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Abstract

We present two data-parallel algorithms for rasterizing micropolygons. Our ap-
proaches differ from current techniques by parallelizing across polygons. The
first, LOCKSTEP, processes micropolygons in lockstep and runs with high utiliza-
tion (65%) for a small number of SIMD units, despite variance in the amount
of rasterization work for each micropolygon. The second, REPACK, compacts
works and is able to maintain high utilization (85%) even for large number of
SIMD units. While REPACK operates with high utilization, it incurs overhead from
repacking data. We study the performance and utilization of our algorithms on
simulated hardware with varying amounts of SIMD units. We make predictions

about the overall cost of rasterizing micropolygons in a future real-time system.
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Chapter 1
Introduction

Image synthesis is the process of transforming a scene, typically represented as
mathematical models in 3D space (R?), into a flat, discrete representation (the
image plane). Nearly all graphics systems break this process into three stages: ge-
ometry, shading, and rasterization. The geometry stage is usually the first stage
and is responsible for processing incoming geometry for the rest of the pipeline.
It includes per-polygon computations (such as tesselation) and per-vertex com-
putations (such as displacement). The shading stage determines the color values
on the surface. The color of the surface is usually computed using a combina-
tion of surface parameters, textures, and light sources. Finally, rasterization is
the stage that discretizes scene data into an image. Broadly speaking, rasteriza-
tion is the process of determining the color contribution of each polygon to the
pixels in an image.

While rasterization is responsible for correctly interpolating color informa-
tion, the main challenge in rasterization is determining visibility. Determining
visibility consists of identifying the regions of surfaces in a scene that are visi-
ble from a virtual camera. Most visibility algorithms optimize for large polygons
(many pixels in size). Many efficient algorithms exist, and nearly all modern
GPUs have been able to exploit data-parallelism to attain high throughput for
rasterization.
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Figure 1.1: Complex surfaces such as this frog’s skin are represented accurately
using micropolygons.

There is increasing demand for rendering realistic images in real-time graph-
ics systems, and in order to synthesize realistic images, we often need to han-
dle complex geometry. Techniques for approximating complex geometry using
a combination of coarse geometry and shading have been employed in current
graphics systems. However, smooth surfaces with high curvature, or highly de-
tailed surfaces—such as bumpy or displaced surfaces—cannot be faithfully repro-
duced with these techniques. As the bar for image quality rises, approximations
that fall short of actual detailed geometry will no longer be suitable.

A simple way to capture high geometric detail is to tesselate geometry into
micropolygons, polygons with less than a pixel area. Such a strategy is popular
among offline renderers (Apodaca & Gritz, 2000; Hou, 2009); however, current
real-time graphics systems are not equipped to handle micropolygon workloads.
Several changes to the graphics pipeline are needed for a complete transition
from large polygons to micropolygons. A study undertaken at Stanford University
aims to design a micropolygon pipeline for future GPUs. Work that addresses
changes to the tesselator appear in (Ano, 2009b).

The work discussed here focuses on rasterization. An efficient, high-throughput
rasterizer is a critical component of a micropolygon rendering pipeline. Current
rasterization algorithms are extremely inefficient for micropolygons due to the

inability to quickly determine visibility when polygons become subpixel in size.
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This thesis discusses data-parallel formulations of an algorithms for rasterizing
micropolygons. It presents a detailed workload analysis of our implementaions
and characterizes the micropolygon rasterization workload to guide future opti-
mized hardware and software implementations.

Parts of this thesis appear in (Ano, 2009a).

Outline

The next chapter provides the necessary background for the rest of the thesis.
Chapter 3 presents our algorithm and data-parallel implementations. Chapter 4
provides performance results for a simulation ofimplementations. The last chap-

ter summarizes the work and presents plans for future work.



Chapter 2

Background

2.1 REYES

The REYES rendering architecture is an architecture developed at Lucasfilm for
quickly rendering high-quality images (Cook et al., 1987). REYES was specifically
designed to handle models with a large number of polygons. Models are input
as high level primitives which are are split into sub-primitives (Splif). This pro-
cess repeats until each sub-primitive is determined to be small enough. The sub-
primitives are then uniformly tesselated into pixel-sized micropolygons (Dice).
Micropolygons are shaded (Shade) and then rasterized (Visibility). Since only a
small set of fully-tesselated geometry ever needs to be in memory, the REYES
architecture is extremely well-suited for scenes with high geometric complex-
ity. The REYES architecture motivates the use of micropolygons to render high-

quality images of scenes with high-geometric complexity.
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2.2 Parallelism

In this thesis, we only consider data-level parallelism (data parallelism) as op-
posed to thread-level (multicore) parallelism. The most common form of data-
level parallelism exploits the efficient execution of a single instruction on multi-
ple data (SIMD). We refer to the “multiple data” as a vector, and the vector width
is the amount of data-level parallelism an architecture supports per operation.
Thread-level parallelism, on the other hand, addresses parallelism from run-
ning separate threads in parallel. Different threads usually perform different tasks,
and coordination between threads must occur if there are data dependencies.
Thread-level parallelism usually does not scale as well as data-level parallelism.
As the number of threads (cores) increases, either algorithms need to change to
accommodate the extra threads or communication between threads becomes a
performance barrier. Note that thread-level parallelism is more general than data
parallelism. That is, multiple threads can be used to exploit data parallelism;
however, the overhead needed for general thread-level parallelism is much higher
than what is needed to support SIMD processing (Hennessy & Patterson, 2002).

