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Abstract

Many computer graphics applications require multiple visual dis-
plays that are rendered in real time. However, dividing and bal-
ancing the rendering workload among a number of CPUs and then
sending it to the individual displays efficiently is a difficult task.
This report details the design and software prototype for a novel
new type of graphics framebuffer that takes in RGB color, Z or-
der, and alpha information from multiple COTS rendering engines,
collages them, and then outputs composited images to multiple dis-
plays in a tiled configuration. The individual COTS rendering en-
gines define their image data as viewports that can be located any-
where in the display space and be of any size/resolution. For ex-
ample, one graphics board could generate a low-resolution back-
ground image spanning multiple displays while other rendering en-
gines could concentrate on more detailed images in the foreground.
This flexibility lends itself to multiple display virtual reality ar-
rangements and foveated vision systems. This report details the
architecture of the Metabuffer and the results from a multithreaded
software prototype written in C++. It shows that the Metabuffer
provides a simple framework to its host PCs for effective utiliza-
tion of multiple visual displays using COTS rendering engines and
produces constant time image collaging with a minimum of latency
regardless of geometry or number of image viewports.

1 Introduction

A major technology trend over the past several decades has been the
increasing integration and complexity of commodity digital system
components. Personal computer hardware and software has made
the construction of systems with entire computers as components
very cost-effective. Given the need for large-format immersive dis-
plays such as videowalls or the CAVE [4] for scientific visualiza-
tion and other VR applications, a natural approach is to take advan-
tage of this trend by building cost-effective multiprojector displays
driven by commodity PCs with commodity 3-D rendering hard-
ware. There are two principal advantages to such systems. First
is the provision of large-format displays, and second is the opportu-
nity to do rendering in parallel on a number of commodity machines
[15].

Parallel realtime rendering in a multidisplay environment must
address the same concerns that have faced graphics architects since
the early flight simulator systems of the 60’s, and the architectural
strategies are the same. Since a multidisplay image consists of a
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number of tiles, each of which is the image produced by one dis-
play device, a natural strategy is simply to connect each display
to a single machine with rendering hardware to drive it. Thus, the
global display space is partitioned into tiles, each of which is driven
by a dedicated framebuffer and rendering pipeline. These ma-
chines can be connected via a high-speed network, perhaps along
with other machines not directly connected to displays, to produce
a parallel rendering platform. The key problems in rendering in
such an environment involve synchronizing the renderers and load-
balancing the computation in the face of the constraints imposed by
the screen-space partitioning. However, such an approach requires
little or no custom hardware and can produce a composite image
of the same quality as that produced by each component tile by a
single rendering engine.

An alternative approach based on image composition, which
dates from flight simulator systems of the 60’s, is to allow each
machine in the network to render to any part of the image. The
resulting individual images must then be composited to form a cor-
rect overall image through the use of a pipelined compositing net-
work that takes the outputs of the individual frame buffers along
with depth information in scan-line order and does hidden-surface
calculations on a pixel-by-pixel basis to produce a correct com-
posite image. This approach has the advantage of removing the
constraints on load balancing imposed by screen-space partitioning,
but requires custom compositing hardware. To provide high-quality
images, the compositing hardware must do more than just hidden-
surface removal. Some scheme for antialiasing the results and color
correction at the borders of tiles must also be provided.

We are building a scalable multidisplay system, the Metabuffer,
that takes the image composition approach and allows off-the-shelf
PCs with 3-D rendering boards to be used with no modifications to
the stock hardware. Our Metabuffer hardware supports a scalable
number of PCs and an independently scalable number of displays–
there is no a priori correspondence between the number of ren-
derers and the number of displays to be used. It also allows any
renderer to be responsible for any axis-aligned rectangular view-
port within the global display space at each frame. Such view-
ports can be modified on a frame-by-frame basis, can overlap the
boundaries of display tiles and each other arbitrarily, and can vary
in size up to the size of the global display space. Thus each ma-
chine in the network is given equal access to all parts of the display
space, and the overall display space is treated as a uniform display
space, that is, as though it were driven via a single, large frame-
buffer, hence the name Metabuffer. Because the viewports can vary
in size, our system supports multiresolution rendering, for instance
allowing a single machine to render a background at low resolu-
tion while other machines render foreground objects at much higher
resolution. Thus our system could allow foveated display for multi-
ple users simultaneously if gaze tracking were done for all of these



users.
In the rest of the paper, we will elaborate on the advantages and

disadvantages of image composition approaches for parallel ren-
dering, describe our system in more detail, show results from our
current software simulator, and describe our project’s status and fu-
ture plans.

