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I. INTRODUCTION

Image processing is concerned with the manipulation of
pictorial data, usually by computer. An image is generally
represented as a two-dimensional array of numbers ( pixels)
each of which corresponds to a brightness or color value at
some point in the image. There are many operations that
are commonly performed on images in order to enhance
them for some specific purpose: filtering, level transforma-
tions and thresholding, edge and region enhancements, fea-
ture recognition, statistical measurements, and so on. A
characteristic of many of these operations is shiff
invariance. Operations such as edge enhancement and
noise reduction are usually applied to small regions of the
object image at one time. In this case, modifying one por-
tion of the image has little or no effect on other portions
some distance away. The processing of each region is inde-
pendent of all of the others and can be carried out in any
order. If many processors are available, then each region
could be operated on concurrently with a resulting savings
in the time needed [2, 3, §, 6, 10, 16, 18, 19].

Some operations can be applied to rows or columns of an
image: the Fourier transform is an example. To compute a
two-dimensional Fourier transform, the transforms of the
rows of the image are computed, and then the transforms
of the resulting columns are computed. A row or column
can be thought of as a rectangular region of the image, and
again the regions can be processed concurrently if the pro-
cessors are available.

Operators that perform contrast enhancement functions
usually require only the gray level at a single pixel to com-
pute a result. These are point operations, and concurrency
is again possible, although it is unlikely that one processor
per pixel could be allocated. What could be done is to use
arbitrary rectangular regions, chosen to make the number
of regions equal to the number of processors. Indeed, it is
likely that this will be done for all of the operations dis-
cussed above. Unless a computer system has been designed
with a particular operation in mind, it would be improbable
that the number of processors available would exactly equal
the number of regions to be processed. While enormous
time savings can be had by using architectures designed
around specific algorithms, it is the common bus architec-
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tures for multiprocessing that are mostly commonly built
in practice, due to the ease of construction and low cost. In
this paper, a multiprocessor system is described that has
been designed with image processing as its specific task,
while attempting to minimize cost and complexity.

II. COMMON BUS ORGANIZATION

Figure 1 shows an example of a common bus multipro-
cessor. Each processor connects to the same bus and can
access devices and memory connected to the bus. In addi-
tion, each processor may have its own local memory. For
example, consider a bus that can transfer 10 Mbyte/s. In
this case, assuming no local memory, the upper limit on
speed of the system is 10 MIPS in an absolutely ideal case:
no bus contention, no data needed, and short instructions.
The same system using a local program memory only, with
no access to common data, has no upper limit to speed;
every added processor increases the amount of work done.
In practical situations, both shared memory and local
memory are used in an attempt to reduce contention for the
bus[1].

Bus contention is the root cause of most of the trouble
with common bus systems. Special hardware is used to con-
nect each processor to the bus in order to request bus con-
trol, and if the bus is busy, waiting occurs. Two things can
be done to reduce contention: reduce traffic, and control
transfers from a central location.

Given that each processor has its own program memory,
reducing bus traffic in an image processing application has
an obvious implementation. Each pixel should be sent only
once across the bus to a processor, and then possibly be sent
back. This is not always possible when dealing with rectan-
gular regions of an image, since the edges of the regions will
need to be transmitted many times. What must be done to
cut down on the redundant traffic is to allow each processor
to possess its own data memory as well, and at least enough
to hold any region that might reasonably be expected. A
good size is two times the amount of storage needed to store
either a row or column of the image, whichever is larger.
This permits Fourier transform calculations on each row or
column, for example.

