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Abstract or calculation of an edge map, where original gray-scale images are
reduced to 1-bit images. Even greater data reductions are possible

A new vision chip, SCAMP-2, has been developed in al®85 by replacing the 2D “bitmap” images with a set of image
CMOS technology. In this paper, the design of the chip isdescriptors, extracting some global measures from the image such
presented, with particular emphasis on its readout architecture. 4s a histogram or the coordinates of the centres of objects present
combination of the addressing flexibility provided by the novelin the image. Very high-speed operation is potentially possible if
readout scheme and the global operation capability of the analogiigese data can be extracted from the image inside the vision chip.
processors results in the increased functionality of the smart sensRecently, several vision chips have beeoppsed, which achieve
device. Example applications of the proposed architecture argyis goal by introducing dedicated circuitry to implement a
discussed. In addition to low-level image processing algorithmsparticular global operation, such as winner-take-all [5,6] or
such as filtering or edge detection, which are efficiently executeghoment extraction [1]. Our motivation, however, is to provide a
on a nearest-neighbour connected fine-grain massively parallgleneral-purpose solution. This not only provides the system user
SIMD array, it is also possible to implement global algorithms,with a freedom to implement a variety of algorithms, but also
such as histogramming. The proposed architecture enablggsults in the efficient use of hardware resources. In this paper we
increased control over wave-propagation-type algorithms an@resent the architecture of a new vision chip based on the SCAMP
simplifies the design of winner-take-all algorithms. Significant approach [4,7]. A flexible global readout scheme designed for this
speed-up can be achieved in applications such as visual tracking. chip attempts to address several issues of global communication
and data extraction, making the chip suitable for high-speed visual
tracking and similar applications.

The idea of tightly integrating CMOS image sensors with a .

processor array, so that the images are input to the processors in 2. SCAMP-2 Chip

parallel and processed directly on the focal-plane, has receivethe SCAMP-2 vision chip is a fine-grain 2D SIMD processor
significant research attention in recent years. These systems, callgétay, in which each PE corresponds to a single pixel in the image.
“artificial retinas”, “vision chips” or "smart sensors” exploit A single controller issues instructions, which are broadcast to each
inherent fine-grain parallelism of the computationally intensivePE in the array, and the PEs execute instructions in parallel, each
low-level image processing tasks. Some of the vision chips argperating on their local data. While the architecture and the
application-specific and contain circuits implementing particularfunctionality of the PEs is similar to that of digital processors, they
algorithms in hardware. More versatile are software-programmableepresent data using analogue sampled signals and process data
general-purpose vision chips, capable of executing a variety afsing analogue circuits, and are thus called Analogue Processing
algorithms. While several approaches to the design of &lelments (APEs) [8]. The overall block diagram of the system is
programmable processor array have been proposed, their genesbwn in Fig.1.

architecture is that of an SIMD (Single Instruction Multiple Data) Th
parallel computer. The processing elements (PEs) can qga
implemented in digital technology using a bit-serial approach [1,2]th

. . . . e processor array. It can also communicate with the APEs in the
or using analogue t_echnlques [34], the latter offering a partICUIarI3<€1rray via A/D and D/A converters. The controller can address
efficient solution in terms of performance, cost and power;

L ivi | APEs, Il f APE h
dissipation of the system, individual s, as well as groups o s and the program

execution flow in the controller can be conditioned by the status of
Due to the physical constraints (silicon area available to a PE anfle array.

power dissipation re_quirem_ents) the design of the PE is critical S he design of the APE in the SCAMP-2 chip is based on switched-
the success of the fine-grain SIMD processor approach. Ideally wg, o techniques and is similar to the one reported in [4],
\évoull_d Ilke_tgo h(_:orr]lstruclt tplxel-_per-proce_ls_ﬁor arrays lcapable”ol Ithough several circuit improvements have been introduced to
ealing wi \gh-resoiution Images. € massively parall€lq e power dissipation, improve matching and reduce errors

execution of low-level image processing algorithms, -such 33ssociated with analogue signal processing. Each APE contains an

filtering, is then rather s;ralghtfor\_/vard and the execution time Carilntegration-mode photodetector, eight general-purpose registers, a
be far shorter than the time required to read-out the output imag cal communication register, an output port for external data