2 Background and Related Work

The fundamental problem in parallel real-time rendering [2, 1] has
always been the need for parallel access to frame-buffer memory.
This is just as true of multiprojector systems as it is for high-
performance single-display systems. As indicated in [10], paral-
lel rendering schemes can be classified according to where in the
graphics pipeline they perform the critical hidden-surface compu-
tations. Three approaches were identified: sort-first, sort-middle
and sort-last. While high-end graphics computers such as those de-
veloped by SGI use a sort-middle approach, sort-first and sort-last
approaches are most appropriate for use in a system comprising
parallel commodity computers.

In the sort-first approach, the display space is broken into a num-
ber of non-overlapping display regions, or tiles, which can vary
in size and shape. Each processor renders a set of tiles and ships
resulting pixels over the network to the processor containing the
frame buffer for display. The key problem is to determine a set
of tiles that balance the rendering load for the processors in each
frame. Since the load generally varies from frame to frame, the
tiling algorithm must be part of the computation performed at each
frame time, in addition to the normal rendering work done by each
machine. For efficiency, surface elements that overlap tiles are ren-
dered by the machines responsible for each of the overlapping tiles,
an overhead that increases as tile size decreases. Since load balanc-
ing can be done most effectively using many small tiles, there is a
tradeoff between effectiveness of load balancing and the overhead
of redundant rendering of surface elements that determines an opti-
mal tile size. In addition, the tiling algorithm and the network must
be fast to limit the parallel processing overhead. Such a scheme
can be used for parallel rendering to a single display or to a video
wall composed of multiple projection displays. The number of pro-
cessors that are recipients of rendered tiles is equal to the number
of projection displays used. This is the approach taken to scalable
three dimensional graphics in the SHRIMP project [13].

In the sort-last approach, any processor can render any subset
of the surfaces in the scene to any portion of the display space in
parallel with similar computations by other processors. This makes
the load balancing problem easier since screen space constraints
are removed. Thus, no surface need be rendered more than once,
and any surface element can be assigned to any processor. How-
ever, since the pictures computed by the processors overlap in this
scheme, compositing hardware is needed to combine the output of
the various processors into a single correct picture. The hardware
must also assure that the quality of the composite image is similar
to the image quality produced by the individual renderers. Such
approaches have been used since the 60’s in single-display systems
[3, 6, 11, 12, 5, 14], and more recent work includes [8].

3 Our Approach

We have chosen to implement a sort-last scheme with several
unique features. We will provide a uniform display space across a
scalable number of projection displays, thus allowing any processor
in our parallel system to have equal access to all parts of the display
space, regardless of how many individual display devices are used.
We will provide a simple abstraction to the rendering software in
which each rendering system can declare its own frame buffer to be

a viewport within the large display space realized by the union of all
the display devices. Not only does this provide a very simple and
uniform way to handle display resources in software, but it also pro-
vides for multi-resolution display. This is because the resolution of
the final display depends on the size of the viewport. For example,
one machine could render the entire background of the scene a low
resolution by simply setting its display space viewport to the entire
screen, while other processors could produce very high quality su-
persampled images of important foreground objects by setting their
viewports to cover small regions of the display space. As another
example, our system could be used for foveated display, by tracking
the viewers’ gaze and allocating processors with small viewports to
render regions of the screen around the direction(s) of view at high
resolution, while allocating a few processors with large viewports
to render regions far from the viewers’ gaze direction(s).

We have also devised a way to extract depth information from
commodity PC rendering boards without changing the stock hard-
ware, along with a simple control interface for our system, all based
on the new generation of commodity digital video flat-panel output
formats being released in PC display cards.

Due to the abstraction of a uniform display space that our hard-
ware provides to the parallel renderers, we call this portion of our
system the Metabuffer since it performs a function analogous to the
frame buffer in a single-renderer system.
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Figure 1: Metabuffer Architecture

4 System Organization

The architecture of the Metabuffer presents a number of challenges.
The most difficult problem is the large amount of data that must be
processed. Each pixel needs RGB color, Z order, and alpha in-
formation. A single frame will have millions of these pixels. A
real-time rendered animation will need to display approximately 30
frames per second in order to be fluid and smooth. Multiply all of
this by several rendering engines and several output displays and
the large quantities of data involved are clearly evident.

