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Abstract

We describe three broad classes of parallel rendering
methods, based on where the sort from object-space t
screen space occurs. These classes encompass mest fet
forward parallel software and hardware rendering
architectures that have been described to date. Aftel
introducing the classes, we perform a coarse analysis of th
aggregate processing and communication costs of each ar
identify constraints they impose on the rendering
application. The aim is to provide a conceptual model of
the tradeoffs between the approaches as an aid to designe
and implementers of high-performance, parallel rendering
systems.

Introduction

Graphics rendering is notoriously compute intensive,
particularly when realistic images and fast updates are
required. Demanding applications, such as scientific visual
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ization, CAD, vehicle simulation, and virtual reality can _
require hundreds of MFLOPS of floating-point performance ~ Graphics database traversal

and gigabytes per second of memory bandwidth, far beyond *
the capabilities of a single processor. For these reasons,
parallelism has become a crucial tool to building high Geometry
performance graphics systems, whether these be special || © Gleee G G processing
purpose hardware systems, or software systems for general-
purpose multicomputers. *
Parallelism of various types may be employed at many
levels: for examplefunctional parallelism(pipelining) can
speed critical calculations anféta parallelismcan be used Rf|R|e®ee |R|[R]l Rasterization
to compute multiple results at once. Common data-parallel
approaches are by objeabject-parallelism and by pixel *
or portion of the screempikel- orimage-parallelisn.
Several taxonomies of parallel rendering algorithms have Display

been proposed [2, 3, 4]. These taxonomies are useful for

classifying and understanding systems, but do not lefitpure 1. Graphics pipeline in a fully parallel rendering

themselves easily to comparison or analysis. Sorfi$stem. Processors G perform geometry processing.

rendering systems have been analyzed in isolation [5, 6, Pjocessors R perform rasterization.

However, these analyses tend to focus on unique attribute . . . A

of each system and make comparison between system eometry processing usually is pgrgl_lehzed by assigning

difficult. each processor a §ubset of th.e prlmltlvgs (objects).ln .the
In this paper we describe a classification scheme, whighe"e- Rastenzaﬂoq usually IS parallellzeq by assigning

we hope will provide a more structured framework fo‘f:aCh processor a portion of the pixel calculations.

reasoning about parallel rendering. The scheme is basedg e essence of the rendering task is to calculate the effect

where the sort from object coordinates to screen coordinal gach primitive on each pixel. Due to the arbitrary nature

occurs, which we believe to be fundamental whenever b& the modeling and viewing transformations, a primitive

geometry processing and rasterization are performedcf?ln fall anywhere on (or off) the screen. Thus rendering

parallel. This classification scheme allows computation%?n be viewed as a problem of sorting primitives to the

and communication costs to be analyzed and encompassﬁé en, as noted by Sutherland, Sproull, and Schumacher in

the bulk of current and proposed highly parallel rendeiﬂerst eir seminal paper on visible-surface algorithms [8]. For

both hardware and software. fully parallel renderers, this sort involves a redistribution of

The paper is organized as follows: First we review ttg@ta between processors, because responsibility for

standard feed-forward rendering pipeline, showing hoW'_Ir_T;]'t'VIeS ‘T‘d pl);etlr? IS dlsttrllbuteld.d termi the struct
different ways of parallelizing it lead to three classes of € location of this sort fargely determines the structure

rendering algorithms. Next, we consider each of the the resulting parallel rendering system. Understanding

classes in detail, analyzing their aggregate processing é d \t/ar'letty Off tﬁys’tg.mt .Ztrtjcc';urest posasmlellwﬂ:ln t.r:ﬁ
communication costs, possible variations, and constraifffg'straints of this distributed sort and reajizable wi

they may impose on rendering applications. Finally, we uagailable computational resources is the main challenge for
&

these analyses to compare the classes and identify w _?Lgners ?f fully parallel rer|1d(terll?g S)I/stems. h in th
each is likely to be preferable. e sort can, in general, take place anywhere in the

rendering pipeline: during geometry processing (“sort-
. . first”), between geometry processing and rastéidna
Parallel rende”ng as a Sortmg (“sort-middle™), or during rasterization (“sort-last”). Sort
problem first means redistributing “raw” primitives—before their
screen-space parameters are known. Sort-middle means
Figure 1 shows a simplified version of the standard,-fee@distributing screen-space primitives. Sort-last means
forward rendering pipeline, adapted for parallel renderingedistributing pixels, samples, or pixel fragments.
It consists of two principal parts: geometry processingEach of these choices leads to a separate class of parallel
(transformation, clipping, lighting, etc.), and rasterizatiorendering algorithms with distinct properties. We describe
(scan-conversion, shading, and visibility determination). the classes briefly now and examine them in more detail in
this paper we target rendering rates that are sufficiently higlter sections.
that both geometry processing and rasterization must be
pefformed in parallel. We say such systems frBy
parallel.



