580

UNVITED SURVEY PAPER Surveys on Image Processing Technologies—Algotithms, Sensors and Appluznml—'-

Computational Sensors——

,

Vision VLSI .

\

3

SUMMARY Computational sensor (smart sensor, vision
chip in other words) is 2 very small integrated system, in which
processing and sensing are unified on a single VLSI chip. It is
designed for a specific targeted application. Research activities
of computationa! sensor are described in this paper. There have
been quite a few proposals and implementations in computational
seusors. Firstly, their approaches are summarized from several
points of view, such ag advantage vs. disadvantage, neural vs.
functional, architecture, analog vs. digital, local vs. global pro-
cesging, imaging vs. processing, new processing paradigms. Then,
several examples are introduced which are spatial processings,
temporal processings, A/D conversions, programmable compu-
tational sensors. Finally, the paper is concluded.
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wintelligent sensor, CMOS sensor, silicon retina, image process-
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1. Introduction

In biological vision, the retina is the imaging sensor.
The retina not only detects image signals but also pro-
cesses limited, low-level tasks, in order to enhance imag-
ing performance and to preprocess tasks for later stages.
Thus, given the precedent in biological vision, integra-
tion of processing and sensing is reasonable in order to
augment sensing and processing performance.

Traditionally, a visua! information processing sys-
tem comprises discrete systein modules; an image sen-
sor {normally CCD camera), a A/D conversion and a
digital processing system. Then, the combined system
tends to be large and the image acquisition is limited
only to that of NTSC standard spatio-temporal res-
olution. Development of VLSI technologies leads to
producing a new generation of image sensors which in-
tegrate sensing and processing on a single chip, that
we call a computational sensor, or a smart sensor, an
inteiligent sensor, a vision chip.

Computational sensors are designed for specific
targeted applications. Circuits for both photo-
detection and processing co-exist on a single chip. Sens-
ing and processing have interactions in a low level. The
major advantages of computational sensor are “size”
and “speed.” Differing from the conventional visual
processing systems which comprises module systems
and follows the sense-read-processing paradigm, tight
integration of sensing and processing realizes a very
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small integrated system on.a chip, The speed i8 nqt
restricted by the video rate any more.

The freedom from thé restriction of video atandard
has a very significant impact on real time image pro-
cessing. For example, let's take a look at motion eeti-
mation which is a heayy processing in the conventnonal
framework in which the rate is limited by the video rate
(30 Hz), that is the communication bottleneck between
the sensor and the processor. Because the complexity
of motion estimation is determined by the dimensions
of the search space, faster frame rate can reduce the
difficulty of the task. If the frame rate can be much
faster than the video rate, the search area can be very
small and the motion estimation can be much easier.

Fundamental device technology of image sensor is
changing, too. So far, CCD sensors has been dominat-
ing, but CMOS active pixel sensors (CMOS sensor in
short) is emerging as a competitive new image sensor
technology. Although CMOS passive pixel sensor has
been existing, CMOS active pixel sensor is relatively
new [38],[39]. CMOS active pixel sensor has several
transistors as an active amplifier in a pixel. Because
of the CMOS process compatibility, CMOS sensor is
easier to be integrated with additional circuits, and
it can achieve functionality with lower power dissipa-
tion. CMOS sensor is attempted to be integrated with
A /D conversion and timing control etc., which resilts
in on-chip-digital-camera. The major advantage of the
CMOS sensor is the functionality.

Most of the computational sensors have been made
by ordinary CMOS process, and it can be viewed as
a functional CMOS sensor. At present, CMOS sen-
sor is being improved in its imaging quality, and in
the near future its functionality will be more and- more
important. Then, interest of sensor device technology
of CMOS sensor and interest of processing technology
for computational sensors are overlapping. The sensor
device technology and the processing applications are
sharing the common field of research and development
as shown in Fig. 1.

In this paper, computational sensor is described
from several points of view. Some examples are de-
scribed, and then the paper is concluded.

2. Computational Sensors

Computational sensor (or smart sensor, vision chip) is a
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small integrated system, in which processing and sens-
ing are unified on a VLSI chip by co-existing circuits
of photo-detection and processing. Computational sen-
sors are designed for specific target applications.