Figure 1 shows how a Metabuffer architecture using three ren-
dering engines and four output displays utilizes multiple pipelined
data paths and busses to surmount this problem. External to the
board, COTS rendering engines (A) deliver their data to onboard
framebuffers (B) by means of the recently adopted industry stan-
dards for digital video transmission, the Digital Visual Interface
(DVI). Since COTS rendering engines (A), at this time, transfer
only 24 bits per pixel over these digital links, color is transferred
on even screens, while alpha and Z information is transferred on



odd screens. At a refresh rate of 60 hertz, this is still fast enough
to provide enough RGB, alpha and Z information for 30 frames
per second. The onboard framebuffer (B) stores information from
both transmissions in 64 bit wide memory. Control information,
such as the location of the viewports and their final destination in
the overall display, is stored on the first scanline of each rendering
engine’s image (A). This first scanline is never displayed. Instead,
DSP code, viewport data, or anything else that is needed by the
control logic of the frame buffer can be written here using standard
OpenGL writepixel() calls.

When a full frame has been buffered, data is selectively sent over
a wide bus to the composer units (C) based on viewport locations.
The data will be streamed out in large blocks in order to take ad-
vantage of page mode memory access as much as possible. The
composers (C) take only the data that is required to build their col-
umn’s output image and ignore the rest. Each composer (C) then
sends its data in pipeline fashion down the column to the next lower
composer (C) so that the pixel Z order information can be compared
with those Z values from the other COTS renderers (A). This way,
only the front-most pixel is saved. The collaged data is then stored
on another onboard framebuffer (D). These smart framebuffers (D)
can perform post processing on the data for anti-aliasing and are
also able to drive the offboard displays (E) again using the DVI
specification.

5 System Operation

Encoded at the start of each rendering engine’s image is control
information that tells the input framebuffer which segments of the
image should be sent to which composers and where they should be
placed in the final display. This work is done by the computer host-
ing the rendering engine since it offloads the computational work
to a full fledged CPU, which is more suited to this task than the
streamlined Metabuffer. The control information is sent in tabular
form, with one row corresponding to each image segment.

Dcomp Sx Sy Sdx Sdy Dx Dy Dmultiple
1 0 0 75 75 25 25 1
2 75 0 25 75 0 25 1
3 0 75 75 25 25 0 1
4 75 75 25 25 0 0 1

The table above shows some typical data describing a viewport
configuration (essentially the layout as described in section 5.1.2
later in this paper). Here, the image and display size are assumed
to be 100 pixels by 100 pixels. Dcomp is the index number of the
composer (or display) where the segment is to be sent. Sx and Sy
refer to the source coordinates of the segment in the rendered image.
Sdx and Sdy refer to the dimensions of the segment in the source
image. Dx and Dy refer to the destination coordinates in the display
image. Dmultiple is the replication factor of the source pixel. Since
the ratio of source to destination pixels is 1:1, this multiple is 1. The
input framebuffer broadcasts the entire viewport table over the bus
to the composers at the start of each frame. Each composer then
takes the entry that it is responsible for and stores it locally.

5.1 Analysis of Bus Data Flow

One of the most interesting problems of this project is how to ef-
ficiently transmit image data from the input framebuffers, through
the bus, and then to each composer. Since the composers are ar-
ranged in a pipeline fashion, it is imperative that they have the data
they need at the right time. If one composer is missing its data, a
glitch in the image will occur.

Since the Metabuffer employs viewports of varying size and po-
sition, it is important to demonstrate that the bandwidth require-
ments of the composers will not exceed the limited data rate of
the bus that connects them to the input framebuffers. If the band-
width requirements are exceeded in certain viewport configurations,
glitches in the output image are certain to occur. The analysis that
follows proves that the Metabuffer has a constant bandwidth re-
quirement regardless of the size or orientation of the viewports that
are used.

In order to analyze the worst case data flow of the board, a
scheme is used similar to the one presented in the paper by Ket-
tler, Lehoczky, and Strosnider [9]. Since all data needs are periodic
(because of the raster display), each task (display) can be described
in terms of the amount of data needed (C), its period (T), and its
deadline (D). By quantifying these values for some sample cases, it
is easy to see that the bandwidth requirements do not change as the
viewport geometry becomes more complex.

