
Computati.onal Sensors 

A Report from the DARPA Workshop 
University of Pennsylvania 

r4a.y 11-12, 1993 

edited by 

Tskeo Kanade and Ruzena Bajcsy' 

Carnegie Mellon University and *University of Pennsylvania 



. 

I 



. 

Abstract 
This report is a result of a workshop on Computational Sensors that was organized and held 
at The University of Pennsylvania on May 11-12, 1992. It presents a summary of the state 
of the art in computational sensors and recommendations for future research programs. 
Approximately 40 people were invited from academia, government, and industry. n e  
workshop hosted several key presentations and followed them with group discussion and 
summary sessions. 

Traditionally, sensory information processing proceeds in three steps: transducing 
(detection), read-out (and digitization), and processing (interpretation). Micro-electronics 
technologies have begun to spawn a new generation of sensors which combine transducing 
and processing on a single chip - a computational sensor. 

A computational sensor may attach analog or digital VLSI processing circuits to each 
sensing element, exploit unique optical design or geometrical arrangement of elements, or 
use the physics of the underlying material for computation. Typically, a computational 
sensor implements a distributed computing model of the sensory data, including the case 
where the data are sensed or preprocessed elsewhere. Combining computation and signal 
acquisition into a single chip results often in not only performance improvement but also 
totally new capabilities that were not previously possible. Finally, the workshop made 
several important recommendations. 

1. Create a research and development program in computational sensors. The program 
must have the following characteristics: 

0 Interdisciplinary - the program must include sensing, algorithms, VLSI, mate- 
rial, and applications; 

0 Multi-modal - the program must deal with not only the image or visual modality, 
but also with other sensing modalities including tactile, acoustic, pressure, 
acceleration, chemical, and so on; 

0 Prototyping-oriented - individual projects under this program must be oriented 
toward producing working prototype devices or systems; 

0 Applications - individual projects must identify potential applications and pos- 
sible avenues of technology transfer to real world applications. 

2 .  Improve the infrastructure for research and development of computational sensors: 



I . 0 Fabrication facilities - MOSIS (or similar facilities) must be expanded to include 

0 Tools - Tools for designing and testing computational sensors can be far more 
Standardization, and 

technologies for optical and mechanical sensor development; 

complicated than they are for standard VLSI design. 
library and tool development are essential; 

0 Education - Hands-on experience must be provided to graduate students; 
0 Networking and workshops - Researchers in computational sensors, by its na- 

ture, are scattered in multiple fields, and mechanisms; workshops and consor- 
tiums must be developed to bring them together. 



I . 1 Introduction 
Traditionally, sensory information processing proceeds in three steps: transducing (de- 
tection), &-out (and digitization), and processing (interpretation). Micro-electronics 
technologies has begun to spawn a new generation of sensors which combine transducing 
and processing on a single chip - a computational sensor. 

A computational sensor may attach analog or digital VLSI processing circuits to each 
sensing element, exploit unique optical design or geometrical arrangement of elements, or 
use the physics of the underlying material for computation. mically, a computational 
sensor implements a distributed computing model of the sensory data, including the case 
where the data are sensed or preprocessed elsewhere. Combining computation and signal 
acquisition into a single chip results in often not only performance improvement but also 
totally new capabilities that were not previously possible. 

Recognizing the importance and potential of computational sensors, Oscar Firschein, 
DARPA SISTO, requested us to organize a workshop to bring together developers and 
users of computational sensors. The workshop was to define the state of the art, discuss the 
issues, and identify promising approaches and applications for this new technology. The 
workshop was held at The University of Pennsylvania on May 11-12, 1992. Approximately 
40 people were invited from academia, government, and industry. The workshop hosted 
several key presentations and followed them with group discussion and summary sessions. 
This workshop report presents a summary of the state of the art in computational sensors 
and recommendations for future research programs. 

In Section 2 we discuss opportunities for computational sensors. Some computational 
sensor examples are reviewed in Section 3. Technologies, issues, and limitations are 
considered in Section 4. Section 5 discusses algorithms for computational sensors. Recom- 
mendations for future programs are given in the concluding section. The appendix includes 
a bibliography of computational sensing created with input from the workshop participants. 

2 Opportunities 
In machine vision, the basic approach has been to use a TV camera for sensing, to digitize 
the image data into a frame buffer and then to process the data with a digital computer. Apart 
from being expensive, large, heavy, and power-hungry, this sense-digitize-and-then-process 
paradigm has fundamental performance disadvantages. A high bandwidth is required to 
transfer data from the sensor to the processor. The parallel nature of operands captured in a 
2D image plane is not exploited. Also, high latencies due to image transfer and store limit the 
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usefulness of this paradigm for high-speed, real-time applications. Combining processing 
on silicon wafers together with detectors will eliminate these limitations, and have the 
potential to produce a visual sensor of low-cost, and low-power with high-throughput and 
low latency. 

The potential for integrating the transducing and processing of signals has been rec- 
ognized for some time, but in the past, research and development in this area was driven 
mostly by curiosity or special use. Today, however, the advancement of VLSI and related 
technologies provides opportunities for us to harness this potential in new, broad, practical 
applications in image understanding, robotics, and human-computer interfaces. Most im- 
portantly, VLSI technologies have become available and accessible to the sensor application 
community where we have recently observed a growing body of research in computational 
sensors. 

Several computational sensors have been fabricated and demonstrated to perform effec- 
tively. Analog vision chips have been demonstrated which can compute an image motion 
vector, or continuously compute the size and orientation of an object. Three dimensional 
range sensing has been performed at a rate of 1000 frames per second using a chip containing 
an array of cells each capable of detecting and calculating the timing of an intensity profile. 
Sensor chips that mimic the human’s fovea and peripheral vision have been fabricated and 
used for pattern recognition. Tiny lenses can be etched on silicon to focus light efficiently 
on a photosensitive area, or even to perform a geometrical transformation of images. Resis- 
tive networks and associated circuits on a chip can solve optimization problems for shape 
interpolation. 

Computational sensors are not limited to vision use, but have applications in mechanical, 
chemical, medical and other sensors. Development of micromechanical pressure sensors 
and accelerometers has been underway for some time. An air-bag sensor for automobiles 
could become one of the first successful, mass-produced, low-cost computational sensors. It 
contains a miniature accelerometer and processing circuits in a chip. Processing could also 
be combined with micro-chemical sensors to detect water contamination, air pollution, and 
smells, while micro-medical sensors could measure blood chemistry, flow, and pressure. 

I 

Potential applicationdmarkets of computational sensors are abundant: 

0 robot perception 

0 industrial inspection 

0 navigation and automobile 

0 space 
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0 sensor based appliances 
I 

0 medicine (e.g. patient monitoring) 

0 security and surveillance 

0 entertainment and media 

toy 

Development of acomputational sensor does not simply mean combining known sensing 
capability with known processing algorithms. It requires new thinking. Most of the 
current vision algorithms, for example, are strongly influenced by the fact that image data 
is provided in a stream and processed by instructions. Also, certain concepts, such as 
frame rate (ie., considering a certain number of discrete fi-ames per second), are themself 
artifacts of the sense-digitize-and-then-process paradigm. Instead, a computational sensor 
can and should take advantage of the inherent, two-dimensional nature of the sensory data 
arrangement, the continuous time-domain signal, and the physics of the media (eg. silicon) 
itself for processing. This type of new thinking often results in a completely different, 
more efficient, orders-of-magnitude faster "algorithm". Many of the successful examples 
mentioned above and in section 3 are the results of such new thinking. 

Finally, computational sensors can create a fundamental change in the approach to the 
sensor system as a whole. When a sensor is bulky, expensive and slow, it is not affordable, 
both economically and technically, to place many of them within a system. The sensor 
system is forced to be centralized. If computational sensors can provide cheaper, smaller, 
and faster sensing units, we can place a large number of sensors throughout a system, such 
as covering the whole surface of a submersible vehicle. A new opportunity exists to make 
sensor systems more distributed, reliable, and responsive. 

3 Computational Sensors: Some Examples 
This section reviews computational sensor architectures that have emerged in recent years: 

1. The focal plane computational sensor: Processing is done on a focal plane, i.e. the 
sensing and processing element are tightly coupled; 

2. The spatio-geometrical computational sensor: Computation takes place via the in- 
herent geometrical structure and/or optical properties of the sensor; 
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3. The VLSI computational module: Sensor and processing element are not tightly 

coupled, but processing is done on a tightly coupled module. 

Many existing systems would fall into several of the above categories. Representative 
examples of each category are presented here. 

Although most examples we give are of visual information processing, these con- 
siderations and techniques extend directly to measurement over the whole spectrum of 
electromagnetic radiation. In general, any other “imaging sensors” such as mechanical 
(e.g. tactile) or magnetic sensors, could also benefit from lessons learned when considering 
and designing computational sensors for vision applications. 

3.1 The focal plane architecture 
The focal plane architecture tightly couples processing and sensing hardwareeach sensing 
site has a dedicated processing element. The sensor and the processing element (PE) are 
located in close physical proximity, thus reducing data transfer time to PE’s. Each PE 
operates on the signal of its sensor. However, depending on the algorithm, each PE may 
need the signals of neighboring sensors or PE’s. This concept corresponds to the SIMD 
paradigm of parallel computer architectures. In computational sensors, the operands are 
readily distributed over an array of PE’s as they are being sensed. 

