the incoming one, and passes the data on to the next processor. The advantage of thisis
that the bisection bandwidth (the bandwidth across the center of the communication network, where one
would cut to split the system into two equal portions) of the system does not need to increase as the perfor-
mance increases. This characteristic is unique among the algorithm classes. The other algorithm classes all
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have global redistribution steps, which means that the bisection bandwidth will increase as the performance
increases.

The bisection bandwidth is simple to model for a 2D mesh given two assumptions:
1. Each processor sends the same amount of datato each other processor.
2. The processors are arranged in a square.

Without loss of generality, we can also assume that the messages are routed first horizontally and then ver-
tically. The peak bandwidth is used in the middle of the processor array, where there are +N links. On
each row of the array (which has /N processors), each processor on the |eft half of the array will send one
half of al of its data over the link dividing the left and right halves of the array. So, if each processor sends
b bytes per frame, the link bandwidth in each direction is b'N /4. At 10 frames per second, A, S, and O
set as above, and a sort-middle rendering rate of 25K triangles per second per processor, the two systems
will have the same per-link bandwidth when N = 3895, which is roughly a 62x62 processor array. With
A =1280x1024, N = 62330. Even with a small screen, N is larger than current systems; with the large
screen, it is nearly 50 times the size of current large systems. Thus, the scalability advantage of sort-last-
full algorithms does not apply to systems seen today, or in the near future.

3.4 Summary

In conclusion, sort-first algorithms are not suitable for scientific visualization applications because these
applications require extensive editing. Provisions for editing will be expensive and will make sort-first
algorithms significantly slower than sort-middle algorithms when the model is regenerated each frame
(when there is no coherence to exploit). Sort-last-full algorithms have a very high, fixed amount of neigh-
bor-to-neighbor communication. While this alows those algorithms to scale to large numbers of proces
sors, the large fixed amount is not practical for current systems.

Sort-middle and sort-1ast-sparse algorithms have applications on current systems. The latter works well
with very small triangles, ones with less than about 10 pixels per polygon. When rendering NTSC
(640x512) resolution images, many complex models have triangles that fall into that range. However,
when using workstation resolution (1280x1024) or performing anti-aliasing, the triangles are larger, and
sort-middle algorithms will generally be faster. Because of this, | expect sort-middle agorithms to be more
suitable for scientific visualization applications, and thus | will investigate sort-middle further in the next
chapters.

In the future, the number of triangles in models will increase with future increases in system performance.
However, the depth complexity will not increase at the same speed, making the average polygon size
decrease. So, at some point, sort-last-sparse will have the same redistribution costs as sort-middle, and it
will become the preferred algorithm.
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CHAPTER FOUR
SORT-MIDDLE ALGORITHMS

This chapter begins the analysis of the choices that a designer must make when devising a sort-middle algo-
rithm. Here, we will look into the choices that influence the overall structure of the algorithm. We will
also investigate different methods for redistributing triangles between processors. These two topics will
give a foundation for Chapters 5 and 6, which investigate |oad-balancing methods. The various choices
made here will be done using arguments and mathematical models of the time required instead of using
more detailed methods such as simulation. A taxonomy of the choices covered in this chapter appearsin
figure 4.1.

The algorithm’s overall structure impacts how well it can be scaled. Different styles of assigni 9 regions to
processors have vastly different costs. The total costs can be O(1), O(N log N) or even O(N“) (N isthe
number of processors). The styles with higher costs can be impractical when using hundreds of processors.
Different redistribution methods also have varying amounts of overhead. Some methods have overhead
costs of O(N*'?) while other have O(N?) costs. With many processors, the methods with higher overhead
can also be impractical.

The design choices are not independent; a choice in one area can limit the options for another. This makes
it impossible to discuss al the choices independently. Each section in this chapter describes one design
choice, and how it interacts with choices covered earlier. The next three sections discuss the following:

e Section 4.1: whether all processors work on all tasks.
e Section 4.2: when the various tasks in the algorithm are performed.
e Section 4.3: when regions are assigned to processors.

sort-middle a gorithms

/\

Assignment of all processors different sets of processors
Stages to Processors (4.1) transform and rasterize transform and rasterize
Stage Scheduling (4.2) consecutive concurrent consecutive concurrent

Redistribution Method (4.4) /\ |

*one of the other four redistribution hybrid* 1-step hybn oy hybr' oy 1-step hybrid*

methods described in section 4.4 stream/region stream/region
could also be used.

Region Assignment

Style (4.3)
s = static

b-f = between-frames
bf = between-stages s b bs w-q b-f s b-f b-s w-q s b-f

w-q = work-queue

Figure 4.1 Taxonomy of the sort-middle algorithms encompassed by the design choices consid-
ered in this chapter. The numbers indicate the section where each choice is described.



Section 4.4 will describe different methods for redistributing the triangles between processors, and the last
section will summarize the best choices for the chosen system and application. Since, for our application,
we would like interactive performance when using many processors, the best choices will be the ones with
asmall amount of overhead. Choices with alarge amount of overhead would take too long since the frame
timeislimited. With other applications, the best choices could be different. For example, applications with
lower frame rate requirements or smaller target systems might trade higher overhead for other desirable
features.

4.1 Assigning Stages to Processors

One issue independent from the design of the graphics algorithm is whether the graphics library software
runs on the same set of processors as the application; the alternative is to run the application and graphics
tasks on separate sets of processors. Running the graphics software on separate processors adds additional
communication. The additional communication would be costly if an immediate mode interface to the
graphics library is used, since al of the primitives would be sent each frame. The communication would
also be costly when aretained-mode interface is used and substantial changes are made to the geometry.

