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Abstract

In the purely object-parallel approach to multiprocessor ren-
dering, each processor is assigned responsibility to render a
subset of the graphics database. When rendering is com-
plete, pixels from the processors must be merged and glob-
ally z-buffered. On an arbitrary multiprocessor interconnec-
tion network, the straightforward algorithm for pixel merg-
ing requires dA total network bandwidth per frame, where
d is the depth complexity of the scene and A is the area of
the screen or window. This algorithm is used by the Kub-
ota Pacific Denali and appears to be used by the Evans and
Sutherland Freedom series. An alternative algorithm, the
PixelFlow algorithm, requires nA network bandwidth per
frame, where n is the number of processors. But the merg-
ing is pipelined in PixelFlow so that each network link must
only support A bandwidth per frame. However, that algo-
rithm requires a separate special-purpose network for pixel
merging. In this paper we present and analyze an expected-
case log(d)A algorithm for pixel merging that uses network
broadcast, and we discuss the algorithm’s applicability to
shared-memroy bus architectures.

CR Categories and Subject Descriptors: B.4.2
[Input/Output and Data Communications]: JIn-
put/Output devices ~ image display; C.1.2 [Processor Ar-
chitectures]: Multiprocessors - interconnection Architec-
tures; F.2.m [Analysis of Algorithms and Problem
Complexity]: Miscellaneous; 1.3.1 [Computer Graph-
ics — Hardware Architecture]: Parallel processing, 1.6.4
[Simulation and Modeling] Model validation and analy-
s13.

General Terms: Algorithms, Architecture, Interconnec-
tion Networks, Graphics, Rendering, Systems.

Additional Key Words and Phrases: pixel merging,
object-parallel rendering, cache coherency, snoopy cache.

1 Introduction

In addition to the vertical parallelism (a.k.a. operation par-
allelism) that is exploited by traditional graphics hardware
pipelines 1], there is also extensive horizontal parallelism
(a.k.a. data parallelism) available. In particular, subsets
of the graphical objects to be rendered, or regions of the
screen, can be divided among the processors of a multipro-
cessor. We call the first form of parallelism object parallelism
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and note that it partitions the input to the rendering pro-
cess. We call the seccond form image parallelism and note
that it partitions the output of the rendering process. The
use of image-parallel rendering has been both explored and
implemented by [1], [6], [8], [9], [22], [28], and [301‘ Purely
object-parallel approaches have been explored by [17], [18],
[19] [24], [26], and [29]. Purely object-parallel rendering re-
quires apparently overwhelming additional network band-
width and pixel processing. Since different processors may
produce pixels at the same screen (i.e. z, y) location, global
z-buffering is required to combine the pixels from each pro-
cessor into a complete scene. We refer to this as the pirel
merge problem.

In this paper we present an algorithm for pixel merging when
network broadcast is available, for example on a shared-
memory bus multiprocessor. We show that in the expected-
case, the algorithm is very network efficient (with respect to
bandwidth), and does not require a special-purpose network
for pixel merging. We compare this algorithm with two other
algorithms for pixel merging, a “straightforward” algorithm
used by Kubota Pacific [15] and apparently used by Evans
and Sutherland [7) in recently introduced architectures, and
the merging algorithm used in the PixelFlow machine [19].

Below, we first digress to review data gathered from in-
strumentation of several rendering packages, and to discuss
the use of these data in trace-driven simulations of object-
parallel architectures. Following this we define some terms,
and then begin by describing and analyzing the straight-
forward algorithm, and the PixelFlow algorithm, for pixel
merging. We then analyze uniprocessor z-buffering in order
to motivate the presentation and analysis of a “distributed
snooping” pixel merging algorithm.