Cell Parallelism 

Gruss, Carley and Kanade [24] [25] [38] at Carnegie Mellon have developed a computational 
sensor for range detection based on light-stripe triangulation. The sensor consists of an 

The light stripe is swept continuously across the scene to be measured. The PE in each 
cell monitors the output of its associated photoreceptor, recording a time-stamp when the 
incident intensity peaks. The processing circuitry uses peak detection to identify the stripe 
and an analog sample-and-hold to record time-stamp data. Each time-stamp fixes the 
position of the stripe plane as it illuminates the line-of-sight of that cell. The geometry of 
the projected light stripe is known as a function of time, as is the line-of-sight geometry 
of all cells. Thus, the 3-D location of the imaged object points (“range pixels”) can be 
determined through triangulation. The cells operate in a completely parallel manner to 
acquire a frame of 3-D range data, so the spatial resolution of the range image is determined 
solely by the size of the array. In the current CMOS implementation, an array of 28 x 32 
cells has been fabricated on a 7.9mm x 9.2mm die. 

array of cells, each cell having both a light detector and a dedicated analog-circuit PE. e 
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I . Keast and Sodini [39] at MI” have designed and fabricated a focal plane processor 
for image acquisition, smoothing, and segmentation. The processor is based on clocked 
analog CCDKMOS technology. The light signal is acquired as an accumulated charge. 
The neighboring PE’s share their operands in order to smooth data. In one iteration, each 
PE sends one quarter of its charge to each of its four neighbors. The charge meets halfway 
between the pixels and mixes in a single potential well. After mixing, the charge is split 
in half and returned to the original PE, approximating Gaussian smoothing. However, 
the segmenting circuit will prevent this mixing if the absolute difference between the 
neighboring pixels is greater than a given threshold. A 40 x 40 array with a cell size of 
about 150 x 150 microns is currently being fabricated. 

Use of Media Physics (Resistive Grid) 

Some algorithms can exploit the physics of the VLSI layers to achieve “processing” in 
a computational sensor. Carver Mead at Caltech has developed a set of subthreshold 
CMOS circuits for implementing a variety of vision circuits. The best known design is the 
“Silicon” retina, a device which computes the spatial and temporal derivative of an image 
projected onto its phototransistor array. The photoreceptor consists of a phototransistor 
feeding current into a node of a 48 by 48 element hexagonal resistive grid with uniform 
resistance values R. The photoreceptor is linked to the grid by a conductance of value G. 
An amplifier senses the voltage between the receptor output and the network potential. The 
circuit computes the Laplacian of an image, while temporal derivatives are obtained by 
adding a capacitor to each node. 

Another example which exploits resistive grids to achieve signal processing is the blob 
position and orientation circuit developed by Standley, Horn, and Wyatt at MIT [81] [82]. 
Light detectors are placed at the nodes of a rectangular grid made of polysilicon resistors. 
The photo-current is injected into these nodes and the current flowing out of the perimeter of 
the grid is monitored. The injected photocurrent and the grid perimeter current are related 
through Green’s theorem; based on sensed perimeter current, information to compute the 
first and second moments of the blob is extracted at 5000 framedsec. An array of 29 x 29 
cells has been fabricated on a 9.2mm x 7.9mm die. 

3.2 Spatio-Geometric and Optical Computational Sensors 
Some computational sensors are based on the “computation” performed by virtue of the 
special geometry or optical material of the sensor array. 
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Log-Polar Sensor 

The University of Pennsylvania’s log-polar sensor developed by b i d e r  and Van der 
Spiegel [45] [46] [71] [75] in collaboration with Sandhi of University of Genova and 
researchers at IMEC in Belgium has a radially-varying spatial resolution. A high resolution 
center is surrounded with a lower resolution periphery in a design resembling a human 
retina. A sensor that has a high spatial resolution area, like a fovea in a human retina, is 
often termed a foveating sensor. The image is first mapped from log-polar to the Cartesian 
plane. There is evidence that in biological systems this type of mapping takes place from 
eye to brain. The authors have shown that transformations involving perspective, such 
as optical flow and rotation, are simplified with such a mapping. This sensor must be 
mechanically foveated for a specific region of interest, and current research concentrates 
on applying this chip to robotics. 

Bederson, Wallace, and Schwartz [7] at New York University and Vision Application, 
Inc. designed a log-polar sensor as well. The VLSI sensor itself is in the process of 
being fabricated. An additional interesting part of their system is a miniature pan-tilt 
actuator called Spherical Pointing Motor (SPM) shown. The SPM is capable of carrying 
and orienting the sensor. It is an accurate, fast, small, and inexpensive device with low 
power requirements and is suitable for active vision applications. 

Another foveating sensor has been designed by Kosonocky, Wilder and Misra at Rutgers 
University. The objective was to design a sensor whose foveal region(s) will be able to 
expand, contract and roam in the field-of-view. The chip is, in essence, a 5 12x5 12 square 
array with the ability to “merge,’ its pixels into regions, and output only one value for 
each such rectangular “super pixel”. The largest super pixel is an 8x8 region. There are 
three modes of operation. In Variable Resolution Mode, the resolution of the entire chip 
can be selected from highest to lowest, or anywhere inbetween. The Multiple Region of 
Interest mode provides multiple active windows, possibly with different resolutions, while 
reading data out from the rest of the array is inhibited. The third mode is a combination 
of the first two modes. This third mode would resemble the sampling of a human retina 
if so programmed. The design permits multiple foveae within the retina. The authors 
demonstrated significant speed-up in data acquisition for a variety of tasks from industrial 
inspection to target tracking. 
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Hexagonal Tessellation 

Hexagonal sampling tessellates the frequency plane more efficiently than rectangular 
sampling.’ Poussart and Trembley [89] at Laval designed a 200 x 200 array with a hexago- 
nal grid. This chip facilitates parallel access to the data in a particular local neighborhood. 
For rapid convolution, this local neighborhood is subsampled along three principal axes 
of the grid, thus reducing the data needed for convolution in the local neighborhood of 
each pixel. Their MAR (Multi-port Array Photo-Receptor system) performs zero-crossing 
detection at seven spatial frequencies in 16 milliseconds. Edge detection is computed in 
real time. 

I 

Binary Optics 

By etching desired geometrical shapes directly into the surface of an optical material, a 
designer can produce optical elements with properties that were previously impossible to 
achieve. This method, called binary optics, can perform simple optical processing before 
the light is detected. 

As VLSI microlithographic techniques have advanced, inexpensive fabrication of binary 
optical devices has become possible [91]. Veldkemp of Lincoln Lab at MIT has developed 
a micro lens array in which each lens is only 200 microns in diameter. One application of 
such an array would be to focus light onto tiny photodetectors thus saving silicon area for 
processing hardware. Some of the first applications of the idea are already on the market: 
Hitachi FP-C10 HI-8 video coders use a micro-lens array CCD, and the Sony XC-75 video 
camera doubles the sensitivity to f8 @ 20oOLux using their HyperHAD CCD structure 
which uses micro lenses. In addition, binary optics devices have been applied to automatic 
target recognition and space applications. 

McHugh of Hughes Danbury Optical Systems experimented with binary optical tech- 
niques and found that they can generate virtually any transformation of an optical wave 
front. The first application that used this new capability was a binary optical component that 
optically mapped the log-polar plane to the Cartesian plhe. This device, in effect, samples 
images at log-polar resolution and optically transforms them for sensing on a Cartesian 
grid. This way an optical log-polar foveating sensor is produced, while the mapping to the 
Cartesian plane has become “free of charge”. 

Nature prefers hexagonal sampling, which is actually found in the mammalian retina. 
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Color and Polarization 

Wolff at Johns Hopkins University uses liquid crystal polarizers whose polarization angles 
are electronically controlled [98]. It has been reported that by eliminating mechanical 
rotation of filters, switching time between different polarization angles is reduced, and 
accuracy of results is improved. Wolff hopes to build polarization cameras with polarizers 
in each element of the CCD array for acquisition of polarized images in real-time. For 
specularity detection, material classification and object recognition, color and polarization 
carry independent and complementary information: polarization for specularity. and color 
for diffuse surfaces and light sources. Sensors for real-time combination of both color and 
polarization images will add rich information to vision systems. 

I 

3.3 
While not strictly a computational “sensor”, there is a class of computational modules for 
sensory information processing which exploit VLSI technologies in a similar manner as 
computational sensors. 

These computational modules are useful when there is not enough space on a single 
chip to accommodate complex PE’s, or the data to be processed comes from other modules. 

Computational Modules for Sensory Information Processing 

Smoothing and Optimization by Resistive Networks 

At Caltech, several regularization techniques have been implemented on-chip. For example, 
consider the problem of fitting a 2D surface to a set of sparse, noisy depth measurements by 
imposing a “smoothness” constraint. This method produces quadraticly varying functions. 
This can be solved using simple linear resistive networks by virtue of the fact that the 
electrical power dissipated in linear networks is quadratic in the current or voltage [69]. 

