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Abstract

Data compression techniques are used in both the efficiant
storage and transmission of pictures, The implementation of
a particular imaga coding algorithm known as Block Trunca-
tion Cading (BTC) on the PASM parallei processing system is
reviewad as representative of a class of image coding algo-
rithms. Two forms of BTC are considered, one where the
output of tha encoder is fixed length and another where the
output is variable length. Both the SIMD and MIMD modes of
parallelism are considered. The serial and paraliel complexi-
ties of the coding algorithms are analyzed and comparad.
The number of processors needed to meet the real-time
constraints in image data compression Is illustrated using
timing specifications for currently avallable state-of-the-art
components.

Introduction

Image data compression is an important discipiine that
is finding growing application in such diverse areas as video
data transmission, the archival storage of images, the
storage and transmission of weather satellite data, and
remotely piloted vehicle imaging. Characteristic of image
data compression problems are large data sets and a large
number of arithmetic operations that in principle can be par-
formed concurrently. In many applications real-time con-
straints raquire very high processing rates when coding
(decoding) an image for data compression. In view of the
potential concurrency in the coding problem, using a parallel
processing computer having a large number of processors
appears to be a natural solution. Traditionally, the cost of
such machines has prohibited their consideration, however,
recant advances in VLS| circuit technology have made such
architectures feasible. Most of the special purpose com-
puter architectures for image processing have addressed
the area of image enhancement and, in particular, pattern
recognition and scene analysis [1]. The use of special
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purpose architecturaes for image data compression has not
been as widely discussed.

This paper is an extension of work praviously reported
in [2]. It will examine the real-time implementation of parail-
fel Block Truncation Coding (BTC) aigorithms and, given
current technology, estimate the number of processors
needed to meet the real-time constraint of video rates (60
frames pear second). Data rates as low as 1.825 bits/pixel
can ba achieved with no appreciable distortion.

The detailed design of a data comprassion algorithm to
praform BTC on a parallel processing computer, PASM, is
reviewad. The rate at which BTC can be performed is shown
to increase with the number of processors at approximately
a linear fashion thus any real-time constraints can be met if
a sufficient number of processors are availabie.

Block Truncation Coding

BTC [3,4] is a data compression schema based on
applying a block adaptive two-level (one bit) moment-
presarving quantizer to image data [6]. BTC has proved to
be very competitive with classical transform coding tech-
niques from tha standpoint of image quality [6,7]. The basic
BTC algorithm requantizes nxn nonoverlapping blocks of
pixels in an image into two gray levels. These gray levels
are chosen such that the sample mean and mean square
value {or sample standard deviation) are identical with the
original nzn block.

One proceeds by first dividing the ariginal picture into
nzn blocks (we have used n =4 for our examples). Blocks
are then coded individually, each into a two level signal.
The levels for each block are chosen such that the first two
sample moments are preserved. let k=n? and let
x,.Tp......Tk, be the values of the pixels in a block of the
original picture. Let:
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be the second sample moment and, let:
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be the sample variance.

As with the design of any ona bit quantizer, we need to
find a threshold and two output levels for the quantizer. We
have chosen the sample mean as the thrashold for this
application. (Other choices of thresholds are discussed in
[3.4].) Therefore, If:

T2, oulput =y, 4

or, if:

T <M,  output =y, (8)

fori=1. &k

where vy, andy; are the "low" and “high” output levels,
respectively. The output levels y, and y; for a two-level
non-parametric moment preserving quantizer are found by
solving tha following equations. Let g = number of z,'s
greater than m; ; we then have:

km, = (k-q)y, + qye (8
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Equations 8 and 7 are readily solved for y, and y,:
1
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Each block Is then described by 7z, , @ , and an nrn
bit plane consisting of 1's and 0's depending on whether a
given pixel is above or below 7,. The receiver (decoder)
reconstructs the image block by calcutating y, and 5 from
Equations 8 and 9 and placing those values in accordance
with the bits in the bit plane.