Ove_rcoming the output bottlen_e_ck becpmes a C”“C‘?" i_ssue. _Ir_]dee ansfers, an input port (typically used to generate an immediate
an important aspect of the vision chip approach is its ability tg rgument of an instruction) and a local-autonomy activity-flag
reduce the amount of data that is transmitted to the higher'le\’%egister

processor. Simple examples are provided by adaptive thresholding;,

1. Introduction

e controller is a purely digital microprocessor and its primary
nction is to deliver a stream of Instruction Code Words (ICWs) to
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3.1. Global Summation

A salient feature of the flexible global readout architecture is the
possibility of addressing several APEs at the same time. One,
many, or all APEs can be addressed for readout. Since the APE is a
current-mode processor, when several APEs are connected to the
output port their output currents are added together. Thus the very
useful global summation operation is performed in the analogue
system with no extra hardware requirements and in a single
Digital Controller instruction cycle (this is in stark contrast to the digital system,
array of APEs Out uP where the global summation usually requires the controller to read
row & col address out the PEs serially and accumulate the output values).

SCAMP-2

Out

gain To Host

IiEi

|

ICW

f 3.2. Digital Output

clocks, reset, etc. . . L

The SCAMP-2 chip also supports high-speed digital output. An 8-
bit column-parallel port can be used to read out binary images,
which are often the results of the execution of low-level image
] ) processing algorithms (i.e. thresholded image, edge map, etc.). The
Fig.1. Overview of the SCAMP-2 system status of the activity-flag register is read out in this case. There is

also a serial output digital port, which is used for global logic

The registers are capable of storing a variable, e.g. a pixel value #perations. A logic OR is performed on the activity-flag registers of
a grey-level image, with a resolution/accuracy approaching 8-bitall addressed APEs. This useful feature is, again, implemented with
(the stored data is continuous, but in practice limited by samplingttle area overhead, using a “wired” OR gate.
errors and noise). The instruction set of the APE supports register
transfers, basic arithmetic operations, parallel input and output-3- Control Feedback
operations, local communication with nearest-neighbour APEsThe global analogue output is digitised by an 8-bit A/D converter
conditional instructions and some special control instructions (e.gvith a programmable gain and its value is available to the
reset of photodetectors). The arithmetic operations of additiongontroller. Digital outputs are also available to the controller. The
inversion, and division are executed exploiting computationaprogram execution in the controller (conditional jumps) can depend
capabilities inherent in the design of switched-current registers anan the values read out from these ports and so the sequence of
no additional hardware is required for this purpose [8], which idCWs delivered to the array can depend on the status of the array.
one of the reasons for high efficiency and small silicon area of th&his control feedback provides a facility to achieve global control
“analogue microprocessor” approach. It should be noted that thever wave-propagation-type algorithms, as well as general data-
previous SCAMP implementation contained an explicit currentdependent program-flow, and is extensively used in the design of
multiplier. On the SCAMP-2 chip multiplication is performed by algorithms exploiting the flexible global readout architecture.
accumulated additions while division is performed directly in .
registers by current-bisections. This approach reduces the size %1‘4 Addressing Modes
the processor, while providing adequate speed/accuracy for typicahe simultaneous selection of multiple APEs is facilitated by
values of coefficients used in early vision algorithms. Logicenablingdon’t carevalues in the row and column address words.
operations can be simulated by arithmetic operations. A curredfl practice this is achieved by using two address words to provide
comparator is included, for conditional operations. The activity-Dinary addresses for rows and columns in the array and introducing
flag register is set or reset, depending on the result of th&vo additional address words to provide the row and column
conditional operation. Only those APEs in the array that have theigddresses with thedon't care attribute. In the present
activity-flag registers set are active (i.e. change the state of theifplementation all four address words are multiplexed onto a
registers as a result of a broadcast instruction), which enables logdngle address port; this introduces little time overhead during
data-dependent control of the program flow. usual readout procedures while significantly reducing the number

The details of the APE circuitry design and operation will beOf VO pins. _ . ] )
reported at a later date, in the remaining sections of this paper viexamples of multiple APE addressing usthgn’t caresare given
will concentrate on the novel architectural features of thein Fig. 2. The addressing scheme allows great addressing flexibility

Instruction Code Word

SCAMP-2 chip. while being relatively easy to implement in hardware, with no
. . additional silicon area required in the design of the row/column
3. Flexible Global Readout Architecture address decoders.