2 Rendering traces and trace-
driven simulations

We have instrumented several graphics packages, Render-
Man from Pixar [27], and the graphics library GL from Sili-
con Graphics, Inc. [25]. Pixel traces are generated by place-
ment of library calls into the rendering package at the sites
at which pixels are generated, and before they are z-buffered.
Thus, we trace every pixel that is generated by the graphics
package. The library calls write compressed pixel records to
trace files that can be later processed for statistics, and used
as input to drive simulations of rendering in object-parallel
architectures. Each pixel comprises roughly the following
fields: screen-x, screen-y, eye-coordinate-z, red, green, blue,
and parent graphics primitive (i.e. the primitive whose scan




Trace Primitives Total pixels Screen area Average depth, d
(pre-clipping) (post-clipping) average size
Bike 16144 9618 311.66 2997538 1258408 2.38
Cube 48000 47459 13.61 6459105 806520 8.01
Zinnta N/A 11458 36.68 420246 786432 0.53
Roses N/A 123820 7.78 963872 196608 4.90
Wash.ht 441800 49999 56.45 2822472 894916 3.15
Brooks 9995 9345 1137.87 4944040 1449616 3.41
Capitol 7153 7153 184.95 1322980 1572864 0.84
Rad 7096 7096 227.67 1615499 1449616 1.14

Table 1: Graphics Scenes Traced

Figure 1: The Bike scene traced

conversion generated the pixel).

A summary of the scene traces used in the current paper
is shown in Table 1. The name of the trace appears in the
first column, with the number of primitives (before and af-
ter clipping) in the second and third columns. Following this
are the average graphics primitive size (in pixels or samples,
depending on the rendering package), the total number of
pixels (or samples) generated during rendering of the scene,
and the resolution A of the window. The last column spec-
ifies the average depth d of each scene.! A more complete
discussion of these traces and their statistics may be found
in [4]. Examples are shown in Figures 1 through 4. These
are all copyrighted and are reproduced here by permission.
The Bike was produced by E. Ostby and B. Reeves, and orig-
inally appeared on the cover of SIGGRAPH ’87[21]. Brooks
is a model of Fred Brooks’ house project [3]. Roses is copy-
right 1990 by D. R. Fowler, J. Hanan, and P. Prusinkiewicz.
Zinnta is copyright 1990 by D. R. Fowler, P. Prusinkiewicz,
J. Hanan, and N. Fuller. Both appear in [23].

Now, since each pixel in a graphics trace contains a pointer
to the primitive that generated it, the set of primitives can
be culled from the trace file. This set can be assigned by
simulation to n processors, and each processor can be con-
sidered to have rendered exactly those pixels whose “parent
graphics primitive” record field matches a primitive assigned
to that processor. For all trace-driven simulations reported

1The Bike’s average depth in this table is a correction from [4]
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in the current paper, assignment of primitives has been by
round-robin. That is, primitives have been assigned sequen-
tially (mod n) in the order in which they were encountered
in the original graphics model. This strategy is similar to
strictly random assignment, but can still be expected to lead
to good computational load balancing in an object-parallel
architecture (e.g. it is similar to the primitive “scattering”

of [18]).

3 Terms and concepts

We will require some terms. Let

dz,y = the depth at pixel location (z, y).

d = the depth complezity of a given scene; that is the
average depth over the screen.

pa = the probability that at arbitrary pixel location
(I)y)v d;r,y =d.

A = the resolution of the screen or window, in pixels.

n = the number of processors in the multiprocessor.

Consider one pixel location (z,y). When a graphics scene
is rendered, there may be multiple graphics primitives that
generate a pixel for (z,y). These multiple pixels are the
motivation behind z-buffering. For any given scene, we refer
to the number of primitives that render to a given (z,y) as
the depthd. y at (z,y). We refer to the average depth d over
the screen as the depth complexity of the scene. If depth is
not evenly distributed over (z,y) then we also refer to the
probability py that at arbitrary (z,y), the depth d.y = d.
We distinguish active from inactive pixels at each processor.
As each processor renders its subset of the scene, it produces
pixels for some of the A pixel locations. We say that a pixel
location is active if at least one pixel has been rendered to
that (z,%), and that it is inactive otherwise.

