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Abstract scene descriptions, meaning that the scenes consist of many
thousands of graphics primitives. Realism also requires a
rqisplay system that can show the scenes with a level of detail
matching what the eye can see. Providing such detail for a
reasonable field of view requires millions of pixels.

Interactive graphics applications have long been challenging
graphics system designers by demanding machines that ca
provide ever increasing polygon rendering performance.
Another trend in interactive graphics is the growing use of
display devices with pixel counts well beyond what is usually There are a variety of display devices on the path toward
considered “high resolution.” If we examine the architectural offering better realism. The proposed HDTV standard aims at
space of high-performance rendering systems, we discovemearly two million pixels. CAVE-type immersive displays [5]

only one architectural class that promises to deliver high cover 4 walls of a room with a total of 5 million pixels, a

polygon performancevith very-high-resolution displays and number much smaller than what is desirable. Even head-
do so in an efficient manner. It is known as “sort-first.” mounted displays (HMDs), which would seem to require many
We investigate the sort-first architecture, starting with a [€Wer Pixels, already are reaching one million pixels per eye

comparison to its architectural class mates (sort-middle and[lz] and are expected to go much further. In fact, Kaiser Electro-

sort-last). We find that sort-first has an inherent ability to take OPUCS 1S working on an ARPA-sponsored project to create an

advantage of the frame-to-frame coherence found in interactiveMMersive HMD system with 4.6 million pixels per eye [7].
applications. We examine this ability through simulation with The number of applications which will want to take advantage
a set of test applications and show how it reduces sort-first'sof such high-resolution display devices will only increase as
communication needs and therefore its parallel overhead. Wesuch devices become more popular. Yet so far, the only way to
also explore the issue of load-balancing with sort-first and generate interactive images for these devices requires massive
introduce a new adaptive algorithm to solve this problem. duplication of graphics hardware. Without an efficient
Additional simulations demonstrate the effectiveness of this solution, use of such devices will be limited to those parties
algorithm. Finally, we touch on a variety of issues that must with large acquisition budgets.

be resolved in order to fulfill sort-first's ultimate promise: 2. Parallel Graphics Systems

millions of polygons for zillions of pixels.

. The task of a graphics computer can be described fairly simply.
1. Introduction Given a mathematical model of all the objects in a particular
The demands for better interactivity and realism in applications environment, it must compute the visual contribution of each
such as vehicle simulation, architectural walkthrough, object for each pixel in a given viewing plane. This is a type
computer-aided design, and scientific visualization have of sorting problem, a fact recognized by Sutherland, Sproull,
continually been driving forces for increasing the graphics and Schumacher in 1974 [18]. For interactive graphics, the
performance available from high-end graphics systems. task is performed in two major stages: transformation and
rasterization. The former converts the model coordinates of

rapid response to user input. This immediately brings out two €2Ch Object primitive into screen coordinates, while the later
requirements from the graphics system: it must be able to drawconverts the resultlng_geometry information for each primitive

images at approximately 30 frames per second (real-time), andnto a set of shaded pixels.

it must have low latency (rapid response). The graphics performance demanded by the aforementioned
applications requires parallel processing at both the

transformation and rasterization stages of the graphics
pipeline. The former is needed to cope with the large number of
primitives, while the latter is needed for the large number of

display pixels. The choices for how to partition and recombine

the parallelized work at the different pipeline stages lead to a
taxonomy of different architectures: sort-first, sort-middle, and

sort-last [13, 15].

We now briefly examine each of sort-first, sort-middle, and
sort-last. In the following descriptions, we consider a
framework of an application host computer working with a

Interactivity implies that the images are drawn in real-time in

Realism implies that the images are rendered from detailed
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graphics computer subsystem. The latter consists of manyNaturally, each architecture has a set of advantages and
parallel processors working to produce the desired images indisadvantages. We outline these briefly here; for a more
real time. |Initially, the display database is partitioned and complete comparison, refer to [15].

distributed among all the processors.

2.1 Sort-first Sort-last is a very promising architecture and is discussed in
In sort-first (figure 1), each processor is assigned a portion ofdetail in [13] and [14]. It offers excellent scalability in terms of
the screen to render. First, the processors examine theithe number of primitives it can handle. However, its pixel
primitives and classify them according to their positions on budget is limited by the bandwidth available at the
the screen. This is an initial transformation step to decide tocomposition stage. Using a specialized composition network
which processors the primitives actually belong, typically can help to overcome this problem.

based upon which regions a primitive’'s bounding box
overlaps. During classification, the processors redistribute the
primitives such that they all receive all of the primitives that
fall in their respective portions of the screen. The results of
this redistribution form the initial distribution for the next
frame.