For example, if we assume that the smallest viewport is the size
of an output screen (of w by w pixels), and that the viewports in-
crease in size in even multiples, observations for the following cases
hold true.

5.1.1 Case One

1 1

The input image is the same size as an output screen, but only
one composer is used. The ratio of pixels from input to output is
1:1, so the composer requires a steady stream of data. As shown on
the right, the total bandwidth required is one screen full.

Data Period Deadline
C1 = w T1 = w D1 = w

This is the trivial case. The data needed (C) is equal to the period
for the scheduling. A steady stream of data will satisfy this.

5.1.2 Case Two

1 1

11

1

Again, the input image is the same size as an output screen.
However, in this case four different composers require data. But,
according to the geometry of the display, only one composer will
need data at any particular time. As shown on the right, none of
the composer viewport areas overlap. They join together to form
exactly one screen size. So, one screen size of data is needed. The
ratio of pixels from input to output is 1:1, and there is no overlap,
meaning only one pixel need be accessed on the bus at any one time.

Data Period Deadline
C1a = l T1a = w D1a = w

C1b = w � l T1b = w D1b = w

The variable l represents the vertical dividing line in the row
between tasks 1a and 1b. For the purposes of scheduling, the hori-
zontal divider is ignored, since this merely changes the display des-
tination of the data, and not the data timing needs of the system.
Adding all of the data values together (C) results in the same quan-
tity as the period, which means the bandwidth is constant compared
to the previous case.



5.1.3 Case Three

1 2

3 4

1 2

3 4

Here, the input image is four times as large in order to form
a low resolution background display. In this case four composers
will require data, but they will all require data at the same time! As
shown on the right, four screenfulls of data are required. However,
the saving grace here is that the ratio of input pixels to output pixels
is 1:4. Thus, while four times the screens are being created, they are
being furnished with one fourth of the data. This effectively means
that the bandwidth requirements here are still constant. The fact that
four composers require pixel data at the same time is a problem, but
since the bandwidth requirements are scalable, a simple buffering
scheme should satisfy each of the composers.

Data Period Deadline
C1 = w=2 T1 = 2w D1 = 2w

C2 = w=2 T2 = 2w D2 = 2w

C3 = w=2 T3 = 2w D3 = 2w

C4 = w=2 T4 = 2w D4 = 2w

Because pixels are being replicated to twice their size, the period
(T) of the scheduling increases by a factor of two because there
are half as many rows to process. Likewise, the data needed (C)
decreases by a factor of two. If all of the C values are totaled, the
result is 2w, which is the same as the period.

5.1.4 Case Four

1 1

1 1

1

2

2

2

3 3

3

4

4

Finally, in case 4, the input image is again four times as large, but
now it overlaps nine composers. From the right, it can be seen that
from these nine composers, only four screens simultaneously need
to be placed on the bus at the same time. And, from the analysis
of case 3, because the ratio of pixels is 1:4, there is one-fourth the
bandwidth requirement. Again, the bandwidth requirements remain
constant. Since four composers must simultaneously have data, the
bus must be buffered. Successive cases of larger viewports and
more composers can be extrapolated in a similar manner.

Data Period Deadline
C1a = l=2 T1a = 2w D1a = 2w

C1b = (w � l)=2 T1b = 2w D1b = 2w

C2 = w=2 T2 = 2w D2 = 2w

C3a = l=2 T3a = 2w D3a = 2w

C3b = (w � l)=2 T3b = 2w D3b = 2w

C4 = w=2 T4 = 2w D4 = 2w

Because pixels are being replicated to twice their size, the period
(T) of the scheduling increases by a factor of two because there
are half as many rows to process. Likewise, the data needed (C)
decreases by a factor of two. If all of the C values are totaled, the
result is 2w, which is the same as the period.