Mapping 2D motion algorithms onto analog chips has turned out to be surprisingly 
difficult. A robust motion detection circuit implemented in analog VLSI has yet to be 
demonstrated, but early effort has been made by Tanner at Caltech [86] [87]. He successfully 
built and tested an 8x8 pixel chip that outputs a single uniform velocity averaged over the 
entire image. His chip reports values of x and y velocity which minimize the least square 
error in the image brightness constraint equation. 

Bair and Koch have successfully built an analog VLSI chip that computes zero crossings 
of the difference of Gaussians. It takes the difference between two copies of an image. 
supplied by a 1-D array of 64 photoreceptors, each smoothed by a separate linear first-order 
resistive network, and reports the zero-crossings in this difference [6].  This implementation 
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has the particular advantage of exploiting the smoothing operation naturally performed by 
resistive networks, and therefore avoids the burden of additional circuitry. The network 
resistance and the confidence of the photoreceptor input are independently adjustable for 
each network. Also, an adjustable threshold on the slope of zero-crossings can be set to 
cause the chip to ignore weak edges due to noise. 

Binary line processes which model discontinuities in intensity within the stochastic 
framework of Markov Random Fields provide a method to detect discontinuities in motion, 
intensity, and depth. This is achieved by selectively imposing the smoothness assumption. 
Harris and Koch have invented the “resistive fuse”, which is the first hardware circuit that 
explicitly implements line processes in a controlled fashion [29]. Like a normal house fuse, 
a resistive fuse operates as a linear resistor for small voltage drop and as an open-circuit for 
large voltage drops. A 20x20 rectangular grid network of fuses has been demonstrated for 
smoothing and segmenting test images which are scanned onto the chip. 

Pyramid 

Van der Wal and Burt at David Sarnoff Research Center developed a VLSI pyramid chip 
PYR 1921. Combined with external framestore, the PYR chip is capable of computing 
Gaussian and Laplacian pyramid transforms simultaneously. These transforms consist of 
Gaussian filtering and consecutive subsampling, and, for Laplacian, image subtraction. The 
Chip has a separable 5 by 5 filter and four 1024-sample-long delay lines. Each filter tap 
has a preassigned set of possible values. Coefficient values from this set can be changed 
under software control. PYR has special features such as double precision, double sample 
density, image border extension and automatic timing control. At 15MHz a single chip can 
compute Gaussian and Laplacian pyramids at 44 framedsecond for 512 by 480 images. 
PYR is implemented in digital VLSI using the CMOS standard cell library from VLSI 
Technology, Inc. Digitized image samples pass through the chip sequentially, in raster scan 
order. 

4 Issues 
Successful development of a computation sensor relies on careful consideration of several 
issues including: 

0 choice of the circuitry: digital vs. analog electronics, choice of sensors with respect 
to spectral bandwidth (color) and polarizers, 
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0 choice of an algorithm, 

0 state-of-the-art VLSI, 

0 prototyping infrastructure: design tools and fabrication facilities, 

0 applications, 

0 education, workshopdnetworking, literature. 

All of these issues are discussed in the following sections. 

4.1 Analog vs. Digital 
Both digital and analog circuits can be implemented using VLSI technology. The analog 
approach can be conceptually divided into continuous-time (unclocked) and discrete-time 
(clocked) processing. The choice of technology depends on the particular application, but 
several general remarks are in order. Compared to digital, the traditional disadvantage of 
analog electronics is its susceptibility to noise, yielding low precision. The source of this 
noise can be on-chip switching electronics which require special considerations for hybrid 
designs. Also, analog electronics do not provide efficient long-term storage; typical storage 
times are about one second. On the other hand, digital processing requires A/D and D/A 
conversion, which usually imposes limitations on total circuit speed. Analog electronics 
are characterized by: 

0 highspeed, 

0 low latency, 

0 low precision (typically 6 to 8 bits), 

0 short data storage time (typically 1 second), 

0 sensitivity to on-chip digital switching; and 

0 a long design and testing process. 

In general. analog hardware takes less chip area than digital mechanisms of the same 
functionality. Most participants at the workshop were experts in analog circuitry which 
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seems to be preferred; however, many recognized the importance of digital electronics for 

Analog VLSI offers two interesting advantages for computational sensor design. First, 
the physical properties of the solid-state layers and devices can sometimes be exploited to 
yield elegant, new solutions. One such example is to exploit the physics of a resistive sheet 
(or dense grid) to compute desired quantities. 

The second interesting advantage of analog VLSI is charge-domain processing, best 
exemplified by CCD technology, which offers an area-efficient mechanism for transferring 
data. In addition, creative processing schemes can be developed to process the data in 
charge-domain as it is transferred. CCD technology has already provided several useful 
examples of integrated sensing and signal processing. 

I . computational sensing. 

4.2 Algorithms for Computational Sensors 

While the VLSI computational sensor offers exciting opportunities, one must be careful in 
deciding which algorithms or applications will benefit from such an implementation. At the 
present state of technology, successful design of working VLSI circuits, especially analog 
ones, is a lengthy process. 

Algorithms must be carefully selected or invented to match the architecture to the 
circuitry for maximum performance - there are definite limitations on circuitry and archi- 
tectures. Circuitry has limited precision and storage. Until technology allows much denser 
circuits (or 3D structures) for example, there is not enough room to fabricate a complex PE 
at each photo site. 

Simple cell-parallel algorithms that detect local cues or integrate local information over 
time or multiple channels (eg. spectrum) at each cell are most ideal. 

When a complex PE is required, processing and sensing can take place on separate, 
but tightly coupled (preferably on-chip) modules. The cost of transferring data must be 
minimized in order to justify the use of VLSI over conventional computer systems. CCD 
row-parallel transfer is one way to perfom the transfer at a reasonable speed. Also, 
some algorithms do not directly exhibit parallelism in the focal plane; they often require 
significant local data storage at each PE. In stereo algorithms, for example, optical signals 
are to be combined from two different focal planes. In this case, data are read out and 
processed on a separate computational module. 

There are optimizations and other techniques that map naturally to physical processes 
in silicon; such as relaxation processes implemented on resistive grids. The advantage 
of these physics-based processors over computer implementation is that they minimize 
a multi-dimensional energy function by reaching a stable state of a continuous-time sys- 
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tem, potentially reducing round-off error and numerical instability from which an iterative 
solution by a digital computer may suffer. 

In summary, the following are some general characteristics of algorithms which are 
good candidates for computational sensors implementation: 

0 Algorithms that are simple and robust to noise, and are based on sensor or cue 
integration 

0 Algorithms that exploit a significant level of parallelism without requiring significant 
storage capacity, wafer real estate, or inter-processor data transfer. 

0 Algorithms that map naturally to physical processes encountered in semiconductors, 

0 Algorithms that could exploit the intercommunication and propagation afforded by 
charge-transfer, surface acoustic waves, and optical properties. 

4.3 VLSI Technology 
CMOS, Bipolar, and BiCMOS are the most available VLSI technologies. CMOS is char- 
acterized by very dense packaging, low power consumption, and high input impedance. 
Good switching properties make it well suited for digital, switching, and hybrid circuits. 
It is widely accessible and relatively inexpensive technology. CCD’s are implemented in 
MOS technology. 

Bipolar technology is characterized by low noise and fast circuitry, but consumes more 
power and takes more substrate real estate. It is not as accessible to the wider research 
community as it probably should be. 

BiCMOS combines the advantages of both CMOS and Bipolar technologies. 
Semiconductor material other than silicon is also available. GaAs compounds yield very 

high speed circuitry and are well suited to electro-optical applications. GaAs technology is 
less available, however, and is considerably more expensive. 

The trend in VLSI is toward smaller device geometries. This produces both smaller and 
faster digital circuits and hence more functionality per unit area. This scaling, however, 
is not as beneficial to analog circuitry as to digital. Most active devices are designed at 
a given size and scaling and would not preserve desired functional features after a scale 
change. Analog MOS circuits benefit more from improvements in fabrication process 
quality. Factors such as oxide quality and thickness, or tighter control of threshold voltages 
would greatly benefit analog circuit performance. 
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Great interest has been shown in 3D VLSI. One possibility is optical signal corn- 
munication between stacked chips. This could be accomplished with the availability of 
silicon-compatible semiconductor emitters and IR detectors [ S I .  This technique would 
also require and exploit integrated optics capability such as binary optics. Alternatively. a 
conducting feedthrough could be developed for making distributed point-to-point electrical 
connections [68]. 

Micro fiber-optics could be used to route data in parallel from module to module. The 
optical approach has the advantage of possible optical processing during the data transmis- 
sion itself, but has the disadvantage of high power consumption and heat dissipation. This 
technology has not been developed far enough to become accessible to the wider research 
community. 

1 

4.4 Applications 
As VLSI technology advances and becomes accessible to a wider research community, 
a number of ideas that combine sensing and processing on a chip are emerging. Many 
attempts, however, are too quick to postulate miraculous chips and systems which have 
little chance of ever working. 

Several successful examples of computational sensors have been driven by applications, 
and the workshop participants have agreed that this will remain true for most successful 
developments. A truly successful “marriage” of sensing and computation can be done 
only by careful analysis of application requirements in conjunction with implementation 
technologies. 