be exploited. We will discuss its potential advantages anc

Graphics database disadvantages in more detail in a later section.
(arbitrarily partitioned)

vV v vV v Sort-middle

(Pre-transform) In sort-middle, primitives are redistributed in the middle
of the rendering pipeline—between geometry processing
and rasterization. Primitives at this point have been
transformed into screen coordinates and are ready fol

Geometry rasterization. Since geometry processing and rasterizatiol

processing are performed on separate processors in many systems, th
is a natural place to break the pipeline.

eee (R R Rasterization In a sort-middle system, geometry processors are assigne

arbitrary subsets of the primitives to be displayed;

4 4 4 4 rasterizers are assigned a portion of the display screel
Display (generally a contiguous region of pixels, as in sort-first).
The two processor groups may be separate sets o
Figure 2. Sort-first. Redistributes raw primitives during  processors, or they may time-share the same physica
geometry processing. processors.
During each frame, geometry processors transform, light,
) etc. their portion of the primitives and classify them with
Sort-first respect to screen region boundaries. They then transmit a
The aim in sort-first is to distribute primitives early in the fthese screen-space pr.imit_ives to the appropriate rasterize
. - . . or rasterizers, as shown in Figure 3.
rendering pipeline—during geometry processing—to- pro
cessors that can do the rgmaining rendgri.ng calculations Graphics database
§F|gur(e_ 2) This generally is don'e by dividing the screen (arbitrarily partitioned)
into disjoint regions and making processors (called

renderer$ responsible for all rendering calculations that 4 * * 4

affect their respective screen regions. G G Geometry

o e . . eeoe |G G .
Initially, primitives are assigned to renderers in some processing
arbitrary fashion. When rendering begins, each renderer
does enough transformation to determine into which
region(s) each primitive falls, generally computing the
screen-space bounding box of the primitive. We call this

pre-transformation and it may or may not involve actually

transforming the primitive. In some cases, primitives will R Rl(eee |R R Rasterization
fall into the screen regions of renderers other than the one

on which they reside. These primitives must then be redis 4 4 4 4

tributed over an interconnect network to the appropriate Display

renderer (or renderers), which then perform the remainder
of the geometry-processing and rasterization calculatioFigure 3. Sort-middle. Redistributes screen-space
for these primitives. primitives between geometry processing and
This redistribution of primitives at the beginning of theasterization.
rendering process is the distinguishing feature of sort-first.
It clearly involves overhead, since for some primitives, aSort-middle is general and straightforward, and has beer
portion of geometry processing is done on the wrorige most common approach to date for both hardware [9
renderer. The results of these calculations must eitherI§k 11] and software [6, 7, 12] parallel rendering systems.
sent or they must be recomputed on the new renderer(s). We will examine the advantages and disadvantages of sor
Sort-first is the least explored of the three classes; to théddle in more detail later.
authors' knowledge, no sort-first systems have been built.
Although sort-first may seem impractical at first, we will Sort-last
Eee Ia’Fer that it can require much less CommunlcathnSort-last defers sorting until the end of the rendering
andwidth than the other approaches, particularly if "~ . L . . .
I . o |r[:])el|ne—after primitives have been rasterized into pixels,
primitives are tessellated or if frame-to-frame coherence ca . .
samples, or pixel fragments. Processors in sort-last (callet
renderer$ each are assigned arbitrary subsets of the

3



primitives. Each computes pixel values for its subset, b the parallel methods. We will focus on the inherent

matter where they fall in the screen. Renderers thewerhead in the methods, and will not specifically model

transmit these pixels over an interconnect network factors such as load balancing, buffering, transport delay,

compositingprocessors which resolve the visibility of pixeletc., which affect performance significantly, but depend on

from each renderer (Figure 4). the detailed implementation of a system and on the graphics
In sort-last, renderers operate independently until tBeene itself. We will, however, discuss these factors

visibility stage—the very end of the rendering pipeline. Thgarticularly load balancing) where appropriate.