In the early days, in order to make fast image pro-
cessor, CCD technology was adopted for image process-
ing. Convolution operation was implemented by CCD
which divide and shift charge packets [6]. Pixel parallel
focal plane processor was even made under CCD tech-
nology, and a generic.focal plane architecture based on
CCD was discussed in [7). However, CCD is not easy
to be integrated with CMOS computational circuits.
Now, most of the computational sensors are made by
ordinary CMOS process.

Various computational sensors have been made,
and in this section they are surveyed from several points
of view.

2.1 Advantages vs. Disadvantages

When compared to traditional module system based
visual information processing systems, computational
sensor has advantages and disadvantages which are
listed below. .

B Advantages

(1) Size

{2) Speed

(3) Power dissipation

(4) Application specific image format

(5) Mutual interaction between sensing and processing

As noted in the introduction, small size and fast
speed is the most advantageous in computational sen-
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Fig.2 Polar coordinate sensor: -Photo detectors are arranged
in concentric rings and with a size varying linearly with the dis-
tance from the geometric center (9].

sor. Compared to the conventional module process-
ing system, power dissipation is also reduced by orders
of magnitude. Image format is able to be optimized
for the target application. . An extreme example is a
polar coordinate sensor [8), [9], in which the pixels are
arranged in such a way that the density of the pixel
changes high to low from the center to. the peripheral
(Fig.2). Last but not the least, the mutual interaction
between sensing and processing is the big advantage
over the traditional systems. Computational sensor can
handle analog data of the photo-detector so that it can
feedback the results of the processing to parameters of
sensing, or it can finish processing during integration.

H Disadvatages

(1) Precision

(2) Resolution and fill factor
(3) Design difficulty

(4) Programmability

Computational sensor has disadvantages too, and
they are listed above. The majority of the computa-
tional sensors utilizes analog processing circuit, and the
precision should be accounted if they are enough for the
target applications. Because of use of many analog cir-
cuits, the design is not easy. When each pixel contains
processing circuits, the resolution and the fill factor is
low, which results in poor imaging capability. Com-
putational sensor i8 not general purpose. Architecture
as well as processing scheme should be optimized to
reduce the effects of those disadvantages. !

2.2 " Neural vs. Functional

Computational sensor becomes widely known by the
work of silicon retina (3] which computes spatial and
temporal derivatives of image projected onto its focal
plane. In the human retina, the communication be-
tween neurons is based on the analog and graded poten-
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tials (not spikes). Thus, human retina is inherently well
modeled by electronic circuit and has been. attempted
to be modeled by a resistive network and logarithmic
photo-detector (Fig.3). Some early vision tasks have
bheen implemented. Using resistive networks, optical
flow field computation edge detection ete. were imple-
mented as a computational sensor [3]-[5},(25]. These
works were rather focused on modeling biological neu-
ral systems. They suffer from low resolution and low
precision. One of the interesting research activities de-
veloped from the neural nets based researches is arti-
ficial eye or visual prosthesis that could help-a blind
person obtain visual information [10]. '

On the other hand, many computational sen-
sors are designed for specific target tasks such
as compression [18],[19],[22], enhancement (23], multi-
resolution [14], moment computation [42], A/D conver-
sion [33]-[37)], range finding[40],{41] etc. Although
some tasks are functionally similar to those of human
retina, they are designed by special analog process-
ing schemes which are very differeni from that of bi-
ological neural networks. Computational sensor, which
makes use of very limited resources (area, power), does
not necessarily follow biological computational prinei-
ple. In the rest of the paper, we are apart from the
neural network based approach and focus on the func-
tional approach. In Sect.3, some of the -example will
be introduced.

2.3 Architectures: Pixel Parallel vs. Column Parallel

There are two approaches to the parallel processing ar-
chitecture on the focal plane, from the point of view
of how to locate processing elements together with the
photo-detector array. They are, as shown in Fig. 4, (1)
pixel parallel architecture which bas a processing ele-
ment in cach pixel, and (2) column parallel architecture
which shares a processing element for pixels in a col-
wmnn.