2.3 Point Sampling

The frame buffer represents the image plane as a collection of (X,Y") samples.
While the goal of rasterization is to determine the color values for each of these
samples, fundamentally, rasterization is about computing visibility at each sam-
ple. More precisely, given a polygon, P, we determine the set of samples covered
by P. A solution to this problem returns a list of polygon-sample pairs, (P, s),
where each pair corresponds to P covering s.

The main geometric operation for computing visibility is PointInPolygon. For
apolygon, P, and a sample, s, PointInPolygontests if s is covered by P. Acommon
implementation of PointInPolygon for convex polygons) uses edge functions: s is

inside P if all edge functions evaluated at s are all positive.
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An alternate of computing visibility frames the problem as point sampling vis-
ibility for a polygon in 2D (X, V) space. This formulation makes extending raster-
ization to support motion blur and depth of field natural: rasterizing micropoly-
gons under motion blur or camera defocus becomes the problem of point sam-
pling in 3D (X, Y, T) space or 5D (X,Y,T,U, V) space, respectively. PointinPoly-
gon generalizes into higher dimensions by using hyperplanes instead of edges.
This type of sampling has been implemented (Ano, 2009a); however, it is out of
the scope of this thesis.

A simple frame buffer contains a sample at the center of each pixel in the im-
age; however, most modern systems use multiple samples per pixel for multi-
sampling anti-aliasing (MSAA). MSAA helps remove aliasing artifacts (“jaggies”)
by increasing the sampling rate and, consequently, the Nyquist frequency. In ad-
dition to increasing the sampling rate, samples can be placed randomly on the
frame buffer to improve quality. Randomization helps decrease structured alias-
ing by replacing it with noise. Jittered sampling is a common sampling pattern
that approximates a Poisson disk sampling (Cook, 1986). With jittered sampling,
if each pixel contains S samples, we divide the pixel into S uniform regions. We
place a sample at the center of each subpixel region, then jitter it by some ran-
dom amount, (A,,4A,). Jittered sampling provides similar benefits as Poisson
disk sampling, and its structure is convenient for most output image formats (i.e.,

a grid of pixels).

2.4 Traditional Visibility Algorithms

Before reviewing previous techniques, we describe two metrics used to evaluate
the efficiency of a rasterizer. Sample test efficiency (STE) is the ratio of the num-
ber of PointInPolygon hits to the number of PointInPolygon tests. Utilization is a
measure of how efficiently vector processing units are utilized. High utilization
is an indication of good parallelization. Typically, STE is determined by the algo-
rithm, whereas utilization is determined by the actual implementation. However,

some algorithms may lend themselves to better parallel implementations than
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others.

Most rasterization techniques can be split into four steps. First, the Setup step
performs any necessary per-micropolygon setup computations. Second, in the
Bound step, a set of candidate samples is identified. Third, the Test step com-
putes PointInPolygon for each candidate sample. Last, Process updates the frame
buffer for each tested sample that passes PointInPolygon. This thesis focuses on
all steps up until Process because computing coverage is the biggest algorithmic
challenge.

2.4.1 Tiling methods

Tiling methods typically tradeoff STE for wide data-parallelism. In its simplest
form, a tiling method performs PointInPolygon tests on all samples in the frame
buffer in parallel. Pixel-planes accelerated this computation by using specially
designed memory units augmented with a tree of one-bit adders (Fuchs et al.,
1986). While this approach is massively parallel, much of the computation is
wasted. If the average polygon covers A samples and there are R total samples,
this algorithm has a fixed STE of %, which can be extremely low if used naively on
a large framebuffer.

Tiling methods have been refined to improve STE. Rather than testing the
whole frame buffer, tiling methods first divide the frame buffer into tiles (raster
stamps). Polygons are sorted by which tiles they cover, and then the PointInPoly-
gon tests for all samples in each tile are performed in parallel (Fuchs et al., 1989;
McCormack & McNamara, 2000). In summary, tiling methods are broken down

as follows:

e Setup computes edge equations for polygon
e Bound determines tiles covered by polygon.

o foreach covered tile, Test performs PointInPolygon tests in parallel using the

precomputed edge equations.
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Figure 2.1: Rasterization of a polygon and a micropolygon using 2 x 2 tiles. A
PointInPolygon test was performed for the sample in each colored box. Blue
boxes yield hits and yellow boxes yield misses.

