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ABSTRACT

Image data compression techniques are an important class of image processing
algorithms. Data compression techniques are used in both the efficient storage
and transmission of pictures. The implementation of an image coding algorithm
known as Block Truncation Coding (BTC) on the PASM parallel processing system
is presented. Two forms of BTC are considered, onc where the outpul of the
encoder is fixed length and another where the cutput is variable length. Both
the SIMD and MIMD modes of parallelism are considered. The serial and paraliel
complexities of the coding algorithms are analyzed and compared. The poten-
tial for using a parallel processor Lo meet real-time constraints in image data
compression is illustrated.

1. INTRODUCTION
Image data compression is an important disciphne thal is finding growing

application in such diverse areas as video data transmission, lhe archival
storage af images, the slorage and transmission of weather satellite data, and
remotely piloted vehicle imaging. Characteristic of image data compression
problems are large data sels and a large number of arithmelic operations that
in principle can be performed concurrently. In meny applications real-time
constraints require very high processing rates when coding (decoding) an image
for data compression (reconstruction). In view of the polential concurrency in
the coding problem, using a parallel pracessing computer having a large number
of processors appears Lo be the most natural solution. Traditionally, the cost of
such machines has prohibited their consideration, however, recent advances in
VLS! circuit technology have made such architectures feasible. In paper the
detailed design of a data compression algorithm to perform Block Truncation
Coding (BTC) for a parallel processing computer. PASM, is presented. The rate
at which BTC can be performed is shown Lo increasc with the number of proces-
sors In approximately a linear fashion. Thus any real-time constraints can be
met if a sufficient number of processors are available.

11. BLOCK TRUNCATION CODING

B1C [1.2) is a data compression scheme based on applying a block adaplive
two-level (onc bit) moment-preserving quantizer Lo image data [3]. BTC has
proved to be very compelilive with classical transtorm coding techniques, such
as the Chen and Smith cosine transform algorithm. as far as image quahity [4.5].
The basic BTC algorithm requantizes nan nonoverlapping blocks of pixels in an
image into two gray levels. These gray levels are chosen such that the sample
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mean and mean aquare value (or sample standard deviation) are identical with
the original nzn block.

One proceeds by first dividing the original picture into nzn blocks (we have
used n=4 for our examples). Blocks are the 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 2,,zs.....7s be the values of the pixela
in a block of the original picture. Let

1 &
mo= B & (1)
{=1
be the first sample moment
- L &oa
My = x & E)
be the second sample moment and let
o"=m, - m)

be the sample variance.

As with the design of any one bit quantizer, we need to find a threshold and
two oulput levels lor Lthe quantizer. We have chosen the sample mean as.the
threshold [or Lhis application. Other choices of thresholds are discussed in [1,2).
Therelore if

z=mT,  outpul = Y (@)
or
<M, outpul =1y,
fort =1,..k
where

y1 ond yg ore 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 the following
equations:

Let ¢ = number of x/'s greater than T,
¥e then have
By = (k=g + qVa 3

kg = (k—q)yt + qui

Fquation 3 is readily solved for y, and y;:
[ i
ﬂ|=ﬂ|-vlzﬁ;]! (4)
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Ya=M + 0

1
k—gll
g

Each block is the described by ft, , 2, and an nzn bit plane consisting of 1's
and 0's depending on whether a given pixel is above or below ft,. The receiver
(decoder) reconstructs the image block by caleulating i, and ya from Fquation 4
and placing those values in accordance with the bits 1n the bit plane.

For each 4x4 block the output of the encoder consists of the quantized sam-
ple mean and sample standard deviation and a 16 bil "bit plane” (represented by
1 bit/pixel). The sample mean and sample standard deviation are jointly quan-
tized Lo 10 bits using an empirically derived quantization scheme detailed in (2}.
This scheme is based on the lact that if 1, is very small or very large then 2 will
be small and hence we can assign fewer bits to 8. Therefore, the original 18 pix-
els are represented by 28 bits or 1.625 bits/pixel compared to 8 bits/pixel in the
uncoded state. A variable length encoding extension of B1C exists which can
yield a further compression by represcnting those blocks where Lthe sample
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 Lo be
reduced to a value between 0.5 bits/pixel and 1.625 bits/pixel. The exact rate
with depend upon the number of blocks in a given image that meet the small
variance condition. In empirical Lests with high resolution aerial reconnaissance
images the percentage of blocks meetling this condition were about 10X. For
“head and shoulder” face images the number of blocks meeling the small vari-
ance condition can be as high as 30X. We are of course paying for this reduction
in data rate by having the output of the encoder for each block be sometimes 26
bits and at other times 8 bits. This can cause problems when channel noise is
present.