The two have advantages and disadvantages. Par-
allelism is higher in the pixel parallel architecture, then
the processing speed is fast, but it has lower fill factor,
lower resolution, and higher power dissipation. Col-
umn parallel architecture has lower parallelism, bui the'
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Fig.4 Pixel parallel and column parallel architectures for focal
plane processing.

photo-detector array can be almost the same as that of
ordinary CMOS sensor, and it does not sacrifices the
fill factor and resolution. The architecture should be
chosen for the target application.

2.4 Analog vs. Digital

Computational sensors are designed for specific applicas
tions and most of them make use of analog processing
which effectively use physical principle ofa device to
perform computation. Analog processing is fast and
compact, and analog signal representation is efficient,
but its precigion is Jow. Analog processing also enables’’
processing during integration. o

However, there have been attempts towards pro-
grammable computational sensors based on digital pro-
cessing, which enables several simple image. processing -
operations. Implementations using both column par-
allel architecture {28}, [29] and pixel parallel architec-
ture [30]-{32] have been investigated, which are intro-
duced in the next section.

2.5 Local Processing vs. Global Processing

Spatial processing on computational sensors requires
connection between pixels. Local connection is easy,
but global connection is not. Then, most of the tasks
which were achieved by computational sensors are spa-
tially local processing such as edge detection, filtering
or temporal processing that does not need any inter-
pixel connections. A global processing which cannot
be achieved by spatially local processing, for example,
finding the largest intensity in the image, need to han-
dle the outputs of the local processings for the entire
image.

2.6 Imaging vs. Processing

The resource of the focal plane is very limited. There
is generally a trade off between “imaging capability”
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and “processing complexity.” Processing complexity is
related to some extent to thé complexity of circuits.
Higher complex processmg needs higher: complex cir-
cuit, which results in fower fill factor, lower resolution,
higher power dissipation and higher noise. It-may lead
to significant degradation of imaging capability. Imag-
ing capability of computatlo sensor should be con-
cerned. ; 2‘ . '

2.7 New Processing Paradigm’

Traditional digited image- processmg .8yétezn comprises
a camera, A /D conversion and d;glfal processing mod-
ules. It always uses normal NTSC video camera and
their algorithms and perfermances for real time pro-
cessing are rather optimized for the' NTSC spatio-
temporal resolution. Because of this fact, traditional
image processing methdds tend to get more complex
in order to improve reliability: R;I: example, in case of
motion estimation, motion of enly 30 frames per sec-
ond of NTSC temporal resoliation easily results in large
displacements between frames which makes motion es-
timation harder. However, for example, if the tempo-
ral resolution is much -higher, motion between frames
is much smaller and its estimation task is much eas-
ier. Thus, advances ih the sensor significantly change
difficulties of the processing tasks.

Compijtational sensor also enables mutual interac-
tion between the photo-detectors and the processors.
The processing results can be feedbacked, to photo-
detectors to change imaging condition. The process-
ing can also be done during integration. This is not
possible in the traditional digital processing systems.

3. Examples for Computational Sensors

Recent examples of computational sensors are intro-
duced in this section. They are chosen from those
in categories of (1) spatial processing, (2} temporal
processing (3) programmable computational sensor {4)
A/D conversion on focal plane. (1) and (2) have fea-
tures distinctive of analog processing on sensor focal
plane.

3.1 Spatial Processing

3.1.1 Analbg Filtering by Variable Sensttivity Photo-
detector (VSPD) Cells

Variable Seusitivity Photo-Detector (VSPD) celis was
developed using special GaAs photo-detector pixel [11].
The interesting feature is that the output of the pixel
depends on a sensitivity contrel voltage both in sign
and magnitude. The control line is shared by pixels in
a column. Thus, 1D analog filtering is easily achieved
by appling the control signals to the pixels in a column
and summing their outputs in current mode on a output
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Fig.5 Diagram of anslog processing of VSPD pixel array (12].

line for the pixels in the column. 128 x 128 array was
prototyped: The filtering operation is extended to 2
dimengional by adding the multiple output in a 1-D
memory array [12] (Fig. 5).

n-MOS version of VSPD array was also developed
by the same group. The n-MOS VSPD can control only
the sign of the output of the pixel. Each pixel contains’
a PD and current direction conversion circuit of several
transistors. 256 x 256 array, pixel of 35 x 26 pm? was
developed under 2 pm n-MOS process. .