Many implementations using tile sizes ranging from 4 x 4 to 128 x 128 have
been proposed (Pineda, 1988; Fuchs et al., 1989; Seiler et al., 2008). For large
polygons, these schemes can attain both high utilization and high STE because
overtesting only occurs on tiles that straddle the polygon border. However, for
micropolygons, nearly every tile tested will contain a micropolygon edge. Fig-
ure 2.1 illustrates this effect with a small tile size. Samples within the polygon are
shown in blue. Samples tested during rasterization, but not covered by the poly-
gon, are shown in yellow. STE of the micropolygon is low because the area of the
micropolygon is small compared to the area subtended by a tile. Consequently,

STE becomes lower for larger tiles.

2.4.2 Hierarchical methods

Hierarchical methods are a variant of tiling methods that use a hierarchy of tiles
of different sizes (Greene, 1996). Hierarchical methods identify hit samples by
traversing the tile hierarchy and selectively refining tiles that lie on a polygon’s
edge (see figure 2.2). First, coverage for polygons against coarse tiles is com-
puted. Each coarse tile that is covered is refined into smaller tiles unless the tile
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£

Figure 2.2: Traversal of the tile hierarchy for a polygon. Green tiles are determined
to be completely inside a polygon and pink tiles are determined to be completely
outside a polygon. Samples that lie within white tiles still need to be tested.

aa

is determined to be completely inside a polygon or completely outside a poly-
gon. This process generally ends when the number of samples in a tile equals the
vector width of the architecture. This tile hierarchy traversal can be performed
in a cache coherent manner using Hilbert curves (McCool et al., 2001). The open
source renderer, Agsis, builds a kd-tree of samples and traverses this tree to find
covered leaf nodes (Ags, 2008). In general, hierarchical methods can be summa-
rized as follows:

e Setup performs per-micropolygon computation for hierarchical traversal.

e Bound traverses the tile hierarchy. This step identifies tiles of various sizes
that lie completely inside the polygon. It also identifies small tiles on the
edge of the polygon.

e Testperforms PointInPolygon tests for tiles on the edge of the polygon.

Hierarchical methods can attain high STE for large polygons because they can
often identify large regions samples that yield hits without performing Pointin-
Polygon tests for each sample. It is possible to generate more hits than Pointln-
Polygon tests, attaining STE > 100%. Although hierarchical methods may in-
cur large setup costs (tile hierarchy traversal), there is often plenty of parallelism
across samples within coarse tiles that are completely inside a polygon.

Unfortunately, with micropolygons, hierarchical methods fail to quickly iden-

tify coarse tiles that are completely covered for the same reasons tiling methods
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have low STE. Micropolygons are almost all edges, or, alternatively stated, the
region inside micropolygons are smaller than the most refined tile size. A hierar-
chical method will traverse the whole tile hierarchy for each micropolygon, only
to identify tiles that still lie on a micropolygon’s edge. The expensive cost of setup
is not justified since STE will still be low and the amount of parallelism within the

polygon will be limited.



Chapter 3
Implementation

In this chapter, we present an algorithm for computing polygon visibility and
two data-parallel formulations of our algorithm. To be more precise, the visi-
bility problem for micropolygons is framed as follows: we are given many, small
polygons (micropolygons) and a structured set of points (frame buffer), and we
wish to determine which points are covered by which polygons. We assume the
polygons are either triangles or quads (however, we continue to use the word mi-

cropolygon in lieu of microtriangle or microquad).

3.1 Algorithm

Expensive setup and diminishing returns on parallelism within a polygon make
previous algorithms inefficient for micropolygons. Moreover, due to the small
size of miropolygons, the number of micropolygons generated to represent a
scene will be much larger than the number of polygons generated to represent
a scene.

We choose an algorithm specifically tailored for micropolygon workloads. Per-
micropolygon setup is minimized to deal with an effect of Amdahl’s Law (Hen-
nessy & Patterson, 2002): per-micropolygon setup cost is a lower bound on to-
tal rasterization cost. In our algorithm, Setup/ Bound computes a screen-space

11
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RASTMP
Cull backfacing // Setup
BBOX = Compute MP bbox // Bound
for each sample in BBOX // Test
hit = test MP against sample
if hit
Process hit // Process
Figure 3.1: Pseudocode for RASTMP.
1 quad 2 triangles

Figure 3.2: Differences in bounding boxes for quads versus two triangles. Light
blue regions are tested once whereas dark blue regions are tested twice.

axis-aligned bounding box (AABB) of the polygon. The AABB identifies candi-
date samples to perform PointinPolygon tests. By using jittered sampling, we
can quickly retrieve these candidate samples by snapping the AABB to subpixel
boundaries. While other simple geometric structures, such as oriented bounding
boxes, can be used to identify a tighter set of candidate samples, traversing them
generally requires more work.