While a wide variety of applications are conceivable, the following are potential appli- 
cations that have been suggested during the workshop: 

0 A high resolution camera (2000 x 2000 and up). 

0 Face recognition for credit purchase, security, and human-computer interfaces. 

0 An inexpensive anti-collision stereo sensor for automobiles. 

0 Motion detection and tracking for automobiles, security, and human-computer inter- 
faces. 

0 Automatic local brightness adjustment of images. 

0 Tactile sensors for material handling. 
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0 Insect robots for the toy industry. 
I 

0 High-speed industrial inspection, chip reticle alignment. 

0 Document understanding and optical character recognition. 

0 A light-weight amacronic sensor/display device for virtual reality. 

0 Image compression for home video appliances. 

0 Medical sensodimplants. 

0 Automatic target recognition - signal preprocessing for specialized sensors (gain, 
bias, filtering) and multi-sensor integration. An example is a computational sensor 
to perform the functions of detection, inscan calibration, and output multiplexing of 
FLIR. 

0 Space robotics for orbital replacement, satellite retrieval, and planetary exploration. 

0 Remotely and automatically piloted vehicles - sensors to make UGV, AAV, AUV low 
cost. 

4.5 Prototyping Infrastructure 
Design tools 

An issue which received unanimous agreement among workshop participants is the lack of 
analog VLSI design tools equivalent to those for digital design. These tools include design 
aids from layout to testing, including extraction, verification and simulation. Analog circuits 
are more sensitive to parasitics than digital circuits. Accurate techniques for including 
these parasitics in the extracted files would reduce the number of design iterations due to 
unexpected circuit behavior. 

Analog modeling and simulation capabiities are still inadequate. Much of the attention 
in modeling is directed at the effects of extremely short channel lengths on MOS transistor 
operation. Analog design rarely uses minimum size transistors, but is more critically 
dependent upon operating under a different bias condition: subthreshold and saturation 
regions. The proper modeling of bias-dependent capacitances is critical for modeling circuit 
dynamics and stability. There is little or no support for simulating charge-domain devices 
like CCD’s. Statistical modeling is an important predictive element of analog design, 
providing assurance that the resulting circuits will meet the prescribed design constraints. 
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I . Without it, a circuit may be functional and within specifications for a given process model, 
but actual process variation may result in an out-of-spec or inoperable circuit. 

It has been noted that a data book for standard analog cells would be very useful. While 
it will be more difficult than the digital domain, it is necessary to develop a library of 
standard building blocks of compatible electronic and sensor components with which one 
can design a new computational sensor. 

Fabrication Facilities 

The MOSIS Service is a prototyping service offering fast-turnaround standard cell and 
full-custom VLSI circuit development at very low cost. The MOSIS Service, begun 
in 1980, provides fabrication services to government contractors, agencies, and university 
classes under the sponsorship of the Defense Advanced Research Projects Agency (DARPA) 
with assistance from the National Science Foundation (NSF). MOSIS has developed a 
methodology that allows the merging of many different projects from various organizations 
onto a single wafer. Instead of paying for the cost of mask-making, fabrication, and 
packaging for a complete run (currently between $50,000 and $80,000) MOSIS users pay 
only for the fraction of the silicon that they use, which can cost as little as $400. Initially, 
the MOSIS user-base was primarily university and government users. MOSIS’ success in 
serving this group of users led, in recent years, to a natural expansion into the industrial 
sector, with rapidly growing use of MOSIS by commercial companies. MOSIS foundries 
have also taken advantage of the frequent prototype runs for their own needs as well as those 
of their clients. MOSIS is located at the Information Sciences Institute of the University of 
Southern California (USUISI) in Marina del Rey, California 

The MOSIS program has been a successful mechanism for promoting VLSI applications. 
MOSIS’ ease of access, quick turnaround, and cost-effectiveness have afforded designers 
opportunities for frequent prototype iterations that otherwise might not even have been 
considered. With MOSIS’ low cost for “tiny-chip” fabrication, silicon can be used as 
a rapid prototyping vehicle. Small functional building blocks can be easily fabricated 
and tested before too much time is invested in building and integrating a full system. 
Furthermore, many ideas and needed intuition can be gained through “playing” with these 
actual working chips. Successful designers of existing functional computational sensors 
have reported that silicon prototyping, combined with higher level algorithm simulation, 
has proven to be a useful system-building approach in computational sensors. 

MOSIS offers two monthly runs of a standard 2um, double-layer metal, CMOS process. 
One of these runs usually includes a second layer of polysilicon. Typically these designs 
are fabricated, bonded and returned in about two months. In addition to these standard 
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runs, a 1.2um CMOS run goes out about once every month and there are more infrequent 
runs at 0.8um. Every other month includes a low-noise 2um analog CMOS run which has 
options for second poly, a NPN bipolar transistor in the n-well, and a buried channel CCD. 

MOSIS’s capability, however, is limited for the research and development of computa- 
tional sensors. Quality bipolar and depletion-mode MOS devices are unavailable. MOSIS 
is beginning to offer GaAs (instead of the more usual Silicon) process runs on a regular 
basis. 

At this point, MOSIS does not provide a capability for optical electronics fabrication. 
University researchers must rely on teaming with industries which have the fabrication 
capability in this area. It is noteworthy that both the European research community and 
the Japanese micro-sensor project will have a common facilities including capabilities for 
optical electronics fabrication. 

4.6 Education, WorkshopdNetworking and Literature 
Understanding semiconductor and device physics as well as techniques for marketing 
custom-made integrated circuits are essential prerequisites to developing a successful corn- 
putational sensor. For the complete success of a computational sensor, avenues of corn- 
munication between VLSI designers, computer vision researchers, and product developers 
must be developed. These groups would exchange information about the opportunities 
and difficulties in each others’ fields. Vision (and other sensor) researchers must be made 
aware of what is available in VLSI technology, and VLSI designers must understand the 
problems of machine vision. This workshop was very productive. It was recommended 
that follow-on workshops or conferences be held. 

It was proposed that universities and industries team-up to allow students to obtain 
more hands-on experience. This is an old idea that still has difficulty working in practice. 
Namely, most students and university professors are more likely to undertake theoretical 
research than to work on the “real thing”. This is primarily due to the fact that dealing with 
hardware tends to extend time in graduate school for students, and reduce the publishing rate 
of professors. This problem received some attention, and reviews of academic standards 
were suggested. It was suggested that more credit should be given to efforts which produce 
working prototype devices or systems. 

The body of experience and knowledge of computational sensors is currently scattered 
over a large number of disciplines and corresponding publications. Publications range from 
journals on electronic circuits and signal processing to publications on neural networks and 
vision research. To effectively communicate knowledge about computational sensors, it 
was suggested that a new journal be created. 
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I 
Another type of cooperation is to distribute working prototype sensors in among the 

user community. An excellent example is the log-polar camera prototype that University of 
Pennsylvania has offered to share with interested researchers. This type of cooperation is 
of mutual benefit to the sensor designers as well as to application developers. Designers of 
the computational sensor receive much needed feedback about the actual need and practical 
value of the sensor, while application researchers can investigate new areas previously 
limited by the absence of these specialized devices. 

5 Recommendations 
In light of the previous analysis, the workshop has recommended the following: 

1. Create a research and development program in computational sensors. The program 
must have the following characteristics (Figure 1): 

0 Interdisciplinary - the program must include sensing, algorithms, VLSI, mate- 
rial, and applications; 

0 Multi-modal - the program must deal with not only the image or visual modality, 
but also with other sensing modalities including tactile, acoustic, pressure, 
acceleration, chemical, and so on; 

0 Prototyping-oriented - individual projects under this program must be oriented 
toward producing working prototype devices or systems; 

0 Applications - individual projects must identify potential applications and pos- 
sible avenues of technology transfer to real world applications. 

2. Improve the infrastructure for research and development of computational sensors: 

0 Fabrication facilities - MOSIS (or similar facilities) must be expanded to include 
technologies for optical and mechanical sensor development; 

0 Tools - Tools for designing and testing computational sensors can be far more 
complicated, than they are for standard VLSI design. Standardization, and 
library and tool development are essential; 

0 Education - Hands-on experience must be provided to graduate students; 
0 Networking and workshops - Researchers in computational sensors, by its na- 

ture, are scattered in multiple fields, and mechanisms; workshops and consor- 
tiums must be developed to bring them together. 

17 



I . 

- 

Sensing 

Figure 1 : Computat@al Sensor Program 



THE FOLLOWING BIBLIOGRAPHY CONTAINS PAPERS COLLECED DURING AND AFIER THE 
I 

WORKSHOP BY THE CONTRIBUTIONS OF PARTICIPANTS. 

References 
A. Andreou, K. Strohbehn, and R.E. Jenkins, “Silicon Retina for Motion Computa- 
tion”, Proc. IEEE Int. Symp. Circuits and Systems, pp. 1373-1376, 1991. 

A.G. Andreou, K.A. Boahen, A. Pavasovic, P.O. Pouliquen, R.E. Jenkins and K. 
Strohbehn, “Current-Mode Subthreshold MOS Circuits for Analog VLSI Neural 
Systems, ” IEEE Transactions on Neural Networks, Vol. 2, No. 2, pp. 205-213, 
March 1992 

[3] A.G. Andreou and K.A. Boahen, “Synthetic Neural Circuits Using Current-Domain 
Signal Representations, ” Neural Computation, Vol. 1, No. 4, pp. 489-501, 1989. 