4 A straightforward pixel merg-
ing algorithm

In perhaps the most straightforward solution to pixel merg-
ing on a general-purpose multiprocessor, each node is as-



Figure 2: The Brooks scene traced

signed responsibility for merging pixels from some subset
of the A pixel locations. That is, after (or as) each node
generates pixels for its subset of the graphics database, it
sends each pixel to the destination node that is responsible
for merging for that pixel’s (z,y). Each destination node z-
buffers the pixels it receives. This is the algorithm employed
by Kubota Pacific in the Denali architecture [15], and ap-
pears to be the algorithm used by Evans and Sutherland in
their Freedom series [7].

The attraction of this algorithm is that it works on any mul-
tiprocessor for which there is network connectivity between
all nodes. On a shared-memory machine, mailbox communi-
cation can be used to emulate messages.? Another advantage
of the algorithm is that merging can begin before rendering
is complete, since each node can forward pixels to their des-
tinations before it completes rendering the scene. On the
other hand, the interconnection network must carry every
pixel generated.

Consider the algorithm in greater detail. As each node ren-
ders pixels, it may or may not z-buffer them locally (that
is, with respect to the other pixels it generates for its subset
of the graphics database). If each node does not z-buffer its
pixels locally, then no pixels are deleted from consideration
until they have been received by the destination processors.
Thus, dA pixels must be sent, received, and compared, and
aggregate network traffic is dA. If each node does locally
z-buffer pixels, then potentially some pixels are deleted be-
fore they must be sent. However, analysis and trace-driven
simulations have shown that on multiprocessors larger than
even 8 processors, few pixels are deleted by local z-buffering
[4]. Thus, in this case, network traffic is still about dA even
if there is per-processor local z-buffering.

To summarize, the straightforward pixel merging algorithm
requires aggregate network bandwidth of dA times the num-
ber of bits to represent a pixel, and requires O(dA) processor
cycles to route, send, receive, and compare pixels.

20f course, direct z-buffering is possible, but the algorithm
above avoids contention if the granularity of memory access is
larger than a pixel.
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Figure 3: The Roses scene traced

5 The PixelFlow algorithm

An object-parallel implementation that employs an alterna-
tive merging algorithm is currently under construction at the
University of North Carolina, Chapel Hill [19]. We will call
this algorithm the PixelFlow algorithm, even though it has
also been proposed by (18], [24], and [29]. In the PixelFlow
algorithm, processors are connected by a pipeline network for
pixel merging. Each processor has an associated full frame
buffer, to which it renders. Upon completion, the first node
streams its full frame to the second node; the second node,
while receiving the frame, reads from its own frame buffer,
and z-buffers each of its own pixels with each of the pixels it
receives from the previous node. The second processor for-
wards a single pixel for each location to the next processor.
And so on.

The advantage of this strategy is that it is simple, and stati-
cally partitions load across the links of the pixel merging net-
work. Thus, the network is deterministic and performance
can be predicted. On the other hand, the network load is
greater than it need be; the PixelFlow strategy does not take
advantage of local frame buffer sparsity — each node trans-
mits A pixels regardless of whether or not they are all active.
Analysis and trace-driven simulations have suggested that on
the scenes discussed in the current paper, even on an 8-node
machine only 10% of each local frame buffer comprises active
pixels [4], so the overhead is significant. Furthermore, the
PixelFlow strategy does require a special-purpose network
for pixel merging, and since a full frame from each node is
transmitted, each link and merging circuit must be quite
fast, especially if oversampling is supported.

Now, consider the algorithm in greater detail. Since each
processor sends A pixels to the next, and there are » links in
the pipeline (including the link to the frame buffer itself), the
total bandwidth required on the network is nA. Of course,
since merging is pipelined, the bandwidth required on each
link is only A. With respect to computation bandwidth,
each node must read A pixels from local storage and also
from the previous node, compare these two streams, and
write A pixels to the next node. Thus, in aggregate, O(nA)
processing is required to read, compare, send and receive
pixels.



Figure 4: The Zinnia scene traced

6 Uniprocessor z-buffering

We have seen that the straightforward pixel merging algo-
rithm requires in aggregate O(dA) processing time, and re-
quires network bandwidth of dA pixels per frame. The Pix-
elFlow algorithm requires O(nA) processing time, and ag-
gregate network bandwidth of nA pixels.

