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Abstract

Wehavedeveloped a prototype miniaturized active vision system whose sensor architecture is based on
a logarithmically structured space-variant pixel geometry. A space-variant image’s resolution changes
across the image. Typically, the central part of the image has a very high resolution, and the resolution
falls off gradually in the periphery. Our system integrates a miniature CCD-based camera, pan-tilt
actuator, controller, general purpose processors and display. Due to the ability of space-variant sensors
to cover large work-spaces, yet provide high acuity with an extremely small number of pixels, space-
variant active vision system architectures provide the potential for radical reductions in system size and
cost. We haverealized this by creating an entire system that takes up less than a third of a cubic foot.
In this thesis, we describe a prototype space-variant active vision system (Cortex-I) which performs
such tasks as tracking moving objects and license plate reading, and functions as a video telephone.

Wereport on the design and construction of the camera (which is 8 x 8 x 8mm), its readout, and
a fast mapping algorithm to convert the uniform image to a space-variant image. We introduce a new
miniature pan-tilt actuator, the Spherical Pointing Motor (SPM), which is 4 x 5 x 6cm. The basic idea
behind the SPMis to orient a permanent magnet to the magnetic field induced by three orthogonal coils
by applying the appropriate ratio of currents to the coils. Finally, we present results of integrating the
system with several applications. Potential application domains for systems of this type include vision
systems for mobile robots and robot manipulators, traffic monitoring systems, security and surveillance,
telerobotics, and consumer video communications.

The long-range goal of this project is to demonstrate that major new applications of robotics will
become feasible when small low-cost machine vision systems can be mass-produced. This notion of
“commodity robotics” is expected to parallel the impact of the personal computer, in the sense of opening
up new application niches for what has until now been expensive and therefore limited technology.
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resolution. It does so with the use of the retina, which is a space-variant sensor. It has a resolution that
is high in the center (called the fovea), low in the periphery and it changes smoothly between them.

Any system that uses a space-variant sensor must aim the sensor properly. Since space-variant sensors
only have high resolution in the fovea, the current region of interest must be continuously tracked or
foveated. Such a sensor must be mounted in a device that can aim the sensor with precision. A system
with this capability is an example of an active or attentive vision system.

A logmap sensoris a useful type of space-variant sensor that is modelled on the human visual system
(see Section 1.3). The space complexity aspect of logmap sensors is particularly attractive and has
been analyzed in detail [7]. In this work, a spatial quality measure, Q;, for sensors is defined to be
the ratio of its work-space to maximal resolution. Logmap sensors can each achieve comparable Q, to
conventional uniform sensors that are one to four orders of magnitude larger. Image simulation of the
human space-variant architecture suggests that this ratio may be as high as 10,000: 1 [7]. In current
implementations of space-variant machine vision systems, logmap sensors with between 1000 and 2000
pixels have comparable Q, to conventional sensors in the range of 256 x 256 to 512 x 512, a compression
of between 60 : 1 to 250 : 1. Moreover, as shown in [?], Q, grows exponentially with the number of
pixels in the logmap sensor, thus providing a highly favorable route to upgrading sensor quality. The
high compression ratios cited above for the human visual system derive from the fact that human acuity,
which is roughly one-arc minute in the fovea, when extrapolated over a 120 degree visual field, yields
a constant resolution sensor with roughly 0.2 gigapixels. The logmap sensor with comparable Q, has
roughly 10* to 10° pixels.

In this discussion, compression refers to the ratio of the numberof pixels in a conventional uniform
sensor to that of a space-variant sensor with the same @),. The issue of image compression, in the
conventional (e.g. JPEG) usage is an independent issue not addressed in this thesis, but we point out
that a form of progressive video coding, in which a video image is represented by a sequence of logmap
images, is one application that has benefitted from the high compressionratio of the logmap transform. If
each logmap image is centered on a different point in the video image and clipped so that we preserve the
highest frequency information available at each point in the video picture, we can progressively construct
a video image of increasing detail. Rojer [?] reported some experiments with progressive logmap video
coding, and discussed the problem of selecting the best sequence of gaze points.

A space-variant sensor requires pointing the sensor at the region of interest. If the sensor is not
pointed (or foveated) properly, the desired object will fall somewhere on the periphery of the sensor
resulting in a lower resolution image. So it is important to develop efficient eye movement mechanisms.

A sensor movement system mustfind interesting objects, track them as they move, and account for
movement of the device the sensor is mounted in. A short description of the way the human system
solves the second two parts of this problem follows. It should be noted that the human visual system
is able to track objects and foveate on them to within the accuracy of the retina’s highest resolution.
There are four principal types of eye movements as reviewed by Robinson [?].