For each 4x4 block the output of the encoder consists
of the quantized sample mean and sampie standard devia-
tion and a 16 bit “bit plane” (represented by 1 bit/pixel).
The sample mean and sample standard deviation are jointly
quantized to 10 bits using an empirically derived quantiza-
tion scheme detailed In [4]. This scheme is basad on the
fact that if 7, is very smail or very large then @ will be
small and hence we can assign fewer bits to 0. Therefaore,
the original 16 pixels are represented by 26 bits or 1.625
bits /pixel compared to 8 bits/pixel in the uncoded state. A
variable length encoding extansion of BTC exists which can
yield a further compression by reprasenting those blocks
where the sampie standard deviation is zero (or very small)
by only the sample mean quantized to 8 bits. This variation
on the BTC algorithm allows the average data rate to be
reduced to a value between 0.5 bits/pixe! and 1.625
bits fpixal. The exact rate with depend upon the number of
blocks in a given image that meet the small variance condi-
tion. In empirical tests with high resolution aerial reconnais-
sance |mages the percentage of blocks meeting this condi-
tion were about 10%. For "head and shoulder” face images
the number of blocks meeting the small variance condition
can be as high as 30%. We are of course paying for this
reduction in data rate by having the cutput of the encoder

for each block be sometimes 28 bits and at other times 8
bits. This can cause problems when channel noise is
present.

In summary then, BTC decoding algorithm consists of
taking the bit plane for each block and substituting for
those pixels greater than the sample mean (as given by the
bit plane) the gray level value, y, and substituting for
those less than the sample mean the gray leve! value, y,,
such that the sample mean and sample standard deviation
are the same as the original block of pixels. The recon-
structed image appears slightly enhanced but does not look
block-like, as would be expected, because the brightness
has been preserved. An example of coding a representative
image block is presented in [3,8].

PASM Overview

Two types of parallei processing systems ara SIMD and
MIMD. SIMD (single instruction stream-multiple data stream)
machines [9), such ad llifac W [10] and STARAN [11], typi-
cally consist of a set of N processors, N memorlas, an inter-
connection network, an a control unit. The control unit
broadcasts instructions to the processors, and all enabled
("turned an”) processors execute the same instruction at
the same time. Each processor executes instructions on a
separate data stream. The interconnection network allows
interprocessor communication. An MIMD (multiple instruction
stream - multiple data stream) machine [9] also typically
consists of N processors, N memories, and an interconnec-
tion network, but each processor can follow an independent
Instruction stream (e.g., C.mmp [12] and Cm* [13]). As with
SIMD architectures, there Is a multiple data stream. PASM Is
a partitionable SIMD/MIMD multimicroprocessor system
being designad for image processing and pattern recognition
applications [14]. It wilt consist of N processors which can
be structured as one or more independent SIMD and/or
MIMD machines, where N is a power of two and may be as
large as 1024.

Figure 1 is a block diagram overview of the PASM sys-
tem. The heart of the PASM system is the Parallel
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Figure 1. Block Diagram Overview of PASM,




Computation Unit (PCU), which contains N processors, N
mamory modules, and an interconnection network. Tha Micro
Controllers are a set of microprocessors which act as the
control units for the PCU processors in SIMD mode and
orchestrate the activities of the PCU processors in MIMD
mode. Control Storage contains the programs for the Micro
Cantrollers, The Memary Management System controls the
loading and unloading of the PCU memory modules. The
Memory Storage System stores these files. It consists of
multipla secondary storage devices connected in a fashion
that will allow parailel loadingfunioading. The System Con-
trol Unit is a conventional machine, such as a PDP-11, and is
rasponsible for the overall coordination of the activities of
the other components of PASM.

The organization of the PCU is shown in Figure 2, The
PCU processors are microproceassors that perform the actual
SIMD and MIMD computations. The PCU memory modules are
used by the PCU processars for data storage in SIMD mode
and both data and instruction storage in MIMD mode. A pair
of memory units is used for each PCU memory module so that
data can be moved between one memory unit and secondary
storage while the PCU processor operates on data in the
other memory unit (double buffering). A processor and its
associated memory module are termed a processing element
(PE). The interconnection network provides a means of com-
munication among the PCU's PE's. Either the Augmentad
Data Manipulator network [15] or the Ganeralized Cube Net-
work [16] will be used in PASM.

This brief summary of the PASM organization is provided
as background for the following sections. For further detalls
of tha system architacture, see the references indicated.
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Figure 2. PASM Parallel Computation Unit.

Parallel Block Truncation Coding

Coding

Parallel implementation of BTC on PASM is divided into
two cases. The fixed bit rate method is structured as an
SIMD process. For the varlable rate method, both SIMC and
MIMD implementations are examined.