The BTC decoding algorithm consists of Laking Lthe 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, yg, and substituting for those less than the sam-
ple mean the gray level value, y,. such that the sample mean and sample stan-
dard deviation are the same as the original block of pixels [1). The recon-
structed image appears slightly enhanced but does not look block-like, as would
be expected, because the brightness has been preserved.

Let us quickly review the basic BTC encoding algorithm:
(1) The image is divided in small non-overlapping blocks such as 4 x 4.
(2) The first and second sample moments are computed.

(3) A bit plane is constructed such that each pixel location is coded as "one" or
a "zero” depending on whether that pixel is grealer Lthan m,.

(4) The bit plane, m,. and @ are sent to Lhe receiver.

(5) The picture block is reconstructed such that m, and 2 (alternatively m,) are
preserved. That is pixels in the bit plane that are "0" are sel to "y," and Lthe

“1'8 are set Lo "ys" as in Equation 4. For example, suppose a 4 x 4 picture
block is given by the following:

121 314 66 47
87 200 247 255
=168 0 12 189
43 5 7 261

80
m, = 08.75
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v = 92.95
g=7

and
wnWw=187=2 17

Yy = 204.2 = 204

the bit plane is:

K-
OO = -
co=~o0
- — - &)

The reconstructed block becomes:

204 204 17 17
17 204 204 204
17 17 17 204
17 17 17 204

and the samplc mean and variance arc preserved.

BTC has been used successlully Lo code various Lypes of pictures including
aerial reconnaissance images, multilevel graphics, and video signals using a mul-
titemporal exlension of BIC. A variation of BTC has also been uszed in speech
coding al low bil rates.

11l. PASH OVERVIFW

Two Lypes of parallel processing systems are SIMD and MIMD. SIMD (single
instruction stream-multiple data stream) machines [7], such ad INiac IV 8] and
STARAN [9]. typically consist of a sel of N processors, N memories, an intercon-
neclion network, an a control unit. The control unit broadcasts instructions to
the processors, and all enabled {"turned on”) processors exccute the same
instruction at the samc time. Fach processor execules inslructions on a
separate dala stream. The interconnection network allows interprocessor com-
municalion. An MIMD (multiple instruction strcam - multiple data strcam)
machine [7] also typically consisls of N processors, N memorics, and an inter-
conncclion nelwork, but cach processor can lollow an independent instruction
stream (e.g.. C mmp [10] and Cm*® [11]). As with SIMD architectures, there Is a
multipte dala strecam. PASM is a partitionable SIMD/MIMD multimicroprocessor
systemn being designed for image processing and pattern rccognition applica-
tions [6]. It will consist of N processors which can be structured as one or more
independent SIMD and Zor MIMI machines, where N is a power of two and may be

‘as large as 1024

Figure 118 a block djagram overvicw of the PASM system. The heart of the
PASM system is Lhe Paraliel Computation Unit (PCU), which conlains N proces-
sors, N memory modules, and an interconnection network The Micro Controll-
ers arc a sel of microprocessors which acl as Lthe control units for the I’CU pro-
cessors in SIMD mode and orchestrate Lhe aclivities of the I'CU processors in
MIMD mode. Control Storage contains the programs for Lthe Miero Controllers.
The Memory Management Systern controls the loading and unloading of the PCU
memory modules. The Memory Storuge System stores Lhese files. 1t consists of
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Figure 1. Block Diagram Overview of PASM.

multiple secondary storage devices connected in a fashion that will allow parallel
loading /unloading. The System Control Unit is a conventional machine, such as
a PDI’-11, and ig responsible for the overall coordination of the activities of the
other componcnts of PASM.

The organization of the PCU is shown in Figure 2. The PCU processors are
microprocessors that perform the actual SIMD and MIMD computations. The
PCU memory modules are used by the PCU processors for data storage in SIMD
mode and both data and instruction storage in MIMD mode. A pair of mcemory
units is used for each PCU memory module so Lhat data can be moved between
one memory unit and secondary storage while the PCU processor operates on
data in the other memory unil (double buffering). A processor and ily associated
memory module are termed a processing clement (PL). The interconncction
nelwork provides a means of communication among the PCU's PH's. Either Lhe
Augmented Data Manipulator network [12] or the Goneralized Cube Network {13}
will be used in PASM.

This brief summary of the PASM organizalion is provided as background for
the following scetions. For further details of Lhe system architecture, sce the
references indicated.