interconnect network, however, must handle all of the pixel

data generated on all of the renderers. For interactive or Uniprocessor pipeline

real-time applications rendering high-quality images, thisgq, the analysis that follows, we refine the rendering

can resultin very high data rates. pipeline as shown in Figure 5. First, some rendering
systemstessellateprimitives in order to generate higher
quality images (RenderMan [20] is one widely used
example). Tessellation is the process of decomposing larger
4 * * 4 primitives into smaller ones, typically into polygons or
Geometry polygonal meshes. Not all rendering packages tessellate.
processing We include it in the pipeline because it can greatly expand
the number of primitives that need to be displayed. Second,
we break rasterization into two stages called pixel rendering
(computing pixel values) and visibility (determining which
pixels are visible), since some algorithms perform these on
separate processors. Finally, we do not explicitly mention
shading, which can be a major consumer of processing

Graphics database
(arbitrarily partitioned)

G G|eee |G G

R R|leee|R R Rasterization

(Compositing) cycles, but can occur almost anywhere in the pipeline.
Shading should be considered a part of geometry processing
Display or of pixel rendering, as appropriate.
Figure 4. Sort-last. Redistributes pixels, samples, or Pipeline stage Processing cost
pixel fragments during rasterization.
) Geometry:

S_ort—last can be done in at I_east two ways. Qne approach, pre-tessellation ne «geom-pre-tess+
vv_hlc_h we caII_SL-sparsemlmmlzes communication py only post-tessellation Ng «geom-post-tess
distributing pixels actually produced by rasterization. THe [ pixe| Rendering nq «rend-setup +
second approach, call&l-full, stores and transfers a full NgagsS «rend
image frpm each renderer. Both methods have advantag e"\/isibility NgagS «comp
as we will see later.

Sort-last systems have existed in various forms for more
than 20 years. The 1967 GE NASA Il flight simulator useglgure 5. Rendering pipeline and processing costs in a
a simple version ofSL-full in which a processor wasuniprocessor implementation.
assigned to each primitive [13]. Since then, several
primitive-per-processor [3, 14] and myle-primitive-per- ~ We assume that we are rendering a dataset contaiping
processor [15, 16BL-full systems have been proposedaw primitiveswith average sizey. We will call primitives
Several recent commercial systems have WBkedparse that result from tessellatiodisplay primitives If T is the
[17, 18, 19]. We will examine sort-last in more detaflessellation ratiothere areng = Tny of these, with average
shortly. sizeag = a,/T. If there is no tessellatiorl;, = 1,ng = ny, and

ag = a. We assume that we are rendering an image
Processing and communication containingA pixels and that we are to comp@esamples
model per pixel. For simplicity, we assume that all primitives are
potentially visible {.e. lie within the viewing frustum).

We now analyze each of the three rendering methods in
more detail. The aim is to build a quantitative model of
their processing and communication costs to use as a baskigure 5 lists the processing costs for each stage of the
for comparing them. We will first consider the processingniprocessor rendering pipeline. First, theaw primitives
required to render on a uniprocessor, and will then evaluaie processed by the stages of the geometry pipeline up to
the additional processing and communication requiremem¢ssellation. The cost for thisng «geom-pre-tess ("«...»"

Processing costs

4



. ) several buckets when it overlaps several regions. We defin
Terms used in the analysis anoverlap factorOy, which is the average number of
— regions a raw primitive overlaps. If the cost to precompute
Term Definition a primitive's screen coordinates jgre-xformp» and the cost
A The resolution of the screen, in pixels. to put the primitive in each of its_ buckets Isuckeg», then
. the overhead for these stagesiispre-xform» andn; Oy
N  The number of processors in the «buckep»
multiprocessor. '
Ny, Ny The number of raw, and display primitives, —
respectively. Pipeline stage SF overhead cost
ar, ag 'ghelavera_ge_t_size, in pixels, of a raw and Pre-transform Ny «pre-xform
ISpiay primiive. Bucketization nOr «buckep»
O I lopiay primis pvorap, |0 " | |Redistibution | [en0r cprimy> |
' Geometry:
f,fqg  The fraction of pre-tessellation and post pre-tessellation N (Oy-1) fy «geom-pre-tesst
tessellation geometry processing that is post-tessellation ng(Og-1) fq «geom-post-tess
dupll?c?ted when a raw primitive overlaps Pixel Rendering ng(Og-1) «end-setup
multiple screen regions. Visibility —
T The tessellation ratigyy/n,.
S The number of samples per pixel. Figure 6. Sort-first processing and communication
c The fraction of raw primitives that must bg¢ overhead (communication costs indicated by box).
redistributed each frame when sort-first
takes advantage of frame-to-frame 'Ne'xt, primitives on the wrong renderer must be
coherence. distributed to the correct renderer(s). The number of