Control of bus transfers centrally offers a number of ad-
vantages, the most important of which is the elimination of
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FIG. 1. Common bus multiprocessor systems. (a) Common bus mul-
tiprocessor. (b) Common bus multiprocessor with local code memory.

contention, as such. In this configuration, the master con-
trol unit (MCU) is responsible for transferring data from
the data memory, or frame buffer, into the local program
memories of the processors. The processors do not request
data; the MCU sends a region into local data memory and
then allows the processor to proceed. The MCU then re-
peats this process with the next processor, and so on. When
the first processor has finished, it sets a bit that the MCU
can see; now there are two possibilities. Either the MCU
can load a/l processor memories and then start over again,
looking for set completion bits, or it can start over again
when the first processor sets its completion bit. In the latter
case, it can be seen that no more processors will actually
be used than the MCU can reasonably deal with, and this
number will depend on the region size and algorithm being
implemented.

One other modification can be made to improve things
further. When a processor has completed its task, the MCU
must unload the local data memory into the global frame
buffer and load a new region into the local memory. While
this is happening, the processor involved is idle. If two buff-
ers are used, and both are loaded initially, then the MCU
simply swaps buffers and starts the processor immediately,
then unloads the processed buffer while the processor works
on the other. This doubles the local memory requirement
while reducing the idle time of the processors to nearly nil.

When the system is started there is an initialization time
during which some processors will be idle. This corresponds
to a pipeline startup time. There is a similar time when all
processors have finished, again corresponding to the time
taken to unload a pipeline. Other than at these two mo-
ments, none of the processors being used will be idle, and
the bus will be working at near maximum capacity. This
method of handling the local data memories will be referred
to as a distributed cache memory [4, 17].

HI. A SAMPLE MULTIPROCESSOR DESIGN

The basic idea behind the Vista processor, a common bus
multiprocessor based on the distributed cache concept, is to
break a two-dimensional signal, or image, into regions, and
to let a high-speed satellite processor deal with each region.
As far as possible, “off-the-shelf”” components were to be
used in the design, since this would decrease the cost and
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increase ease of construction and maintenance. Vista’s pur-
pose is to perform any signal processing operation on a two-
dimensional signal, and so it must be user programmable
and not designed to perform a particular transformation.

The major features of interest of this system are the use
of multiple identical special-purpose satellite processors,
the lack of proper shared memory, the extensibility to any
number of processors, and the potential for fault tolerance.
Instead of shared memory, a distributed cache memory sys-
tem is used, so that each satellite processor operates on its
own pages in its own memory, which can be moved in and
out of a global image memory upon demand. Memory con-
tention is not an issue, but the maximum bus transfer speed
limits the speed of the cache memory.

The Vista processor consists of a central multiplexer pro-
cessor (MCU') connected on a common bus with N signal
processors. In our design, the multiplexer function is per-
formed by an Intel 8086 MPU, and the bus is the Intel Mul-
tibus. Since many systems use the Multibus, the Vista pro-
cessors should be easily connected to other systems (Sun,
Wicat, Dandilion, etc.) and used as a peripheral processor.
Fig. 2 shows an outline of the Vista.

The Vista image processing system uses a number of pro-
cessor units referred to here as Tachyons. These are inde-
pendent high-speed computers specially suited for compu-
tation-intensive applications, such as image processing.
Each Tachyon is based on a digital signal processor, cur-
rently the Texas Instruments TMS32010 [20]. Any avail-
able multiprocessor could be used here, but the TMS has a
number of advantages [9].

The TMS32010 is a special-purpose microprocessor ca-
pable of operating at 5 MIPS. This speed is due, at least
in part, to a modified Harvard architecture which allows
instruction and data fetches to be carried out effectively si-
multaneously. The designers of the TMS32010 have pro-
vided instructions that make it possible to move data in or
out of the on-chip data RAM from either off-chip program
memory or [/0O ports. With the exception of these special
transfer instructions, most other instructions are single-cy-
cle (200-ns) operations.