At the end of the image processing operation some registers méjthough any combinations of ‘0’ ‘1’ and ‘X'don't carg are
contain pixel values that correspond to a grey-level output image"agllowed in the address words there are four cases of particular
This output image can be read-out via the output port. For thi§nportance, listed below:

purpose, the SCAMP-2 array can be treated as a raadoess Mode O (Single APE selection). When mion't caresare used in
memory. When the row and column address of the APE is assertethe address then a single APE is selected.

the analogue bus of the selected APE is connected to the ser|,9|lOde 1 (Entire Array selection). When row and column address

anal.ogue output port. The output image from the entire array, or iRflords consist entirely oflon’'t caresthen all APEs are selected.
portion, can thus be read-out. This is useful for global parameter extraction and control feedback.
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The intermediate results at various steps in the algorithm are shown
in Fig.3. These results were obtained from the simulation of the
SCAMP architecture, with 12328 array size. The SCAMP
simulation and software development tool has been written in C
and includes behavioural modeling of analogue processing errors
associated with switched-current APEs. An indication of the
execution time is given in the description below, assuming the
processors operate at 2MHz.

Step 1.An image is obtained from the photodetector. Automatic

exposure control is provided by adjusting the integration time

depending on the global sum of all pixel values. A software-macro
implementing correlated double sampling is used to reduce the
fixed pattern noise. An example input image is shown in Fig.3a.

Col=

Step 2.In order to threshold the image, an optimum threshold level

Ha H ::ﬂ uERE R R R RRARAN can be selected by the host processor based on the histogram of the
row="XXX1" row="XX10" row="X1XX" image. A histogram is easily obtained using the global sum
col="XX00" col="X110" col="XX01" capability of the chip. For each histogram bin, grey-level pixel

values are compared with the bin boundary values. These APEs
which have pixel values within the bin range (e.g. pixels with
intensities within the 15th bin of a 16-bin histogram are shown in
Fig.3b) have a register loaded with a constant, which acts as a

. , “counting unit”. A global sum is read-out from the array and it
Mode 2 (Block selection). Whedon't caresare used at the least corresponds to the pixel-count for this particular histogram bin.

significant bits of row address and theleast significant bits of The execution time for the full image histogram with 16-bins is

column address, this correspond to the simultaneous selection 0f162us Thresholding is then performed in a few instruction cvcles
block of 2' rows and 2 columns of APEs. This mode can be used, ) 9 P yeles.

for example, to provide multiresolution output with pixel binning. Step 3.In this simple example we aim to track a single object
It can also be very effectively used for determining (x,y) objectPresent in the image. We use a wave-propagation-type algorithm to

Fig.2. Addressing examples. For illustration ax16 array is
shown with addressed APEs marked dark. The address (0,0)
points to the bottom left corner of the array

locations in a visual target tracking algorithm.

Mode 3 (Periodic selection). Whedon't caresare used at the
most significant bits of theN-bit row address and themn most

significant bits of thev-bit column address, this corresponds to the

selection of multiple APEs, at locations evefy"2ows and ¥™

columns of the array. This mode is typically used for processo
clustering. The processor array may be configured as an SIM

find a pixel within the object, located furthest away from the object
boundary (the coordinates of this pixel will be considered to
represent the location of the object). A binary morphology
operation of erosion is applied iteratively, stripping off the outside
pixels, while global control feedback ensures that this operation
stops just before all the pixels belonging to the object are removed
see Fig.3d and 3e). At the end of this step, the object is reduced to

array of “virtual PEs”, each comprising a cluster of APEs. TF
feature can be used for multiresolution image processing, ot
increase the number of registers available in each PE, howevel
detailed discussion of processor clustering is outside the scop
this paper.

3.5. Selected Input

The flexible addressing system can be also used in conjunc
with a global input signal. While some of the APEs are address

their local analogue bus is connected to the global analogue
This feature can be used to selectively enable the addre:
processors or to replace a local value in selected processors w
global value.