primitives redistributed depends on the application and
denotes "cost", most naturally in units of time). Tie whether frame-to-frame coherence is employed. For
display primitives that result are then processed by tR&@mple, if we are rendering a single frame, almost all the
geometry pipeline stages following tessellation, at a costRffmitives will need to be sent. However, if we render
ng «geom-post-tess  Rasterization follows. Pixel Multiple frames in an animation or real-time application and
rendering is the first stage and consists of two parts: setl]f Scéne does not change much between frames, only

and per-sample rendering operations, whose costs atgall fraction of the primitives may need to be sento
respectively ngq «rend-setup andngagS «rend». Finally, take this application-dependent behavior into account, we
the cost of compositing isjagS «comp», where comp» is  define the parameter, the fraction of primitives that must
the cost of compositing one sample (generallyz g e redistributed. The total network bandwidth required is

comparison and conditional write). In the uniprocess8i€N CNrOr «prime», where grimy» is the size of the data
model. there is no data redistribution or "sort". structure to represent a raw primitive. We will not
explicitly tally the processing cost of communication, but it

should be noted that it is proportional to this term.

After redistribution, sort-first algorithms may accrue
_ o _ _ _other overhead that a uniprocessor pipeline would not. If &

We begin our analysis with sort-first. Figure 6 shows itgw primitive falls in exactly one bucket, then it undergoes
rendering pipeline and what it costs beyond uniprocessﬁrometry processing exactly once, and the costs are th
rendering. We assume in this analysis that primitives af§me as they would be on a uniprocessor. If the primitive
redistributed as early in the rendering pipeline as possilg,l@eﬂaps more than one region, however, there will be
and that renderers discard transformed data when they sgidlication of effort. Each additional processor responsible
a primitive to a new renderer. (An alternative is teor a given raw primitive must duplicate some fractipof
redistribute later in the pipeline and send the transformggb-tessellation geometry processing, and some frafgion
data. Although we will not focus on this alternative, itgf post-tessellation geometry processing. These fractions
analysis is similar to the case we will present here.) will depend on the algorithms chosen for geometry

Processing and communication costs processing. For example, explicit clipping to region

Sort-first analysis

The first steps in sort-first are to "pre-transform"” the raw 1Thjs type of coherence is only available in sort-first, as it
primitives so that their screen extents are known, and;£the only technique that distributes raw primitives; the

classify them with respect to screen-region buckets. Eagier methods distribute data that has undergone view:
bucket belongs to a processor, and a primitive may fall dapendent processing.



Estimating primitive overlap Aw2)n2) 2R 2AZWo) (Wowihoh)

. . Weighting each of these by the number of regigns
Both sort-first and sort-middle have a common source .
U T ; . “affected (4, 2, and 1, respectively), we can sum them to
of inefficiency: primitives that cross region boundaries

. : ) get O, the expected number of regions affected by a
must be processed in multiple regions. A
We express this inefficiency in terms of tbeerlap primitive:
factor (O), the number of regions covered by a typical O:(W+W)(H +h)
primitive. We can estimat® using the following W H

geometric construction: This equation, first derived by John Eyles of UNC,

Region boundary " valid even ifw > W andh > H. The following graph plotg
: |W | O for various region and bounding-box sizes. We have
. - found that these values correlate well with data obtaiped

S

R - from actual renderings [21].
% Boubnod)inci ? ] Area in which prim is
H % canonical processed once 261 Size O_f primitive
% primitive Areas in which prim is Q 241 bounding box
% Center processed twice S 221 - 20x20
L L =
Y BRb e P e—— Areas in which prim is E 207 — 10x10
! ' processed four times o 187
K]
o
>
o