Throughput is further improved by means of a carefully
tailored instruction set which makes common signal pro-
cessing operations execute in a single cycle. For example, it
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FIG. 2. Outline of the Vista structure.
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is possible to multiply two values, accumulate a result, and
move another result to memory all in a single cycle. Unfor-
tunately, the price paid for these features is program and
data memory space very limited in size. Program memory,
located off-chip, is 4K words and data memory, located on-
chip, a mere 144 words. Because of the high execution speed
of the TMS32010, the off-chip program RAM must be fast,
static, expensive memory. The TMS32010 is not suited to
the processing of large data sets without a supporting archi-
tecture. The Tachyon architecture is one such scheme for
dealing with this problem.

The Tachyon processor units had as their design goals the
ability to process image data quickly using a wide variety of
algorithms at a relatively modest cost. This was achieved by
a method that may be considered as either a sophisticated
double-buffering system or a paged memory system, some-
thing like the FLIP [8]. The 4K-word program address
space of the TMS32010 was divided into two areas, one
dedicated to storage of programs, constants, tables, etc., and
the other for storage of small blocks of image data. A data
block size of 1K words was chosen, which allows for signifi-
cantly sized sections of an image to be stored. For example,
depending on the image resolution approximately one to
four rows or columns of pixels could be stored. This would
be useful in algorithms such as the fast Fourier transform,
in which it is customary to process individual rows and col-
umns of pixels in an image.

Although program memory is divided into two areas, it
is physically organized as three banks of memory, one bank
of 3K and two banks of 1K. Either one or two banks may
be active (connected to the TMS32010) at a given time, one
of which must be a 1K bank. The banks which are not ac-
tive, i.e., connected to the TMS32010, are instead con-
nected to the MCU (and optionally a DMA controller) via
the Multibus. The MCU is able to load a program into the
3K memory bank and then command the TMS32010 to
execute it. While the TMS32010 is processing the data
found in one data bank, the master CPU can unload already
processed data and load a new portion of the image to be
analyzed into the other data bank. Since the task of the
MCU is relatively simple it can service a number of
Tachyon units quickly enough to keep them constantly
busy.

Philosophically, the Tachyon method may be viewed in
two ways. From the point of view of the system master, it is
a simple double-buffer arrangement. From the perspective
of the TMS32010, however, it appears much more as a vir-
tual paged memory system: the Tachyon pages data from a
small, fast static RAM area to a large, inexpensive frame
buffer.

While the hardware for the Tachyon system was being
constructed, the system was simulated. This served two
purposes. First, the viability of the system could be tested,
including some details of interconnection, and approxi-
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mate timings could be obtained. Second, software could be
written for the system before the hardware was complete
and thus speed up the entire implementation process by us-
ing concurrency.

IV. ANALYSIS AND SIMULATION

In order that the Vista system be considered successful,
an improvement in performance over a single-processor
system must be evident when performing image processing
tasks. It is also important to be able to predict with some
confidence the performance measures of interest for Vista
acting on a particular problem. It is for these reasons that
the Vista system was simulated and analyzed carefully both
during and after construction [ 14].

There are three phases to a computation on the Vista ma-
chine. First, the processors are loaded with subimages; this
corresponds to the startup phase of a pipeline and will be
referred to as the load cycle. For each processor the first
buffer is loaded, the processor is started, and then the sec-
ond buffer is loaded. Since each subimage takes T, seconds
to be loaded and there are N, processors each with two
buffers, the load cycle will require 2N, T}, units of real time.
The way that the MCU normally operates is to continue to
load additional processors until there are none remaining
or until the first processor loaded compiletes its task. If the
time needed for one processor to finish its computation is
T, then the first processor actually works for T, time units
during the load cycle; the second processor works for 7,
— 2T, units, and so on. The total work done in the load
cycle is N,( T, — T,(N, — 1)) processor units.

During the second phase of computation the MCU cycles
through all of the processors and restarts them, unloads the
completed buffer, and reloads the buffer with new data. This
continues until no data remain and is called the reload cy-
cle. One subcycle involves reloading all ¥, processors once
and requires 2N, 7T}, units of real time. Since all processors
are working during this cycle, a total of N, T, processor units
of work is done per subcycle. There will be C subcycles
needed to complete a task, where C is a rational number
that can be calculated.