2.4 Comparison

Anti-aliasing is a major problem for sort-last: regardless of the
solution chosen, the composition task is non-trivial. Using
super-sampling multiplies the amount of pixel bandwidth
required, since each sample must be composited. A-buffer
approaches introduce new complications to the composition
process, since the number of fragments per pixel may vary and
Following classification, each processor performs the become arbitrarily large.

remaining transformation and rasterization steps for all of its
resulting primitives. Finished pixels are sent to one or more
frame buffers to be displayed.

Finally, since visibility is not decided until after the

composition stage, sort-last places limitations on the kinds of
rendering algorithms which may be used. The choice of
2.2 Sort-middle algorithms available for rendering transparent polygons

In sort-middle (figure 2), there is a set of transformation becomes limited, for example, and visibility-based culling

processors and a set of rasterization processors. Physically2/90rithms are less useful on sort-last.

the two sets may use the same hardware, but they remaiBecause of the way it builds upon traditional graphics
logically separate sets. Each rasterization processor ispipelines, sort middle is a fairly natural architecture which has
assigned a portion of the screen. To produce an image, eachesulted in many implementations. Some examples are [1], [3],
transformation processor completely transforms its portion of [6], [9], [11], and [21]. However, sort-middle’s requirement
the primitives. The resulting primitive information is again that any transformation processor be able to talk to any
classified by screen location and sent to the correct set ofrasterization processor means that its scalability is limited.
rasterization processors. After rasterization, finished pixels Increasing the number of processors geometrically increases
go to the frame buffer(s). the demands on the communications network between them.

In contrast to sort-first, the original distribution of primitives In addition, sort-middle faces load-balancing problems when
is maintained on the transformation processors. For eachthe on-screen distribution of primitives is uneven. This will
frame, all of the transformed primitives must be routed to the result in rasterization processors becoming unevenly loaded,
correct set of rasterization processors. and this in turn may degrade system performance unless careful
2.3 Sort-last attention is given to this problem. A variety of solutions have
been used to address this issue (refer to the references above).

Sort-first is a promising architecture that has until now
received little attention. It is the only architecture which
inherently takes advantage of frame-to-frame coherence. In an
interactive application, the viewpoint changes very little from
frame to frame, and thus the on-screen distribution of
primitives does not change appreciably. Since primitives in a
l%ort—first system are only transferred when they cross from one
processor’'s screen region to another’s, only a fraction of them
will have to be communicated each frame. Also, any

For sort-last (figure 3), each processor has a complete
rendering pipeline and produces an incomplete full-area image
by transforming and rasterizing its fraction of the primitives.

These partial images are composited together, typically by
depth sorting each pixel, in order to yield a complete image for
the frame buffer. The composition step requires that pixel
information (at least color and depth values) from each
processor be sent across a network and sorted along the way

the frame buffer.
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communication that does occur is typically fairly local; usually In these tests, the screen resolution is irrelevant; only the
only “neighboring” processors will need to talk with each number of regions (and thus processors) matter. Several
other. These facts suggest that it has good scalability in termsonfigurations of regions were tested: 4x4, 8x8, and 16x16.
of the number of primitives it can handle. The simulation program outputs a series of values per frame

In sort-first, once a processor has the correct set of primitives'€Présenting the percentage of primitives that had to be
to render, only that processor is responsible for computing theCommunicated in that frame. From these figures, we calculate
final image for its portion of the screen. This allows great the arithmetic mean, the high value, the standard deviation, and
flexibility in terms of the rendering algorithms which may be the 95th percentile value.

used. All the speed-ups which have been developed over timd-or PLB, the database is a scanned model of a human head (se
for serial renderers may be applied here. plate 1). The model is placed in the center of the screen and
spun at 4.5 degrees per iteration around a vertical axis through

Since only finished pixels need to be sent to the frame-buffer,its center (as in [16]).

sort-first can easily handle very-high-resolution displays.
This is the bottleneck for sort-last. Sort-middle also sends PLB head 59,592 polygons, 80 frames

only finished pixels to the frame-buffer, but increasing the regions: 4x4 8x8 16x16
display resolution requires increasing either the size or numbermean 4.06 % 8.80 % 18.07 %
of rasterization processors, either of which causes problemshigh 5.19 10.30 20.80
Thus sort-first is the only architecture of the three that is ready std-dev 0.54 0.70 1.05
to handle large databasasd large displays. 95-% 5.07 9.92 20.06

