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Abstract—This paper introduces a mapping method for adding a
coarse grain (multiple pixels per processor) processing mode to
massively parallel cellular processor arrays. The main
motivation is to provide the fine grain pixel-parallel processor
array with the ability of processing images with higher
resolution than the array itself, in a way that is transparent to
the programmer. The proposed method accomplishes the
mapping work entirely during the code compilation process,
which has four main advantages. Firstly, there is no extra
overhead during processing. Secondly, the source code for fine
grain mode can be used in coarse grain mode without
modification. Thirdly, the proposed method does not introduce
any restrictions of the number of pixels stored in a processing
element. Finally, the proposed method is easy to implement, as
it does not require any modifications to the hardware design of
the pixel-parallel processor array or its controller, but only to
the software compiler. The mapping method and its software
implementation are presented in this paper.

I. INTRODUCTION
The current research into massively parallel cellular
processor arrays (CPAs), consisting of a great number of

Processing Elements (PEs), indicates that they can provide
significant advantages, in terms of both performance and
power consumption, in highly computationally demanding
image processing applications [1-6]. For a typical fine grain
cellular processor array considered here, the PEs are arranged
as a 2D mesh, as shown in Fig.1(a). Each PE contains several
registers as its local memory, ALU and other processing and
control circuits. Due to the constraints of the silicon area and
the fact that a large number of PEs is required, the number of
registers in each PE is limited to a small number, e.g. 64 bit
memory in [5], 34 bit memory in [3], 4 bit memory in [6], 5
analog and 4 binary registers in [2] and 9 analog registers in
[4]. Although pixel parallel processor arrays provide
significant performance advantages, the array sizes typically
implemented on a single chip are relatively small, e.g.
128x128 [4], 176x144 [2], restricting the size of the image that
can be processed. Therefore, some processor arrays are
designed to process images that have higher resolution than
the processor array itself, by storing and processing multiple
pixels (e.g. 8x8 [7], 4x1 [9]), in a single PE, as shown in
Fig.1(b). The emergence of 3D integration technology which
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Fig.1. Basic structure of a cellular processor array (P indicates pixels): (a) one pixel per processing element (fine grain), (b) multiple pixels per processing
element (coarse grain)
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involves stacking silicon wafers and verticall interconnections
using through-silicon-vias, potentially enhannces the memory
capacity of a CPA, providing the capability of storing a block
of pixels in a PE, while maintaining the relatively high
resolution of the processor array [8].
One method for a pixel-parallel cellulaar processor array
processing an image with higher resolution relies on splitting
the image into small windows to fit the sizee of the processor
array. The image can then be processed winndow by window.
However, as a concomitant, the boundary eeffects have to be
carefully considered. Alternatively, soluttions that allow
processing of multiple pixels per PE could bbe employed. For
example, a method mentioned in [9] stores foour pixels in a PE,
which enables a 32x128 processor array to process 128x128
images. However, such schemes usually involve specially
designed hardware and elaborate applicationn source code (as
compared with one based on simple pixxel-parallel array
operations). Also, the hardware mapping meethod may provide
restrictions on the number of pixels processedd in each PE.
In this paper we will refer to a fine grainn processing mode
when a cellular processor array is allocated one pixel per PE,
and a coarse grain processing mode when a processor array is
used to process multiple pixels per PE.
This paper introduces a Coarse Grain Mapping Method
(CGMM) that provides fine grain cellular processor arrays
with a coarse grain processing mode, introduucing a systematic
software approach to processing large imagess on a small CPA.
The proposed method has a number of advanntages. Firstly, the
mapping procedure itself does not prooduce any extra
computational overhead for the processor arrray. Secondly, the
source code written for the cellular processorr array working in
the fine grain mode can be used in coarsse grain mode to
process larger images. Thirdly, the proposed method is able to
achieve much more flexibility, processing aany form of pixel
distributions, e.g. 2x2, 4x4, 2x8 pixels per P
PE, which is only
limited by the number of registers in each PE. Finally, this
function is accomplished purely by the com
mpiler at compile
time. It does not require any modification to the hardware, but
only software compilers.
II. COARSE GRAIN MAPPING METTHOD
To process an image with a higher reesolution than the
processor array itself, a method to store tthe image in the
cellular processor array needs to be establisshed. To simplify
the explanation, four assumptions are madee: (1) The size of
the PE array is NxM; (2) each PE has severral registers Ri, i
1, 2, 3, 4 … NR ; (3) Each PE can comm
municate with its
neighbours; (4) Each PE has the ability to implement basic
operations such as add, subtract, load, etc.
There are two ways of storing a biggger image (e.g. a
256x256 image) in a smaller processor arraay (e.g. 128x128)
while maintaining the spatial distribution oof pixels amongst
processors. The first one is that each regiister stores a sub
window of the image, e.g., register R1 storres the upper left
part of the original image, as shown in Fig.2(b). The second
one is that each PE stores a sub window oof the image, e.g.
PE(0,0) of processor array stores Pixel(0,0) of original image
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Fig.2. Two different pixel distribution methods:
m
(a) is the original
256x256 image that needs to be distributted into 4 128x128 registers,
e.g. R1, R2, R3 and R4; (b) shows the meethod that each register stores
a sub window of original image; (c) show
ws the method that each PE
stores a sub window of orriginal image.