Consider now the processing and memory bandwidth re-
quired by local z-buffering. For any pixel location (z,y), dz,y
pixels are rendered. For each of these pixels, the z-value in
the z-buffer must be read from location (z, y), z-values must
be compared, and if the new pixel is “frontmost” it must be
written to the frame buffer and its z-value must be written to
the z-buffer. What is the probability that a particular pixel
will be accepted as “frontmost”? Well, this depends on how
many, and on which pixels have previously been z-buffered.
The first pixel at (z,y) that is z-buffered is certainly ac-
cepted as frontmost. The second pixel at (z,y), in general,
is accepted as frontmost with probability 1/2, the third with
probability 1/3, etc.

Somewhat more formally, consider all of the pixels that ren-
der to location (z,y). First assume that the order in which
they are z-buffered is randomly distributed. Then the ex-
pected number EF;, of pixels accepted as frontmost at

(z,y) during z-buffering is
>, 1

1d<dz

EF.,

Second, assume for simplicity that the depth d:, at each
(z,y) is d, and to avoid unenlightening complexity, that d
is an integer.> Third, assume that the order in which pixels

31t is shown in [5] for essentially the same equation in the
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are z-buffered at location (x,y) is independent of the order
in which pixels are z-buffered at location (z’,y’). Then the
expected number EF of pixels accepted as frontmost over
the entire screen during z-buffering is

A Z 1/d
1<d<d

AHg

Alog(d)

EF

Q

where H is the d** harmonic number, for which log(d) is an
approximadtion.

For each pixel z-buffered, the previous value in the z-buffer
must be read and a comparison be made. Thus dA pixels
must be read and compared. However, only about log(d)A
pixels must be written, since only this many are expected
to be frontmost. Thus, the expected cost of z-buffering on a
uniprocessor is O(dA + log(d) A).

When the uniprocessor z-buffering algorithm is distributed
on a multiprocessor, we would like to write onto the inter-
connection network only those pixels “that must be written.”
The straightforward pixel merging algorithm distributes z-
buffering by dividing the process between pixel read and
pixel compare, and thus requires dA network bandwidth.
The PixelFlow algorithm distributes z-buffering essentially
by reading, comparing, and writing every pixel location n
times, and thus requires nA network bandwidth. Can we do
better, and under what circumstances?

7 A distributed snooping merge
algorithm

We propose the following algorithm for pixel merging when
network broadcast is available, for example as it is on a
shared bus. Pixel merging begins after all processors have
completed rendering, and proceeds as follows. Consider the
n processors in a multiprocessor ordered from 1 < ¢ < n, and
suppose there is a global frame buffer to which can be broad-
cast pixel values. Processor 1 first broadcasts to the global
frame buffer each pixel it has rendered (that is, it broad-
casts all active pixels from its local frame buffer). While
processor 1 broadcasts, each of the other processors listens,
and compares each broadcast pixel with the corresponding
pixel in its local memory. If the broadcast pixel “hides”
the local pixel, the listening processor deletes the hidden
pixel from local memory; if the local pixel hides the broad-
cast pixel, the snooping processor does nothing yet. In turn,
then, each processor k broadcasts its active pixels from local
memory that have not already been deleted, and each proces-
sor j, k < j < n listens and potentially deletes pixels from
its local memory. When all processors have broadcast to the
global frame buffer all their non-deleted local pixels, pixel
merging is complete, and the global frame buffer contains a
correctly z-buffered image.

This algorithm is a derivative of the well-known “snooping”
cache coherency protocols upon which a number of shared-
memory multiprocessors have been based (cf. [13]) In these
architectures, each node maintains the consistency of its

next section that the first assumption is a worst-case and results
in an upper bound for the expected value of pixels accepted as
frontmost.



cache with other nodes’ memory accesses by snooping on
a shared bus over which memory updates must be written.
In these protocols for cache coherency, snooping is employed
in order to maintain consistent globally shared virtual mem-
ory. In our scheme, snooping is employed in order to remove
pixels, wherever possible, from consideration by pixel merg-
ing, and thus to reduce the bandwidth required on a shared
broadcast medium such as a bus.

