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An SIMD Array of Analogue Microprocessors
for Early Vision

Piotr Dudek and Peter J. Hicks, Member, |IEEE

Abstract--An idea of using analogue microprocessors as
processing elements in an SIMD array is presented. The
resulting system retains some of the advantages of the
analogue signal processing paradigm, while being a fully
programmable general-purpose massively parallel processor
array. Theimplementation of an analogue processing element
as a switched-current circuit is discussed. Low-level image
processing application examples are presented.

Index terms—- SIMD, massively parallel processors, image
processing, analogue signal processing, switched-current
circuits

I. INTRODUCTION

The inherent fine-grain parallelism of low-level image
processng tasks makes SIMD (Single Instruction Multiple
Data) arrays of proceswors very efficient in exeauting early
vision algorithms [1]. A processng element (PE) is often
built as a simple hit-serial procesor, which promises the
capability of integrating hundreds of PEs onto a single dchip
[2].

It is possble to find appli cations that would benefit from
integrating an even larger number of PEs, athough such
high levels of integration can lead to an /O bdtlened,
which restricts the rate at which data can be transferred in
and out of the array. One of the ways to owercome this
problem is to integrate an image sensor and a procesor
onto a single cip [3]. A small processng eement would
allow smart sensors to be built with a procesor at every
pixe.

Sometimes the A/D conversion of an input image @n
also be avoided, when the preliminary processng is done
in an analogue fashion. Indeed, for spedfic early vison
tasks analogue solutions are often superior in terms of
spedl, area and power, athough they lack the versatility of
digital procesors, offering at best template-based
programmability [4,5] or more or less phisticated forms
of reconfigurability [6].

We propose an architedure, which takes advantage of
the benefits of an analogue solution and enables the
integration of thousands of PEs onto a single cip, while

The authors are with the Department of Eledrical Engineeing and
Eledronics, University of Manchester Ingtitute of Scienceand Techndogy;,
P.O. Box 88, Manchester M60 1QD, United Kingdan

retaining the flexibility of software programmable digital
Processors.

II. ARRAY OF ANALOGUE MICROPROCESSORS

Consider the well-known mesh-conneded array of PEs,
as $own in Fig.1. Instructions are issued to the array from
an external controller unit, common to al PEs, and the
array exeaites the program in an SIMD fashion.
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Fig.1. Mesh-connected array of processng elements

As a PE, we introduce the analogue microprocesor, a
block diagram of which is presented in Fig. 2. The
analogue microprocesor operates on analogue samples of
data and consists of a set of analogue data storage dements
or ‘registers and an analogue arithmetic unit which is
analogous to the Arithmetic Logic Unit (ALU) found in
digital microprocesors. The procesors communicate with
their nearest neighbaurs, and with the outside world,
through analogue data lines. Since the entire processng is
performed on analogue values we will refer to the
procesors as Analogue Processng Elements (APES)
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Fig.2. The blod<: diagram of an APE. '
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An APE exeaites a software program, performing
conseadtive ingtructions issued by a digital controller, in a
way smilar to the digitaa microprocesor. These
instructions may include register transfer operations, which
move the analogue data between registers of the APE
and/or its neighbours, and arithmetic operations, which
modify the analogue data. Also, some of the APEs may be
disabled for a certain period, as a result of a conditional
instruction.

As a result, we obtain a general-purpose anaogue
system, whose functionality is determined only by the
application software. Undoubtedly, the success of such a
system will depend on the dficient implementation of the
APEs.

1. IMPLEMENTATION OF THE ANALOGUE MICROPROCESSOR

The dominant consideration, if we want to integrate a
large number of processng elements onto a single dip, is
the silicon area consumed by a single procesor cdl. A
sampled analogue-data circuit can be implemented in
CMOS using switched-capacitor (SC) or switched-current
(Sl) techniques. The latter one is particularly suitable for
designing a massvely parald array of APES, becuse it
results in very compact implementation of bath registers
and ALU.
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Fig.3. Basic SI memory cell.