For data compression (coding) under both methods, an
image having 4AN linas (AN "line groups”), A= 1, will be
allocated to the PEs such that PE i holds line groups
A{i=1)+1 through Ai, 0 <1i < N. Each PE will therefore
hoild compiete 4x4 blocks, and will not need data from any
other PEs. For smaller images (number of line groups < N),
the most efficient approach to coding will be to use the par-
titionability of PASM, allowing several images to be pro-
cessed in parallel. The partition sizes will be chosen so that
each PE holds at ieast one line group. In both cases
(number of line groups < or > N), the double buffering of the
PASM memories will be used so that while one image s being
processed, ancther can be obtained from the Memory
Storage System.

For fixed rate coding PASM will operate in SIMD mode
with aach PE simply performing the BTC algorithm on its por-
tlon ("stripe”) of the image. That is, all PEs will execute the
same BTC algorithm in lockstep, following the same Instruc-
tion stream; each PE will process a different stripe of the
Image. Because all PEs will code the same number of blocks
and bacaus2 no inter-PE communications are needed, the
exgacution time for the SIMD algorthm on an N-PE machine
will be t /N-th that of the serial algorithm.

For the variable rate scheme, more operations are
required to code a block to 28 bits than to 8 bits, so dif-
ferent PEs may not be performing tha same coding opera-
tions. Figure 3 shows the flow of computations for the vari-
able rate coding. The number of operations performed to
generate the 8-bit code is a basically subsat of the opera-
tlons to generata the 28-bit code. In an SIMD machine each
PE would execute the operations appropriate for the block
which it is coding. This could be Implemented using data
conditional masks to anable and disable PEs. A mask state-
ment of the form:

where<data condition>do<instructions>

would cause each PE to avaluate the <data condition>,
using the data in its own memory. Only those PEs in which
the condition was true would execute the <instructions>;
the remaining PEs would be disabled until the next hlock of
instructions was broadcast from the control unit. Therefore,
although less time Is required to generate the 8-bit code, in
an SIMD Implementation the time to generate the 26-bit
code would be required any time even ohe PE needed to
generate the 26-bit code.

Consider the best and worst case performance of the
SIMD implementation for a given percentage mixture of 8-bit
and 26-bit blocks. In SIMD mode, each PE would be coding
a block from the same column of the image, but from a dif-
ferent line group. The best casa will occur when the data is
such that whenever any PE generates an 8-bit code all PEs
generate an 8-bit code. In this case, a factor of N speadup
over the serial algorithm will be obtained, howeaver, in actuat
images, this situation will rarely exist. The worst case per-
farmance will occur when the data is such that at any point



/* compute |, g, 8% */
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else begin
/* 26-bit code */
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Figure 3. Steps to code a block: variable rate scheme.

in the algorithm, at least one PE is generating a 26-bit code.
i.et 7 be the number of blocks in the image, a the fraction
of 8-bit blocks, {(1-a) the fraction of 26-bit blocks, £ the
time to generate an &-bit code, and {4 the time to generate
a 26-bit code. Then the seriai execution time will he:

Ty=laty + (1 = a)tzglB. (10)
The worst case N-PE SIMD execution time will ba:
Ty=tggB/ N (1)
and the speedup will be:
T/ Ty=[ate/ tag + (1 — a}]N. (12)

In terms of speedup, the absolute warst case for the
SIMD mode of processing will occur for an image where 1/N
of the blocks generate a 26-bit code, and these blocks are
distributed so that whenever one PE is genarating a 28-bit
code, all others need only to generate an 8-bit code. Under
this pathological worst case percentage mixture and data
distribution, speedup will be:

T/ Tu(Eg/ tag)N (13)

Because SIMD processing will rarely be able to take
advantage of the shorter time needed to code a block to 8
bits, MIMD operaticn is considered, with each PE coding the
blocks in its portion of the image asynchronousily with
respect to the other PEs. Best case performance will occur
when the low variance blocks occur in tha image in such a
way that they are evenly distributed among the PEs. Worst
case performance will occur if all of the blocks In some PE
require the 26-bit code. The coding of the image will not be
completed untit that PE has finished; meanwhile, the remain-
ing PEs will be idle. The worst case speedup for a gliven a
will be given by Equation 12. Thus the best and worst case
speedups will be the same as for the SIMD aigorithm. How-
eyer, because the requirements on the relative placement of
the 8-bit blocks is less stringent for good speedup under
the MIMD approach, for realistic images the MIMD algorithm
will In general be faster than the SIMD algorithm. Moreover,
for any given image, the SIMD algorithm will never be faster
than the MIMD algorithm. Any data distribution that will

improve the speed of the SIMD algorithm will also improve
the speed of the MIMD algorithm. Tha converse is not true.
For this reason, for variable rate coding, the MIMD implemen-
tation method will be preferable.