[4] A.G. Andreou and C.R. Westhate, “The Magnetotransistor Eflect, ” IEE Electronics 
Letters, Vol. 20, No. 17, pp. 699-701, August 1984. 

[5] A.G. Andreou, “Electronic Receptors for T m t i l h p t i c  Sensing, ” Advances in Neu- 
ral Information Processing Systems, Vol. 1, edited by D.S. Touretzky, Morgan Kauf- 
mann Publishers, San Mateo, pp. 785-792, 1989. 

163 W. Bair and C. Koch. “An Analog VLTI Chip for Finding Edgesfrom Zero-crossings. ” 
In: Advances in Neural Information Processing Systems, R. Lippman, J. Moody, 
and D.S. Touretzky, eds., Vol. 3, pp. 399-405, Morgan Kaufmann, San Mateo, CA. 
1991. 

[7] Bederson, R. Wallace and E. Schwartz, “A Miniature Pan-lilt Actuator: the Spheri- 
cal Pointing Motor, ” Tech. Rep. No. 601, Courant Institute of Mathematical Sciences. 
New York University, March 1992. 

[8] B.E. Boser, et. al., “An Analog Neural Network Processor with Programmable 
Topology, ” IEEE JSSC, Vol. 26, No. 12, pp. 2017-2025, December 1991. 

[9] William 0. Camp, Jr., Jan Van der Spiegel and Min Xiao, “A Line and Edge Ori- 
entation Sensor. ” presented at the 1992 IJCNN Conference, Baltimore, MD, June 
1992. 

19 



. 

[lo] A.M. Chiang and M.L. Chuang, “A CCD Programmable Image Processor and 
Its Neural Network Applications, ” IEEE JSSC, Vol. 26, NO. 12, pp. 1894-1901, 
December 199 1. 

I 

[ 1 11 C. P. Chong, A.T. Salama and K.C. Smith, “Image-Motion Detection Using Analog 
VUI, ’* IEEE Jour. Solid-state Circuits, Vo1.27, No. 1, pp. 93-96, January 1992. 

[12] L.O. Chua and L. Yang, “Cellular Neural Networks: Theory, ” Trans. Circuits and 
Systems, Vol. 35, No. 10, pp. 1257-1272, October 1988. 

[ 131 L.O. Chua and L. Yang, “Cellular Neural Networks: Applications, ” Trans. Circuits 
and Systems, Vol. 35, No. 10, pp. 1273- 1290, October 1988. 

[14] L.O. Chua, L. Yang and K.R. Krieg, “Signal Processing Using Cellular Neiiral 
Networks,” Jour. VLSI Signal Processing, Vol. 3, Nos. 1 and 2, pp. 25-51, June 
199 1, and the references therein. 

[15] M.H. Cohen and A.G. Andreou, “MOS Circuit for Nonlinear Hebbian Learning, ” 
IEE Electronics Letters, Vol. 28, No. 6, pp. 591-593, March 1992. 

[16] R.R. Etienne-Cummings, S.A. Fernando and J. Van der Spiegel, “Real-Etne 2 - 0  
Analog Motion Detector VLSI Circuit.” Proceedings of the 1992 UCNN Conf., 
Baltimore, MD, June 7-1 1, 1992. 

[ 171 S.J. Decker, “A Resistive Fuse forImage Segmentation andSmoothing, ” S.M. Thesis, 
Department of Electrical Engieering and Computer Science, MIT, August 199 1. 

[ 181 T. Delbruck, “ A  Chip that Focusses M Image on Itserjr ” in Analog VLSI Implemen- 
tation of Neural Systems, C. Mead and M. Ismail, eds., Kluwer, Boston, pp. 17 1-1 88, 
1989. 

[19] T. Delbruck and C. Mead “An Electtonic Photoreceptor Sensitive to Small Changes 
in Intensity, ” in Neural Information Processing Systems 1, D. Touretzky, ed., pp. 720- 
727, Morgan Kaufmann, San Mateo, CA, 1989. 

[20] J. Dominguez, “Eflortless Internal Camera Calibration Using the Images of 
Spheres, ” S.B. Thesis, Department of Electrical Engineering and Computer Sci- 
ence, MIT, May 1991. 

20 



. 

[21] L. Dron, “The Multi-Scale Veto Model: A Two-Stage Analog Network for Edge 
I . Detection and Image Reconstruction, ” submitted to Int’l Jour. Computer Vision, 

1992. 

[22] L. Dron, “An Analog Model of Early Visual Processing: Contour and Boundary 
Detection in the Retinu, ” SPIE, Intelligent Robots and Computer Vision X, Boston, 
MA, November 14-15, 1991. (Proceedings to appear.) 

[23] C.L. Fennema and W.B. Thompson “Velocity Determination in Scenes Containing 
Several Moving Obects,” Comp. Vis. Graph. Proc. No. 9, pp. 301-315.1979. 

[24] A. Gruss, L.R. Carley and T. Kanade, “Integrated Sensor and Range-Finding Analog 
Signal Processor,” Jour. Solid-state Circuits, Vol. 26, No. 3, pp. 184-191, March 
1991. 

[25] A. Gruss, S. Tada and T. Kanade, “A VLSI Smart Sensor for Fast Range Itnaging, ” 
Proc IEEE International Conference on Intelligent Robots and Systems (IROS’92), 
Raleigh NC, July 7-10, 1992. 

[26] M. Hakkarainen, J. Little, H.-S. Lee and J.L. Wyatt, Jr., “Interaction of Algorithtn 
and Implementation for Analog V U 1  Stereo Vision, ” SPIE Int’l. Symp. on Optical 
Eng. and Photonics in Aerospace Sensing, Orlando, FL, pp. 173- 184, April, 199 1. 

[27] M. Hakkarainen and H.-S. Lee, “A Stereo Vision System in CCDKMOS Technol- 
ogy, ” submitted to 1992 European Solid-state Circuits Conference, Copenhagen, 
Denmark. 

[28] M. Hakkarainen, “A Real-Time Stereo Vision System in CCDKMOS Technology, ’* 

Ph.D. Thesis, Department of Electrical Engineering and Computer Science, MIT, 
May 1992. 

[29] J.G. Harris, C. Koch and J. Luo, “A two-dimnsionaf analog VLSI circuit for detecting 
discontinuities, ” Science, Vol. 248, pp 1209-121 1, 1990. 

[30] J. Harris, S.C. Liu and B. Mathur, “Discarding Outliers Usinga Nonlinear Resisrive 
Network, ” Proc. IJCNN, Vol. I, pp. 501-506, Seattle, Wash., July 1991. 

[3 11 J.A. Hengeveld, “Smooth Surface Reconstruction in V U I ,  ’* S.B. Thesis, Departmcnt 
of Electrical Engineering and Computer Science, MIT, May 1989. 

21 



[32] T. Horiuchi, J. Lazzaro, A. Moore, C. Koch “A De@-line Based Motion Detection 

J. Moody, D. Touretzky, eds., pp. 406-412, Morgan Kaufmann, San Mateo, CA 1991. 

[33] B.K.P. Horn, “Parallel Network for Machine Ksion, ” A.I. Memo No. 1071, MIT, 

I . Chip, ” in Advances in Neural Information Processing S y s t e m  Vol. 3, R. Lippman, 

December 1988. 

[34] B. Horn, H.-S. Lee, C. Sodini, T. Poggio and J. Wyatt, “The First Three Years of the 
MIT Vision Chip Project - Analog VLSI Systems for Integrated Image Acquisition 
and Early Vision Processing, ” VLSI Memo 91-645, MIT, October 1991. 

[35] R.E. Howard, et. al., “Optical Character Recognition: A Technology Driver for 
Neural Networks, ” Proc. 1990 IEEE Int. Symp. on Circuits and Systems, pp. 2433- 
2436, New Orleans, LA, May 1990, and the references therein. 

1361 M. Ishikawa, A. Morita and N. Takayanagi, “High Speed Ksion System Using 
Massively Parallel Processing, ” submitted to IROS ‘92. 

[37] T. Kanade, A. Gruss and L.R. Carley, “A Very Fast V U I  Rangefinder, ” Proc. IEEE 
International Conference on Robotics and Automation, pp. 1322- 1329, Sacramento, 
CA, April 1991. 

[38] C.L. Keast and C.G. Sodini, “A CCD/CMOS Process for Integrated Image Acquisi- 
tion and Early Vision Signal Processing, ” Proc. SPJE Charge-Coupled Devices and 
Solid State Sensors, Santa Clara, CA, pp. 152-161, February 1990. 

[39] C.L. Keast and C.G. Sodini, “An Integrated Image Acquisition, Smoothing and 
Segmentation Focal Plane Processor, ” to appear in 1992 VLSI Circuit Symposium, 
Seattle, WA, June 1992. 

[40] H. Kobayashi, J.L. White and A.A. Abidi, “An Active Resistor Network for Gaussian 
Filtering of Images, ” Jour. Solid-state Circuits, Vol. 26, No. 5, pp. 738-748, May 
1991. 