in register R1, Pixel(0,1) in R2, Pixell(1,0) in R3 and Pixel(1,1)
in R4, as shown in Fig.2(c).
nctional storing method is
The basic requirement for a fun
that each pixel can access its neighbours conveniently
(without any long distance commun
nication). If each register
stores a sub window of the im
mage, the original pixel
connections at the sub window bou
undaries are lost. In other
words, the boundary pixels cannot find their neighbours in
their own PEs or the PEs around, e.g., the Pixel(127, 127) is
stored in register R1 of PE(127, 127),
1
while its neighbour
Pixel(127,128) is stored in R2 of PE
E(127, 0). These boundary
issues, appearing at the connections of the four sub-windows,
require long distance communiccation to solve. It is
cumbersome at best and carries a laarge overhead on a typical
cellular processor array, which may
y lack the necessary long
distance communication mechanisms. Consequently, the
method whereby each PE is storing a small window of original
image (Fig.2c) is used in the CGM
MM, because it can ensure
that the neighbours of a pixel are always stored in a
neighbouring PE. It should be noted
d here, that the size of the
images that can be stored in the proccessor array is only limited
by the number of PE registers. Also, the distribution method is
completely flexible. For example, thee group of pixels stored in
a PE could be distributed as 1x3, 2x
x1 or 4x4 arrays to fit the
size of input images of 128x384, 25
56x128 or 512x512 pixels
respectively. The CGMM in gen
neral does not put any
restriction on the size of the processsor array, the number of
registers, and the pixel distribution
n method. However, the
hardware constraints will limit the av
vailable pixel distributions
in practical cases.
d
into registers,
After the processed image is distributed
pixel communication with the neigh
hbours becomes a critical
issue. For example, assume four pix
xels stored in one PE are
distributed as a 2x2 array into registeers R1, R2, R3 and R4, as
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Instructions in Coarse Grain Processor Mode
using CGMM:
//Group Definition
A = RegisterGroup( , , , );
B = RegisterGroup( , , , );
// End Definition
...
B = FetchEastNeighbour(A);

Fig.3. 2x2 pixel distribution map. The pixels are stored in registers
R1, R2, R3 and R4;
,
,
,
indicate the four direct
neighbours of
;
,
,
,
indicate the four
indirect neighbours of
.
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Elaborate operations for register
group
Operations for the registers in register
groups:
=
=
=
=

FetchEastNeighbour(
FetchEastNeighbour(
FetchEastNeighbour(
FetchEastNeighbour(

);
);
);
);

Look up the pixel distribution map
Elementary operations running on the
processor array:
=
;
= shift.west ( );
=
;
= shift.west( );
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Fig.4. Example pixel distribution maps: (a) 1x3, (b) 2x1.

shown in Fig.3. When communicating with the neighbours,
the western neighbour of pixel R2 in PEO is pixel R1 in PEO ,
while the western neighbour of pixel R1 in PEO is pixel R2 in
PEW . For different pixel distribution methods, the rules of
fetching pixels' neighbours are completely different. In order
to maintain the flexibility of CGMM, a universal neighbour
fetching method is required.
Once the pixel distribution method is confirmed before
compilation, a Pixel Distribution Map (PDM) is created
automatically according to the pixel distribution method (such
as the one shown in Fig.3 for 2x2 sub-window distribution). A
PDM, containing all the pixels in the communication range
of PEO , provides a neighbour fetching index. When there is a
pixel communication, the compiler always checks in the PDM
to locate its neighbours first, and then uses the returned
parameters to fetch these neighbours. For example, assume an
image A is stored in registers R1, R2, R3 and R4 as shown in
Fig.3, and the task is to fetch each pixel’s eastern neighbour
and then store the new image B in registers R5, R6, R7 and R8