Additionally, running the graphics software on a set of processors makes it impossible for memory and
processing time to be shared between the application and graphics software. Running the application and
graphics separately would make it likely that one set of processors would be idle at times. However, using
two sets of processors does decrease the amount of overhead since the respective tasks would be partitioned
among fewer processors. Because the reasons for using one set of processors outweigh the single reason
for two sets of processors, | will assume that the application and graphics software share one set of proces-
SOrs.

A related issue is how the stages of the sort-middle graphics pipeline should be assigned to processors. As
described in the previous chapter, sort-middle algorithms have three stages: geometry processing, redistri-
bution, and rasterization (see figure 3.3). The structure of sort-middle algorithms dictates that all of the
processors participate in the redistribution. Two options exist for scheduling the other two stages. A sort-
middle algorithm could have all processors perform both the geometry processing and rasterization. Or, it
could divide the processors into two groups, with one group running the application and performing the
geometry processing, and the second group performing the rasterization.

Keeping the processors all in one group means that changes in the amount of geometry processing relative
to the amount of rasterization will not cause a load imbalance, which would be the case if the tasks were
handled by separate groups of processors.

On the other hand, splitting the processors into two groups can reduce overhead in the algorithm. The load-
balancing job is simpler because each task is divided among fewer processors. The redistribution cost is
also reduced. When using a simple redistribution method, each geometry processor sends a message to
each of the rasterization processors. If the N processors are split evenly into two groups, each processor
must send N/2 messages. However, if the processors are not split into groups, each processor must send N

messages.

In most cases, the improved |oad-balancing when using one set of processors outweighs the larger amount
of overhead. The ratio between rasterization and geometry processing workloads can easily vary by a
factor of 3 across different datasets and different viewpoints. This means that one set of processors may by
idle half or more of the time. The increase in overhead only appears to outweigh the improved processor
utilization in extreme cases: when using hundreds of processors on relatively small (less than 100,000
triangles) data sets. Thus, using all of the processors for both the geometry processing and rasterization
appears to be the better choice.

Severa other parallel renderers for general purpose parallel systems have al processors perform all the
tasks [Robl88, Croc93, Orte93, Whit94, Cox95]. A specialized graphics multicomputer [Fuch89] assigns
different tasks to different sets of processors because the system has two different processor types, each
specialized to its assigned task. Chapter 8 revisits the topic of assigning different tasks to sets of special-
ized processors.
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4.2 Scheduling the Stages

Given that all processors will perform all three stages of the rendering algorithm, we must also decide how
to schedule the execution of the stages. Of the stages, the redistribution stage is the most straightforward to
schedule. The redistribution stage performs communication while the other two stages of the pipeline do
calculations. In most multicomputers, the communication network is decoupled from the processors, so it
ispossible for calculations and communication to be done at the same time. Many multicomputer operating
systems support this with asynchronous message passing calls. Instead of immediately performing the
actual operation, these calls queue the send and receive operations.

Because the redistribution stage uses a separate resource, it should be overlapped with the other stages so as
to minimize the overall frame time. Increasing the amount of overlap will, up to some point, decrease the
overall frame time since it reduces the amount of time the processors spend waiting for triangles to raster-
ize. The maximum overlap of the computation and cal culation occurs when each triangle is redistributed as
soon as it is transformed, sending each in its own message. Thisis extremely expensive in most systems,
where the cost per byte of small messages is much larger than the cost for large messages (as shown in
Appendix B, [Bokh90], and [Kwan93]). Instead, severa triangles should be buffered and then sent in a
single message. The optimum size of the messages is discussed in section 4.4.7. Two previous multicom-
puter implementations that overlap the redistribution are Pixel-Planes 5 [Fuch89] and Crockett and Orloff’s
iPSC/860 implementation [Croc93]. Most of the sort-middle-like hardware implementations also overlap
the redistribution [Fuch79, Park80, Akel88, Akel93]. Roble's multicomputer [Robl88] and Whitman's
shared-memory [Whit94] implementations do not overlap the redistribution.

The remaining two stages, geometry processing and rasterization, can either be run concurrently or con-
secutively. If they are run concurrently, a processor switches processing between the stages fairly fre-
quently, perhaps every few triangles. Thiswill reduce the memory requirements by reducing the number of
redistributed but not yet rasterized triangles. Because the geometry processing finishes near the end of
each frame, the buffers containing unsent triangles must also be flushed near the end of each frame. If the
processors workloads are nearly balanced, al the flushes will be done in a short time period, congesting
the network. This congestion will often make some processors wait until the final triangles arrive. The
extent of this congestion depends on the number of processors. The bisection bandwidth does not scale
with the number of processors, making the congestion worse with many processors. Increasing the number
of processors also increases the percentage of triangles that are sent when the buffers are flushed if a
constant model size and message size are assumed. With hundreds of processors, it is possible that trian-
gles are only redistributed when the buffers are flushed, causing the stages to be effectively run
consecutively.

If the stages are run consecutively, the geometry processing stage completes near the middle of each frame,
and the buffers are flushed at the stage’s completion. This alows time for the network congestion to clear
before the end of the frame. In many cases, a processor will be able to rasterize polygons received earlier in
the frame while the later polygons are arriving. However, this comes at a cost of additional memory. An
implementation must be able to store al the transformed triangles before starting the rasterization. The
other option, running the stages concurrently, only needs alimited amount of buffering.