However, sort-first is not without its share of problems. Load- ] ) )
balancing is perhaps one of the biggest concerns: because theor Vixen, the test case is a HMD walk-through of a Sitterson
on-screen distribution of primitives may be highly variable, Hall's lobby (plate 2). The path starts on the mezzanine, goes
some thought must go into how the processors are assigne@own the stairs, and then turns around to look back at the
screen regions. Also, managing a set of migrating primitives starting point.

is a complex task. These and other problems are the focus of opby 16,267 polygons, 218 frames
this research. regions: 4x4 8x8 16x16
3. Coherence Study mean 2.13% 4.95 % 11.41%

high 21.17 45.17 87.44
std-dev 3.38 7.28 15.05
95-% 8.67 20.67 44.60

Because sort-first utilizes the coherence of on-screen primitive
movement, we performed experiments to analyze this factor
and determine what kind of savings might be achieved with
actual applications. We wanted to know what fraction of
primitives would need to be sent from processor to processor in
a sort-first implementation. This testing was done using a
simulation with several simplifying assumptions.

For Xfront, the model is a terrain database of a section of the
Sierra Nevada mountains (plate 3). The model undergoes a
series of zooms, rotations, and translations, with an abrupt

o ) reset between each sequence.
The testing involved two phases. The first was to make

recordings from actual applications running on UNC's Pixel- SI€r@ 162,690 polygons, 234 frames
Planes 5 graphics system. The resulting recordings contain 4€910Ns: 4x4 8x8 16x16
series of viewpoint information for each frame rendered while mean 3.17 % 6.08 % 11.51%
the application was run. The second phase was to take thidligh 98.07 102.26 107.38
information and the graphics database archive files and feedstd-dev 7.68 9.53 11.76
them to the simulation program. This program is based upon a95-% 5.04 10.36 20.53

framework written by David Ellsworth for his study of sort- ) ) ]
middle systems [9]. Code was added to implement a sort-firstLooking at the results, we can see that increasing the number of
partitioning and to calculate the resulting primitive traffic. regions increases the percentage of primitives that are

Vari licati d for the diff { test communicated. This is fairly obvious, since increasing the
various applications were used lor the different 1est Cases.,,mper of region borders will increase the chance of a
PLB” spins its database on the screen’s vertical axis (named_ ;. ;

: Lo Ve U =Eprimitive crossing them.
after a graphics performance benchmark from [16]). “Vixen” is ) ) ) )
a HMD-based visualization program that allows one to fly The high values are somewhat interesting. For Sierra, the large

through an arbitrary display database. Finally, “Xfront” is Values resulted from the abrupt transitions in this sequence.
similar except that it is joystick-controlled. These exceeded 100% for two of the cases since primitives

which fall into multiple regions may need to be sent more than

The setup for these tests is as follows: —

. P;e database is s;mt?ly a list of polygons (no structure). The percentiles perhaps are of greatest interest. They show

. e aspect ratio of the screen Is square. . ... that for moderately interactive applications (PLB, Xfront),

- The screen is subdivided into equal-size square regions Withggos, of the rendered frames require reshuffling of only about
one region assigned to each processor. . 20% of the primitives or less. For more highly interactive

- The |c3r|m|t|ve_s are initially randomly distributed (the first applications (Vixen), this figure goes up to about 45% in the
ga‘m.e.s data is |gréqreqbfor ah's reasdqn). h . hei worst case. As one may expect, this figure is directly related to

- Primitives are redistributed according to the regions their y,o yne of motion present in the application and how it affects

ﬁound_lngt_bOﬁeﬁ c_O\{er. ltiol . th t th the scene. A HMD user can create a lot of relative motion
- If a primitive falls into multiple regions, the processor at the simply by rapidly turning his head.

upper-left region is deemed to be “in charge” of it.