5.2 Buffering of Bus Data Flow

From a performance perspective, neglecting the needs of the com-
posers, the bus should be buffered anyway. Using the onboard
memory of COTS DSPs to buffer the bus allows the input frame-
buffer to send data efficiently using burst modes commonly avail-
able in current memory architectures. This way, an entire page of
memory can be sent to each composer. While this will cause some
latency at the beginning of each frame, it will not affect throughput.
Instead, the buffer lets the composers operate at peak capacity and
minimizes the risk of any glitches. More importantly, because the
data is now buffered, the simultaneous data access of multiple com-
posers is no longer a problem. They will be able to access their own
local cache memory independent of what the other composers may
be doing. Pixel replication data can also be stored locally, instead
of needing to refer to the input framebuffer multiple times.

The buffer that each composer maintains closely resembles a
queue, except for one important difference. While the buffer acts in
a FIFO manner when Dmultiple is 1 (the source pixels and destina-
tion pixels are in a 1:1 ratio), if pixel replication needs to be done,
it is necessary to remember data from the previous row. Therefore,
the cache behaves like a queue, but also has a moving window of
data that always stores the previous source row of size Sdx.

Obviously, the larger the buffer on the composers, the better the
Metabuffer will run. There will be fewer glitches that could occur
due to composer starvation. However, because of the uniformity in
the geometry of the data, it should be possible to use very small
buffers. The main concern is to be able to buffer an entire burst
of memory from the input framebuffer, which will be the quantum
for the system. This will likely be limited by the pixel row size,
though, since burst mode reads must be continuous. Also, note
that because of pixel replication, at least one row of data may need
to be archived for future computations. If advanced smoothing is
being performed then multiple rows may be needed. This should
be taken into account when determining the size of the buffer on
the composers. Again, because of the geometry of the data, this
value will remain constant no matter what the replication factor.

5.3 IRSA Round Robin Bus Scheduling

In order to send data to the composers in a simple, yet good per-
forming manner, an idle recovery slot allocation (IRSA) round
robin approach [9] is employed which distributes data to the com-
posers evenly based on the amount of data needed (C), the period
(T), and the deadline (D). No effort is made to look ahead in the
geometry of the viewports to find the most efficient way to send the
data out. However, because of the previous discussion, the unifor-
mity of the data transmitted to each buffer will result in few delays
using this simple method.

In the event that a composer-side buffer becomes too full to cope
with the data, the round robin scheduler performs an idle slot re-
covery operation. The composer receiving data drops a bit defined
as BUSREADY on the bus for one clock cycle. Once the input
framebuffer reads the low BUSREADY bit, it stops sending data to
that composer and jumps to the next scheduled segment in the table.
This way other composers can utilize the unused time on the bus.
The scope of the BUSREADY bit will be limited by the fanout of
the bus, but this is true of the bus in general, and the low number of
displays typically used should not cause a problem here.



5.4 Sequence of Metabuffer Operations

For each frame, the Metabuffer follows a sequence of steps in order
to compute the final collaged output display. In order to synchro-
nize themselves, the pipeline composers and output framebuffer
employ a PIPEREADY bit to communicate with each other. The
members of the pipeline use this PIPEREADY bit to inform the
previous composer of their status. When this PIPEREADY bit is
high, the previous composer knows that everything is clear on the
rest of the pipe and, if it is ready as well, it can relay this informa-
tion to the next higher member of the pipeline. Once the top of the
pipeline is reached and everyone is ready, transmission of the next
frame can begin.

The fact that each composer’s internal buffer must be filled with
the new frame’s data before it can signal PIPEREADY ensures that
all the composers will be synchronized on the same frame at the
same time. Also, the pipelined nature of the PIPEREADY bit does
not hinder the scalability of the design, because it is immune to
fanout. The PIPEREADY bit will introduce latency since it must
bubble up the pipeline from the output framebuffer. However, the
number of cycles needed to traverse the pipeline is relatively small
(number of rendering engines) compared to the cycles needed to
compute the entire frame (millions of pixels), and so it shouldn’t be
an issue.

5.4.1 Frame Transition

Input frambuffers finish the previous frame, switch to next frame,
and start feeding data to the composers.

5.4.2 Waiting for PIPEREADY

At this stage, composers have not received a PIPEREADY bit bub-
bling up from the composers in the pipeline below, but accept data
until their internal buffers are entirely full without transmitting any
data for this frame (though the previous frame could still be in com-
putation) down the pipe.

5.4.3 Buffers Are Filled

When the internal buffers of the composers become full, each drops
the BUSREADY bit on each transmission request from the input
framebuffers, effectively stalling the Metabuffer.