There are three other differences. Running the stages concurrently requires that the region-to-processor
assignment be fixed for the entire frame. Also, running the stages consecutively will improve the cache
coherency as compared to running the stages concurrently. When only one stage is run at atime, only its
data needs to be in the processor’s cache. This will affect the performance when running on processors
with small caches. Finally, running the stages concurrently requires that the processors instantiate al of
their per-region frame buffers during the rasterization. Depending on the other design choices, a processor
may be able to render one region at a time when the stages are run consecutively. Rendering one region at
atime will save asignificant amount of memory if theregions are large.

The differences between the two scheduling options are summarized in table 4.1. The table also has refer-
ences to other work that uses each scheduling option.

4.3 Region Assignment

The third design choice is the time when regions are assigned to processors, or style of region assignment.
The regions can be assigned once, at compilation time; statically, once per frame; or dynamically, before
the rasterization of each region. There are two once-per-frame styles, one that does the region assignments



Characteristic Run stages concurrently Run stages consecutively

Buffer flushes At end of frame In middle of frame

Memory use for buffering trian- Limited Enough to hold all transformed

gles triangles

Choice of region assignment style | Limited More options

Requiresinstantiating all region Yes No

frame buffers at once

Cache coherency Fair Good

Examples Fuch79, Park80, Akel88, Akel93, | Robl88, Fuch89, Whit94
Cox95, Croc93, “MEGA”

Table 4.1 Summary of geometry processing and rasterization stage scheduling characteristics.

between the geometry processing and rasterization stages, and another that performs the assignments
between frames. The four assignment styles are discussed in the next four subsections. Later subsections
describe hybrid assignment styles, compare the costs of the four styles, and summarize the discussion.

431 Work-Queue Region Assignments

The first region assignment style makes the assignments between the rasterization of each region, using a
work-queue approach. During each frame, the geometry processing is first performed. Then, each proces-
sor is assigned a region to rasterize. When a processor completes a region, it is assigned another region.
This continues until all regions have been rasterized.

When aregion is assigned to a processor, that association must at some point be sent to all the other proces-
sors so that they can send their triangles for rasterization. When a processor is finished with aregion, it
sends amessage to the processor assigning the regions so that another region can be assigned.

This could be implemented using three tasks. One task running on one processor would handle the region
assignments. It would initially assign aregion to each processor and assign the remainder as the processors
finish their assignments. A second task running on every processor would accept incoming region assign-
ment messages and send triangles for the specified region to the designated processor. The third task aso
runs on every processor. It accepts messages that tell the processor it has been assigned a new region and
then rasterizes the region.

Algorithms using work-queue assignments can balance the workloads more evenly by assigning regions
from the most time-consuming to the least. If thisis not done, the last region assigned could be especially
time-consuming, which means that it will be finished after the other processors have finished. This will
decrease the processor utilization if the early-to-finish processors wait for the entire frame to be completed
before proceeding to the next frame. Assigning regions in sorted order comes at the cost of collecting per-
region processing time estimates (perhaps the number of triangles per region) from all the processors, and
sorting them before rasterization can start.

The main advantages of this style are that the |oad-balancing is automatic, and that it uses the actual render-
ing times instead of estimates of how long each region will take to render. The other styles do not have
these advantages. The style has one minor disadvantage, that it only performs redistribution during rasteri-
zation, instead of during the entire frame (unless one frame is rasterized while another is being transformed,
e.g., [Fuch89]). The main disadvantages are (1) gathering the region costs and sorting the regions places a
global synchronization and some serial computation in the middle of the frame, and (2) large systems will
need use many messages to inform the processors of the region assignments, which will be expensive. The
number of messages received by each processor will be large because at |east one region is needed for each
processor.

A variant of this assignment style modifies the strategy towards the end of a frame. Once all the regions
have been assigned to a processor, when a processor finishes a region the work for an already assigned
region is split, “ stealing” work from another processor. |f a scanline rendering algorithm is used, the work
is split by splitting the region that is being rendered and classifies the remaining triangles according to the
new boundaries. If a z-buffer algorithm is used, the work can be split by giving the new processor some of
the triangles, having processor render them, and then return the samples to the original processor. Whitman
has implemented the first algorithm [Whit94], and Cox the second [Cox95]. However, this work-stealing
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strategy will have higher region assignment costs compared to the normal work-queue assignments. Since
the work-queue assignment method already has rather high assignment costs (as will be seen in a later
section), this variant will not be further discussed.

432 Assignments of Regions Between Geometry and Rasterization Stages

When regions are assigned between the geometry and rasterization stages, estimates of how long each
region will take to rasterize are summed across all the processors after the geometry processing has fin-
ished. These estimates are used to assign regions to processors so that the load is balanced. Then, the
region assignments are broadcast to all the processors, which send their triangles to the appropriate proces-
sors and start the rasterization.

The regions can be assigned using a greedy multiple-bin-packing algorithm. The region time estimates are
first sorted. Then, the regions are assigned from the most complex to the simplest. At each step the region
is assigned to the processor with the lightest load. The result is similar to using work-queue assignments
except that estimated processing times are used instead of the actual times. The greedy assignment algo-
rithm is fast, but does not find the assignments that optimally balance the loads between processors.
Finding the optimal assignmentsis NP-complete, and thus would take too long when there are more than a
few processors. | expect that heuristics could be applied to improve the greedy algorithm but have not
investigated them.