- Off-screen primitives remain at the processor where they The fiQUfeS suggest thﬁ_lt temporal coherence can IOYOIVid‘_3 sort-
were last on-screen. first with a dramatic savings in the amount of communication it

must perform. The amount of savings is related directly to the



nature of the application and the number of regions into which It should also be mentioned that this same issue arises with on-
the screen is divided. Even for highly dynamic applications, screen primitives as well. In a sense, any primitives that are
the savings can be large, provided that the number of regions i®utside a particular processor’s region may be considered off-
kept small. As the number of regions increases, the amount ofscreen with respect to that processor. Such primitives may
savings decreases in proportion, but remains quite substantiatome back into a region soon after leaving it, and depending
even for fairly large numbers of regions. upon the costs of extra bookkeeping versus extra

communication, it might be wise to keep a copy of departing

Although not demonstrated here, one may note that the frame-"-""" " ”
primitives on-hand for a short time.

to-frame coherence is also proportional to the speed of the
rendering system. An interactive system running at a higher5. Load Balancing
rate will have smaller “deltas” between the frames. Thus the
faster one can make a sort-first system perform, the more
efficient it will be.

The choice of strategy for mapping screen regions to
processors has a critical impact on the performance of a sort-
first system. A simple strategy such as dividing the screen into
4. Off-Screen Primitives as many equal rectangles as there are processors and assignir
them one-to-one can result in severe load-balancing problems.
If the greatest concentration of primitives happens to fall into
primitives are an interesting complication for sort-first, since & Single region, the parallel advantage of the system will be
these will not map to any processor’'s screen region(s). Therelosr_ as the non-busy processors wait for the overloaded one to
are several alternatives for deciding what to do with them, eachd® its job. There are several approaches one can take to solve
offering important tradeoffs. the load-balancing problem.

5.1 Static vs. Adaptive Region Assignment

We now examine some important issues of the sort-first
architecture, starting with off-screen primitives.  Such

One solution is to simply keep off-screen primitives on the
processors where they were before they went off screen. ThigOne basic question is whether the assignment should be static
solution could ultimately lead to load-balancing problems or or adaptive. If it is static, one must be careful about the
even memory overflow problems if a majority of the primitives assignment. If it is adaptive, then one needs a way to measure
go off-screen from the same processor. Since off-screenthe rendering load across the screen, and then a way to divide
primitives still require geometric processing, this processor the screen in a reasonable way. Each method has a set o
will be overloaded, assuming that the load-balancing algorithm advantages and disadvantages.

(see below) o_Ioes_ not take this into account. It is apparent that5_2 Static Methods

off-screen primitives have to be sent away eventually. The

questions that come up are where to send them, and when? ~ As its name suggests, static assignment requires a passive load
balancing approach. The general strategy is to divide the

screen into more regions than there are processors and assigl
the regions to the processors in an interlaced fashion. The idea
that if the screen is divided finely enough, each processor
| have portions of both the populated and the sparse areas,
and thus have nearly equal loads.

As for the former, one could send them to “neighboring
processors, since this might offer a communications
advantage; however these processors might then becom
overloaded themselves unless they also send the primitivesW”
away. However, sending off-screen primitives more than once
seems counterproductive.

Another solution is to send them to a processor that is under-
loaded. This approach requires that processors distribute
information about their primitive loads. Also, additional logic
would be necessary to prevent many overloaded processors
from sending their unneeded primitives to the same underloaded
one.
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An alternative place to send off-screen primitives is to a

random processor. This method may be reasonable assuming Figure 4. Static Region Assignment

that processors were fairly evenly loaded to begin with. If

processor-load information is distributed, this method could be One problem with this approach is that there is still the
combined with the above approach by using this information possibility that a high concentration of primitives will fall
to make it more likely that underloaded processors will receive into one region, no matter how small the regions are.
primitives than overloaded ones. However, in practice, this is fairly unlikely to happen; smart

The ideal solution for where to send off-screen primitives is a culling and level-of-detail control reduce this possibility.

system and application dependent issue requiring consideratiomAnother obvious drawback is that increasing the number of
of many factors. The solution must be developed hand-in-handregions per processor increases the amount of overhead. Still,
with solutions to the load-balancing and database managementhe simplicity of this approach makes it worthwhile to study.
problems (discussed below). With that in mind, several concerns come up: how should the

Aside from where, one must also consider the question of when/€9ions be shaped, how many of them should there be, and how
to send away off-screen primitives. Primitives that are at the Should they be assigned?

edge of the view screen might tend to pop in and out of view The obvious choices for region shapes are horizontal strips,
frequently, especially when there is some noise in the inputsvertical strips, or rectangles. For several reasons, rectangles
that determine viewing direction. Thus it seems smart not toare the preferred choice. The key is to minimize the total

immediately send away a primitive that has gone off-screenlength of region boundaries in order to reduce the chances of
(since it may be needed again shortly), but rather to keep itprimitives crossing these boundaries.

around for a few frames before doing so. A least-recently-used
scheme would be applicable to decide which primitives to send
away.