IV. PARALLEL BLOCK TRUNCATION CODING

Coding
Parallel implementalion of BTC on PASM is divided inlo Lwo cases. The fixed

bil rate metlhod is structured as an SIMD process. For the variable rate method,
both SIMD and MIMD implementations arc examined.

For dala comprassion (coding) under both mcthods, an Image having 1 A N
lines (A N "line groups”), A< 1, will be allocaled Lo the PEs such that PE i holds
line groups A i through A (i+1)-1, 0 < i < N. Each PE will therefore hold complete
4x4 blocks, and will not need data from any other PEs. For smaller images
(number of hine groups < N), the most efficient approach Lo coding will be Lo usc
the partitionabilily of PASM, allowing several iimages Lo be processed in parallel.
The partition sizes will be chosen so thal cach Pk holds at leasl one line group.
In both cases (number of line groups < or > N}, the double buflering of the PASM
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Figure 2. PASM Parallel Computation Unit.

memories will be used so that while onc image is being processed, another can
be obtained from the Memory Storage System.

For fixed rale coding PASM will opcrate in SIMD mode with each PE simply
performing the BTC algorithm on its portion ("stripe”) of the image. That is, all
PEs will execute the same BTC algorithm in lockstep, following Lhe same Instruc-
tion stream; each PE will process a different stripe of the image. Because all
PFEs will code the same number of blocks and because no tnter-PE communica-
tions are needed, the execution Lime for the SIMD algorithm on an N-PE machine
will be 1/N-th that of the serial algorithm.

For the variable rate scheme, more operations are required to code a block
to 28 bits than Lo 8 bits, so different PEs may not be performing the same coding
operations. Figurc 3 shows the Now of compulations for the varlable rate coding.
The number of opcrations performed to generate the 8-bit code I1s a basically
subset of the operations Lo generate the 26-bit code. In an SIMI) machine each:
PE would execute the operations appropriate for the block which it is coding.
This could be implemented using data conditional masks Lo enable and disable
PEs. A mask statoment of the form:

where<data condition>do<instructions>

would cause cach PE to evaluate the <data condition>, using Lthe data in its own
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memory. Only those PEs in which the condition was true would execute the
<instructions>; the remaining PEs would be disabled until the next block of
instructions was broadcast from the control unit. Therefore, although less time
is required Lo generate the B-bit code, in an SIMD implementation the time to
generate the 268-bit code would be required any time even one PE needed to gen-
erate the 28-bit code.

compute m,, ., 2°

if 2°~0 then code 1, /* 8-bit code */
else begin /* 26-bit code */
compute B

construct bit plane
code m, and o
end

Figure 3. Steps to code each block using variable rate scheme.

Consider the best and wors\ 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
different line group. The best case will occur when the data is such that when-
ever any PE generates an 8-bit code all PEs generate an 8-bit code. In this case,
a factor of N speedup over the serial algorithm will be obtained. however, in
actual images, this situation will rarely oxist. The worst case performance will
occur when Lhe data is such Lhat at any point in the algorithm, at least one PE is
generating a 26-bit code. Let B be the number of blocks in the images; a the
percent of B-bit blocks, (1-a) the percent of 26-bit blocks, ¢ the time to gen-
erale an 8-bit code, and tg the lime to gonerate a 26-bit code. Then the serial
execution time will be:

Ti1=lats + (1 - a)tz)d.

The worst case N-PE SIMD execution time will be:
TN'—"QB/ N

and the speedup will be:
T/ Tuulaty/ teg + (1 — a))N. (5)

Four typical aerial reconnaissance pholographs were analyzed for the pur-
pose of delermining the usage of the B-bit and 26-bit codes. Evidence from
these pictures indicates thal a m~ 10%, and that for any given column, it is likely
that at least one PE will need to generate a 26-bit code. The low variance blocks
tended Lo occur primarily near the edges of the image, and were clustered in
groups of four or five blocks. Therefore, except possibly for coding along the left
and right edges of the picture, it is likely that tor any given column of the image,
at least one PE will be generating a 28-bit code. PEs generating an B8-bit code
will be idie for the extra time required by Lhe slower coding scheme. Despite
this disadvantage of SIMD processing, the speedup for a = 0.1 i greater than
90% of N.
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In lerms of specdup, the absolute worst case for the SIMD mode of process-
ing will occur for an image where 1/N of the blocks generate a 26-bit code, and
these blocks are distribuled so Lhal whenever one PPK is generating a 26-bil
code, all others need only to generate an B-bit code. Under this pathological
worst case percentage mixture and dala distribulion, speedup will be:

T/ Tn“(tg/ t20)N.