A. Analogue register

As an analogue register we @n use the SI memory cdl
[7] presented in Fig. 3. In abasic configuration bath switch
and current source @n be implemented by single
transistors, and therefore a complete data storage dement
consists of only threetransistors.

When an MOS transistor works in saturation its drain
current can be described by the eguation:

las = KV =V,)° €

When writi ng to the register bath of the switches s, and

s, areclosed, and current i;, from the analogue bus forces
the gate-source voltage of the transistor to the value:

M g I +i,
Vgs — _d +Vt — REF +
K K

36C

At the end of the write phase the switch s, is opened

and the gate of the memory transistor is put into a high
impedance state. The register remembers therefore the
value of the input current by storing charge on the gate
capacitance of an MOS transistor.

When reading from the register s, is closed and s,

remains opened. Now, the transistor acts as a current
source and the output current to the analogue bus is equal
to:
H — — 2
low = lrer = las = I rer _K(Vgs _Vt) ©)
In this way the register works as a current-memory cdl,
since
oy = —in 4

out

B. Analogue ALU

The analogue ALU is required to provide the basic
arithmetic operations of addition, inversion, multiplication
and dvison. However, as can be seen from (4), the
inversion operation isinherent in the basic SI memory cdl.
Moreover, since data values are represented by currents,
the addition operation can be performed dredly on the
analogue bus, by simultaneously conneding the outputs of
two o more registers to the bus. From Kirchhoff's Law we

get:
ibus = Z ioutn (5)
n

The only operation which needs to be eplicitly
implemented is multiplication/division. The analysis of
low-level image processng algorithms shows, that in a vast
majority of cases only the multiplication by a constant
factor is required. Therefore a digitally controlled
multi plier/divider can be built as a set of scaled current
mirrors, as depicted in Fig.4. During the write phase only
the first transistor is conneded (i.e. switches s, and s,

are dosed), and the gate-source voltage of all transistorsis
et to:

X X

During the read phase, any number of transistors may be
conneded to the output port of the multiplier. If k, =1

signifies switch s, turned on and k, =0 signifies witch
s, turned off then:

. 1 1
low = an?IREF _an?K(Vgs _Vt)z (7)

And therefore the multi pli cation factor is equal to:
1
N = an o

Additional features, like the ability to conditionaly
disable cetain procesors in the array during program
exeaution, are aso easy to implement. To disable a
procesor it isonly necessary to disable the registers during

®)
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the write phase. It can be smply done by introducing
another switch, serial to s,, controlled by an activity flag

register which is st during a conditional instruction.

The number of registers available in each procesor is a
trade-off between the ability to handle mmplex agorithms
and the area of the procesor. Our analysis $ows that six
to eight registersis a satisfactory compromise.
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Fig.4. Digitally-controlled SI multi pli er/divider

C. Accuracy issues

Due to the non-ideal properties of the dements the
acauracy of Sl circuits is limited by several factors [7].
These include dharge injedion in the analogue switches,
the finite output conductance of the transistors and the
capacitive @upling through the parastic gate-source
capacitance of the transistors. As a result of these dfeds,
the value read from the register will differ from the value
that has been written to it and the expresson (5) has to be
modified, to include an error Ai . In generdl, this error will
depend on various factors, but in particular it will depend
on the value of the signal:

out Iin +A|(|in) (9)
Many methods have been proposed to overcome these
problems. They include introduction of regulated cascode
output stages [8], utili sation of feedback loops [7], usage of
dummy devices [9], and various differential and
algorithmic eror cancdlation techniques [10-12].
However, more sophisticated methods of increasing the
acauracy of Sl circuits are more @stly in terms of area,
power and speel. These trade-offs have to be weighted up
carefully when designing an anal ogue microprocesor.

It also has to be remembered, that the majority of low-
level image processng tasks do not require very high
acauracy. It has been shown [6], that in many cases a
modest acauracy equivalent to 6 or 7 hits is afficient.
Therefore a simple yet area-efficient error-cancdlation

technique, such as S?I [13], may be the best solution to
the problem of designing a massvely paralle array of
APEs.