This style uses fewer messages than the previous style. Its main disadvantage is that the load-balancing
step places a global synchronization and some serial computation in the middle of the frame. Like the pre-
vious style, it also does not allow the entire frame time to be used for redistribution.

4.3.3 Assignments of Regions Between Frames

Asin the previous style, the between-stages assignment style collects per-region time estimates and makes
the region assignments after the geometry processing has completed. However, the assignments are not
used for the current frame; instead, they are used for the next frame. This style depends on having the
assignments made using one frame’ s time estimates be reasonably correct for the next frame. Thisis gen-
eraly true for interactive applications, as the distribution of polygons on the screen generally has frame-to-
frame coherence.

This style has the advantage that redistribution can be done during the entire frame, and that the load-
balancing operation can be overlapped with other processing. The data collection and load-balancing cal-
culations can be done by one processor while the others are rasterizing. Its main disadvantage isthat region
assignments computed from the previous frame's time estimates will result in a larger load imbalance as
compared to assignments made using the current frame's estimates. In section 6.3.5, comparisons of simu-
lations that use the same load-balancing methods except that one assigns regions between stages and the
other assigns regions between frames shows that between-stages assignment has up to 38% higher proces-
sor utilization. The rasterization overhead is the same for the pairs of load-balancing algorithms because
the algorithms use the same region boundaries.

434 Static Region Assignment

The last style considered uses static assignment of regions to processors. Its main advantage is that no time
is taken to compute or communicate the region assignments. A second advantage is that it allows the entire
frame time to be used for redistribution. However, the lack of load-balancing will reduce the processor uti-
lization during rasterization. When the region boundaries are held constant, assigning regions between
frames can have twice the processor utilization compared to static region assignments; the average increase
is 28%. Again, the rasterization overhead is the same for the pairs of load-balancing algorithms because
they share region boundaries.

435 Hybrids

The four assignment styles discussed are not the only ones possible. Hybrids between the styles are possi-
ble. For example, some regions could be assigned using one of the once-per-frame assignment styles, and
the rest assigned using the work-queue assignment style. The hybrid styles have hybrid tradeoffs, with
some of the assets and liabilities of each. For simplicity, the remainder of the dissertation only discusses
the four primary styles.
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Cost Work Between Stages Between Static
Queue Frames

Cost gathering (latency) Oor O(r log N) O(r log N) 0
O(r log N)

Calculation (minimum) Oor O(rlogN+ r | O(rlogN+ r 0
O(r logr) logr) logr)

Communication messages Nr +N 2N 2N 0

Communication bytes O(Nr) O(Nr) O(Nr) 0

Table 4.2 Costs of different rasterization region assignment styles for r regions and N processors.
The first two costs for the “work queue’ are non-zero when the regions are assigned in sorted
order.

4.3.6 Region Assignment Cost Comparison

Each of the assignment styles has different costs; they are summarized in table 4.2. The cost gathering row
gives the amount of time taken to gather per-region cost estimates. The first three entries the time needed
to gather the per-region costs using atree with log N levels. The next row gives the amount of calculation.
The O(r log r) component is for sorting the regions, and the O(r log N) component is for assigning the
regions using a heap to find the most lightly loaded processor at each step. The last two rows give the
amount of communication needed for both gathering the estimates and broadcasting the assignments. The
work-queue assignment style sends a message to each processor for each region plus each processor sends a
per-region cost message. The once-per-frame styles send a cost message and receive a message with the
region assignments.

Work-queue region assignment is the most expensive due to the increased communications. The two once-
per-frame styles have the same costs, and the static assignment has no region assignment costs.

By providing values for the constantsimplied in the order notation used in table 4.2 we can get a better feel
for the different styles’ costs. | will only calculate the costs related to processing time because figuring the
amount of time the processors spend waiting for incoming messages depends on the structure of the overall
algorithm, which has not yet been fixed. However, the costs shown can be used as a lower bound of the
actual costs. The time taken by load-balancing will be revisited in Chapter 6 without these assumptions.

The time required for calculations, for sorting the regions and assigning them to processors, are based on
times measured on the Pixel-Planes 5 i860 processors. The region sorting time is taken from the equation
teort 1 * teort 7+ teort riogrf10g2 I, and the assignment time from the equation taggn 1 + tasign NN +
tassign rlogn(F—N)I0g, N. The constants were computed computing by fitting the equations to measured times
using least-squares minimization. The log, r portion of the assignment time equation is multiplied by r—N
instead of r because the first N regions can be assigned in constant time. The work-queue assignment style
only sorts the regions while the once-per-frame styles perform both calculations.

The time required for communication assumes that the once-per-frame and work-queue styles have every
processor transmit a message containing the per-region time estimates, with four bytes for each estimate.
The work-queue assignment style uses a four-byte message to inform every processor when a region has
been assigned. The once-per-frame styles send a single large message containing all the assignments (using
four bytes per region) to all of the processors. The communication costs have a per-message Cost, g, and
a per-byte cost, tye. Appendix B describes how these two costs were measured on the Intel Touchstone
Delta.