Deacoding

For dacoding under the fixed rate scheme, the code is
assigned to PEs in an analogous pattern to the data assign-
ment for coding. Each PE holds code for A lina groups,
carresponding to 4X image lines. If SIMD processing is used,
aach PE decodas its portion of the image, howaver speedup
will be slightly less than a factor of N. This is a result of the
fact that among those pixels being decoded simultaneously,
some PEs will need to assign tha output tevel ¥, and others
will need to assign the output levet y,. In an SIMD system,
this could be implemented using data conditional masking. In
this case, a mask would be of the form:

where <data condition>
do<instructions 1)>elsewhere do<instructions 2>

Each PE would evaluate the <data condition> using data in
its own memory. Those PEs in which the condition is true
would execute <instructions 1>. Then the remaining PEs
would execute <instructions 2>. The time to execute the
"where-slsewhera” statement would be the sum of the
times to execute <Instructions 1> and <instructions 2>.
Therefore, instead of one output level assignment per pixel
as in the searial algorithm, it will most often be the case that
time for two assignments will be needed in the SIMD aigo-
rithm. If the fixed rate decoding is iImplemented as an MIMD
process with each PE asynchronously decoding its stripe of
the image, a speedup of N over the serial algorithm will be
obtained. The relative speeds of SIMD versus MIMD pro-
cassing for this task would depend on the actual architec-
ture implementation details.

The decoding operations in the variable rate methed
are shown in Figure 4. As in the variable rate coding, the
processing of 26-bit blocks requires more computation than
the processing of 8-bit blocks. However, whereas the
operations for coding to 8 bits were basically a subset of
the coperations to code to 26 bits, for the decoding process
entirely different operations are performed for the two
types of codes. In an SIMD system, this could be imple-
mented using “whera-elsewhere" statements. For the vari-
able rate decoding, unless all PEs were decoding biocks of
the same type, the time to decode one set of N blocks (i.e.,
one biock per PE) would be the time to decode a 26-bit
block plus the time to decode an 8-bit block. For this rea-
son, for decoding in the variable rate method MIMD process-
ing is praferable. Two allocation schemes are considered.

In the first MIMD decoding scheme, the coded data is
assigned in a manner corresponding to the data assignment
for coding (code for A line groups per PE). Because the
decoding of 28-bit blocks requires more computation than
decoding of 8-bit blocks, performance will vary as it did in
coding. Best and worst case performance will be analogous.

An alternative data allocation divides the coded bits
(as opposed to blocks) evenly among the PEs, this is dis-
cussed in [2].



it
number of bits = 26

then begin
compute output levels y, and y,
decode each pixel
end

alse
assign value of M, to each pixel

Figure 4. Staps to decode a block: variable rate schema.

Proposed Processor Architecture

In this section we will outline a possibla architecture
for the PE's that make up PASM's PCU. Based on this archi-
tecture we will estimate the number of processors (l.e., the
value of N) necessary to perform BTC at video data rates if
the block size is 4x4. As our benchmark we will assume an
image of §12x512 single byte pixeis is to be processed in
approximately 18 ms {this corresponds to video data rates
with no interlacing). Furthermore, we will assume currently
available component tachnology to implement the PE's. The
implementation of the Iinterconnection network will be
deferred--Its use is not central to the BTC algorithms.

A possible PE architecture is comprised of the foliowing
componants:

(1) A B84Kx18 bit dynamic memory.

(2) A third generation 16 bit microprocessor--our figures
will be based on Motorola's 68000 with a 10MHz clock.

(3) A high speed bipolar 4Kx16 bit static memory--our
analysis will be based on the 40 ns of Falrchild's
F93453 4Kx1 bit static memary chip.

(4) A high speed muitiply-accumulate chip {MAC)-~our
analysis wili be based on the 115 ns multiply-
accumulate time of TRW's TDC 1010 MAC chip.

The dynamic memory is organized as a two 32K buffers
to allow the double buffering described earlier. The 88000
manages the PE's internal activity and interaction with the
rest of the system Including the double buffering. The
68000 has a 16 Mbyte address space. The dynamic RAM
occupies the low 128K bytes and the static memory occu-
pies the next 8K bytes of address space. An additional four
words (8 bytes) follow the statlc memory area. The remain-
ing space is unused.