For each candidate sample, we perform a PointInPolygon test. PointInPolygon
is implemented using edge equations. If a sample is covered by the polygon, we
process the micropolygon-sample pair. For the visibility problem, this amounts
to returning the micropolygon-sample pair. For rasterization, this amounts to
updating the frame buffer with the appropriate color value.

The use of bounding boxes to determine candidate samples motivates sup-
porting quads in our graphics pipeline. First, a bounding box can fit a quad quite
well, and in the worst case, cannot be any worse than the union of the bound-

ing boxes of two triangles. For example, traversing the candidate samples of two
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neighboring triangles may cause samples to be tested twice. Figure 3.2 illustrates
this effect. The light blue regions contain samples that are tested only once that
result in misses. The dark blue regions are samples that are needlessly tested
twice. Second, a pipeline that supports quad may create less work for the whole
pipeline. A tesselator can generate roughly half as many quads for a scene than
the number of triangles generated for the same scene.

In most systems, triangles are preferred over quads because triangles are sim-
pler to handle. Triangles are always convex whereas the convexity does not al-
ways hold for quads. However, when quads are very small, problems that arise
from assuming convexity can be tolerated without objectionable artifacts. (Al-
ternatively, without too much complexity, the PointInPolygon test can also be
written to correctly handle convex quads.) We continue to frame our solution
in terms of triangles; however, our solution is easily extended for quads.

In summary, our algorithm can be broken down into four steps (pseudocode

is also provided in figure 3.3):

e Setup performs per-micropolygon setup computation, including back-face

culling.

e Bound computes an AABB for the micropolygon. (Note: this is still consid-
ered per-micropolygon setup.)

e Test performs PointInPolygon tests between samples in the AABB and the
micropolygon.

e Process updates the frame buffer using color information from the microp-
olygon vertices.
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LOCKSTEP: parallel formulation of (RASTMP)

Cull backfacing
Compute edge equations [optionall
BBOXes = ComputeBBoxes (MPs)
Smae = hmax (BBOXes.numSamples)
for i« = 0 to S
hits = PointInPolys(s;, MPs)
Process (hits, MPs)

Figure 3.3: Pseudocode for LOCKSTEP (RASTMP).

3.2 Parallelization

Although micropolygons only cover a few samples, the large number of microp-
olygons provides a rich source of data-parallelism. We implemented two data-
parallel formulations of RASTMP that parallelizes across micropolygons. This ap-
proach to parallelization is a departure from common rasterizers, which exploit
parallelism within micropolygons as opposed to across micropolygons.

Our implementations run on a simulated vector machine, which supports
standard vector instructions for operating on vectors of floats and integers. We
also require special instructions for manipulating bit masks and support for masked
instructions. We explain these instructions in more detail when needed. We ex-
pect our implementations to translate naturally to a virtualized pipeline with vec-
tor instructions or to a hardware implementation with many data-parallel execu-

tion units.

3.2.1 LOCKSTEP

The first implementation, LOCKSTEP, keeps all of the data-parallel executions
of the algorithm in lockstep. For each batch of polygons, Setup optionally pre-
compute edge equations that are used later in Test. The benefits of pre-computating
edge equations depend on the architecture. In addition, Bound (a portion of

Setup) computes AABBs for micropolygons. Testiterates S,,,, times, where S, is
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the maximum number of candidate samples among all bounding boxes. This re-
quires a hmax vector instruction that computes the maximum element of a vector.
Each iteration, a PointInPolygon test is performed s; where s; is the i-th sample in
the AABB. We mask out lanes when the iteration count exceeds the total number
of candidate samples. (Recall that masked out lanes lead to lower utilization.) If
an iteration of Test yields any hits, Process returns the vector of hits. As a small
optimization, we can skip Process if all lanes fail.

For a rasterizer, Process must update the frame buffer with the correct color
values from the micropolygon. To determine the color, we have to store addi-
tional shading information for each micropolygon vertex. In our system, microp-
olygons are already shaded; consequently, the rasterizer only needs to maintain
the color of each vertex. Combininglocation data (needed for visibility) and color
(needed only for rasterization), each micropolygon vertex requires 28 bytes. For
a triangle, this amounts to 84 bytes per micropolygon. A more space-efficient
algorithm can share micropolygon vertex data between micropolygons.

Updating the frame buffer in parallel may introduce a data hazard. If two mi-
cropolygons hit the same sample (collision), processing cannot proceed in paral-
lel because they will both try to update the frame buffer location. We expect col-
lisions to be rare because of the way a tesselator generates micropolygons. Most
tesselators will tesselate patches of a surface at a time. Collisions can only occur
when the patch lies on a silhouette edge (which may be created by displacement),
or when two patches that overlap in screen-space are tesselated consecutively.