The question of how many regions there should be is not
answered so easily, since this is dependent upon scene conten



and the number of processors. This subject is studied in theadjacent mesh cells are combined and summed hierarchically to
experiments described below. The question of region form a tree structure. The tree is then traversed top-down by
assignment can perhaps be addressed more simply. Unlessplitting the region with the most primitives in half each time.
there are special concerns involved, it is difficult to see why To compensate for the fact that the resulting regions may still
anything more complicated than regular interlacing would be have largely varying numbers of primitives, Whitman
beneficial. subdivides until the number of regions is ten times the number
5.3 Adaptive Methods of processors. Dynamic task assignment is used to even out
) ) ) ) ] the processor load balance. However, the resulting finer
Adaptive region assignment offers the benefit of keeping the granularity of the regions results in more overhead for this
number of regions to a minimum, but at the cost of increasedmethod.
overhead and complexity. Adaptive methods come in a variety
of algorithms. We turn our attention toward several 4 1718
previously-developed algorithms that happen to apply here, 1
and we consider their possibilities. From there, we develop an 516
algorithm which appears to combine many of the other
algorithms’ beneficial ideas. > 3

5.3.1 Roble’s Method
Roble describes an algorithm that starts with a standard

rectangular decomposition [17]. According to the number of Figure 7. Whitman's Method _ _
primitives in each region, lightly loaded regions are combined Mesh cells are combined hierarchically; the screen is split by
and highly loaded regions are split in half and assigned to the traversing the hierarchy.

processors freed by the combining. The main problem with

this algorithm is that there is no information on how to divide 5.3.4 Combining It All: MAHD

the highly loaded regions, and thus the resulting splits may addcompining some of the above ideas leads to the algorithm
little benefit if most of the region’s primitives fall on one side presented here. This adaptive algorithm also uses a fine mest
of the split. to tally the primitives. To avoid errors caused by counting
large primitives multiple times, the amount tallied to each cell
2 is inversely proportional to the number of cells a primitive
1 2 » covers. Once all the primitives have been counted, the cells are

summed into a summed area table [4]. Finally, the screen is
divided along cell boundaries using a hierarchical approach
3 4 4 similar to that of median-cut. The summed-area table allows a
binary search operation to determine the location of each cut.
Also, the algorithm allows for using a number of processors

Figure 5. Roble’s Method that is not a power of two by choosing appropriate split ratios
Regions 1 and 3 are combined; processor 3 helps with original father than always dividing regions equally. Hereafter, we refer
region 2. to this algorithm as the mesh-based adaptive hierarchical

decomposition algorithm, or MAHD for short.
5.3.2 Whelan's Method

Whelan proposes an algorithm known as median-cut [19].
Median-cut splits the screen into subregions based upon the ' {1

5] 6]
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distribution of the centroids of each primitive. The cuts
recursively divide the longer dimension of the screen until the
number of regions equals the number of processors. For large [ 3
numbers of primitives, the sorting required by this approach I
makes it too time consuming, and since it only considers the

primitive centroids, it is not sensitive to primitive size. Figure 8. The MAHD Method
Mesh cells are used to accelerate Whelan-like subdivision.

E

5| 6 Tallying the primitives inversely to their area is somewhat

1 2 questionable, since although transformation costs may be
7 |8 equal, larger primitives do have greater rasterization costs.
However, empirical results show an improvement using this
3 4 modification.

5.4 Load-Balancing & Off-Screen Primitives

Figure 6. Whelan’s Method Off-screen primitives must still be classified in order to
The screen is recursively subdivided according to primitive  determine when they become on-screen again. This processing
centroids. of off-screen primitives is an additional factor which must be
considered in a load-balancing solution.

5.3.3 Whitman’'s Method . S . .

] i - For static methods, the flexibility in dealing with off-screen
Another strategy is Whitman's top-down decomposition [20], primitives can be used to compensate for the lack of flexibility
which starts by tallying up primitives based upon how their in dealing with on-screen primitives. Processors that have few
bounding boxes overlap a fine mesh. A unit is added to eachon-screen primitives may be assigned additional off-screen
mesh cell that the bounding box overlaps. After the tallying, primitives to deal with. This would require processors to




distribute their load-balance information. One must be cautious5.5.3 Overhead Costs