4. Application example

Basic low-level image processing algorithms, such as convolutic

with 3x3 kernels, median filtering, Sobel edge detection, etc.
easy to implement and efficient to execute on a pixel-per-proces
SIMD array [7]. Here we will present an example of a simp
algorithm that highlights some of the features of the flexible glot
readout architecture. The aim is to extract the (x,y) coordinates
target object. The algorithm we use is clearly not optimal, but ¢
intention here is to illustrate the functionality of our system rath
than to provide a viable solution to the target tracking proble

AR
(@) (b) (©)
(d) (e) ®

Fig.3. Intermediate results of the tracking algorithm. (a) the inpu
image, (b) map of active APEs during the histogram bin ttoun
(pixel intensity between 14/16 and 15/16 of max value), (c) the
thresholded image, (d) the image after two iterations of erosion in
Step 2, (e) the object reduced to a few pixels at the end of Step 2, (f)
selected APEs during theth step of the successiapproximation.
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step row col OR integrates an array of 439 APEs and the readout circuits, while
1 XXXX OXXX 1 the controller microprocessor, together with A/D and D/A and
2 OXXX O0XXX 0 converters will be implemented off-chip. A subsequent fabrication
_!:E 2 %))8(( 88;8(( f of a larger array is planned. The SCAMP approach is
5 10XX 010X 0 computationally very efficient, in terms of performance/area and
6 100X 011X O performance/power dissipation [8]. The performance figures of
7 101X 0110 O merit for this implementation are expected to surpass the previous
8 1010 0111 O implementation and will be reported at a later date (the
result: 1011 0111 experimental results should be available by May 2003).
The SCAMP-2 vision chip not only facilitates rapid execution of
@) (b) massively parallel low-level image processing algorithms, but also

addresses the issue of global information extraction and data

single-pixel location for a 1616 image: (a) diagram illustrating reduction, eliminating the need to output full-size images to the

array bisections, (b) table showing address words and global higher-level host processor. The flexible addressing scheme,
OR result in each step. together with the global summation and global logic operation

_ _ ) ~ capability, enable new algorithms with a potential for very high
a_smgle pixel (or a n.umber of pixels located at an equal, maximurspeed of operation, while at the same time requiring little silicon
distance from the object boundary) area overhead for the hardware implementation. The readout

Each wave-propagation step takes &nd the number of iterations Scheme implemented on SCAMP-2 can be readily used in other
depends on the size of the object. The total execution time of th&ystems, as long as global operations are supported. It can be

Fig.4. The “search path” in a successiapproximations of a

algorithm, for the image in Fig.3, is equal tqué5 employed on analogue processor arrays with global summation

Step 4.The (x,y) coordinates of the pixel are extracted from theﬁigiﬁ:::g aséovrvr(]aél %Sf (jtlﬁgétalfe[;rtigr:g:sogf a;Laeys p\;\grogézbal OR

readout

hinary image using an algorithm based on a search by biseCtioaﬂchitecture might even be applicable to special-purpose vision

exploiting the flexible addressing scheme. This algorithm 'Schips, although its full potential can only be exploited in a general-

illustrated in Fig.4, assuming that only one pixel in the image ha
value ‘1’, other pixels are equal to ‘0’. Initially the search area is
set to a half of the image, by setting all row and column address
bits to ‘X’ (don’t care), except for the most significant bit of the
column address which is set to ‘0. Then, the global OR operation
is performed, and if its result is equal to ‘1’ (i.e. a pixel was foundlll]
inside the search area), this means that the most significant bit of
the column address of the pixel must be equal to ‘0. Otherwise, if
the result of the global OR operation is equal to ‘0’ (i.e. no pixel[2]
was found inside the search area), this means that the most
significant bit of the column address of the pixel must be equal to
‘1’. The search is then repeated over a quarter of the image, b[)é]
setting the most significant bit of the row address to ‘0’, and
inverting it if no pixel is found as a result of performing the global
OR operation. This “spatial successive approximations” are
repeated for the consecutive bits of the column and row addresses
until the result converges on the pixel. If several pixels are preserlii‘]
in the image, as is the case in Fig. 3e, then this algorithm converges
on one of the pixels. (For multiple target tracking the fimtnfd
target could be then removed from the image and the entire procef$g
repeated). The entire process, for 7-bit row and column addresses,
is completed within 2s.

It is worth noting that the only data that has to be read-out from thEs]
vision chip to the host processor are the 16 bytes representing the
histogram values (in Step 2) followed by the 14 bits that specify the
row and column location of the object (in Step 4). Potentially, this
algorithm, with object size as in Fig.3, could be executed at oveyy)
5000 frames/sec (in practice the time required for image acquisition
and the host processing time in Step 2 should also be taken into
account).

5. Implementation & Conclusions (8]

A prototype SCAMP-2 chip has been designed in a 3-metal 1-poly
0.35um CMOS technology and submitted for fabrication. Each
APE occupies less than j®x50um silicon area. The 10nfnchip
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urpose,
rocessor array.

software-programmable system such as the SIMD
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