[4 I ]  C. Koch, “Seeing Chips: Analog VLSI Circuits for Computer Ksion, ” Neural Com- 
putation. No. 1, pp. 184-200, 1989. 

[42] C. Koch, H.T. Wang, B. Mathur, A. Hsu and H. Suarez, “Computing Optical Flow in 
Resistive Networks and the Primate Visual System, ” Proc. IEEE Workshop on Visual 
Motion, pp. 62-72, Irvine, CA, March 1989. 

22 



[43] C. Koch, W. Bair, J.G. Harris, T. Horiuchi, A. Hsu and J. Luo, “Real-Erne Cornputer 
Vision and Robotics Using Analog VLSI Circuits, ” in Advances in Neural Information 
Processing Systems Vol. 2., D. Touretzky, ed., pp. 750-757, Morgan Kaufmann, San 
Mateo, CA, 1990. 

I 

[44] C. Koch, A. Moore, W. Bair, T. Horiuchi, B. Bishofberger and J. Lazzaro, “Comput- 
ing Motion Using Analog VLSI Vision Chips: an Experimental Comparison Among 
Four Approaches, ” Proc. IEEE Workshop on Visual Motion, pp. 312-324, Princeton, 
NJ, October 199 1. 

[45] G. Kreider, J. Van der Spiegel, I. Born, C. Claeys, I. Debusschere, S. Sandini, P. 
Dario and F. Fantini, “A Retina-Like Space Variant CCD Sensor, I’ Proc. SPIE Conf. 
on Charge-Coupled Devices and Solid State Optical Sensors, Vol. 1242, pp. 133-140, 
Santa Clara, CA, Feb. 12-13, 1990 

[46] G. Kreider, J. Van der Spiegel, I. Born, C. Claeys, I. Debusschere, G. Sandini and 
P. Dario, “The Design and Characterization of a Space Variant CCD Sensor, ’’ SPIE 
Conf. on Intelligent Robots and Computer Vision IX: Algorithms and Techniques, 
Vol. 1381, pp. 242-249, Boston, Nov. 1990, 

[47] J. Lazzaro and C. Mead, “Circuit Models of Sensory Transduction in the Cochlea, ” 
Analog VLSI Implementations of Neural Netorks, C. Mead and M. Ismail, eds., 
pp. 85-101, Kluwer, Norwell, MA, 1989. 

[48] J. Lazzaro, S. Ryckebusch, M.A. Mahowald and C. Mead, “Winner-Take-All Net- 
work  of O(n) Complexify, ” Advances in Neural Information Processing Systems 
Vol. 1. D. Tourestzky, ed., pp. 703-71 1, Morgan Kaufmann, San Mateo, CA, 1988. 

[49] H.S. Lee, and P. Yu, “CMOS Resistive Fuse Circuits, ” 1991 Symp. on VLSI Circuits, 
pp. 109-1 10, Oiso, Japan, May 1991. 

[50] S. Liu and J.G. Haris, “The Negative Fuse Network, ” Visual Information Processing: 
From Neurons to Chips, SPIE Proceedings, Vol. 1473, pp. 185-193, Orlando, FL,, 
April 1991. 

[51] W. Liu, A.G. Andreou and M.H. Goldstein, “Voiced-Speech Representation by an 
Analog Silicon Model of the Auditory Periphery, ” IEEE Transactions on Neural 
Networks, Vol. 3, No. 3, pp. 477-487, May 1992. 

23 



a 

1521 J. Lumsdaine, A. Wyatt, Jr. and I. Elfadel, “Parallel Distributed Networks for Image 
Smoothing and Segmentation in Analog VUI, ” Proc. 28th IEEE Conf. on Decision 
and Control, pp. 272-279, Tampa, FL, December 1989. 

[53] A. Lumsdaine, J.L. Wyatt, Jr., and I.M. Elfadel, “Nonlinear Analog Networks for 
Image Smoothing and Segmentation, ” Journal of VLSI Signal Processing, Vol. 3, 

I 

pp. 53-68, 1991. 

[54] M. Mahowald, “Silicon Retina with Adaptive Photoreceptors, ” Visual Information 
Processing: From Neurons to Chips, SPIE Proceedings, Vol. 1473, pp. 52-58, Or- 
lando, FL, April 199 1. 

[55] M.A. Mahowald and T. Delbruck, “Cooperative Stereo Matching Using Static and 
Dynamic Image Features, ” in Analog VLSI Implementation of Neural Systems, C. 
Mead and M. Ismail, eds., Kluwer, Boston, pp. 213-238, 1989. 

[56] M.A. Mahowald and C. Mead, “Silicon Retina,” Chap. 15 of Analog VLSI and 
Neural Systems, Addison-Wesley Publishing Co., 1989. 

[57] J. Mann, “Implementing Early Visual Processing in Analog VLSI: Light Adaptation, ” 
Visual Information Processing: From Neurons to Chips, SPlE Proceedings, Vol. 
1473, pp. 128-136, Orlando, FL, April 1991. 

[58] L. Massone, T. Sandhi, V. Tagliasco, “Form-invariant Topological Mapping Strategy 
for 2 0  Shape recognition, ” Comp. Graphics and Image Processing, Vol. 30, pp. 1 169- 
1188,1985. 

[59] B. Mathur and C. Koch, “Visual Information Processing: >From Neurons to Chips, ” 
eds., Proc. SPIE, Vol. 1473, 1991. 

[60] T. Matsumoto, L.O. Chua and H. Suzuki, “CNN CIoning Template: Connected Coin- 
ponent Detector, ” Trans. Circuits and Systems, Vol. 37, No. 5, pp. 633-635, May 
1990. 

[61] T. Matsumoto, L.O. Chua and R. Furukawa, “CNN Cloning Template: Hole Filler, ” 
Trans. Circuits and Systems, Vol. 37, No. 5 ,  pp. 635-638. 

[62] T. Matsumoto, L.O. Chua and T. Yokohama, “fmage Thinning with a Cellular Neural 
Network, ” Trans. Circuits and Systems, Vol. 37, No. 5 ,  pp. 638-640, May 1990. 

24 



, 

[63] I.S. McQuirk, “Direct Methods for Estimating the Focus of Expansion in Analog 
I . VLSZ, ” S.M. Thesis, Department of Electrical Engineering and Computer Science, 

MIT, September 199 1.  

[64] C. Mead, “A sensitive electronic pbtoreceptoc ” in 1985 Chapel Hill Conference on 
Very Large Scale Integration, H. Fuchs, ed., Computer Science Press, Chapel Hill, 
NC, 1985. 

[65] C. Mead, “Adaptive Retina, ” Analog V L S I  Implementation of Neural Systems, C. 
Mead and M. Ismail, eds., Kluwer, Boston, pp. 239-246, 1989. 

[66] C. Mead, “Analog VLSI and Neural Systems, ” Reading, M A :  Addison-Wesley, 1989. 

[67] A. Moore and C. Koch, “A multiplication-based analog motion detection chip, ” 
Visual Information Processing: From Neurons to Chips, B. Mathur and C. Koch, 
eds., Proc. SPIE, Vol. 1473, pp. 66-75, 1991. 

[68] T. Nishimura, Y. inoue, K. Sugahara, S. Kusunoki, T. Kumamoto, S. Nakagawa, M. 
Nakaya, Y. Horiba and Y. Akasaka, “Three Dimensional IC for High Pegormance 
Image signal Processor. ” Proc. of the IEDM - Int. Elec. Dev. Meeting, Washington, 

~ D.C. December 6-9,1987. 

[69] T. Poggio and C. Koch, “Ill-posed problems in early vision: from computational 
theory to analogue networks, ” Proc. R. SOC. Lond. Vol. B225, pp. 303-323, 1985. 

[70] T. Poggio, W. Yang and V. Tom, “Optical flow: computational properties and 
networks, biological and analog. *’ The Computing Neuron, R. Durbin, C. Mian and 
G. Mitchison, eds., pp. 355-370. Addison-Wesley, Menlo Park, CA, 1989. 

[7 11 G. Sandini, V. Tagliasco, “An Anthropomorphic Retina-like Structure for Scene 
Analysis,” Comp. Graphics and Image Fkxessing. Vol. 14, pp. 365-372, 1980. 

[72] R. Sarpeshkar, J.L. Wyatt, Jr., N.C. Lu and P.D. Gerber, “Mismatch Sensitivity of 
a Simultaneously Latched CMOS Sense Amplifier. ” IEEE Jour. Solid-state Circuits, 
Vol. 26, NO. 10, pp. 1413-1422, October 1991. 

[73] M.N. Seidel, J.L. Wyatt, Jr., “Using-Eme Bounds for Switched Capacitor Nehvorks, ” 
Proc. IMACS World Congress on Computation and Applied Mathematics, Dublin, 
Ireland, pp. 1669-1670, July 1991. 

25 



[74] L.M. Silveira, A. Lumsdaine and J. White, “Parallel Simulation Algorithms for 
Grid-Based Analog Signal Processors, ” Proc. IEEE Int’l. Conf. on CAD, Santa 
Clara, CA, pp. 442 445, November 1990. 