Because SIMD processing will rarcly be able Lo take advantage of the
shorter time needed to code a block to B bits, MIMD operalion is considered,
with cach PE coding the blocks in its portlion of the image asynchronously with
respeet Lo the olther Phis. Best cose porformance will nccur when the low vari-

‘ance blocks occur in the image in such a way thal Lhey are evenly distributed

among Lhe PEs. ‘The 8-bit blocks need not be in Lhe same column of the image
for Lthe savings in execulion lime lo be realized. U each PE holds the same
number of 8-bit blocks, Lhe total cxceution time will be the same for all PEs, and
for such images, execulion time of the N-PE MIMD algorithm will be faster than
the scrial algorithm by a lactor of N. Worsl case performance will oceur if all of
the blocks in some 1K require Lhe 26-bit code. The coding of the image will nol
be complcted until that PE has finished; meanwhile, the remaining PRs will be
idie. The worst case speedup for a given a will be given by Liquation b. Thus the
best and worst case speedups will be the same as for the SIMD algorithm. How-
ever, because the requircments on Lhe relative placement of Lhe B-bit blocks'is
less stringent for good speedup under the MIMD approach. for recalistic images
the MIMD algorithm will in general be faster than Lhe SIMD algorithm. Moreover,
for any given image, the SIMD algorithm will never be faster Lhan Lhe MIMD algo-
rithm. Any dala digtribution thal will improve the speed of the SIMD algorithm
will also improve the speed of the MIMD algorithm  The converse is not true. For
this reason, for variable rate coding, the MIMD implementation melhod will be
preferable. The exact difference belween the SIMD and MIMD execution times
for a given image will be a function of factors such as data distribution, a, and
system architecture implementation details.

Dacoding

For decoding under the fixed rale scheme, Lhe code is assigned to Plis in an
analogous patlern to Lhe dala assignment for coding. Fach PE holds code for A
line groups, corresponding to 4 A image lines. If SIMD processing is used. each
PE decodes its portion of the image, however speedup will be shightly less than a
factor of N. This Is a result of the fact thal among those pixels being decoded
simultancously, some PPks will need Lo assign Lhe oulpul. level ya. In an SIMD sys-
tem, this could be implemented uging data condilional masking. In this case, a
mask would be of the form

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

Fach PE would evaluate the <dala condition> using data in its own memory.
Those PEs in which Lhe condition is true would execule <instructions 1>. Then
the remaining PFs would execute <instructions 2>. The time Lo exccute the
*where-clsewhere” statement would be the sum of the limes to execule
<instructions 1> and <instruclions 2>. Thorefore, instead of one output level
assignment per pixel as in the serial algorithm, 1L will most often be Lhe case
that time for two assignments will be nceded 1n the SIMD algorithm. If Lhe fixed
rate decoding 18 implemented 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 ol SIMD versus MIMI) processing for Lhis task
would depend on the actual architeclure implementation details.

The decoding operalions in Lhe variable rate method are shown in Figure 4.
As In the variable rate coding, the processing of 26-bil blocks requires more
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compulation than the processing of 8-bit blocks. However, whereas the opera-
tions for coding to B bits were basically a subset of Lhe operations to code to 26
bits, for the decoding process entirely different operations are performed (or
tho lwo types of codes. In an SIMD system. this could be 1mplemented using
“where-vlsewhere" statements. For the variable rate decoding. unless all Pbs
were decoding blocks of the same type, the time lo decode one sct of N blocks
(i.e., one block per PL) would be the Lime Lo decode a 26-bit biock plus the time
to decode an B-bit block. For this reason, for decoding in the variable rate
method MIMD processing is preferable. Two allocations schemes are considered.

if number of bits = 26
then begin
compute output levels y, and y,
decode cach pixel
end
elge assign value of m, to cach pixel

Figure 4. Steps Lo decode each block under the variable rate scheme.

In the first MIMD decoding schome, the coded data is assigned 1n a manner
corresponding o the dala assignment for coding (code for A linc groups per I’E).
Because the decoding of 26-bit biocks requires more computation Lhan deceding
of 8-bit blocks, performance will vary as il did in coding. Best and worsl case
performance will be analogous.