Fig.5. Instruction compilation process for fetching a register’s
eastern neighbour for the example distribution in Fig.3.

respectively. The whole process is illustrated as follows. For
register R1, the compiler would first locate register R1 of PEO
in PDM. Then it will check the eastern neighbour of register
R1 of PEO , record the register's name (e.g. register R2) and
which PE it belongs to in the PDM (e.g. PEO ). According to
these two parameters, each register (R1, R2, R3 or R4) will
find its eastern neighbour automatically, and its value will be
loaded to their target registers respectively, e.g. R5 loads the
value stored in R2 of PEO ; R6 loads the value in R1 of
the PEE ; R7 loads the value stored in R4 of PEO ; R8 loads the
value stored in R3 of PEE . As a result, the image shifted by
one pixel to the west is stored in registers R5, R6, R7 and R8.
When processing the images with different sizes (e.g.
128x384 or 256x128), new PDMs, e.g. as shown in Fig.4, are
generated according to the image sizes while the neighbour
fetching procedure remains the same. This feature makes the
proposed mapping method more flexible than other mapping
methods, such as the one used in [9] which restricts the pixels
in each PE to a 4x1 array.
An instruction, such as fetching every pixel’s eastern
neighbour, is elaborated to several elementary operations (four
in the previous example) when operating in coarse grain
mode. The basic requirement is that this process should be
abstracted away from programmers. A programmer could
write code representing pixel-parallel (fine grain) array
operations such as B = A (copy pixel array A to pixel array B)
or B =FetchEastNeighbour(A) (copy array A to B while
shifting it one pixel to the west), while in the coarse grain
mode, this one instruction should be automatically translated

(a)
(b)

Downscale

(c)

(d)

(e)

(f)

(g)
Upscale

(h)

(i)

( j)

(k)

Fig.6. Multi-scale propagation process. (a) is the full rresolution image; (b)
is the coarse resolution image; (c), (d), (e), (f), and (gg) indicate the coarse
resolution propagation process, while (g) is the ressult of the coarse
resolution propagation; (h), (i), (j) and (k) demonstratte the full resolution
propagation process; (k) is the final result of the multti-scale propagation
result in this example.

to n different elementary operations for n pixxels stored in each
PE, according to the pixel distribution meethod. To achieve
this, a concept of a register group is introduced. A register
group is defined as a group of registers that are always
processed by the same instruction. Based onn this concept, the
four elementary operations used to fetch easstern neighbour of
image A in the example above can be reppresented by one
instruction.
EastNeighbour(A),
A single instruction, e.g. B = FetchE
generates different ICWs for a particular C
CPA according to
different processing modes. If the CPA iss working in fine
grain mode, this single instruction will trranslate into one
elementary operation, which loads a regiister into another
register, while shifting that register to wesst. If the CPA is
working in coarse grain mode, this instructtion will translate
into several elementary operations, 4 in the pprevious example,
using CGMM, which load several registers innto other registers
respectively, according to the given distribbution method, as
shown in Fig.5. The ICWs can then be geenerated for these
elementary operations, according to the ICW
W elaboration rules
for a particular CPA. Due to the fact that CGMM is a preprocessing mapping method implemented at the compiling
time, it does not require any hardware moddification, and can
be used for any fine grain cellular processor aarray.
III. TRIGGER-WAVE PROPAGATION IN THE COARSE GRAIN
MODE
A trigger-wave propagation [10], widelly used in image
processing algorithms, could be directly aapplied to coarse
grain mode using CGMM if a synchhronous, iterative
propagation method is used. However, takking advantage of
the fact that each PE can store more than onne pixel in coarse
grain mode, the processing speed of syncchronous trigger-

(b)
(a)
Fig.7. An example of images where the coarse
c
propagation can only
provide limited speedup. (a) is the originaal full resolution image, (b) is
the coarse image. Because of downscalin
ng, the line connecting two
regions disappeaars.