I 

[75] J. Van der Spiegel, G. b i d e r ,  C. Claeys, I. Debusschere, G. Sandini, P. Dario, E 
Fantini, P. BeIlutti and G. Soncini, “A Foveated Retinu-fike Sensor Using CCD 
Technology, ” Chap. 8 of Analog VLSI Implementation of Neural Systems, C. Mead 
and M. Ismail, eds., Kluwer Academic Publishers, 1989. 

[76] D.L. Standley, “Criteria for Robust Stability in a Class of Lateral Inhibition Related 
Networks Coupled Through a Resistive Grid,” Proc. 1989 Conf. on Information 
Sciences and Systems, Johns Hopkins University, Baltimore, MD, pp. 416, March 
1989. 

1771 D. Standley, “Stability in a C h s  of Resistive Grid Networks Containing Active 
Device Realizations of Nonlinear Resistors, ” hoc. IEEE Int’l. Symp. on Circuits 
and Systems, pp. 1474-1477, New Orleans, LA, May 1990. 

[78] Standley, D.L., “Design Criterion Extension for Stable Lateral Inhibition Networks 
in the Presence of Circuit Parasitics, ” Proc. IEEE Symp. on Circuits and Systems, 
pp. 837-840, Portland, OR, May 1989. 

Journal of Solid-state Circuits, Vol. 26, No. 12, pp. 1853-1860, 1991. 

[80] D.L. Standley, “Analog V U 1  Implementation of Smart Ksion Sensors: Stability 
Theory and an Experimental Design, ” Ph.D. Thesis, Department of Electrical Engi- 
neering and Computer Science, MIT, January 199 1. 

[79] D. Standley, “An Object Position and Orientation IC with Embedded Imager, ” IEEE 

[81] D. Standley, B. Horn, “An Object Position and Orientation IC with Embedded 
Imugel; ” Proc. IEEE Int’l. Solid State Circuits Conf., San Francisco, CA, pp. 38-39, 
February 13-15,1991. 

[82] D. Standley, and B.K.P. Horn, “Analog CMOS IC for Object Position and Ul-ien- 
tation, ” SPIE Int’l. Symp. on Optical Eng. and Photonics in Aerospace Sensing, 
Orlando, FL, pp. 194-20 1, April 199 1. 

[83] D.L. Standley and J.L. Wyatt, Jr., “Circuit Design Criteria for Stability In A Class 
of Lateral Inhibition Neural Networks, ” Proc. 27th Conf. on Decision and Control, 
Austin, TX, pp. 328-333, December 1988. 

26 



[84] D.L. Standley, and J.L. Wyatt, Jr, “Stability Criterion for Lateral Inhibition and 
Related Networking that is Robust in the Presence of Integrated Circuit Parasitics, ” 
IEEE Trans. Circuits and Systems, Vol. 36, No. 5, pp. 67-81, May 1989. 

I 

[85] J.E. Tanner and J. Luo, “A Single Chip Imager and Feature Extractor,” Visual 
information processing: From Neurons to Chips, Roc. SPIE, Vol. 1473, Orlando, 
FL, pp. 76-87, April 1991. 

[86] J. Tanner and C. Mead, “An integrated optical motion sensor, ” VLSI Signal Pro- 
cessing II, s-Y. Kung, R.E. Owen, and J.G. Nash, ds., pp. 59-76, IEEE Press, NY, 
1986. 

[87] J. Tanner and C. Mead, “Optical motion sensor,” in Analog VLSI and Neural 
Systems, C. Mead, pp. 229-255, Addison-Wesley, Reading, MA, 1989. 

[88] G.W. Turner, C.K. Chen, B.-Y. Tsaur and A.M. Waxman, “Through-Wafer Opri- 
cal Communication Using Monolithic InGaAs-on-Si Led’s and Monolithic PtSi-Si 
Schottky-Barrier Detectors, ” IEEE Photonics Technology Letters, Vol. 3, No. 8, 
August 199 1. 

[89] M. Tremblay and D. Poussart, “Focal Plane VLSI Processing for Multiresoliction 
Edge Extraction, ” SPIE Aerospace Sensing, Orlando, 1992. 

[go] C.B. Umminger and C.G. Sodini, “Switched Capacitor Networks for Focal Plane 
Image Processing Systems, ” to appear in IEEE Trans. Circuits and Systems for Video 
Technology, September 1992. 

[91] W. B. Veldkamp and T. J. McHugh, “Binary Optics,” Scientific American, M a y  
1992. 

1921 G.S. Van der Wal and P.J. Burt, “A VLTI Pyramic Chip for Muftiresolution Image 
Analysis, ” to appear in The International Journal of Computer Vision. 

[93] C.F.R. Weiman, “Exponential Sensor Array Geometry and Simulation, ” Proc. SPIE 
Conf. on Pattern Recognition and Signal Processing, Vol. 938, Digital and Optical 
Shape Representation and Pattern Recognition, pp. 129-137, Orlando, FL, 1988. 

[94] C.F.R. Weiman, “3-0 Sensing with exponential sensor arrays, ’* Proc. SPIE Conf. 
on Pattern Recognition and Signal Processing, Vol. 938, Digital and Optical Shape 
Representation and Pattern Recognition, Orlando, FL, 1988. 

21 



8 

[95] C.F.R. Weiman, “Polar Exponential Sensor Arrays Unify Iconic and Hough Space 

Algorithms and Techniques, Vol. 1192, Philadelphia, PA, pp. 832-842, November 
1989. 

I Representation, ** Proc. SPIE Conf. on Intelligent Robots and Computer Vision VIII: 

[96] C.F.R. Weiman and R.D. Juday, “Tracking Algorithms Using Log-Polar Mapped 
Image Coordinates, ** Proc. SPIE Conf. on Intelligent Robots and Computer Vision 
VIII: Algorithms and Techniques, Vol. 1192, Philadelphia, PA, November 1989. 

[97] C.F.R. Weiman and G. Chaikin, “Logarithmic Spiral Grids for Image Processing and 
Display, ” Computer Graphics and Image Processing, Vol. 11, pp. 197-226, 1979. 

[98] L. B. Wolff and T.A. Mancini, “Liquid Crystal Polarization Camera, ” Computer 
Science Technical Report 92-09, John Hopkins University, Baltimore, MD, May 
1992. 

[99] J. L. Wyatt, Jr. and D.L. Standley, “Criteria for Robust Stability in a Class of Lateral 
Inhibition Networks Coupled Through Resistive Grids, ’* Neural Computation, Vol. 
1, No. 1, pp. 58-67, Spring 1989. 

[ 1001 J.L. Wyatt, Jr., C. Keast, M. Seidel, D. Standley, B. Horn, T. Knight, C. Sodini, H.-S. 
Lee and T. Poggio, “Analog VLSI Systems for Early Vision Processing, ” Proc. 1992 
IEEE Int’l. Symp. on Circuits and Systems, pp. 1644-1647, San Diego, CA, May 
1992. 

[ lol l  J.L. Wyatt Jr., D. Standley and B. Horn, “Local Computation of Useful Global 
Quantities Using Linear Resistive-Grid Networks, ” poster session, Conf. on Neural 
Networks for Computing, Snowbird, UT, April 1990. 

[lo21 J.L. Wyatt, Jr., D.L. Standley, and W. Yang, “The MIT Vision Chip Project: Analog 
VLSI Systems for Fast Image Acquisition and Early Virion Processing, ” in Proc. 
1991 IEEE Int’l. Conf. on Robotics and Automation, pp. 1330-1335, Sacramento, 
CA, April 1991. 

[ 1031 W. Yang, “A Charged-Coupled Device Architecture for On Focal Plane Image Signal 
Processing, ** Proc. Int’l. Symp. on VLSI Technology, Systems and Applications, 
pp. 266-270. Taipei, Taiwan, R.O.C., May 1989. 

28 



. 

I 

[lo41 W. Yang, “Analog CCD Processors for Image Filtering,” SPIE Int’l. Symp. on 
Optical Eng. and Photonics in Aerospace Sensing, Orlando, FL, pp. 114-127, April 
1991. 

[lo51 W. Yang and A.M. Chiang, “VLSI Processor Architectures for Computer Vision, ” 
Proc. of the Image Understanding Workshop, Palo Alto, CA, pp. 193-199, May 1989. 

[lo61 W. Yang, A.M. Chiang, “A Full Fill-Factor CCD Imager with Integrated Signal 
Processors, ” Proc. ISSCC, San Francisco, CA, pp. 218-219, February 1990. 

[ 1071 C. Yarlagadda, “A 512x512 Random Addressable Variable Resolution Image Sen- 
sor, ” M.S. Thesis, Departmant of Electrical and Computer Engineering, New Jersey 
Institute of Technology, 1990. 

[lo81 P.C. Yu, S.J. Decker, H.S. Lee, C.G. Sodini and J.L. Wyatt, Jr., “CMOS Resistive 
Fuses for Image Smoothing andSegmentation, ” IEEE Journal of Solid-state Circuits, 
Vol. 27, NO. 4, pp. 545-553, April 1992. 

[ 1091 P.C. Yu and H.-S. Lee, “A CMOS Resistive Fuse Processorfor 2 - 0  Image Acquisition, 
Smoothing and Segmentation, ’’ submitted to 1992 European Solid-state Circuits 
Conference, Copenhagen, Denmark. 