The assignment styles assume that the number of regionsis a constant multiple (4) of the number of proces-
sors; thisiswhat is chosen in Chapter 6.
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Symbol Value Description

teort 1 31.5us sorting time that is independent of r

teort r 125 sorting time that scaleswith r

toort rlogr 0.473 sorting time that scales with rlog,r

tassign 1 103 assignment time that is independent of N
tassign N 0.956 assignment time that scales with N

tassign rlogN 0.671 assignment time that scales with (r—N)log,N
tneg 504 per-message communication time

thyte 0.24 per-byte communication time

Table 4.3 Symbols used for illustrating the region assignment costs.
The formulafor the cost to make work-queue region assignmentsis
tio wg =tsort 1+ Msort r +lsort riogr" log, r +(Nr + N)trmg +(2 E4)Nrtbyte,
and the formula for once-per-frame assignmentsis

tlb_of = tsort_l + rtsort_r +tsort_r|ogrr IOgZ r +tassign_1 + Ntassign_N +ta$ign_NIogN(r - N) Ing N
+ 2Nty + 4Nty

These formulas follow from the formulas in the appropriate columns of table 4.2.

Even though only the processing cost is considered, the formulas used show an estimate of the overall cost.
The formulas assume that the costs are equally borne by the processors. This is not true, as the region
sorting and region assignment are usually done on one processor. Also, when collecting the per-region
time estimates in a summing tree, some processors will receive multiple messages while others will not
receive any. Assuming that the costs are equally born underestimates the true cost. However, the costs are
also overestimated: messages that are sent to every processor could use the operating system’s broadcast
triangle, which would have lower cost.

The costs are illustrated in figure 4.2, which plots the average per-processor |oad-balancing cost for arange
of numbers of processors. The chart has one curve for the work-queue style and a second for both once-
per-frame styles. The difference between the curves shows that work-gqueue assignment is more expensive
than once-per-frame assignment. With small systems, neither style takes much time; the once-per-frame
styleis roughly ten times faster. With 512 processors, the once-per-frame style is more than two orders of
magnitude faster.

The costs of the once-per-frame assignment styles could be reduced by taking advantage of coherence. By
assuming that the triangles' screen-space distribution is uniform throughout the geometry processing, once-
per-frame region assignment could be done during the geometry processing. Thiswould be done by collect-
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Figure 4.2 Tota processing cost for load-balancing.
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ing the per-region costs after the geometry processing has processed only a fraction of the triangles, and
then using those costs to make the region assignments and broadcast them. Once a processor receives the
region assignment message it can start the triangle redistribution and continue like the between-frames
assignment style. Coherence can also be used by only collecting per-region costs from some of the proces-
sors. This strategy assumes that the distribution of the triangles’ screen space locations is the same for al
the processors.

The coherence in each case is generally not true when an immediate mode interface is used. Most immedi-
ate-mode applications give each processor one portion of the overall data, a portion that occupies a small
part of world space. The triangles generated by each processor are thus not correlated. Also, applications
usually progress sequentially through the data, so the distribution of triangles on the screen at the start of
the geometry processing is different from the distribution at the end. However, if aretained-mode interface
is used, the triangles can be randomly distributed across the processors to increase the coherence.

The decreased |oad-balancing cost due to using coherence comes with larger load imbalances. The extent
of the load imbalance decrease must be measured or calculated before using either strategy. The second
strategy is explored further in section 6.5 and 7.2.3.

4.3.7 Summary of the Region Assignment Styles

The properties of the assignment styles (other than their costs) are summarized in table 4.4. For complete-
ness, the third property specifies whether a certain redistribution method is required even though redistribu-
tion has not yet been discussed.

The style of choice depends on several factors. It depends on how well the styles can balance the loads in
addition to the cost of the region assignment style. The style depends on the number of processors since the
assignment cost depends on the number of processors. The best style also depends on the frame rate, since
with a high frame rate there is not as much time to perform the load-balancing before it affects the perfor-
mance. Finally, the best style depends on the amount of frame-to-frame coherence. If there is sufficient
coherence, the advantages gained with an algorithm that assigns regions between frames will outweigh the
poorer load balance. None of these issues have yet been discussed.

However, given the factor of 10 to 500 difference in costs between once-per-frame and work-queue
assignments, it is clear that the less costly styles will be better with large systems or high frame rates. The
crossover point between the different styles will be determined using the simulations described in Chapter
6; the actua discussionisin section 6.5.

4.4 Redistribution

The final, and most complex, algorithm design choice is the structure of the triangle redistribution. The
three redistribution options for sort-middle algorithms are:

Characteristic Work Queue Between Between Static
Stages Frames

Allows overlapping computation No No Yes Yes

stages for same frame

Allows redistribution during the No No Yes Yes

entire frame

Requires stream-per-region one- Yes No No No

step redistribution

Stalls during load-balancing If sorted assign- Yes No No

ment used

Uses actual rendering times Yes No No No

Depends on coherence No No Yes No

Examples Fuch89, Whit94 Robl 88 - Croc93, Fuch79,
Park80, Cox95,

“MEGA”

Table 4.4 Characteristics of the region assignment styles.
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¢ the minimum number of messages sent and received per processor,
« whether the messages are sent hierarchically, and
¢ the maximum message size.

The first two options can make alarge difference in the overall speed when running with many processors.
When running the PLB Head model (see Appendix A) using 256 processors on the Intel Touchstone Delta,
arun using the best values for the first two options was 40 times faster than a run with the worst parame-
ters. Although the two runs cannot be exactly compared because other optimizations were made, | believe
afactor of 15 difference is due to the redistribution parameters. Section 7.3.1 shows more experimental
results. The third option, message size, is less critical as long as the messages are reasonably large.
Experiments shown in section 7.3.3 show at most a 18% difference in performance between the best and
worst parameters tried.