with this approach, .however,. since the time saved by the extrarna  MAHD algorithm adds two basic operations to the
load-balancing achieved might be lost by the overhead of , o essing cycle: the tallying of the primitives and the
sending primitives unnecessarily. computation of the screen subdivisions. Additional costs
While adaptive methods can utilize the technique above, theyinclude the communication of the tallies and of the results from
also can include off-screen primitive counts in their screen- the subdivision calculation, plus the increased computational
subdivision calculations. The number of off-screen primitives costs of classifying primitives among oddly shaped regions
per processor can be used to adjust the target number of onfversus equal-sized regions). Altogether, the increased
screen primitives for each processor to have as a result of theomputational and communication overheads due to the MAHD

subdivision. algorithm are fairly small. Still, these factors need to be taken

5.5 MAHD Algorithm Details into account when comparing MAHD with other load-balancing
strategies.

5.5.1 Parallel Issues 6 Load-Balance Study

Implementing the MAHD algorithm across a parallel machine

adds some issues which must be addressed. Making the suffi-1 €oals

table requires collecting data from all of the processors aboutA number of simulations were done in order to evaluate both
how their primitives are distributed. Fortunately, the amount static region assignment and adaptive region assignment using
of data from each processor is likely to be proportional to the the MAHD algorithm. The main issue for the static method is
size of its region, and in this respect the algorithm scaleshow the number of regions per processor affects the load-
reasonably. Thus a single processor collects the tally tabledbalance and the system overhead. For the adaptive method, we
from all the others to build the complete sum table. It uses thisare concerned with the mesh cell size and the use of the last
table to perform the subdivision and then broadcasts the result§rame’s primitive distribution data versus the current frame’s.
to all processors. Finally, we examine how the methods compare and how they

Another implementation concern is the scheduling of the SCale With respect to the number of processors.

algorithm steps. If one wanted only to achieve the best loadWith respect to load-balance, two questions arise. First, how
balance, the sequence of steps for a frame would be to first predoes one measure load-balance? Since a frame in a paralle
transform the primitives to find out their distribution and the graphics system is normally not displayed until all processors
resulting screen subdivision, then sort and render all thehave finished their work, we will measure load-balance as the
primitives. The problems with this approach are 1) that it ratio of the maximum processor’s load over the average load.
requires two full passes over all the primitives, and 2) that Next, what is a good load-balance? Since load-balancing is
processors must synchronize with each other between thesenly one interwoven factor towards achieving good
two passes. These problems mean decreased efficiency angerformance, we cannot answer this question easily. Somewhat
increased latency. arbitrarily, we will consider a load-balance reasonable if the

One solution approach for this problem is to reduce the cost of"@Ximum/average load ratio is 1.5 or less.

the first pass by sampling the database rather than processing.2 Procedure

every primitive. This adds questions about how to perform the g, hage experiments, the simulator system used above to
sampling. A similar approach may be possible if the databaseevaluate coherence V\,/as suitably modified. The set of
has a structured, hierarchical representation [2]. The primitive

distributi d b tmated b Ly h th assumptions that were made remains the same as in the
Istribution could b€ estimated Dy examining Wheré e .,narence tests, with one exception. Off-screen primitives are
structures fall, rather than examining all the primitives within

sent away randomly after remaining off-screen for 3 frames.
each structure.

This makes a difference only for the Lobby case.
Another solution is to eliminate the extra pass by performing
both operations at the same time. While transforming the
primitives for frame n, the processors keep track of the
distribution information in order to compute the subdivision
for frame n+1.

For these tests, the data that we are interested in is mainly the
distribution of primitives across processors. For each recorded
frame, we compute the minimum, maximum, and average
number of primitive fragments per processor. We also compute
the standard deviation of this figure. The frame-by-frame
The disadvantage of this solution is that the current frame’sresults are then averaged, and the resulting values are shown ir
subdivision is based upon “old” data. However, because of thethe figures as MIN, MAX, AVG, and ST-DEV. Also, in order to
expected temporal coherence of frames, we expect the old dataonsider the overhead associated with a method, we show the
to be good enough for this purpose. We investigate this primitive traffic (the total number of primitives that need to be
assumption in the experiment presented below. communicated) and the total number of primitives (which
552 Mesh Size varies due to overlap) for each frame. These are labeled COM
and TOT, respectively.