3.1.2 Multiresolution Processing on Focal Plane

For variety of processing tasks, it is desirable to have
image data available at varying fesolutions to increase
processing speed and efficiency. ' Multiresolution is a
standerd image processing methodology and it is usu-
ally generated by software based image pyramid ap-
proach.

A multiresohution CMOS sensor pixels was devel-
oped{14]. It is programmable to average and read out.
any size 1i X n block kernel region of pixels. The archi-
tecture is shown in Fig.6. The prototyped sensor has
128 x 128 pixel array. At the bottom of each column,
it has a network of switched capacitors to store signal
levels of pixels. The column circuitry contains addi-
tional capacitors to perform averaging on any size of
the kernel. Resolution is determined by the kernel. X-
Y addressability of the sensor endbles zoom into areas
of interest.
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Fig.8 Architecture of multiresolution CMOS sensor.

3.1.3 Spatially Variant Sampling Sensor

Biological vision has spatially variant sampling struc-
ture, which has high resolution in the foves and sparse
sampling in the periphery. Because of this structure,
the region of interest is densely analyzed while sparsely
keeping information of outside of the region. It is de-
sirable to have such spatially variant sampling on the
focal plane. It significantly reduces data and speed up
entire processing.

One of such spatially variant sampling sensor is
the polar coordinate sensor in Fig. 2, which has a fixed
sampling structure. A spatially variant sampling sen-
sor, in which sampling positions are programmable, was
developed [15], The architecture of the sensor is shown
in Fig.7. It has a CMOS pixel array and a memory
array, each memory element of which corresponds to
each pixel and contains a binary control data to de-
termine that the corresponding pixel is read out. By
using smart scanning shift register {18, selected pixels
are read out in a compact sequence. Contrary to the
random access CMOS sensor {17, the spatially variant
sampling sensor reads out at high speed without need
of pixel address for every access. Access to the memory
array is separated, and rewriting the memory dynam-
ically changes the sampling positions. A prototype of
64 x 64 pixels was developed.

A different approach was taken in [16), where pix-
els are scanned by quad-tree, and one quad-tree code
determines a block of pixels to be read out. A prototype
of 32 x 32 pixels were made.

3.2 Temporal Processing

Temporal processing can be very different between the
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Fig.8 Compression scheme of conditional replenishment.

computational sensor and the traditional digital pro-
cessing system. Three examples are drawn in this sec-
tion.

3.2.1 Compression

Inherent difficulty of very fast image processing is trans-
ferring very high bandwidth image signal out of the
sensor. Then, compression is one of the most desir-
able processing on focal plane. Compression integrated
on focal plane overcomes the problem of high band-
width, the fandamental limitation to the feasibility of
high pixel-rate imaging such as high frame rate imag-
ing.

- Compression sensor integrated with analog com-
pression using conditional replenishment was devel-
oped [18]-[21]. Figure 8 illustrates the scheme of condi-
tional replenishment. Current pixel value is compared
to the last replenished value stored in the memory,
and the value and address of an activated pixel, for
which the magnitude of the difference is greater than
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chitecture (left)-and column parallel architecture (right).

Tllustrations of compression sensors of pixel parallel ar-

the threshold, are extracted and output from the sen-
gor. The va.lue of the memory'of the activated pixel is
replenished by the current ngut value, and that of a
non-actwatei ixel is kept' N ged. The conditional
replerushmen‘& algorithm is: {1i0k-co; & lex and lends itself
easily to h:glklﬁ paralleled pg‘oeﬁgslig This compression
scheme gets mére efficientaf hghéi' frame rate because
motion is less at higher frame rate.

Compression sensors of both pixel parallel and col-
umn parallé]l drchitedtire were ‘déveloped. - As shown
in Fig.9, in the pixel parallel approach [18],[19], each
pixel contains photo-diode (PD), comparator and mem-
ory. Rate control for ‘entire frame is also implemented
ont the focal plane in the pixel parallel prototype. The
drawback is fill factor and power dissipatiom. The pro-
totypé of pixel parallel a.rchtteéture, under 2 ;lm CMOS
procéss has 32 x 32 pixels of 160 X 160 pm pixel, a.nd
fill factor is 1.9%.