One solution for software implementations can provide two execution paths:
one for batches of work without collisions proceeds in parallel and another for
batches of work that might have a collision serializes (Owens, 2002). Assuming
collision detection is cheap (a method using hashing is proposed) and collisions
(and false positives) are rare, this approach is acceptable. A hardware solution
to this problem also exists (McCormack et al., 1998). It builds batches of non-
colliding hits and processes the batch in parallel when filled or when a collision
is about to be introduced. For simplicity, our current implementation serializes

all accesses to the frame buffer and performs all other computations in parallel.
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Figure 3.4: Diagram of REPACK. The stages are separated by buffers. Test (condi-
tionally) stream loads its input and compacts its output. Buffers are twice as wide
as the vector width.

3.2.2 REPACK

Divergent execution (or divergence) occurs when vector lanes need to perform
different instructions due to branching. A typical solution to divergence masks
out lanes of divergent execution. For example, an simple implementation of ab-
solute value on a vector might multiply each negative element by —1. All lanes
with a positive element will be masked out. Data-parallel implementations try to
remove divergence because masking out lanes causes lower utilization.

There are two main sources of divergence in LOCKSTEP. First, variance in mi-
cropolygon spatial extent introduces dynamic loop bounds for Test. Although the
tessellator upstream attempts to produce micropolygons of similar size and as-
pect ratio, we still expect both the shape and size of the bounding box to vary.
Theoretically, a perfect tessellator could remove divergence by always produc-
ing perfect batches of micropolygons with AABBs that cover the same number of
samples. In practice, however, keeping all execution units in lockstep will suffer
from divergence in Test from bounding box variation. Second, a sample is only
processed if it passes the PointInPolygon test. Divergence due to conditionally
processing a hit is related to STE. An algorithm with 100% STE would not suffer

any divergence in Process.
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Our second implementation, REPACK, attempts to remove divergence in LOCK-
STEP by compacting work between stages. We separate our work into three stages:
Setup and Bound, Test, Process. We place buffers before each stage of execution.
Figure 3.4 provides an overview of the stages and buffers. When a buffer accumu-
lates enough work to sustain high utilization, the stage executes in parallel over
the data. We push hit samples from Test into a buffer before processing them to
attain high utilization in Process.

We address divergence in Test that stems from variation in bounding box sizes
by stream loading. With stream loading, we treat Test as a stage that operates on
a stream of incoming data (samples within bounding boxes). In each iteration
of Test, all lanes will iterate through the next sample within the bounding box.
If a lane finishes iterating, it is marked as available. At the beginning of each
execution of Test, new bounding boxes are loaded dynamically into all available
lanes. Stream loading allows us to stagger the scan-conversion of bounding boxes
and still keep high utilization.

On our vector machine, compacting data to a buffer required a new operation,
PrefixSum, and a masked Scatter. PrefixSum takes a mask as input and outputs
a vector of int’s where the i-th element is the number of bits active in the mask
up to and including index i. The PrefixSum determines indices into the buffer
for the Scatter. A stream load is executed using PrefixSum and a masked Gather.
The PrefixSum computes indices into the buffer and the masked Gatherloads the
corresponding data into the available lanes. (Stream loading can be viewed as the
opposite of compaction.) Since stream loading operations only affect available
lanes, it will not run at full utilization. An implementation may choose to only
stream load if some fraction of the vector lanes are available. This will lead to less
overhead from stream loading; however, Test will run at lower utilization overall.

Each buffer between stages is a buffer with a fixed-width that is equal to dou-
ble the vector width. We have a simple scheduler that runs the latest stage that
can operate at full utilization (i.e., its input buffer has at least a vector width
amount of work). This scheduler is easy to implement and can (almost) always

guarantee full utilization. Moreover, the size of the buffers guarantees that there
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will be enough room in the stage’s output buffer if all lanes produce outputs. The
only time we cannot attain full utilization (excluding stream loading) is when we
run out of micropolygons. In this situation, rasterization is almost complete and
the only work remaining is flushing all stages of leftover work.



Chapter 4
Results

Since our implementations are architecture agnostic, we use operation counts as
an approximation of execution time. Our code is instrumented to measure vector
operations as well as utilization. These measurements provide insight into the
overall performance of our implementations under various parameters.

For a real implementation, wall clock time and throughput for rasterizing a
scene with micropolygons is the real metric of performance. When future hard-
ware is designed, utilization will become a much more important metric than op-
eration counts. An implementation with low utilization will not be cost-effective,
power-efficient, nor scalable to wider data-parallelism. A good rasterizer would
find a fair balance between STE efficiency and utilization.