1.6 1
1.4 1
If we assume screen regions have di¢ex H and a 1.2 A
typical primitive has a bounding box of sizex h, a 1.0 ' ' ' ' ,
primitive will contribute to: four regions if the center of 32x32 64x64  128x128 256x256  512x512

its bounding box falls into one of the four corner areas,
two regions if the center of its bounding box falls into one

of the four edge areas, and one region otherwise. Thus we see that if primitives are small compared to

If we assume that primitives have an equal probabilityegion size, primitive overlap contributes only a smll
of falling anywhere within a region, the probability of amount of the overall rendering cost.
landing in a corner, edge, or center region is, respectively:

Region size

boundaries requires duplication of effort whileapplication must support retained-mode (display-list)
implementations that avoid clipping avoid this extra workendering, and bookkeeping is needed to keep track of
From these considerations, the additional cost of geomeprymitive ownership.
processing for the, raw primitives isn;(Or-1)ff «xgeom  To get an estimate af we have analyzed traces from two
pre-tess, and for theTn, display primitives isng(Og-1)fg rendering sequences: the rotating head model in the NCGA
«geom-post-tess Graphics Performance Committee's Picture-Level

Finally, each display primitive that overlaps sever@enchmark [1], and an architectural walkthrough of a
screen regions requires pixel rendering setup for eawhilding interior seen through a head-mounted display. In
region. This adds processing overheaad{fOg4-1) «end- both cases, we assumed a display size of 1280x1024 pixels
setup. and a region size of 64x64 pixels. In the Picture-Level
Benchmark, the head contains 60,000 triangles and rotates
4.5° each frame. Hervaried between 0.13 and 0.16. The

If we are rendering a single frame, most primitives will bR/chitectural model contained 64,796 triangles. During a
on the wrong renderer and will require redistribution, unle£9-s€cond exploration of a room within the model, ¢ varied
we are very lucky. Hencewill be close to 1. However, if between 0.0 and 0.54 with a mean vglue of 0_.15. Thu_s we
we render several related frames in sequence, we maySB8 that can be quite small in practice, making sort-first
able to take advantage of frame-to-frame coherence &gPealing for applications with substantial coherence.
reduce overhead. To do this, processors that render a : .

S . : L Tessellation and oversampling
primitive during one frame must retain that primitive for the
next frame. If there is significant spatial coherence betweenf a system employs tessellation and oversampling, then
frames, fewer primitives will require redistribution duringeach raw primitive generatddisplay primitives, and each
the next frame andc will be close to 0. Of course, theof these in turn generatagS samples. This means that for

Frame-to-frame coherence
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each raw primitive that sort-first redistributes, sort-middle _ o
must redistributel display primitives, and sort-last must Processing and communication costs
redistributeTagS samples. T andS are large, it may In sort-middle, the cost of geometry processing is the

make the most sense to redistribute raw primitives singgme a5 on a uniprocessor. Sort-middle algorithms first
there are far fewer of them. We will see after considering e overhead when they redistribute display primitives.
sort-middle and sort-last that sort-first has the lowest cqshch of theng primitives must be placed in@y buckets
under these circumstances. at a total cost ofgOg «buckeg». The bandwidth required
to send these bucketsrnigOg «primg», and the processing
cost of communication is proportional. After redistribution,

Sort-first (and the other two approaches) are susceptillisplay primitives that overlap more than one region require
to several types of load imbalance. The most obvious is #¥ra pixel rendering setup. The cost for this Qg-1)
initial distribution of primitives across processors. Even ifimes the cost on a uniprocessor. Visibility calculations cost
equal numbers of primitives are assigned to each processiog,same in sort-middle as they would on a uniprocessor.
primitives may require different amounts of work, so load
imbalances can result.

A second type of load imbalance arises from the
distribution of primitives over the screen. In sort-first, it i3 | Geometry —
very likely that some regions of the screen will recei Bucketization ngOqg «buckegp>
many more primitives than others. Also, some primitivgs

Load balancing

Pipeline stage SM overhead

may take longer to process than others. A way to comba Redistribution ‘ NdOd «primg> ‘
ay g p - Away Pixel Rendering Ng(Og-1) «wend-setup
this is to make regions smaller and make each proces 'Visibility

responsible for more than one region. This can be dagne
statically, which is simple, but may not achieve an optimal

load distribution for any given frame, or it may be donpeigure 7. Sort-middle processing and communication

dynamically, which increases algorithm complexity, bu}\erhead (communication costs indicated by box).
may achieve better results. When using frame-to-frame

coherence, dynamic load balancing must be constrained serom Figure 7 we can see that the overhead for sort-
that a region can be assigned to the same processomiddle depends on the number of display primitingand
successive frames. Also, dividing the screen more finelyda the display-primitive overlap fact@y. These in turn

improve the load balance tends to increase depend on the degree of tessellation.
Advantages and disadvantages Tessellation
In summary, the advantages of sort-first are: Sinceng = Tn, the overhead of bucketization and