The final phase is called the unload cycle, during which
the final results are collected. The first half of the unload
cycle, Ul, involves restarting the processors and unloading
a buffer; the processors are still active. The second half, U2,
involves unioading the last buffer from each processor with
the processor idle. The analysis of the unload cycle is more
involved, and details may be found in [12]. However, the
unload subcycle Ul appears to require N,T, + W time
units, where W is the MCU idle time during U1. Cycle U2
always requires 7, time units.

Hence, the total time needed by a Vista system to solve
some problem is

2N, T, +2CN, T, + (N, T, + W)+ T,
p p P
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where C is the number of reload cycles required. Both C
and W can be calculated given buffer sizes and transmission
times. The conditions for which this formula is correct are

1. C=1,
2. T,-2T,N, <0,
3. k=[(T,+ T,)/2T,,

which are the normal operating conditions for Vista. In
more simple terms:

1. There are many more blocks of data to be processed
than there are processors.

2. The time needed by a processor to complete one cal-
culation is greater than the time needed to transmit one
block to the processor.

3. The Vista processor has a minimum number of pro-
cessors available to dedicate to the problem.

There are at least seven other cases to be examined in
detail and new expressions could be derived for each case.
Rather than do this a Simula [21] simulation of Vista was
constructed that would predict execution times in all cases.
An instruction-level model was also built so that actual
Vista code could be executed [11].

V. PROGRAMMING VISTA

A five-point median filter, a Sobel operator, and a two-
dimensional FFT [15] will be used to illustrate the use of the
Vista system. The MCU runs the same program whatever
problem is to be solved. This program is basically the data
distribution program described above and is equivalent to
the call

call DO_VISTA (image, N, M, n, m, ovn, ovm),

to which we pass the image to be processed, its size (rows,
columns), the size of the subimage to be sent to the proces-

c
¢ TMS Fortran version of VISTA 5-point median filter
c

common datin, datout

integer i,j.x.n.m,lemp(5).ii,1. p

integer datin(256), datout(256)

equivalence (datin, 16#bb8#), (datout,16#c68#)

c
¢ Pisindex into DATIN, a two dimensional array. Initially P points
¢ to DATIN(2,2); it runs o the second last element, skip 2, and
¢ starts again in the second column of the next row. The last row
¢ is skipped altogether. This process simply skips the outer layer
¢ of pixels.
[

p=18

i=2

10 continue
do 100 i=2,15

c
¢ Load TEMP, in data memory, with data from input sub-image,
¢ which resides in program memory (one of the transfer buffers)
c

temp(1) = datin(p)
temp(2) = datin(p-1)
temp(3) = datin(p+1)
temp(4) = datin(p-16)

PARKER AND INGOLDSBY

sors, and the overlap of the subimages in each direction. For
example, the median filter requires an overlap of one row
and one column since the last row of a subimage will be the
first row of the next. For the FFT, no overlap is needed; a
subimage will be a row or a column.

All other processors run the same program, which is sent
across the bus and loaded concurrently. For the median fil-
ter, the program of Fig. 3 was used. The program for the
Sobel operator is seen in Fig. 5. The TMS Fortran compiler
[13] is by no means optimal, and this program generates
467 words.

To perform the median filter, the original 256 X 256 im-
age is broken up into overlapping subimages of 16 X 16
pixels. There are 324 of these, and each one requires 65.2
ms to process on one of the processors. The way our system
is arranged at the moment (no DMA)), a subimage requires
2.91 ms to transmit.

The FFT of the same image is performed by sending all
rows, then all columns, to the processors. The FFT program
is hand-coded assembier, needing 22 ms per processor.

The Sobel operator is very much like a convolution, and
the timings can be interpreted to be approximately the
times needed to perform a convolution with a 3 X 3 matrix.
To compute the Sobel operator, subimages of size 19 X 53
were sent; this most nearly fills up to Tachyon “page.” The
256 X 256 image then requires 75 subimages, each needing
143 ms to processes.