“ ' In order to ittiprove the lmagmg pérformante, the
column ‘phraliel a:élntecture was also developed [20],
[21). The column parallel architecture has PD array,
memory array and comparators shared by pixels in &
column. Then; pixéls in a row are’processed in paral-
lel. The PD array is almost ordinary CMOS sensor and
the fill factor i§ very much improved (88.5% in 32 x 32
pixel prototype under 1 um CMOS process). Because
each comparator ‘is shared by the pixels in' a colurnn,
the total number of compatator is reduced ‘and power
dissipation is rediiced.” The operation speed is more
than 15,000 frames per sec even in the column parallel
prototype. The resolution of columh parallel prototype
is lately improved to 128 x 128 pikels[21].

As for compression, it is notable that a compres—
sion sensor with analog DCT transform on focal plane
is also developed{ZZ]

¢

A W integration intesval

Fig.190.. Prooessmg scheme for each pixel of adaptive sensor, in
which mtegratlon time is adapted to motion and light.

3.2.2 Adaptive Sensor: Enha.ncement and Wide Dy-
namu; Range r,;:,

ofmyutatibnal -sensot has been mveetxgated each
of which'adapts its integration:time to motion
and light in s&ch a way that the integration is fin-
ished if motion is deteqted or pixel intepsity is satu-
rated [23]. The\pixel value is-normalized after it is read
out. Then, moving areas of pixels have shorter integra-
tion time with little motion blur; brighter areas have
shorter integration without saturation, and darker ar-
eas have longer:integration with better SNR. The pixel-
wise adaptivity to motion and light improves intrascene
temporal resolution and intrascene dynamic range. The
processing scheme is illustrated in Fig. 10. A prototype
of 32 x 32 pixels was developed, which uses column par-
allel processing architecture.

3.2.3 Motion Detection/Estimation

Motion detection scheme is rather different in compu-
tational sensor compared to ordinary digital process-
ing scheme [24). Motion detection on sensor focal plane
ranges between change detection in a pixel, 1D motion
direction detection, 1D motion vector (direction and
magnitude) detection and 2D motion vector detechon
Because of the limitation of spatial processing, typical
approach to the motion detection on focal plane uses
correlation between only adjacent pixels, as illnstrated
in Fig. 11. Temporal edge in each pixel or spatial edge is
detected and the motion of the edge is measured using
correlated information between adjacent pixels. For ex-
ample, the time delay between the pulses is measured,
In most cases, the motion detection of computational
sensor is limited to oxe dimensional case. Réview about
motion processing is found in [24].

Differing from the above approach, optic flow
scheme [3], [25] and block matching scheme [26] have
been also mvestlgated In the former, motion field is
computed by spatial gradient. Ig’ {25], formulation of
optic flow is simplified and 2D motion vectors are com-
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Fig.12  Architecture of sorting sensor {37].

puted by pixel paraliel processing. Bl'c;ck ma.tching is
also attempted in such a way that edgeq are detected
first, and block matching of edges is performed, at very
fast frame rate, in séarch’ area of £1 pixels in both x
and y direction. Matching is done in column parallel
way [26].

3.2.4 Sorting Sensor

A computational sensor which sorts pixels by the mag-
nitudes of their intensities and produce cumulative his-
togram was proposed. Finding the order is one of giobal
operations that 1s not easy for computatlonal SEnsors.
In the sorting sensor shown in Fig. 12, each pixel con-
tains an inverter. and intensity of pixels is observed by
their response time. Temporal processing is efficiently
applied to the task. The principle is as follows: when
the inputs have different intensities, the responses are
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Fig. 13 . Architecture of digital programmable computational
sensor based on column.parallel architecture (1), [28].

separated in time. A global processor (a single opera-
tiona) awplifier) survey the pixel array, aggregates trig-
gers of pixels, and the voltage provided by the global
processor to all pixels changes from high to low linearly
to the number of accu.mu].ated numher of triggered pix-
els. Each pixel has a memory which records the voltqge
of the global processor at the instance when the pixel
is triggered. Then, the sorting order is in each memory
of the plxel
[}