- Low communication requirements when the tessellatigfdistribution in sort-middle depends critically on the
ratio and the degree of oversampling are high, or whigssellation ratid. If T is large, sort-middle will transfer a
frame-to-frame coherence can be exploited. large number of display primitives. If there is no

« Processors implement entire rendering pipeline fortgssellation off is small,_sort-m|d_dle_ WI|| transfer roughly
portion of the screen. the same number of display primitives as there are raw

. . primitives. Sort-first transfers raw primitives, so for sort
It has the following disadvantages, however: middle to compare favorabl§¥, must be small.

e Susceptible to load imbalance. Primitives may clump
into regions, concentrating the work on a few renderers.

« To take advantage of frame-to-frame coherence, retaine&ort-middle can suffer load imbalances from object
mode and complex data handling code are necessary. assignment and the clumping of primitives into regions in

the same manner as sort-first. Load balancing the

Sort-middle analysis assignment of objects in hierarchical display structures has

been explored [22]. The other problem, primitive clumping,

Sort-middle algorithms are in some sense the mdigs been the focus of much of t_he research in hardware [25
"natural”. In contrast to sort-first, primitives areand software [4, 7, 12] sort-middle renderers. The main

redistributed after geometry processing, that is, after Scrégﬁhnlques are to f“a"e regions Sma“er (and more
coordinates have already been computed. Figure 7 sh erous) and to assign regions dynamically to processors

the sort-middle rendering pipeline and its additional costs. 'S tends to .|ncre.ase the overlap facly, and hence
should be applied with care.

Load balancing



Pipeline stage SL-sparse SL-full same visibility calculations that would be performed on a
uniprocessor.
Geometry _ _ SL-fullmerges a full frame from each of tNeprocessors
. . and therefore requireNAS«sample network bandwidth
Pixel Rendering — — and communication processing. The rendererSLrfull
Redistribution nrarS «samp@ ‘NAS «sample perform the samdAS «comps visibility calculations (in the
Visibility — NAS «comp» nodes’ locak-buffers) as would a uniprocessor. In addition,
they must mergéN full frames of pixel samples, so they
perform NAS«comp> more visibility calculations than
Figure 8. Sort-last processing and communication would a uniprocessor.
overhead (communication costs indicated by box). Comparing the two approaches, we see that the per-frame
overhead forSL-sparsedepends on the total number of
pixels generatedrar (and, therefore, the size of the scene),
Advantages and disadvantages but is independent of the number of processors. The
overhead forSL-full, on the other handdepends on the
number of processois$ and the screen resolutiéy but not
* General and straightforward; redistribution occurs atgh the contents of the scene. (If the frame rate is to remain
natural place in the pipeline. constant, howevel must increase with the number of
primitives, so the cost dbL-full depends indirectly on the
size of the scene).
» High communication costs if tessellation ratio is high. If the communication network iSL-full is implemented
. Susceptible to load imbalance between rasterizers Wrﬂ"l a pipe”nE, increasingd increases the available
primitives are distributed unevenly over the screen. communication bandwidth by the same factor, thereby
stencilingthe network to fit the algorithm. This gives it an

Sort-last analysis unusual property of linear scalability [21].

In summary, sort-middle has the following advantages:

It has the following disadvantages, however:

Sort-last algorithms are perhaps the most variable of the Oversampling

three classes. First, there is the difference betwparse  Many systems perform anti-aliasing by oversampling:
merging andiull-frame merging. Sparse merging takesalculating the color for some number of samples that lie
advantage of the observation that renderers in a sort-kagthin each pixel and filtering these samples down to one
system may generate pixels for only a fraction of the screeplor. In sort-last systems that oversample, samples are
and only these pixels need be merged [24]. Full-framm@ated as pixels and merged and processed similarly. Thus,
merging takes advantage of the fact that merging a fulle degree of oversamplir§linearly affects the cost of
frame from each processor is very regular and can be depet-last algorithms, as shown in Figure 8. Oversampling
using simple hardware [16]. Second, even sparse mergiages of up to 16 are not uncommon. For these systems,
algorithms may be improved in some cases. The simpleahdwidth must be provided accordingly.

sparse algorithm merges every pixel rendered by every

processor. Under some circumstaneeg.(vhen broadcast Load balancing

is available [25]), it is possible to merge only a fraction of
the pixels rendered at each pixel location. Here, we
analyze only two cases: simple sparse merdhigsparsg
and full-frame mergingL-full). Figure 8 shows the sort-
last rendering pipeline and the additional costSlofsparse
andSL-full not found in uniprocessor rendering.