As mentioned, the MAHD algorithm uses a “fine mesh” in order . L
A'he following tests were performed for each application:

to calculate the primitive load across the screen and also as
quantum basis for making screen subdivisions. The questionStatic algorithm:

then arises of how fine this mesh should be: smaller cells allow Processors Region configuration
a more precise measurement, but increasing the number of cells 16 4x4 - 40x40 (1-100 regions/proc.)
increases the algorithm overhead. The question of mesh size is 64 8x8 - 64x64 (1-64 regions/proc.)

related to the question of how many regions per processor are\daptive algorithm:
necessary for the static algorithm. These questions are Processors Mesh configuration
investigated in the experiment below. 16 16x16, 32x32, 64x64

64 16x16, 32x32, 64x64



Each run of the adaptive algorithm was performed twice, onceregard to the static method, the graphs show that PLB does fine
using the previous frame’s distribution data to determine the with 16 processors, while 64 is too many; the average number
subdivisions, and once using the current frame’s data. The test®f primitive fragments doubles by the time a reasonable load-
are labeled PF and CF, respectively. balance is reached. On the other hand, Sierra, a database nearl
6.3 Results 3 times larger, does fine with up to 64 processors. Sierra does

have smaller primitives (reducing its overlap-factor overhead),
Refer to graphs 1a-9a and 1b-9b found after the references. but this is typical of larger databases.

6.4 Discussion As for the adaptive method, both cases are fine up to 64

For the PLB and Sierra static cases, we can see that 9-2®rocessors. Since overhead is due largely to the overall number
regions/processor are required to achieve a maximum/averag®f regions, we can look at the Sierra static test cases and
load ratio of 1.5 or less. This value varies according to the suggest that the adaptive method can handle much larger
number of processors being used. The Lobby run is somewhafiumbers of processors, perhaps several hundred, before
of a special case, since during much of the fly-through, the on-overhead becomes too large of a problem.

screen scenery is very simple. Its good load-balance with onlyThere are many application issues that determine the limits of
4 reglOﬂS/prOCESSOf IS malnly due to the random distribution thow well the architecture scales. Any screen-subdivision
off-screen polygons. architecture will suffer from increased overhead as the number

Because the number of regions per processor has a direc®f subdivisions increases. The amount of extra overhead is
bearing on the size of each region and thus on the overlapdetermined partly by the overlap factor and, in the case of sort-
factor, we naturally expect that increasing the number increasedirst, partly by the database dynamics.

the overhead. As the (b) graphs show, both the amount ofTo get around the scalability limitations caused by screen

communication required as well as the number of primitive supdivision, one may consider a hybrid architecture with an

fragments that must be processed increase in direct relation t@xtra level of parallelism. On the top level, the machine would

the number of regions into which the screen is divided. The pe sort-first. For each region we replace the single processor
increase is actually directly proportional to the total length of with a parallel graphics system. Sort-last would be ideal for

cuts made across the screen. Doubling the cut length (bythis purpose, as it does not have the screen subdivision
increasing the number of regions per processor, say, from 4 tqyroblems that affect the other alternatives. Thus we introduce
16) approximately doubles the amount of communication asanother architecture space to explore.

well as the number of additional primitive fragments in the

system. 7. Graphics Database Management

For the adaptive cases, we can see that the mesh_ce||_si2§nother set of major issues for sort-first is what form the
parameter has a significant effect on load-balance. Each isplay database should take, and how will it be managed? The

halving of the mesh-cell dimensions results in nearly a halving 25SUmption so far has been that the display database is a simpl
of the primitive distribution standard deviation. The change in list O_f prlr\y\;tr:\_/les,hc_)nly mOdt')f'ed dby a V|ev]:/|ng transfolrmatlon f
mesh size does not significantly alter the primitive Matrix. ~While this may be adequate for some classes o
communication overhead. Rather, increasing the number of2PPlications, perhaps the majority of applications require

mesh cells increases the algorithm overhead and its associategPPOrt for _ob_ject-baseq operations (|.e_., manlpulatlons_ of
communication. groups of primitives). Since most graphics systems provide

this support through a hierarchical display database with

The graphs also reveal that using the previous frame’s datanstancing [10], we consider how to implement this solution
results in no significant performance degredation. A small on a sort-first system.