The MAC chip is intended to perform most of the com-
putation. Intermediate results are stored in the static
memory--it functions as a high speed scratch pad. Associ-
ated with the static RAM are four 16 bit registers that are
in the address space of the 68000 (see above). Two of
these indicate the starting addresses of two vectors of
contiguous words in the static RAM whose inner product is
to be formed by the MAC chip (the vectors may or may not
have memory locations in common). The third register

indicates the address at which to place the resuit. The
fourth register indicates how long the vector operations are
to be--for well formed vector operations only one "length”
ragistar is neadad. The 88000 can initlate the following
operations by the MAC chip on data in the scratch pad:

[M1]inner products between two vectors; time = 200 ns.

[M2]Element-wise multiplies between two vectors; time =
2001 ns.

{M3]5ummation of elements of one vector; time = 200! ns.

Where ! = number of words in the vector. The timing figures
assume that the movement of data batween the scratch
pad and the MAC chip is overlapped. Loading up a location
in the scratch pad must be done as a memory-to-memory
data move by the 68000. Typically, the time to do memory-
to-memory moves Is 2-3 us {assuming a 10MHz clock).

Examination of the coding and decoding algorithms (see
Equations 1 through 9) indicates that coding requires the
most computation and the time to perform it is thus the criti-
cal factor. Therefore, we shall examine it in further detail
with referance to the above proposed PE architecture.

To code a 4x4 block requires the following operations:

(1) To form 7, requires 15 adds, and one divide. The adds
can be done by the MAC chip (M3 with 1=15} in 3 us.
The divide is a 4 bit right shift. The shifting must be
done by the 88000 on a doubie word (the output of
the MAC chip). This will take about 4 us. Thus for one
block we can compute m., in about 8 us.

(2) To form i requires 16 multiplies, 15 adds, and one
divide. Again, using the MAC chip to form the sum of
squares (M1 with [=18) and the 68000 to perform the
divide by shifting resuits in a compute time of about 8
8.

(3) Yo form & raquires one multiply, and one subtract.
Again, using the MAC chip (M1 with [=2) results in a
compute time of about 0.4 us. The joint encoding of
the sample mean and sample standard deviation
requires that up to 7 bits of the standard deviation be
detemined from the above computed value of the sam-
ple variance, i.e., a square root operation must be per-
formed. The square root can be performed by table
lookup followed by a single iteration using the
Newton-Raphson algorithm. The table lookup requires
that 512 words of the scratch pad be loaded with
precomputed data. The most significant 8 bits of the
variance are used to refarence two words in the table.
The first contains a 4 bit approximation to the stan-
dard deviation and the second contains an approxima-
tion to the reciprocal of the standard deviation. These
can be combined using the MAC chip {one multiply and
accumulate--M1 with I=]). The 68000 is also
required to perform a 1 bit right shift (divide by two).
Adding the above steps together results in a total com-
puta time to extract the sample standard deviation is
about 2 us.

(4) To form the bit plane requires 18 comparisons. This can
be accomplished using tha MAC chip as a subtract unit
(M3 with {=1 repeated 16 times). The resulting com-
pute time is about 3 us.

(5) Cne last timing consideration needs to be taken into
account, and that is the time required to copy the
block into the scratch pad and to copy #, #i, and



the bit plane back tc the dynamic memory for transmis-
sion. This copying will be done by the 88000 and wilt
take about 8 us.

Assuming the image is already in the PCU's memory and thus
directly addressable by the microprocessors, the above list
of operations together with associated housekeeping
operations wiil take about 30 us. Since a 512x512 image
caontains 16K 4x4 blocks one PE will take about 0.5 5 to
perform the BTC algorithm an a complete frame. This figure
assumes a worst case situation in which every block must
be coded into 26 bits. Therafore, to meet our real-time con-
straint of video data ratas will require N=32 (to the nearest
power of 2) PE's.

Conclusion

This paper used the example of Block Truncation Cod-
ing to illustrate how parailel processing might be used to
help meet real-time constraints in image coding, such as the
need to process at video data rates. A PE architacture that
formed the basis of the multimicroprocessor system PASM
was outlined. Its proposed architecture was made up from
inexpensive off-the-sheif state-of-the-art components.
Timing figures derived from manufacturers specifications
indicated that a system with 32 PE's would meet the video
data rate requirement. The hardwara for such a system
would, therefare, be inexpensive. The use of multiple pro-
cassors will impact overall system cost much more signifi-
cantly at the software leval.
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