. Sort-last renderers can suffer load imbalances from an

WL'Jheven distribution of rendering work in the same manner

as sort-first and sort-middle. Sort-last is less prone to load

imbalances from primitive clumping, however, since

renderers handle the entire screen.Slnsparsgnetwork

traffic and compositingan be unbalanced if more pixels are

sent to one compositor than another. This can be addressed

by assigning compositors interleaved arrays of pixels so a
Sort-last geometry processing and pixel rendering cost fhémitive from one renderer is likely to send equal numbers

same as they would on a uniprocessor. After pixel samptsfixels to every compositorSL-full does not suffer from

are rendered, however, they must be redistributed fis latter type of load imbalance.

compositing. SinceSL-sparsesends only the samples

generated, it requiraga; S «<sample network bandwidth, Advantages and disadvantages

where sample is the size of the sample data structi8e-

sparsealso requires communication processing proportional

to bandwidth. After redistributiorSL-sparseperforms the ¢ Renderers implement the full rendering pipeline and are

independent until pixel merging.

Processing and communication costs

In summary, sort-last has the following advantages:



Pipeline Stage Sort-first Sort-middle SL-sparse SL-full
Geometry Ny «pre-geon» — — —
(Bucketization) nr «buckeg» T ny «buckeg» — —
Visibility — — — NAS «comp»
Redistribution \ Cry «primy» \ \ T ny «primgp» \ ] nrayS «<sample \ \ NAS«sample>

Figure 9. Processing and communication overhead assuming primitive overlap is negligible.

¢ Less prone to load imbalance. o
e SL-full merging can be embedded in a linear network, Communication cost

making it linearly scalable. Figure 9 shows the communication costs for the different

However, it has the following disadvantage: approaches (in boxes). We will consider these in turn.
) ) ) . First, note that the communication requirements for- sort
* Pixel traffic may be extremely high, particularly wheRjst depend orc. Whenc is small, the communication
oversampling. requirements for sort-first can be very small. However, if
] sort-first is used without coherence ocifs close to 1, the
Comparison of approaches entire dataset ofaw primitives is transferred every frame.
This is similar to sort-middle, but sort-middle transfers
In this final section we compare the three approaches ahgplay primitives; there ardl' times as many of them.
provide some guidance in determining when each kence, if the tessellation ratibis high, sort-first requires
preferable. The analytic models just developed providdess bandwidth. On the other hand; # 1 and there is little
good starting point, but as mentioned above, other factads,no tessellation, sort-middle is preferred over sort-first.
such as characteristics of the application and hardwareWe can further understand this trend by considering averag:
which the algorithm will be implemented, also come intprimitive size. Systems that tessellate often generate
play. We will see that none of the approaches is a clghgplay primitives that are about a pixel or so in size; the
winner or loser under all conditions; rather, each ®maller the display primitive, the more accurate the
potentially useful for some set of applications antendering of curved surfaces. Under these circumstafices,

implementation constraints. = &, and there are abou times as many display
_ primitives as raw primitives.
Processing cost The tradeoffs between sort-first/sort-middle a8t-

Figures 6 through 8 list the processing overhead for tRBarse depend on the relative sizes of primitives and
three rendering approaches. We can simplify these mitives' and pixels’ data structures. In particular, sort-
observing that overhead due to primitive overlap is likely {§St (N0 coherence) is favored ipxm,» < &S «sample
be small for most applications (see sidebar on p. 6). If @8d sort-middle is favored ipimg» <ayS «sample. So if
ignore primitive overlap, the processing and communicatigfimitives tend to be simple, but cover a large area of the
overhead for the different approaches are as shownsffeen, or if oversampling is employed, sort-first or-sort
Figure 9. middle are favored. If primitives are complex but cover a