V1. RESULTS

The Vista system actually constructed consists of one
MCU, one processor, and one 500K frame buffer. No DMA
device is used, so the MCU must perform the actual data
reads and writes. This is not ideal but is sufficient for assess-
ment purposes.

The Vista system performs the FFT in 12.6 s, which com-
pares with 92 s on a VAX 11/780. A second processor

temp(5) = datin(p+16)

c
¢ Remove the smallest two data points, let k=3rd smallest value.
<

30

=3
nonow

5
temp(1)
=1
doSOm=1,n
if (temp(m) .ge. k) goto SO
i=m
k = temp(m)
50 continue
t = temp(ii)
temp(ii) = temp(n)
temp(n) =t
if (n .eq. 3) goto 60
n=n-1
goto 30
60 continue
datout(p) =k
p=p+l
100 continue

p=p+2

j=i+l

if j .le. 15) goto 10
end

FIG.3. The Tachyon program for the median filter.
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FIG. 4. Performance measures for Vista/S-point median filter. (a) Number of Tachyons vs MCU real time. (b) Number of Tachyons vs MCU idle

time.

would cut the time in half, to 6.3 s. Our prototype would of the actual prototype, and not of the Vista architecture:

allow four processors at most to be fully utilized, at which
point the FFT would take 3.2 s. Note that this is a restriction

C AR RN R R AR KRR R KR AR R R A AR AR AN R AR R A AR AN RN KA AR R AN KRR R AR R NR

c

noonoaan

Q

[¢]

TMS Fortran version of VISTA Scbel edge detector
c
integer 1,3j,in, out,al,al,a2,a3,a4,a5,a6,a?,a,aa,x,y
integer nn,mm,datin(1007), xrows(38)
common nn,mm,datin
equivalence (nn, 16#0c00#)
equivalence (mm, 1640cOl#)
equivalence (datin, 164#0c024)

A0 Al A2 Sobel edge detector uses the pixel
A7 f A3 number scheme shown to the left. The
A6 A5 A4 values X=(A2+2A3+A4)~-(A0+2A7+A6)

1

..A0
..Al
..A2
A3
..A4
..AS

..A6

and Y= (A0+2A1+A2) - (A6+2A5+A4)

in -1
out = 19

do 20 § = 2, mm-1

. Construct a DO loop - the compiler generated ones are slower.

=1
j=3+1
if (§ .ge. mm) goto 21

xrows (in+17) = 53+)
aa = j

do 10 i=2, nn-1

i =1
=41+ 1
if (i .ge. nn) goto 11

a = aa + 53
is image(i-1,3-1) = -1 row and -1 col =~ -53-1 = a-54
a0 ~ datin(a-54)
write (1) a0
= image(i-1,3) = -1 row = a-53
al = datin(a-53)
write (1) al
is image(i-1,3+1) = -1 row and +1 col = =53 + 1 = a-52
a2 = datin(a-52)
write (1) a2

is image(i,j+1) = this row, +1 col = a+l
a3 = datin(a+l)
write (1) a3
is image(i+1l,3J+1) = +1 row and +1 col = +53+1 = a+54
a4 = datin(a+54)
write (1) a4
is image(i+1,3) = +1 row = a+53
a5 = datin(a+53)
write (1) a$
is image(i+l,3-1) = +1 row and -1 col = +53~1 = a+52

a

C.v

14

20
21

30

the prototype lacks a DMA controller.
The simulation model in this paper would predict a time

a6 = datin(a+52)

write (1) aé
A7 is image(i, j~1) = this row, -lcol = a-1l
a7 = datin(a-1)

write (1) a7

X = {(a2+a3+al3+aq) - (al0+a7+a7+a6)
y = (a0+al+al+a2) - (a6+aS+a5+ad)
write (1) x
write (1) y

if (x .1t. 0) x = -x
1f (y 1t. 0) y = -y

xrows (in + 1-2) = xty
write (1) x+y
aa = a

. 10 CONTINUE

goto 2
continue

1f (3 .eq. 2) goto 15

. Copy the OUT row into the DATIN array.