Consider the network bandwidth required by this algorithm.
In the worst-case, a sequence of planes ordered back-to-front
is assigned to processors such that the first processor renders
the backmost plane, the last processor renders the frontmost
frame. This results in network traffic of n A pixels per frame.
But this scene is uninteresting from the perspective of ani-
mation or visualization. We turn now to an analysis of the
expected-case performance of the algorithm.

7.1 Expected-case network traffic of dis-

tributed snooping

The analysis of the distributed snooping algorithm is sim-
ilar to the analysis of z-buffering on a uniprocessor. Here
however, we first assume that after rendering, there is no
pixel location in any local frame buffer at which d: , > 1.
In essence, we assume that no two primitives that render to
(z,y) are assigned to the same processor. This means that
no pixels are deleted by local z-buffering, and represents a
worst-case assumption for the expected traffic of the snoop-
ing algorithm [5). Also, as discussed in section 4, previous
work has suggested that for machines larger than about &
processors, few pixels are deleted in object-parallel architec-
tures by local z-buffering. Second, as we did in analyzing
uniprocessor rendering, we assume that over all A pixel lo-
cations, the z-values of the d. , pixels that render to (z,y)
are randomly and independently distributed. Third, we will
assume essentially as we did for uniprocessor rendering that
the pixel z-values to be broadcast are independent of the
order of the processors that must broadcast them. From
these assumptions it follows that the probability that the
k'™ broadcast pixel (at (z,y)) is frontmost is 1/k.

Now, consider a single pixel location (z,y). The first pro-
cessor with an active pixel at (z,y) must broadcast its pixel,
and must do so with probability 1. The second processor
that has (z,y) active must on average broadcast its pixel
with probability 1/2, since it has the frontmost of two pix-
els with probability 1/2. The third processor that has (z,y)
active broadcasts a pixel with probability 1/3, and so on.
Since no pixels have been previously deleted at (z,y) by lo-
cal z-buffering, the pixel traffic expected from location (z,y)

> 1/

1<d<dz,y
= Hy

ETJ,y = (])

(2)

T,y

where Hq, , is the harmonic number for d,y.

If we know the distribution of depth over A, the expected
traffic from all pixel locations is

A paHa

1<d

ET

(3)

Some work characterizing distributions of depth in graph-
ics scenes has been done (cf. [4]). However, we can safely
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bound expected traffic. We will say that depth is “evenly”
distributed over A if for all (x,y), |d] < d:zy < [d]. We
show in [5] that this represents a worst-case assumption for
the expected traffic of the snooping algorithm; that is, when
graphics scene depth is evenly distributed, the expected-case
traffic of the algorithm is worse than it is for any other dis-
tribution of depth. Thus, given & = (d ~ |d]), we bound ET
by

ET < A[(1-oa)Hg +oHq] (4)

where /|3 and H g are the harmonic numbers for |d| and

[d]. Now, harmonic numbers grow very slowly; as already
noted in the analysis of uniprocessor z-buffering, harmonic
numbers grow about as log(d). Thus, as the depth at (z,y)
increases, expected traffic grows only about as the log() of
the average depth. We now turn to trace-driven simulation
results to corroborate this prediction of bandwidth require-
ments of the distributed snooping algorithm for pixel merg-

ng.

7.2 Trace-driven simulation results for
distributed snooping

The results of trace-driven simulations are shown in Figures
5 and 6. In these figures, expected, simulated, and maximum
traffic are plotted. The y-axis is the ratio of the respective
traffic to the minimum possible traffic. Minimum traffic is
simply the number of active pixels observed when the scene is
rendered on a uniprocessor; that is, from every active pixel
location must be written at least one pixel to the global
frame buffer. Maximum traffic is the traffic generated by
the straightforward pixel merging algorithm using broadcast
(the global frame buffer is assigned responsibility to z-buffer
all pixels), which requires bandwidth dA. Expected traffic
has been calculated from equation 4.