29 



Workshop Participants: 
I 

Narendra Ahuja 
Beckman Institute 
University of Illinois 
405 N. Mathews Avenue 
Urbana, Illinois 61 80 1 
tel: (217) 333-1837 

ahuja@uixvld.csl.uiuc.edu 
FAX: (217) 244-8371 

Kiyoharu Aizawa 
Beckman Institute 
University of Illinois 
405 N. Mathews Ave. 
Urbana, IL 61810 
tel: (217) 244-4972 

aizawa@uirvld.csl.uiuc.edu 
FAX: (217) 244-8371 

Ruzena Bajcsy, CO-CHAIR 
GRASP Laboratory 
Department of Computer and 
Information Science 
University of Pennsylvania 
Philadelphia, PA 19 104-3897 
tel: (215) 898-0370 

bajcsy @CENTRAL.CTS.UPENN.EDU 
FAX: (215) 573-2048 

William 0. Camp, Jr. 
IBM FSD, MS 0302 
Owego, NY, 13827 
tel: (607) 75 1-4557 

camp@owgvm6.vnet.ibm.com 
FAX (607) 75 1-2397 

George Chaikin 
38 Colonial Lake Dr. 
Lawrenceville, NJ 08648-4124 
tel: (609) 771 - 8073 
FAX: (609) 258-4740 
gchaikin @ phoenix. princeton .edu 

Chiun-Hong Chien 
Lockheed Engineering and Sciences 
Mail Code C-19 
2400 NASA Road 1 
Houston, TX 77062 
tel: (713)483-6635 
(713)-333-7171 (phone mail) 

(Intelligent System Branch) 
chien@aio.jsc.gonasa.gov 

FAX: (7 13)-483-3204 

Jim Clark 
Cruft Hall 401 
Harvard University 
29 Oxford Street 
Cambridge, MA 02138 
tel: (617) 495-3298 

Clark@ cns .CALTECH .EDU 
Clark @ hrl . harvard .edu 

FAX: (617) 495-9837 

Oscar Fmchein 
DARPA 
3701 N. Fairfax Dr. 
Arlington, VA 22203 
tel: (703) 696-2270 

oscar@darpa.mil 
FAX: (703) 696-2202 

30 

mailto:ahuja@uixvld.csl.uiuc.edu
mailto:aizawa@uirvld.csl.uiuc.edu
mailto:CENTRAL.CTS.UPENN.EDU
mailto:camp@owgvm6.vnet.ibm.com
mailto:chien@aio.jsc.gonasa.gov
mailto:oscar@darpa.mil


I 
Michael J.Foster 
NSF 
1800 G Street, Room 414 
Washington, D.C. 20550 
tel: (202) 357-7853 
mfoster @NSF.GOV 

Tom Cunningham (for Eric Fossum) 
Jet Propulsion Laboratory 
California Institute of Technology 

4800 Oak Grove Drive 
Pasadena, CA 9 1 109 
tel: (8 18) 354-3 128 

tcunningham@nasamail.jpl.nasa.gov 

MS 300-315 

FAX: (818) 393-0045 

John G. Harris 
545 Technology Square 
MIT AI Lab, NE43-767 
Cambridge, MA 02139 
tel: (617) 253-3770 

harris @ai.mit.edu 
FAX: (617) 258-6287 

Timothy Horiuchi (for Christof Koch) 
Division of Biology, 216-76 
Caltech, Pasadena, CA 9 125 
tel: (818) 397-2816 

koch @ iago .caltech.edu 
timmer@cns.caltech.edu 

FAX: (818) 796-8876 

Take0 Kanade, CO-CHAIR 
Robotics Institute 
School of Computer Science 
Carnegie Mellon University 
Pittsburgh, PA. 15213 
tel: (412) 268-3016 

kanade @ cs.cmu.edu 
fax: (412) 621-1970 

Cary Kornfeld 
Princeton University 
Department of Computer Science 
35 Olden Street 
Princeton NJ 08544-2087 
tel: (609) 258-1787 
cary @ cs .princeton.edu 

Ramu Mahadevan 
AT&T Bell Laboratories 
Room 4E-502 
Crawfords Comer Road 
Holmdel, NJ 07733-3030 
tel: (908)-949-7280 

rarnmah@vaxl35.att.com 
FAX: (908)-949-0399 

Jim Mann 
B-145 
MIT Lincoln Laboratory 
244 wood St. 
Lexington, MA 02173 
tel: (617) 981-2690 

mann@vlsi.ll.mit.edu 
FAX: (617) 862-9057 

31 

mailto:NSF.GOV
mailto:tcunningham@nasamail.jpl.nasa.gov
mailto:ai.mit.edu
http://caltech.edu
mailto:timmer@cns.caltech.edu
http://cs.cmu.edu
http://princeton.edu
mailto:rarnmah@vaxl35.att.com
mailto:mann@vlsi.ll.mit.edu


. 

Jonathan W. Mills 
215 Lindley Hall 
Computer Science Department 
Indiana University 
Bloomington, Indiana 47405 
tel: (812) 855-7081 (W) 

jwmills@iuvax.cs.indiana.edu 
(812) 331-8533 (H) 

Paul Mueller 
Dept. of Biophysics 
University of Pennsylvania 
Philadelphia Pa. 19 104 
tel: (215) 898-3553 

mueller@ hodgkin.med.upenn.edu 
Fax: (215) 898-4215 

Vic Nalwa 
AT&T Bell Laboratories 
Room 4E-610 
Crawfords Comer Road 
Holmdel. NJ 07733-3030 
tel: (908)-949-6103 

vic@vax135.att.com 
FAX: (908)-949-0399 

Denis Poussart 
Computer Vision & Systems Lab 
Dept. of Electrical Engineering 
Laval University 
Quebec GlK 7P4 
CANADA 
tel: (4 18) 656-3554 

poussart@gel.ulaval.ca 
FAX: (4 18)656-3594 

Gregory Rawlins 
Department of Computer Science 
2 15 Linley Hall 
Indiana University 
Bloomington, IN 47405 
tel: (812) 855-2136 
FAX: (812) 855-4829 
rawlins @ invax.cs .indiana.edu 

Jan Van der Spiegel 
Univ. of Pennsylvania 
Dept. of Electrical Engineering 
Philadelphia, PA 19 104-6390 
tel: (215) 898-71 16 

jan@pender.ee.upenn.edu 
FAX: (215) 573-2068 

Kim Strohebehn 
JHUIAPL 
Johns Hopkins Rd. 
Laurel, Md. 20723 
tel: (301) 953-5000 x8293 
alephO@ aplcomm.jhuapl.edu 

Vincent J. Velten 
WAARA-2 
WPAFB OH 45433-6543 
tel: (513) 255-1 115 
FAX: (5 13) 476-44 14 
vvelten @mbv.mbvlab. wpafb.af.mil 

32 

mailto:jwmills@iuvax.cs.indiana.edu
http://hodgkin.med.upenn.edu
mailto:vic@vax135.att.com
http://indiana.edu
mailto:jan@pender.ee.upenn.edu
http://aplcomm.jhuapl.edu
http://wpafb.af.mil


Wilfrid Veldkamp 
Lincoln Laboratory 
MIT 
244 wood Street 
Lexington, MA 02173 
tel: (617) 981-7526 

veld @ 11 .mit.edu 
FAX: (617) 981-5200 

H. Taichi Wang 
Science Center, A7A 
Rockwell International 
1049 Camino Dos Rios 
Thousand Oaks, CA 91360 
tel: (805) 373-4486 

htw @risc.rockwell.com 
FAX: (805) 373-4687 

Chip Weems 
Computer Science Department 

University of Massachusetts 
Amherst, MA 01003 
tel: (413) 545-3163 

Weems @cs.umass.edu 

LGRC-A243 

FAX: (413) 545-1249 

Carl ER.  Weiman 
15 Great Pasture Road 
Transitions Research Corporation 
Danbury, CT., 06880 
tel: (203) 798-8988 
FAX: (203) 791-1082 

Robb White 
Department of Electrical Engineering 
Columbia University 
500 w. 120th street 
New York, NY 
tel: (212) 854-31 15 

rcw @cunix.columbia.edu 
FAX: (212) 666-0140 

Joseph Wilder 
Rutgers University CAIP Center 
Core Building 
P.O. Box 1390 
Piscataway, NJ 08855-1390 
tel: (908) 932-3439 

wilder @ caip.rutgers .edu 
FAX: (908) 932-4775 

Lany Wolff 
The Johns Hopkins University 
Computer Science Department 
Baltimore, MD 21218(?) 
tel: (410) 516-8710(?) 
wolff @cs.jhu.edu 

John Wyatt 
MIT 
545 Technology Square 
Cambridge, MA 02139 
tel: (617) 253-6718 

Wyatt @sobolev.mi t .edu 
FAX: (617)258-7864 

33 

http://mit.edu
mailto:risc.rockwell.com
mailto:cs.umass.edu
mailto:cunix.columbia.edu
mailto:cs.jhu.edu



	December
	Department of Electrical Engieering and Computer Science MIT August