a = xrows(out+l7)

i =1
i=1+1
if (1 .ge. nn) goto 14

do 12 i=2, nn-l

datin(a) = xrows(out+i-2)
a=a + 53
goto 13

continue

. Let OUT=IN and IN=OUT, and repeat.

continue
i=in
in=out
out=1

. 20 CONTINUE

goto 1
continue

a = xrows(out+17)

do 30 i=2,nn-1
datin(a) = xrows(out+i-2)
a=a+ 53

continue

end

FIG. 3. TMS Fortran program for the Sobel operator.
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FIG.6. Performance measures for the Vista/Sobel operator implementation. Simulation of the Tachyon multiprocessor: (a) Execution times-entire

image; (b) MPU idle time vs number of Tachyons.

of 11.28 s to perform the FFT. The difference may be ex-
plained, in part, by the fact that the TMS processor has sev-
eral instructions that cannot be timed accurately. These in-
structions cause the internal pipeline to be cleared, increas-
ing the execution unpredictably by up to a factor of four.
Because the prototype Vista has only one TMS processor
the analytic model was not applied. Transforming columns
has a larger MCU overhead due to greater complexity in
indexing an element; the array is stored in row major order.

Much of the problem with the prototype is caused by the
lack of DMA capability on the bus used (Multibus [7]).
Assuming a bus rate DMA controller as part of the MCU,
the figures become more impressive. Each processor can
transform a row or column in 0.022 s, and transmission of
the entire image across the bus and back requires 0.05 s.
Thus, the best that Vista can do is to use 112 processors and
compute the FFT in 0.1 s. This is an effective computation
rate of 350 MIPS using a common bus.

The results for the five-point median filter are somewhat
less impressive for a number of reasons. The main reason is
that the filter operates on a two-dimensional subimage of a
larger image, and all pixels on the boundary of a subimage
must be transmitted at least twice. As well, the program for
the filter was written in FORTRAN instead of the hand-
coded assembler used for the FFT. Some of the perfor-
mance data, mainly obtained through simulation, appear
in Fig. 4.

The time needed to complete the filter on a 256 X 256
image using only one processor was 21.2 s, as opposed to
11.2 s on a VAX. When two processors are used, the time
drops to 10.6 s, and for the best case of 23 processors the job
iscomplete in 1.88 s; idle time for this case was estimated at
only 0.04% of the total. Note that 1.88 s is the time needed
by our prototype for bus transmission alone.

The Sobel operator can be computed in 0.57 s using 37
processors at best. With only one processor 1.07 s is needed,
and this drops to 0.118 s at a reasonable 10 processors.
Again, overlap between subregions causes the retransmis-
sion of pixels, which causes extra overhead. Figure 6 sum-
marizes the results.

Given sufficient processors, image processing problems
can be executed in nearly the time taken to transmit the
image across the bus and back. Only when there are too few
processors does the MCU have to wait. If the problem can
be broken up into operations on subimages then the Vista
system can be applied to it; operations such as rotations and
circular harmonic transforms cannot be made to work on
subimages and so are more difficult to compute using Vista.

The currently implemented system, using the very quick
TMS32010, requires a lot of board space due to the need to
use very fast chips; for example, the fastest memory chips
we could find had a small capacity, and so the chip count
increased. Still, it would be possible to put four TMS Tachy-
ons on one Multibus board. If another processor were used
(e.g., 6809) then eight or ten Tachyons could occupy a
board. Custom chips would also decrease the chip count. It
is possible to place the multiplexer logic onto one VLSI
chip, and while work on this has not proceeded very far, it
is clear that the chip count will drop significantly.
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