Higher multisampling rates can yield high-quality renderings; however, we
suspect real-time systems to tolerate the loss in quality for performance. The
choice of no multisampling is still interesting for generating shadow maps. Our
results are reported for 4xMSAA; however, when relevant, we describe how val-
ues scale with sampling rate. Intuitively speaking, increasing the sampling roughly
corresponds to increasing the size of the micropolygon (where size measured in
samples covered, instead of pixels).

We are interested in how our implementation performs with various vector
widths, which we denote by W. We conducted our experiments on a library we

created that supports data-parallel operations with different fixed vector widths.

19
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Figure 4.1: Our test scenes are select frames from animation sequences, from left
to right: BALLROLL, COLUMNPIVOT, TIGERJUMP, and TALKING.

We counted the total number of operations performed in addition to the utiliza-
tion of each operation (determined by vector masks). To show how performance
scales with vector width, we report results for W = 8,16, 32, and 64. To put this
in perspective, most CPU vector units are 4 wide (W = 4), and most GPUs have
SIMD units that range from 8 wide to 16 wide (Fatahalian, 2008). Larrabee’s in-
struction set uses vector width 16 (Seiler et al., 2008). Our results report parallel
operations (i.e., to obtain the number of mathematical operations, scale the op-
eration counts by W.)

Our results are averaged across test scenes rendered at 1728 x 1080 resolution.
Our scenes are taken from animation sequences scene in figure 4.1. The tesse-
lator targets generating triangles with half-pixel area and quads with pixel area.
Unfortunately, we cannot use real data sets and decouple our results from the
tesselator output at the same time. However, we do know that our tesselator will
produce the exact same vertices when generating either triangles or quads. Un-
less specified otherwise, we use results using a tesselator that generates triangles.

All of our results are reported with backface culling enabled.

4.1 Comparison of Implementations

4.1.1 LOCKSTEP

Table 4.1 provides a breakdown of utilization in each stage of the LOCKSTEP. While
utilization is high for Bound, it starts to drop for Test and more dramatically for
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Vector Width (W)

8 16 32 64

Bound 98% (0.10) 98% (0.09) 97% (0.08) 96% (0.08)
Test 83% (0.68) 78% (0.65) 74% (0.64) 70% (0.63)
Process 25% (0.23) 20% (0.26) 17% (0.28) 15% (0.29)
Overall Util 71% 65% 60% 56%
Overall Op/MP 61.94 34.11 18.44 9.87

Table 4.1: Breakdown of utilization per stage and fraction of time spent in each
stage (in parenthesis) for the LOCKSTEP. Overall utilization falls off quickly for
larger vector widths. The decrease in total operations per micropolygon shows
benefit of parallelism. Sefup is omitted because it constitutes less than 0.01 of
the runtime.

Process. These are the main areas of divergence in our algorithm. 7est domi-
nates the runtime, constituting about two-thirds of the total runtime, and, con-
sequently, its utilization is the most important data point. Note that utilization in
Bound is independent of multisampling rate. Both Test and Process have higher
utilization with higher mutlisampling rates.

Execution in Test diverges because of variation in bounding boxes. As we pro-
cess more micropolygons in parallel, divergence from irregular bounding box
sizes becomes more severe. For example, consider a micropolygon with an un-
usually large bounding box. When this bounding box is the only lane active in
Test, utilization will be .. Hence, lower utilization in Test due to bounding box
variation is more pronounced for larger V.

Process runs at low utilization because each micropolygon only covers a few
samples. Each iteration of Test will only yield a few hits (roughly STE). As a small
optimization, if an iteration of Test does not output any hits, we can completely
skip Process. An even better optimization comes from observing that since Pro-
cessfollows Test, its utilization is modulated by Test’s utilization. We can decouple
the utilization of Testand Process by aggregating hits from Testinto a buffer. When
enough work accumulates, Process can process all these hits in parallel.
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Vector Width (W)

8 16 32 64

Bound 98% (0.07) 98% (0.07) 97% (0.07) 96% (0.06)
Test Stream-load 20% (0.08) 15% (0.11) 13% (0.12) 12% (0.13)
Test 99% (0.77) 99% (0.75) 99% (0.73) 97% (0.73)
Process 99% (0.08) 99% (0.08) 99% (0.08) 98% (0.08)
Overall Util 93% 90% 88% 86%
Overall Op/MP 71.31 36.77 18.83 9.58
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Table 4.2: Breakdown of utilization per stage and fraction of time spent in each
stage (in parenthesis) for the REPACK. We break out the stream loading step, Test
Stream-load.

Overhead (%)
Bound 21%
Test Stream-load 100%
Test 26%
Process 35%

Table 4.3: Overhead for each stage of the pipeline. Note that all instructions in
Test Stream-load are considered overhead.