The next two sections discuss the first two options, the number of streams sent per processor and whether to
use hierarchical sending. Then, two sections calculate and then illustrate the time required by the four pos-
sible combinations of the first two redistribution options. The next section develops a better hierarchical
redistribution method, and the final section discusses choosing the best message size.

4.4.1 Number of M essage Streams Sent Per Processor

In sort-middle algorithms, each processor needs to send data to every other processor. The data could be
sent as one large message, but that would complicate memory management, and would not overlap the
communication with the geometry processing. Instead, each processor sends a stream of messages to the
other processors. Two options are possible: the processors can either send a stream of messages to each of
the other processors, or they can send a stream of messages for each screen region. With the first option,
during geometry processing each processor maintains one buffer per processor, sending it when full. With
the second option, each processor maintains one buffer per region. The options affect the algorithm’s over-
all memory usage and redistribution costs.

When sending a stream of messages for each processor (called stream-per-processor redistribution), each
message generally will hold triangles that overlap several regions, the regions assigned to the destination
processor for rasterization. During geometry processing, a straightforward stream-per-processor implemen-
tation would place triangles into the appropriate processor’'s buffer without considering which of the
processor’ s regions the triangle overlaps. When a processor rasterizes the triangles in the buffer, it could
either instantiate a color and z buffer for all the regions assigned to it, and render all the trianglesin agiven
message. Or, a processor could make multiple passes over the message. During each pass, it would
instantiate one or more of the per-region color and z buffers, and rasterize the triangles that overlap the
instantiated buffers. The second method would take more time since making multiple passes causes the
cache to be less effective.

Note that triangles could be sent with the triangles in each message sorted by region. This would simplify
rasterizing one region at atime. However, this would either require that the triangles be copied into the
message buffer, or require that the operating system have a function that does the assembly during the
transmission. Since the Delta architecture does not have such a function, and because copying all the trian-
gles or making multiple passes over the triangles would be fairly expensive, | only consider stream-per-
processor redistribution with messages containing unsorted triangles.

When a stream of messages is sent for each region (called stream-per-region redistribution), each message
contains triangles that overlap a single region. This makes it straightforward to rasterize one region at a
time.

To summarize, in theory both options allow regions to be rendered one at atime, but in practice only the
second option, stream-per-region redistribution, allows it. Rendering one region at a time requires less
memory than rendering the regions al at once. When using only afew processors, the regions are large, so
instantiating al the regions could exceed the amount of memory for a processor. This is especialy true
when calculating a high resolution image, or when anti-aliasing. Also, rendering one region at a time
would make the cache more effective, decreasing the overall time by a small percentage.
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However, communication costs are lower with stream-per-processor redistribution. Since there are more
regions than processors, stream-per-processor redistribution would have less per-message overhead. The
amount of savings is minimal when using only a few processors, since nearly all the messages will be of
maximum size. But, when using many processors, the messages are very small, making the per-message
cost dominate the communication cost. Because of this, the reduction in the number of messages can result
in substantial savings.

Thus, when using a few processors, it is best to use stream-per-region redistribution, because it will save
memory used for frame buffers and improve cache coherence. Once there is enough memory to instantiate
all the per-region color and z buffers, it is best to use stream-per-processor redistribution. However, when
using work-queue region assignments, only stream-per-region redistribution can be used, since each proces-
sor only works on one region at atime.

442 Two-Step Redistribution

In the last section, the minimum number of messages is either rN or N2. This means that, if the number of
processors is increased, the minimum number of messages sent by each processor will increase, thus
increasing the per-frame overhead. With a sufficiently large number of processors the per-message costs
will dominate the total communication cost.

A solution has been known in the parallel processing community [Kuma94]. The redistribution step in sort-
middle algorithms is a type of personalized all-to-all communication, where every processor sendsasingle,
different message to every other processor. The solution only covers the case where the message size is
fixed, and for only selected system sizes. That is, for a mesh network, the algorithm only works if, for
some k, there are k2 processors; for a cube there are k3 processors, etc. The work here extends the algorithm
to alow each processor to send more than one message (e.g., with stream-per-region redistribution), to
allow messages of varying sizes, and to allow an arbitrary number of processors.

The standard solution is to first route the datain one dimension in the network. The datais then copied into
a new set of messages, with one message per processor in the next dimension, and then sent to the
processors. This continues for each dimension in the network. For a 2D mesh, this can be viewed as
splitting the processors into groups, with all the processors in a row or column in the same group. In the
first step, each processor exchanges data with processors in other groups. Each processor sends data only
to one processor in each other group. In the second step, each processor exchanges data within its own
group. Figure 4.3a gives an example of a 4 by 4 mesh of processors split with each column forming a
group. In the figure, the groups are separated by thick lines and the processors that exchange messages in
the first step are shaded similarly.

In the more general case, the grouping is not necessarily done by cutting in only one dimension. Instead,
for a 2D mesh, the processors are grouped by cutting the processor mesh from top to bottom and from right
to left, giving a number of rectangular groups. This method gives more choices for the number of groups.
However, it also allows the groups to contain different numbers of processors, which causes load imbal -
ances that will be addressed in alater section. | call this method two-step redistribution, and the simpler
method described in section 4.4.1 one-step redistribution. One- and two-step redistribution can be com-

(€) (b)

Figure 4.3 Two examples of grouping for two-step redistribution. The thick lines separate groups
of processors. Processors that exchange messages in the first step are shaded the same.
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bined with either stream-per-processor or stream-per-region redistribution.