wave propagation can be boosted by a multi-scale
propagation process. Instead of propagating binary waves in
on can start in the coarse
the full resolution image, propagatio
resolution image to obtain an approximate
a
result first.
Furthermore, this also enables asyn
nchronous propagation on
the coarse scale, and then iterrative synchronous full
resolution propagation could be ussed to obtain an accurate
boundary.
Following is an example of this process
p
(Fig.6). Assuming
that a 20x20 image is processed on a 10x10 CPA using
propagation, and the original image is stored in registers R1,
R2, R3 and R4, the process is elab
borated as follows. (1) A
coarse image (stored in register R5)) with the same resolution
as the processor array is created (Fig
g.6(b)). The value of each
pixel in this coarse image is the resullt of the AND operation of
the 4 pixels of the original image stored in this PE. (2) This
coarse image is used to carry
y out the propagation
(synchronous or asynchronous) (F
Fig.6(c-g)). Due to the
downscaling, this propagation will not provide an accurate
result. (3) The coarse image is upscaled to the original
resolution (Fig.6(h)). (3) Several single pixel propagation
steps (operating on the original im
mages using CGMM) are
used to obtain the accurate result (Fig.6(i-k)).
(
Step (3) will
terminate when there is no pixel being propagated during a
single step of synchronous propagation.
Although this multi-scale propagation process is faster
compared with normal synchronous propagation, the increase
can be small in some particular situations. For example, as can
be seen from Fig.7 when an objeect consists of two large
regions connected by a thin line and the propagation is
triggered within one region, only a part of the object can be
reconstructed through the coarse im
mage propagation because
after downscaling the thin line will disappear.
d
A large number
of synchronous propagation step neeeds to be used to propagate
through the other region via the connecting line, which
decreases the speed efficiency. A possible solution to this
problem could be a speculative co
oarse propagation within
disjoint regions, but this is a subject of
o further research beyond
the scope of this paper.
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Fig.8. An example APRON source code: (a) Sobel edge detector; (b)its elementary operations generated using CGMM. The overhead part of the program
is shown in the red frame in (a). In this example, each PE stores 1x2 pixels. When the pixel distribution method changes, only the lines in the frame need
to be changed. When the program is running in coarse grain mode, after compilation, the source code between #start and #end will translate to the
elementary operations shown in (b). The code after #start in (a) is the same as the code used in fine grain mode (which would use a straightforward
mapping, e.g. A = R1, B = R2, C = R3, D =R4, E=R5).

IV. SOFTWARE IMPLEMENTATION AND SIMULATION RESULT
The CGMM was implemented using APRON software
[11] which provides an integrated development environment
for code development and cellular processor array emulation.
Simulation results were obtained based on the APRON
implementation of ASPA [5] processor model, with extended
local memory. An example program of Sobel edge detector is

shown in Fig.8(a) (detailed information about Sobel edge
detector can be found in [12]). The source code for the coarse
grain mode is only adding several lines (shown in the frame in
Fig.8(a)), which define: (1) the processor array works in
coarse grain mode; (2) custom definitions of the pixel
distribution method for each PE; (3) five register groups. The
program can be converted back to fine-grain mode by simply

Table I. Number of elementary operations that are generated for different algorithms running on a 128x128 fine grain processor array (ASPA model
modified) in different processing modes for images with different sizes
Sobel’s Edge Detector
Game of Life
Skeletonization
Hole Filling
128x128 Processor Array
17
71
33
13
in Fine Grain Mode
128x128 Processor Array
in Coarse Grain Mode &
68
230
117
43
256x256 Images
128x128 Processor Array
in Coarse Grain Mode &
136
442
229
83
512x256 Images
128x128 Processor Array
in Coarse Grain Mode &
272
866
453
163
512x512 Images

deleting this additional code. When the source code is running
in coarse grain mode using CGMM, the actual elementary
operations are shown in Fig.8(b). Note that after compilation
the increase of instruction length is completely caused by the
increase of the resolution of processed images.
The elementary operation counts for several programs
executing on a 128x128 processor array processing various
sizes of images are shown in the Table I. As one can easily
calculate from Table I, the number of elementary operations
increases proportionally to the image size, i.e. the CGMM
does not introduce any overhead for the hardware. In fact,
some optimisations of the common sections of the code are
possible, that further reduce the length of a program in the
coarse grain mode (as can be seen in Game of Life,
Skeletonization and the Hole Filling algorithms). It can also
been seen from Fig.8(b), that not all the instructions are
translating to two elementary operations.
V. CONCLUSION AND FUTURE WORKS
In this paper, a simple coarse grain mapping method is
introduced. Utilizing the proposed method, a pixel-parallel
cellular processor array can process bigger images without any
change of the hardware, assuming the processor array has the
adequate local memory resources. All the mapping work is
automatically completed by the compiler. Programs written
for fine grain mode can be easily used in the coarse grain
mode without modifications. The results indicate that the
proposed method does not introduce any extra overhead at the
processing stage. The only requirement is a sufficient number
of registers in each PE to handle the operations on multiple
pixels per PE.
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