savings in the number of primitives to be communicated is , . o
shown by using the current frame’s distribution data. One mustASIde from the d'St”bU“Or! of the data structures, we also_ need
to look at how the run-time operations on the data will be

remember that the applications tested here were fairly simple in. | d Th - include editi he datab
nature. Further testing with different types of applications is 'MPlemented. These operations Include editing the database,
desirable. traversing it for display, culling it to a particular view, and

paging it to and from disk (for very large databases).
How do the methods compare? The static method requires 9 t ) . o .
25 regions per processor to achieve the same load balance th%ecause sc_)rt-flrst requires dynam_lc d'Str.'bUt'on of the d'sp"?‘y
the adaptive method can achieve with one region per processoidatabase, implementation of a hierarchical database requires
Thus the static method needs 3 to 5 times the communication&N€ 0 take a different kind of approach than those offered for
bandwidth to take care of the additional primitive-shuffling sort-ml_ddle or sprt-last systems [8' 13]. If_ one attempts to
overhead, plus additional processing capability to account fordynamically distribute the entire hierarchy with the primitives,
the increased number of primitive fragments. The tradeoff for ©N€ rapidly runs into a bookkeeping nightmare, especially
this is that the static method has no overhead for any primitiveWhen one starts thinking about instancing.
distribution measurements or screen subdivision proceduresVarious approaches have been examined, and the one tha
Additionally, the classification algorithm is simpler and the seems to offer the most potential involves a separation of
rasterization stage does not have to deal with varying-sizehierarchy structure from the primitives themselves. The
regions. Finally, the processor-to-frame-buffer mapping is hierarchy structure may be kept statically (i.e., non-migrating)
fixed for the static algorithm. The simplicity of the static on one or more processors, while the primitives themselves are
approach may be worthwhile for a low-end system, where afree to migrate as usual. A system of tags is used to bind the
small number of processors (and therefore regions) would notprimitives to the appropriate points in the hierarchy. The
incur too much overhead. For a high-performance system, theoverhead of the primitive tags may be reduced by using tags for
adaptive algorithm appears to be the most reasonable choice. groups of related primitives rather than for each individual

We now consider scalability. Both methods have increasedPrmitive.
overhead as the number of processors increases, again due fthis is only a start to the database management solution. There
the problem of dividing the screen into more regions. With are many issues left to resolve, and resolving some of these



requires further investigation into the nature of the
applications’ requirements of the graphics system. For
instance, designing efficient support for database editing9.
requires knowledge about the frequency of the various database
editing operations.

8. Conclusion

Sort-first offers a powerful promise for interactive graphics
applications.
millions of rendered pixels for thousands of primitives in real-
time without requiring phenomenal communication bandwidths
or excessive duplication of hardware. In addition, it features
reasonable scaling characteristics.

Yet for sort-first to follow through on these promises, many
issues remain to be resolved. Issues that are simple on other

architectures introduce complex new twists for sort-first. This 12.

research has begun the process of uncovering these issues and
finding solutions for them.

13.
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Static L.B. legend = number of regions (yielding 1, 4, 9, 16, 25, 36, 49, 64, 81, or 100 regions per processor)
Adaptive L.B. legend = number of processormesh dimension use Previous Frame’s or Current Frame’s distribution data
Graphs 1a - 9a. The graphs above show various statistics averaged over the frames for each of the test runs. The statistics

maximum (MAX), average (AVG), and minimum (MIN) numbers of primitive fragments per processor, the standard deviation (¢
DEV) of these values, and the MAX/AVG ratio, a figure which provides an indication of the success of the load-balancing method.
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Left side scale = Total number of primitives Right side scale = Number of primitives communicated
Static L.B. legend = number of regions (yielding 1, 4, 9, 16, 25, 36, 49, 64, 81, or 100 regions per processor)
Adaptive L.B. legend = number of processoraesh dimension use Previous Frame’s or Current Frame’s distribution data

Graphs 1b - 9b. The graphs above show various statistics averaged over the frames for each of the test runs. The statistics
total number of primitives (TOT) in the system (which increases as primitives overlap more regions) and the total numbe
primitives that must be communicated (COM) each frame for proper sorting.



Plate 1. The model for the “PLB Head” Plate 2. The lobby of UNC'’s Sitterson Plate 3. A section of the Sierra Nevada
test case (59,592 polygons). As in theHall (16,267 polygons). The viewer mountains (162,690 polygons). The
National Computer Graphics Associationturns toward the right and proceeds downmodel undergoes a series of zooms,
Graphics Performance Committee’sthe steps towards the far table, then turnsotations, and translations, with a reset
Program Level Benchmark, the modelaround to face the starting point. Thebetween each sequence. The model is
rotates 360 degrees about a vertical axisnodel is courtesy of the UNC Building courtesy of H. Towles, Sun
in 4.5 degree increments. The model iswWalkthrough project, F. P. Brooks, Microsystems.

courtesy of the IBM AWD Graphics Lab, Principal Investigator.

Austin, Texas.