Two step redistribution should not be used in al cases. While it does reduce the minimum number of mes-
sages, it increases the per-byte communication costs since each triangle must be sent twice, and it also
requires that the triangles be copied. It only should be used when it reduces the overall costs. The decision
whether to use two-step redistribution will be made by using a performance model of the communications,
which will be developed in the next sections. Note that systems with relatively low per-message communi-
cation costs may not see any speedup when using two-step redistribution. Also, two-step redistribution
cannot be used with work-queue region assignment because the processors are only assigned one region at
atime.

443 A Simple Method for Choosing the Number of Groups

We would like to show the costs of the redistribution methods, but to do this we must know how many
groups to use. In this section, we will make a simplifying assumption to get a first cut at the number of
groups. We will revisit calculating the number of groups in alater section, without using the simplifying
assumption. Here, we assume that messages have unlimited length, that a processor only sends one mes-
sage per region or processor per frame. In this case, in the first step each processor sends one message to
each of the other g groups, giving atotal of N(g-1). The second step depends on whether stream-per-pro-
cessor or stream-per-region redistribution is used.

With stream-per-processor communication, in the second step each processor sends one message to each of
the other N/g—1 processorsin its group. Thus, the total number of messages m sent by all the processors
is

m=N(g-1)+ N(N/g-1).
To find the minimum number of messages, differentiate with respect to g, giving

am N2
—=N-—

og g
Setting dmVdg to 0 and solving for g gives g = VN

When using stream-per-region redistribution, in the second step of the redistribution each processor sends a
message for each of the regions assigned to the other processors in the group. On average, each group is
assigned r/g regions, for a total of rN/g messages. However, no processor sends triangles for its own
regions. Putting these together, the total number of messagesis m= N(g—-1) +r N/g—r. Thus, with two-
step stream-per-region redistribution, the minimum number of messages occurswhen g=r .

444 Costsof Different Redistribution M ethods

A simple performance model illustrates the savings offered by two-step redistribution. Let us start with
one-step stream-per-processor redistribution. | will assume that each of the processors is sent the same
number of triangles, which would tend to be true if the rasterization loads were balanced. The n/N triangles
assigned to each processor resultsin nO/N triangles per processor after the geometry processing (recall Ois
the overlap factor), which isthen spI|t into N streams of messages, one for each procr If the maximum
number of triangles per message is Ny then each processor will send @10/ (Nrmeg N?)[Tmessages to each of
the other processors, for atotal of N O/ (Nrmsg N? )[JMessages per processor. To get the total cost, multiply
the number of messages by the number of procrs N and the per-message cost ty,, and add in the per-
byte costs. The latter isthe number of triangles, n, multiplied by the overlap factor, the3|ze of the triangle
Syi» and the per-byte cost ty, .. Thetotal costis

,d no
N |:"—Dmsg"'nostrltbyte
BmgN" B

The formula when using stream-per-region redistribution is similar if we make the simplifying assumption
that each processor sends the same amount of data per region. (Thisassumption is usually invalid, and will
tend to underestimate the total costs. However, the underestimate will not affect the results in the next
section.) So, the cost for thiscaseis
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To derive the costs when using two-step redistribution, observe that the optimum values for g in the previ-
ous section have each processor sending the same number of messages in each step. In the first step, each
processor divides its nO/N triangles into streams of messages, one stream for each group of processors,
giving NgMO/(nys;Ng)[Jmessages from all N processors (g = JN or +/r , depending on the redistribution
method). To get the final cost, multiply the number of messages in the first step by two to get the total
number of messages, double the per-byte costs in the formulas above (since everything is sent twice), and
add in the cost of reformatting the messages from one step to the next. The per-triangle cost of the refor-
matting is given by t,¢. The costs for two-step stream-per-processor and stream-per-region redistribution
are respectively given by

0 nO 0
2NVN F———— [y *+ 208ty + N0ty
FgNVN G

and

-0 no
2N~ Epim +2n0s;t,e + NOL,
N VT 5™

445 Redistribution Cost Examples

Figures 4.4, 4.5, and 4.6 plot these equations, each with a different model size. The plotsuse G = 6, Ny =
73 triangles, tysg = 504 Us, i = 56 bytes, tpe = 0.96 Us, and t,emy = 0.05 ps. The vaue for O is computed
using equation 3.1 and assumes that the regions are square, that w = h = 3.5, and that the screen resolution
is 640 by 512. All the timing values except t,¢ Were measured for the Intel Touchstone Delta; t,gy iS
estimated. Appendix B describes how the values were measured.

The charts confirm that the choices which have a large minimum number of messages have a higher cost
with large number of processors. Asis expected, the two-step redistribution is more expensive with few
processors. The crossover point where two-step redistribution becomes more efficient changes with the
model size and the redistribution method. Stream-per-region redistribution benefits more from two-step
redistribution because the messages are smaller. With larger models, two-step redistribution is not as
advantageous because the one-step messages may already be large enough so that the larger messages with
two-step redistribution may not give any benefit.

4.4.6 A Better Method for Choosing the Number of Groups

The equations in the previous sections give afirst approximation to the number of groups, and illustrate the
costs of the different redistribution methods. The equations for the number of groups minimize the overall
number of messages. However, they assume that al the groups are the same size, which cannot be truein
all cases. When the number of groups is not a divisor of the number of processors, some groups will be
larger than others. The difference in group sizes can be large due to the constraint that the group bound-
aries cut the grid of processors from top to bottom and left to right. For example, with 128 processors and
12 groups, eight groups will have 12 processors and four groups will have 8 processors. The different
group sizes can cause aload imbalance in three ways:

1. A group smaller than others will need to receive more first-step messages per processor than normal
since the N incoming messages will be sent to fewer processors.