4.1.2 REPACK

The REPACK is able to maintain high utilization without incurring too much over-
head. Table 4.2 gives utilization results for the REPACK. We report stream-loading
in Test as a separate data point, Test Stream-load. The low utilization of Test
Stream-load actually lowers the overall utilization of Test. (If we were to com-
bine these results, Test utilization is closer to 75%, as opposed to 99%.) We can
trade off utilization between Test Stream-load and Test by changing how often
new stream-loading occurs. For example, we can force Test Stream-load to exe-
cute only when it will run with at least 50% utilization. Consequently, Test’s uti-
lization will decrease because not all iterations will be at full utilization. However,
these optimizations are architecture-specific and are therefore not discussed in
this thesis.
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Table 4.3 shows the amount of overhead incurred in each stage in our partic-
ular implementation. We define overhead as any extra operations the REPACK ex-
ecutes that the LOCKSTEP did not have to. Note that all operations in Test Stream-
load should be considered overhead in 7Test. The amount of overhead incurred
for any particular architecture varies. Our results suggest that the overhead in-
curred eventually pays back by yielding higher utilization in Process. The actual
crossover point is architecture dependent.

As a consequence of deferring computation, micropolygon data must be re-
tained for each micropolygon in flight in the pipeline. In our system, micropoly-
gons are already shaded-no data for shading computations is passed along. Each
micropolygon vertex contains position and color information (28 bytes per ver-
tex). Although each micropolygon has a smaller memory footprint than a poly-
gon in a modern rasterizer, it is not reasonable to replicate this data at each stage
of the pipeline.

The average working set is about 3.51/. Since each stage is effectively at full
utilization, queues before each stage are filled with at least W work. The two
buffers add roughly 2/ micropolygons to the active working set. The Test stage
also keeps W micropolygons active when iterating through samples. The remain-
ing micropolygons in the working set are from new micropolygons that have been
loaded in. Note that by design, the maximum working set size is 41/. This result
suggests that memory accesses and cache coherency may be a limiting factor for
software implementations as I increases. Hardware implementations will have
the problem of managing the set of active micropolygons.

Since our implementation serializes access to the frame buffer, conflicts in
Process do not occur. A real implementation needs to handle conflicts when
they do occur. Conflicts are extremely rare: we measure that conflicts occur less
than 1% of the times, even with W = 64. However, depending on the detection
scheme, false positives may be common. We do not evaluate any collision detec-
tion schemes and but note that it may be an important factor for actual imple-

mentations.
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Vector Width (W)
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8 16 32 64

Bound 98% (0.07) 97% (0.06) 96% (0.06) 95% (0.06)
Test 79% (0.68) 74% (0.66) 70% (0.65) 65% (0.65)
Process 36% (0.26) 31% (0.28) 27% (0.29) 25% (0.30)
Overall Util 69% 63% 59% 55%
Overall Op/MP 102.25 55.60 29.89 16.16

Table 4.4: Breakdown of utilization per stage and fraction of time spent in each
stage (in parenthesis) for the LOCKSTEP when using quads instead of triangles.

Vector Width (W)

8 16 32 64

Bound 98% (0.05) 97% (0.05) 96% (0.05) 95% (0.05)
Test Stream-load 17% (0.06) 12% (0.09) 10% (0.11) 9% (0.11)
Test 99% (0.77) 99% (0.75) 98% (0.73) 97% (0.73)
Process 99% (0.12) 99% (0.12) 99% (0.11) 98% (0.11)
Overall Util 94% 91% 89% 87%
Overall Op/MP 106.73 54.98 28.16 14.35

Table 4.5: Breakdown of utilization per stage and fraction of time spent in each
stage (in parenthesis) for the REPACK when using quads instead of triangles.

4.2 Support for Rasterizing Quads

We repeated our experiment with our tesselator outputting quads instead of tri-
angles. Table 4.4 and table 4.5 show that, in terms of utilization, quads behave
similarly in both LOCKSTEP and REPACK. Overall utilization is higher primarily
because of increased utilization in Process. Recall that utilization in Process is
correlated with STE. We measured quads as having roughly 1.5x better STE than
do triangles. In addition, a tesselator should generate about half as many quads.
For a scalar algorithm, these two effects would suggest nearly a 3x improvement.
Unfortunately, we found that supporting quads only gave a 20% speedup (in
terms of total operations). Figure 4.2 shows the total operations for various scenes.
Two main effects limit the benefits of supporting quads. First, we end up with the
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Bound 31
1.2 | Test M
Process

BallRoll TigerJump ColumnPivot Talking

Figure 4.2: Comparison of total operations between triangles and quads for dif-
ferent scenes. For each scene, the column on the left is for triangles and the right
column is for quads. The quad column is scaled relative to the triangle column.
Note that the amount of work in Process is roughly equal. Time spent in Bound is
halved since there are half as many micropolygons.
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Vector Width (W)