The trace-driven simulations are labeled in the figures as
“observed” since these simulations are in some sense exact.
Since the traces have been gathered from actual rendering,
then if the primitives were distributed round-robin on a real
multiprocessor as they were in simulation, exactly the traf-
fic observed in simulation would be observed in real object-
parallel rendering.

Several observations on these results deserve note:

o In all but one of the simulations, expected traffic is close
to observed traffic.

e When depth complexity is high, distributed snooping
quite effectively reduces traffic; this is particularly true
for the scenes with depth complexity greater than three,
Brooks, Cube, Roses, and Wash.ht. Traffic is reduced
by factors of about 3.3, 4.0, 2.3 and 2.0 respectively.

o When depth complexity is low, distributed snoooping
eliminates traffic, but since there is less depth, traffic
reduction is less dramatic. In Bike, Capitol, and Rad,
reduction is by less than a factor of two.

e In one simulation (Zinnia), observed cxceeds cxpected
traffic. Recall from section 2 that in simulation, assign-
ment of graphics primitives has been by round-robin. In
this scene, the largest primitive (the background) ap-
pears first in the database, violating the assumption of
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independence between z-value order and processor or-
der. Not only is the assumption violated, but a patho-
logic case is created. This points to the need in object
assignment algorithms for use with distributed snoop-
ing to consider background primitives separately, and
even to force their assignment to processors later in the
broadcast order. Of course, randomizing object assign-
ment can be expected to solve this problem as well.

e In general, observed traffic grows initially as a func-
tion of number of processors before reaching a plateau,
while expected traffic is flat. This is because local z-
buffering has been ignored. An analysis of depth com-
plexity in object-parallel architectures suggests that lo-
cal z-buffering can be ignored ezcept on small machines.
However, as can be seen, the assumption that local z-
buffering can be ignored is conservative.

The combination of expected-case analysis and trace-driven
simulations show that the distributed snooping algorithm is
effective at reducing the network traffic inherent in object-
parallel rendering. Below we discuss the performance and
an application of distributed snooping in more detail.

8 Future directions: a dis-
tributed snooping z-buffer

The previous section has shown that distributed snooping
can effectively reduce network traffic when network broad-
cast is available. However, distributed snooping is expensive
when processing bandwidth is also considered. On average,
log(d) A pixels must be broadcast, and n log(d)A pixels must
be read from the network and compared to local pixels, and
[d—log(d)] A pixels must be deleted from local z-buffers. The
required processing bandwidth is thus O(nlog(d)A + dA),
even though the required network bandwidth is only log(d)A.
This suggests that although distributed snooping is attrac-
tive when network bandwidth is limited, hardware support
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is desirable. We call such support a distributed snooping
z-buffer. We are in the process of design for such hardware
for shared-memory bus multiprocessors. Our design requires
local buffering, and merges pixels by memory-mapping the
global frame buffer onto the shared-memory bus. We plan to
continue this work and present the results in another forum.

9 Conclusions

In this paper we have explored the processing and network
bandwidth requirements of three algorithms for pixel merg-
ing in object-parallel rendering algorithms. The first algo-
rithm, which we have referred to as the straightforward al-
gorithm, requires network bandwidth of dA, where d is the
depth complexity of the scene, and A is the resolution of
the screen or window. This algorithm is appealing in that it
works on any multiprocessor with connectivity between all
nodes, but may be naive in its use of network bandwidth.

The second merging algorithm, which we have referred to as
the PixelFlow algorithm, requires aggregate network band-
width of nA, where n is the number of processors in the
multiprocessor. Although this bandwidth is greater than
that required by the naive algorithm, the PixelFlow algo-
rithm statically balances network load across n links so that
each link must support deterministic traffic of A per frame.
However, this algorithm does not take advantage of sparsity
in local frame buffers, and requires a fast special-purpose
merging network.

Finally, we have presented and analyzed an algorithm for
pixel merging when network broadcast is available. We refer
to the algorithm as the distributed snooping algorithm, and
we have shown in this paper that in the expected case, it
requires network bandwidth log(d)A, and does not require
a special-purpose network for pixel merging, although hard-
ware support or snooping hardware modification may be de-

sirable.
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