5.4.4 Output Framebuffers Signal Completion

When the output framebuffers realize that they have finished build-
ing the old frame, they switch to a new frame and send a high
PIPEREADY bit to the previous composer.

5.4.5 Composer Relays Finish Signal

When a composer gets a PIPEREADY bit from the following com-
poser (or output framebuffer), it checks to see if its internal buffer
is fully prefetched solely with the data from the new frame (all
data from the old frame has been cleared out). If so, it relays the
PIPEREADY bit to the previous composer in the pipeline. If not, it
stalls until it is entirely prefetched.

5.4.6 Master Composer Signals Start of Frame

Once the PIPEREADY bit gets to the master composer (the com-
poser at the top of the pipeline), and the master composer is ready,
everything is set for that pipeline to begin computation of the next
frame. The master composer starts the frame by sending a START-
FRAME bit down the pipeline and then streaming out data.

5.4.7 Composers in Pipe Begin Frame

The other composers in the pipeline, once they read the START-
FRAME bit, relay that bit down the pipeline and begin their com-
putation. The STARTFRAME bit is important because it automat-
ically establishes each composer’s position on the pipeline (since
each successive composer must be offset one cycle to be synchro-
nized). Only the head composer at the top of the pipeline needs
to be initialized via a PIPEMASTER bit set via a jumper when the
circuitboard is installed.

5.4.8 Input Framebuffer Streams Out Data

Now that the pipeline is started and data is flowing, the input frame-
buffer will no longer get BUSREADY low bits, and can resume
streaming data out to the computing composers in a round robin
fashion.

Now that data is flowing through the busses and the pipeline,
each composer, using an internal index of the output display, de-
termines if the segment it is responsible for intersects the current
coordinates. If so, it attempts to fetch the proper pixel information
from the cache and compares it to the Z value of the previous pixel
in the pipeline. Once an entire display has been sent to the output
framebuffer, the process repeats itself.

6 Software Simulator

Because of the complexity of the Metabuffer and the fact that de-
signing hardware is expensive and time consuming, a prototype of
the Metabuffer has been built in software. This prototype is mod-
eled as closely as possible to the operation of the Metabuffer ar-
chitecture discussed previously in this paper. Since this software
prototype will be the basis for the first hardware implementation
of the Metabuffer, all coding was done strictly with the Metabuffer
architecture in mind.

By building the prototype in software first, it is possible to do
much more extensive testing and to try many more design alter-
natives in the same amount of time than with hardware. Chang-
ing a signal or reworking an algorithm means only recompiling the
source code, instead of rewiring a circuit board or burning another
FPGA. Also, with a software prototype, a Metabuffer consisting
of hundreds or thousands of rendering engines can be simulated.
Building a prototype Metabuffer of that size in hardware would re-
quire an enormous amount of resources.

Although the software prototype cannot operate in real time, it
can be used to thoroughly simulate the operations of the Metabuffer.
Except for speed, just about any other aspect of the design can be
programmed and evaluated. New algorithms can be tested on the
prototype just as if they were encoded into a DSP. Likewise, appli-
cations that use the Metabuffer can be tested at an early stage with
the software prototype to solve design issues, taking into account
that the final hardware version of the Metabuffer will offer more
performance, while operating the same.

The Metabuffer software prototype was completed in C++, since
the highly modular design concept lends itself to the use of ob-
ject oriented programming. Each module (input framebuffer, com-
poser, and output framebuffer) is defined as a separate C++ class.
The data hiding capabilities of object oriented programming means
that it is possible to create a large Metabuffer with possibly thou-
sands of composers simply by replicating one class over and over
again. Also, once the class is defined, changing the layout of the
Metabuffer simply means adjusting the number of framebuffers and
composers being used via the creation or deletion of class instances.

In addition, every instance of every C++ class in the prototype
runs in a separate thread of execution using a standard pthread li-
brary. The threads are synchronized through the use of a barrier



built with pthread synchronization primitives. Software threads
closely simulate the parallelism advantages and synchronization
problems that the Metabuffer has through the use of multiple hard-
ware composers. Also, because of distributed computing packages
built on top of the standard pthread API, the Metabuffer can be eas-
ily adapted to run on networked workstation clusters. Parallelizing
the Metabuffer in this way would greatly increase simulation speed
and also ease the I/O and computation requirements of using only a
single host computer.