2. A group larger than others will need to exchange more second-step messages between processors in the
group.

53



10

1 step stream/region
s 11 0 =————- 1 step stream/processor
s | 0 -------- 2 step stream/region
g 14 = 2 step stream/processor
4
(]
2
[
o}
o
)
E
'_
0.01 t t t t t t t
2 4 8 16 32 64 128 256 512

Number of Processors

Figure 4.4 Comparison of communication costs as a function of number of processors for a
10,000 triangle scene for the four redistribution methods.
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Figure 4.5 Comparison of communication costs as a function of number of processors for a
100,000 triangle scene for the four redistribution methods.
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3. Some processors inside the group will get more messages than others. If the groups are not the same
size, the number of processors outside a group may not be divided evenly by the number of processors
within the group. The conseguence is that some processors will receive alarger-than-average number of
messages and triangles from processors outside the group.

The above load imbalances can be reduced by choosing the optimal group size using a more precise
performance model of the redistribution process. The model will be used to pick the number of groups by
evaluating the model for all the possible numbers of groups, and picking the number of groups that gives
the best performance. To simplify the argument, the model will only be developed for stream-per-proces-
sor redistribution, since two-step redistribution is never used with stream-per-region redistribution. Two-
step redistribution is only used with many processors, while the stream-per-region redistribution is only
necessary when using a few processors. The performance model determines the number of messages and
triangles sent and received by a processor in each step, and calculates the time required for that amount of
communication.

Calculating the amount of communication required for a given number of groups is somewhat involved.
There can be many different ways to cut a rectangular array of processors that result in the correct number
of groups. For example, a4 by 8 array can be cut into 6 groups in three different ways: (1) by making five
cuts horizontally, (2) by making two cuts horizontally and one vertically, and (3) by making one cut hori-
zontally and two vertically. Each method of partitioning the processors into groups will have a set of group
sizes, and each distinct group size can have different communication times.

An algorithm can calculate the communication time for a given number of groups g by looping over the
possible processor array partitionings. In each iteration, the algorithm computes a pair (g,, gn) giving the
size of the array of groups horizontally and vertically (g = g,gr). Then, it iterates over the set of group sizes
for the current (g,, 9n), computing the time required for each group size Ny using the performance model
function ¢(Ng). The communication time for a given processor array partitioning is the maximum time
taken by any group. However, the communication time for a given number of groups is the minimum time
taken for any of the possible partitionings since one can choose which partitioning to use. Put into a
formula, the communication time C(g) required for g groupsis

. [l O
C(g) = min max ¢(N,)0. 4.1
@=, (gv,gn)forg%lwgfor(@x,gh) ( Q)H “D

44.6.1 Detailed Communication Performance Model

To evauate the above equation, we first need to derive c(Ny), the performance model function. We start the
derivation of the performance model with the first step of the redistribution. Here, the nO/N triangles redis-
tributed per processor are divided into g streams of triangles being sent between pairs of processors. By
dividing the number of triangles per stream by Ny, and taking the ceiling we get the number of messages
per stream. Each processor sends that many messages to each of the g — 1 other groups, so the number of
messages sent per processor in thefirst stepis

Uno O
mys =(g-1) B—E (4.2)

Note that 1/g of the triangles are not sent by each processor, since they are bound for other processors
within the same group. The number of triangles sent in the first step by each processor is similar to the
equation for the number of messages. The division by the message size, Ny, is removed, as well as the
ceiling function. The ceiling function is not needed since the time to send atriangleis small. The equation
is
thoO nO
n.=(g9-1) O(g-1)—. (4.3)
e g Ng

The number of messages received in the first step is similar. In agroup with Ny processors, the group as a
whole receives N — N, streams of messages. By dividing by the group size and taking the ceiling, and then
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multiplying by the number of messages per stream cal culated above, we get the worst-case number of mes-
sages received by a processor in thefirst step

EN - Ng DD no D
my, =0 WE, 0 (4.4)
B Ny BmaNIF
The worst-case number of trianglesreceived is
CIN-N,Ono
ny = 090> (4.5)
g Ny gNo

Thisisthe number of triangles per stream multiplied by the worst-case number of streams.

To compute the number of messages sent per processor in the second step, we first compute the worst-case
number of triangles that a processor could have to reformat. This is the sum of the worst-case number of
incoming triangles and the nO/Ng triangles that were not sent in the first step. To get the number of mes-
sages per stream, we divide the number of triangles by the product of the number of streams of messages
sent out in the second step, Ny, and the maximum message size, and then take the ceiling. Then, we multi-
ply by the number of streams sent in the second step, Ny — 1, which is the number of other processorsin the

group, giving

O (IN-N, O mE
1 nO , nO
m,s = (N, —1) 3 BE Sp—+—=
. g H%sgNgI:@ Ny HNg Ng

or after smplification

g ON-N, 0O [
c=(N, - 9 o 46
s = (Mg )@WNQNQ% Ng 51% (49

Again, the equation for the number of trianglesis similar:

_nO(Ny =) EIN-N, O )
= NoNg |5 Ny § O .

The number of messages received in the second step is

~(N.-nE_"°_¢ 48
My, =(Ng )mg (4.8)

which is the average second-step stream size multiplied by the number of other processors in the group.
For simplicity, thisignores that some processors send more triangles than othersin the group, which means
that those could also have to send more messages than the minimum. The numb