An allernative data allocation divides the codued bits (as opposed Lo blocks)
evenly among the PEs. This scheme will reduce the possible imbalance in com-
putation among the PEs, since Pks holding primarily 26-bil blecks will hold and
decode fewer blocks Lthan PEs holding a large number of B-bil blocks. For exam-
ple. a PE holding only 26-bit blocks will decode approximately one-third as many
blocks as a PE holding only 8-biL blocks. Kach PE will receive complete block
encodings. i.¢., the bits representing a block will not be split across Lwo Pks.
One way Lo accomplish this is to include with each cncoded image a count of the
number of 8-bit and 26-biL encodings. This information can be used to estimalte
the total processing lime required and to guide Lthe data allocation when the
encoded image data is read into the parallel secondary sterage units (or directly
into the PCU memory modules, via the primary/secondary storage bus system,
in a real-time application).

For images having a very irrcgular distribution of low variance blocks, this
bit-based allocation will help Lo equalize Lthe execution Lime of the PEs. low-
ever, Lthe scheme may have an additional overhead of restoring the image line
struclure alter decoding 1s completed. ‘The extent of Lhis overhead will depend
on Lhe next task for which the dila will be used. If the decoded image is Lo be
displayed on a device with a word scrinl input channel, there will be no addr-
tional overhead. The data from the PEs will just be read inlo Lhe device in
sequence, either after being written back into the secondary slorage system or
direcll;r from the PCU memory modules {using the primary/secondary slorage
busses).

V. CONCLUSION

Ways in which Lhe PASM parallel processing system can be used to perform
two lypes of BIC have been presented. Both SIMD and MIMD algorithms have
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been considered. Due to the fact that each block of the image Is processed
Independently, no inter-processor communication or synchronization is needed,
and so, on the average, the MIMD approach will be faster than the SIMD. The
parallel algorithms described here are not limited to PASM. They could be used
with any SIMD or MIMD system.

Future work will include a closer look at the processing rates demanded by
real-time coding/decoding at TV framc rates, and how this impacls the algo-
rithms used by the memory management system (see Figure 2).

V1. REFERENCES

[1]  E. J. Delp and 0. R. Mitchell, “image Compression Using Block Truncation
Coding.” /EEFE, Trans. on Communications, Vol. COM-27, No. 9, Sepl. 1879,
pp. 1335-1342.

[2) 0. R Mitchell and E. J. Delp, "Multilevel Graphics Representation Using
Block Truncalion Coding,” Proceedings of the IEEE, Voi-6B, No. 7, July
1980, pp. B88-873.

(3] E.J. Delp and 0. R. Mitchell, “"Some Aspects of Moment Preserving Quantiz-
ors.” IEEE Communications Society’s International Conference on Com-
munications (ICC), June 1979, Hoston, pp. 7.2.1-7.2.5.

(4] ©O.R. Mitchell, S. C. Bass, E. J. Delp, T. . Goeddel and T. S. Huang, "Image
Coding for Pholoanalysis,” Proceedings of Sociely for Information
Display, Vol. 21, No. 3, 1980, pp. 279-292. .

[5) W. H. Chen and C. H. Smith, "Adaptive Coding of Monochrome and Color
Images,” JEEE Trans. on Communications, Vol. COM-25, No. 11, Nov. 1977,
pp. 1265-1202.

(8] H.J. Siegel, L. J. Siegel, F. C. Kemmerer, P. T. Mueller, Jr., H. E. Smalley,
Jr.. and S. D. Smith, "PASM: A Partitionable SIMD/MIMD System for Image
Processing and Patiern Recognition,” /EEE Trans. on Computers, Vol. C-
30, Dec. 1981.

[?] M. J. Flynn, "Very high-spoed computing systems," Froc. [EEE, Vol. 54,
Dec. 1966, pp. 1901-1908.

8] W. J. Bouknight, et al., "The llliac IV system,” Proc. /EEE, Vol. 80, Apr.
1972, pp. 369-348.

(9] K. E. Batcher, "STARAN paralicl processor system hardware,” AF/PS 1974
NAT1. Comp. Conf., Vol. 43, May 1974, pp. 405-410.

{10] W. AWuf and C. G Bell, "C.mmp - a multi-miniprocessor," AFIPS 1972
FJCC, Dec. 1872, pp. 785-777.

{11] R. J. Swan, S. H. Fuller, and D. . Siewiorck, "Cm®*: a modular multi-
microprocessor,” AFIPS 1977 Nat'l. Comp. Conf., June 1977, pp. 837-644.

[12] MN. J.Siegel and R. J. McMillen, "Using the augmented data manipulator
network in PASM,” Computer, Vol. 14, Feb. 1981, pp. 25-33. ’

[13] H. J.Siegel and R.J. McMillen, "The multistage cube' a versatile intercon-
nection network,” Computer, Lo appear.

900