8 16 32 64
TRIANGLES (19% STE, 5.5M micropolygons)
Bound 59 3.0 1.5 0.8
Test 42.0 223 11.8 6.3
Process 14.0 8.8 5.1 2.8
Total 61.9 34.1 184 9.9

QuADS (30% STE, 2.75M micropolygons)
Bound 69 35 17 0.9
Test 69.1 36.7 19.5 10.5
Process 26.2 154 8.6 4.8
Total 102.2 55.6 29.9 16.2

Table 4.6: Difference in operations per micropolygon when using triangles versus
quads.

same number of hits, regardless of which primitive we rasterize. Therefore, the
amount of work in Process is basically fixed. Process can only be improved by in-
creased utilization, which is only marginal. Amdahl’s law limits the speedup of
halving the number of micropolygons. Second, quads require more operations
to rasterize. Table 4.6 shows a breakdown for operations per micropolygon for
both triangles and quads. Overall, quads require about 1.6 x as many operations

to rasterize.

4.3 Discussion

The algorithm we presented picked AABBs to identify candidate samples. While
STE is only 20% for triangles, AABBs require very few operations to compute. Due
to the low number of samples covered, other methods of identify candidate sam-
ples are not likely to be able to make up for setup costs in Test and Process.

Our results show that rasterizing micropolygons is very expensive. For exam-
ple, with W = 16 and 4 x MSAA, each micropolygon on average requires about 38
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operations. (At W = 16, LOCKSTEP and REPACK have almost the same operations
per micropolygon.) To render 5 million micropolygons (half-pixel area triangles,
1728 x 1080 resolution, scene depth complexity 2.5, half backface culled), at 60
frames per second requires 22 billion operations per second. This is equivalent
to 20 Larrabee units (Seiler et al., 2008), making rasterization a strong candidate
for a fixed-function hardware implementation.

For the same scene using pixel-area quads brings this cost down to 16 Larrabee
units. Although quads require more operations per micropolygon, our results
show that support for quads translate into a significant net benefit in terms of
the total number of operations needed in rasterization. Since not all high-level
primitives can be easily tesselated into quads, we provide support for both trian-
gles and quads.

Although we present two parallel formulations of our algorithm, the best for-
mulation depends on the architecture. A hybrid approach of parallelizing across
micropolygons as well as within micropolygons (larger raster stamp for testing)
may yield the best results. However, these decisions depend heavily on the target

hardware.
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Conclusion

5.1 Contributions

Determining visibility is the most difficult step for rasterizers. This thesis fo-
cuses on an algorithm, RASTMP, for point sampling a micropolygon for visibility.
RASTMP is optimized for micropolygons by minimizing setup cost which must be
paid per-micropolygon. Due to the small size of micropolygons, computing an
axis-aligned bounding box is as efficient as previous alogithms for finding candi-
date samples and is much cheaper to compute. RASTMP works for both triangles
and quads and we show that supporting quads leads to a direct 20% gain in ras-
terizer performance.

This thesis also presents two different parallel formulations of RASTMP. A de-
tailed study of our formulations’ simulated performance shows that both formu-
lations attain high utilization. LOCKSTEP, which keeps all vector lanes in lock-
step, works well for small vector widths. REPACK, which compacts work between
stages, can maintain high utilization for large vector widths; however, REPACK in-
curs a fixed fraction of overhead. The actual cost of the overhead is architecture
dependent.

28
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5.2 Future Work

Support for cinematic effects such as motion blur and camera defocus is highly
desired future graphics pipelines. Rasterizing a micropolygon with motion blur is
equivalent to point sampling a prism in 3D (X, Y, T') space. Adding depth of field
makes this problem equivalent to point sampling in 5D (X,Y,T,U, V). We have
extended LOCKSTEP to support both 3D and 5D rasterization of micropolygons.
The same extension for REPACK is partially implemented. A similarly detailed
treatment of runtime characteristics of both formulations is an obvious next step.

Our current implementation of REPACK does not address how to maintain mi-
cropolygon data. One of the benefits of the REYES system is being able to keep a
low memory footprint by streaming over data. REPACK defers computation which
requires keeping micropolygon data around. Currently, we determine when a mi-
cropolygon will no longer be used by reference counting. This approach will be
prohibitively expensive for any high-performance implementation.

This thesis does not address thread-level parallelism. Future work may exam-
ine how each stage of REPACK can be moved to different cores. This would require
a further study into how to properly balance work between the stages.

Quads helped increase STE by preventing a sample that hit one triangle from
being tested by a neighboring triangle. An interesting extension to this rasterizes
patches of neighboring micropolygons at a time. A patch of micropolygons is
larger, and thus, previous techniques for large polygons may apply for the whole
patch. Once a candidate set of samples for the whole patch is determined, it may

be possible to efficiently match up micropolygons to covered samples.
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