D. Physical implementation.

To evauate the trade-off s between accuracy, area, speal
and power we have designed an integrated circuit in
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0.8um CMOS technology and fabricated it through

EUROPRACTICE. The cip contains various anaogue
microprocesor designs, using dfferent cancdlation
techniques, and proves that accuracy of the order of 6 bits
can be achieved uwsing APEs operating with clock
frequencies of a few MHz, while being small enough to
enable the integration of a 128x 128 array of procesors
onto asingle dip.

The small procesor area is of particular importance
Firstly, if we onsider procesor/sensor integration, we
must ensure that the array can be made large enough to
provide reasonable resolution. Seaondly, the large number
of processng elementsworking in paralle will yield ahigh
performance for the overall system, even if the speed of an
individual processor is not very high. A 128x 128 array of
processors working with 2MHz clock frequency is capable
of performing 32 GOPS(Giga Operations Per Second).

IV. IMAGE PROCESING EXAMPLES.

To evaluate the dfeds of errors in APEs on image
processng algorithms, and to ill ustrate the @pability of
our architedure to perform a variety of image processng
tasks, we have developed a software smulation of a
complete SIMD analogue microprocesor array. The
simulator includes error modelling which is based on
actual experimental results.

An important observation hasto be made, which is that
the algorithms may always be @nstructed in such a way
that signal-independent errors cancd out. Let's for
example mnsider moving certain analogue data iy from

register A to register B. Because the signals are inverted
we use auxili ary register C and move the data in two steps.
Thefirst step reads data from A and writesit to C:

foua = —1, +Ai(0,) (10
In second step, the value is read from C and written to B:

iOUtC = _iOUtA + AI (ioutA) (11)
Therefore the value written to B is equal to:
iinB :ioutC :|x _Ai(ix)+Ai(ioutA) (12)

The last two terms have opposite signs and therefore
leed to the a@ncdlation of the signal-independent
component of the eror. Similar equations can be written
for additi on and muilti pli cation operations, and in each case
an appropriate sequence of instructions leads to signal-
independent error cancelation. Therefore, the accuracy of
the system will be determined by the magnitude of the
signal-dependent error associated with the APEs.

As an example let's consider the Sobel edge-detedion
algorithm [14] which involves convoluting the original
image with the following kernels for horizontal (ki ) and

vertical (k,,, ) edges detedion:

F1 -2 -10 1o -1r
K =00 0 Ofike =2 0 -2- (13
B 2 1F A0 -1f
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The program realising this on an SIMD array of APEs
contains 49 ingructions. The results of exeauting this
program, on an array of processors having 2% accuracy are
presented in Fig. 5. The image resolution is equa to
128x128 jxels. The exeaution time, on a 128x 128 array
clocked with 2MHz clock would be equal to 24.5ps.

Fig.5. Sobel edge detection. Original image and edge map.

Another example is median filtering. The value of each
pixel is replaced by the median value of 9 pixels from the
neighbourhood centred on this pixel [14]. The algorithm
involves a sorting operation, which due to the limited
number of registersin a processor hasto be performed in a
somewhat unusual way. Nevertheless a solution can be
found, and a program realising median filtering, with 2%
acauracy, after loogp unrolling contains 4400 instructions.
Even if APEs work with a low 200kHz clock frequency
this algorithm can be exeauted in real time, with 25 frames
per seaond. The simulation result, showing the recovery of
the original image from the image distorted by salt and
pepper noiseis sown in Fig.6.

Fig.6. Median filtering. Image with 20% salt and pepper noise
and filtering result.

V. CONCLUSION

An SIMD array of analogue microprocesors is a
general-purpose system, which exeautes a software
program while operating on analogue values of data
Switched-current techniques allow for a very compact
implementation of APEs and therefore thousands of
processrs can be integrated onto a single dip.
Experimental and simulation results $ow that in this way
a low-cogt, high performance versatile image processng
system may be built.
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