33 Programmgble Computational Sensors

There have begn attempts towards programmable com-
putational sensors based on digital ptocessmg, wh)ch
enables several simple image processing operations.
Implementations using both column parallel architec-

_ ture[28],[29] and pixel parallel architecture [30}-{32]

have been investigated,

The colurun parallel architecture [28) has plxel ar-
ray, and A/D conversion, register, ALU, memory for
each column, which is shown in Fig.13. Following
this architecture, IVP developed and commercialized
256 x 256 pixel array with 8bit. A/D. conversion [29].
This vision chip, for example, execute binary edge de-
tection in 0.5 msec/frame and gray scale edge detection
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in 10 msec/frame.

Pixel paralle] chgxt.a.l approa.ch is also lmrest.lgated
Simple 2D)-bogledn operdtion was-achiéved by pixel par-
allel fashion in{30}; thé prototype contains85x ™ ﬁlxels
with 1bit pixel level digitization by t.hresholdmg, and
executes, .for example, edge.detection in 5 usec. Dig-
ital processingscheme based on efficient A/D conver-
sion (named Near Sensor Image Processing, NSIP) was
developed, in which the pixel intensity is represented
by the time fHat it takes for the PD voltage from the
precha.rged voltage to the reference voltage[81]. The
prototype of 32 x 32 pixel arrays with processing cir-
cuit and A/D conversion for each pixel. were imple-
mented. The most straightforward approach in digi-
tal based pixel parallel scheme is (32], in which each
pixel containg A/D conversion, ALU and local memory
shown in Fig. 14. The processing speed iz very fast, for
example, edge detection is done in 1 usec. The proto-
type of 8 x 8 pixel arrays were implemented. As men-
tioned in the introduction, the pixel parallel approach
has disadvantage in fill factor and resolution. The fill
factors for the -above three are less or much lesa than
1% ) S ‘ .

Apart from the specific. computaﬁon_al sqnaor,
CMOS sensor which ‘is directed toward “camera-on-a-
chip” also'needs A/D conversion, timing control, gain
control, white balance, intérfaces etc. integrated to-
gether with pxxel arfay. However, it may mt need a.nsl
parallel processing. . . N

3.4 ° A/D Conversion (ADC) -

ADC on focal plane is important especially for the

“camera-on-a-chip” direction which requires higher pre- .

cision for imaging quality. Various approaches  were
proposed, and parallelism differs among them. Single
ADC integration (no parallelism), column parallel ADC
and pixel parallel ADC have been investigated.

In case of single ADC integration, color CMOS
sensors of 352 x 288[33] and 306 x 244 pixels[34] in-
tegrated with flash ADC were developed. In the latter

587

prototype; smoothing, edge detection, gain control,
correction are carried out for the digitized image by
digital processmg, and finally DAC i performed and
analog video Blgnal is output from t.he chip.

In case of the column parallel ADC integration,
in which ADC can be much. slower compared to
the single ADC approach; 'single slope ADCs [28]; [29]
which ie'shown it Fig. 13 and successive approximation
ADC35] have been implemented on the focal plane. A
commercla.l,product of 512 'x 384 pixels color CMOS
sensor integrated with 8 bit column parallel ADC is in
market (36]. . Pixel parallel ADC is also investigated [37],
in which £ — A ADC is¢tontained in each pixel.

4. Conclusipn -

Computational sensor is & very small integrated system,
in which proce'ssing and sensing are unified on a single
VLSI chip. It is designed for a specific targeted ap-
plication. ‘Research actxvitles of computa.tlona.l sensor
are summarized in. this paper, along, with examples of
computational sensors of spatial processing, temporal
processing, progtam.tnable computatnonal sensors, and
A/D conversion." :

Integra.tlon of sensing and prdcessing (or a part of
pl;bceﬂsmg) on a sxngle chip i8 very challenging. The
integrated system.is quite different from the tradi-
tional module system which is limjted to NTSC spatio-
temporal resolution.  Processing paradigm can quite
differ from the digital processing framework. :
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