Finally, at every chance, old code in the software prototype is op-
timized with the future hardware in mind. For example, multiplies
and divides are eliminated. Where possible, adds and subtracts are
replaced with increments and decrements. Because part of the hard-
ware design will actually consist of DSPs running natively coded
software, it is likely that portions of the prototype may only have to
be ported to the DSP instruction set. Optimizing this code now and
fully testing it in the prototype means an easier transition to DSPs.

7 Experimental Results

In order to test the software prototype of the Metabuffer, it was
necessary to obtain a source of rendered images and Z order values.
Eventually this data will come from the digital output of COTS
rendering engines. For now, though, images and Z order values
were generated using the Rayshade ray tracer.

Although the standard distribution of Rayshade contains no way
to output Z order information, a patch exists that allows for this in-
formation to be outputed in the form of a range map. Reading an
image in TIF format and the Rayshade generated Z order informa-
tion into the input frame buffer class simulates the transmission of a
frame of RGB data and a frame of Z order data from the rendering
engine.

The images above show the TIF images that were rendered using
Rayshade: a ball, a tube, and finally a seascape. The final diagram
illustrates how these images were distributed to the four output dis-
plays by being broken up into viewports. Note that every image is
sent to at least two output displays. As discussed in the bandwidth
section earlier in this paper, the location and geometry of the view-
ports is arbitrary. The bandwidth requirements over the bus remains
constant.

Running the three images into a three input framebuffer by
four output frame buffer Metabuffer yields the four output screens
shown above. Note that the tube resides in four separate displays,
despite being rendered on a single machine. Also, see how the
seascape here is being used as a low resolution background display
with the higher resolution foreground images layered on top. Fi-
nally, the Z order of the input images is always taken into account,
whether that means that the ball is in front of the tube, or that the
ocean surface laps at the base of the foreground objects.

One problem with compositing separate images like the ones
above is the aliasing that results on the edges. A solution that
we have implemented involves supersampling. Simply increasing
the detail of the input images and then having the output frame-
buffers average the pixel values down to the original size effectively
smooths the image. Only the problem pixels at the edges are af-
fected. The rest of the composited image pixels remain as sharp as
on the original.

The two images above (magnified eight times to show the dif-
ference in detail) demonstrate the effect supersampling has on the
resulting image quality. On the left, no supersampling has been
performed. There is a jagged transition between the different input
images at the Z buffer transition. On the right, the input images
were rendered to be four times as detailed and the final output pix-
els were averaged by the output framebuffer from the four nearest
pixels that traveled through the composer pipeline. The jagged tran-
sition is now much smoother while the rest of the image has lost no
quality.

8 Conclusions

The Metabuffer provides for leveraging today’s commodity PC
technology to construct cost-effective, parallel high-end graphics



rendering systems with multidisplay capability. It has the advan-
tages of easing load balancing by providing a uniform display space
abstraction to the software, supporting multiresolution and foveated
display, and providing a scalable platform with no changes to stock
hardware. It does require the development of non-trivial custom
hardware to perform image compositing. However, a parallel ef-
fort at Stanford University has been able to design hardware that
can support a version of this type of image compositing [7]. Fortu-
nately, most of this work can be done without resorting to custom
VLSI, at least for prototypes.

We can also hope to avoid the fate of so many parallel archi-
tecture projects in the past, in which the development of custom
switching hardware took so long that the advantages of parallel
computation were swamped by the rapid development of commod-
ity semiconductor technology. This is not only through avoiding
using custom silicon, but also because our hardware must be de-
signed to handle video standards, which change more slowly than
processor and system clock speeds. Our system will be usable with
many future generations of processors, even with a slower develop-
ment cycle.

Essentially our hardware implements a pipelined switch connect-
ing a number of broadcast channels. Each of the latter could be im-
plemented as a high-speed network, and thus we can consider the
Metabuffer hardware as a pipelined network switch capable of per-
forming a limited set of transformations on the data passing through
it. In essence, then, this is a high-speed active network switch. It
will be interesting to see what other kinds of applications besides
rendering can be implemented with similar hardware, and to actu-
ally develop a version of the Metabuffer that works as a network
switch. This should allow us to provide a parallel system with a set
of display resources which can be dynamically allocated not just to
different portions of a multidisplay image but also to distinct phys-
ical displays located in various places on a LAN, in the spirit of
[8].
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