How important is each of these factors? Pré&mall screen are&l-sparses favored.
transformation overhead (sort-first) and bucketization ComparingSL-sparseand SL-full, we see thaBL-sparse
overhead (sort-first and sort-middle) may or may not W favored unlesllA<na;, or in other words, unless the
significant relative to the remaining geometry andepth complexity of the entire image is greater than the
rasterization tasks. This will depend on the complexity otimber of processors. On sample datasets analyzed by tf
the implementation: this overhead may be substantial wrastthors, depth complexity ranged from 0.53 to 12.9 with a
compared with the rendering costs of simple renderimgedian of 3.2 [21, 24]. From these results we conclude tha
algorithms, but may be insignificant when compared witBL-sparseaequires less communication bandwidth ti$in
the costs of high-quality rendering algorithmSL-sparse full under most conditions.
has little processing overhead beyond the cost of
redistributing pixels. SL-full requires much more Hardware vs. software
processing for compositing, suggesting hardware supportsg far we have ignored a point that is critical to this
All of the approaches require extra processing to handle Higcussion: we have considered processing anc
redistribution of primitives or pixels, but this depends oommunication costs to be abstract quantities, such a:
communication bandwidth requirements, which we wiljoating-point operations or bits. This ignores the fact that
consider next. their real costs (in time, dollars, watts, etc.) depend on the
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ease in which the architecture or machine can perform thesel indirectly increases the cost&if-full, sinceN would
operations. For example, communicating a bit of data oveave to increase. Howeves| -full differs from the other
an ethernet network can be orders of magnitude mapproaches in that its communication is fixed and local,
expensive than sending the same bit over a dedicatdldwing it to scale with the number of processors.
hardware communication channel. Similarly, if The overlap facto®, though small today, is a function of
communication in sort-last is accelerated in hardware, afit As machine size increases to a thousand processors or
is in several current commercial machines [17, 18, 19],nitore, the size of the per-processor region can get quite
may be less expensive according to some measures th@all. When this happen®, increases, eventually driving
communication in a sort-middle system that sends mutife overhead of sort-first and sort-middle to unacceptable
less data. We can view hardware acceleration, then, ds\els.
way of reducing the real costs of critical or "bottlenecked" Finally, we have presented the simplest view that
operations. redistribution occurs at only one point in the rendering
pipeline. Hybrid architectures, which exploit tradeoffs
Other factors between the approaches, are possible. For example;a sort

Some of the approaches place constraints on dirst or sqrt-middle algorithm might choose fto rgnder rgther
application and set of rendering algorithms that may lleéa” redistribut sma'll prlmltlves,.and redlstrlbgte pixels
employed. For example, only applications that use retain@gtéad- Other hybrids are possible. We conjecture that
mode can use sort-first with frame-to-frame coherend®/Prids will be a fertile area for future work.
since the graphics database must reside on the renderers. .

Sort-last constrains the choice of rendering algorithms Conclusion
because visibility is determined strictly by compositing.

Some rendering systems allow rendering order to determinghe intrinsic sorting problem in rendering leads to a
visibility as well as depth value (for effects like stencils argimple way of classifying parallel rendering algorithms.
transparency). This may be difficult to implemenBased on this observation, we have proposed three classes:
efficiently on a sort-last system (it can present problems gort-first, sort-middle, and sort-last. We have analyzed
any of these fully-parallel renderers). some of the fundamental cost tradeoffs and described some

In sort-first and sort-last each processor implements afithe qualitative tradeoffs between these approaches to give
entire rendering pipeline. Renderers in these systems niay reader a framework for choosing between them.
be able to take advantage of techniques and/or designs use@dthough it would be reassuring to state categorically that
in "single-stream” renderers. Sort-middle breaks thme approach is always preferred, it would be inaccurate:
rendering pipeline between geometry processing atrddeoffs must be considered which are dependent on
rasterization, so a sort-middle design must make screanplementation and application. We have attempted in this
space data accessible to the communication network.  paper to provide a framework and appropriate tools for the

Finally, the approaches differ with respect to loagkader to select the right approach given his or her own
balancing. Sort-first and sort-middle both are susceptibledpplication and machine requirements. We also hope this
primitives clustering in regionsSL-sparseean suffer from work will motivate further investigations into the tradeoffs
contention at compositors. All of the approaches abetween alternative parallel rendering strategies.
sensitive to load imbalances arising from the initial object
assignment. Acknowledgements
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