1. Saccades: These are discrete movements and movethe eye quickly (300° - 400°/second) from one
fixation point to another. They also correct errors of the pursuit system. There is a large latency
(150 ms) between fixations. There are typically less than four saccades per second.

2. Pursuit Eye Movements: The pursuit system tracks moving targets and keeps the current
target foveated. It has a latency of 50ms.

3. Vergence: This controls the depth that the two eyes fixate on together. It is the slowest system
and has a latency of over 200ms.

4. Vestibular Systems: The Vestibular Ocular Reflex and Optokinetic Reflex systems maintain
the gaze of the eye, counteracting for head movements. I.e., if the head moves to the right, the
eye movesto the left. This is one of the fastest types of eye movement and hasa latency of only
14ms. These get sensory input from the semicircular canals that effectively constitute an angular
inertial accelerometer with a frequency range from 0.017 to 17Hz.
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In addition to these four systems,there is a fifth type of movement known as physiological nystagmus.
This is a small higher frequency jitter at 30 to 80Hz. These movements are very important to the low-
level visual process, but are not an issue in the larger movements of object tracking with which we are
concerned here.

In our work, we focus on saccadic motions which are the simplest to implement and are used for both
attention and tracking.

The mappingof the retina to the visual cortex is another very important characteristic of the human
visual system. Pioneering work by Hubel and Wiesel [?, ?] showed how some low-level feature detection
performed on the retinal image was mapped to the V1 area in the visual cortex. Then Schwartz showed
in [?, ?] that the mapping from the retina to the visual cortex takes a very specialized form. Specifically,
the retina can be looked at as a polar coordinate system where each point represents one photo-sensitive
cell. It gets mapped to what is essentially a rectangular coordinate system in the visual cortex. This
can be represented mathematically by a complex logarithm and is depicted graphically in Figure 1.1.
This mappingis called the logmap.

The point in retinal space, P,, can be denoted re’ and the point in cortical space, P,, can be denoted
by the complex number z + iy. If we take the log of P,, we get:

log(re®”) = logr + i0

Substituting
g=logr and y=8@,

we get ;
log(re®) = x + iy

or,

log(P,) = P..

So the natural logarithm of a point in polar coordinates is transformed to a point in rectangular coor-
dinates.

This mapping has some interesting geometric properties. Specifically, fovea-centered circles get
mapped to vertical lines and radial lines get mapped to horizontal lines. This has the effect of trans-
forming scale and rotation in fovea-centered retinal images to translation in cortical images. For many
computer vision applications, it is easier to recognize translation of an object than scaling or rotation,
so this provides another justification for a complex log sensor geometry. However, since objects get
distorted as they move away from the fovea, it is practical to use a tracking system to keep the object
of interest centered on the fovea. In the present work, we do not attempt to make use of these geomet-
ric features of the complex log mapping, but rather, we use this mapping for its inherent bandwidth
reduction.

One problem in using an analytic space-variant mapping, such as the logarithm is the existence of
a singularity at the origin of the coordinate system. Figure 1.1b showsthis singularity. The left points
of each triangle in the range all represent the same single point in the domain. Oursolution to this
problem is to introduce a small real constant, a, into the mapping and to use a map function of the
form log(z+a). The constant, a, is used in an analagous fashion in models of the human visual system:
it is a measure of the size of the central linear representation of the human fovea [?]. Therearestill
difficulties with the log(z +a) mapping because there is a discontinuity in the range. This discontinuity,
however, is much easier to handle than the singularity in the original mapping.

As can be seen in Figure 1.1d, the pixels on the edge are cut off in different places yielding 3, 4, and
sometimes 5-sided pixels. This makes operations such as convolution difficult as it is not immediately
clear how to handle the missing and extra adjacent pixels. We discuss a solution to this problem in
Section 1.4

We have assumedthat an interesting object has been located. But how do wefind interesting objects
throughout the visual field? This question is a very important one andis called attention. Yarbus[?]
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examined this problem in humans by tracking eye movements in individuals as they examined a scene.
From this and other experiments, Yarbus showed that individuals tend to have consistent eye movement
patterns that are different across individuals. He also showed that with supervision and a high-level
goal, eye movement patterns (mainly saccades) could be controlled. For instance, in one experiment,
Yarbus showeda picture to a subject and asked the subject to rememberthe position of the people and
objects in the room, the response was a very unfocused scan covering the entire image. On the other
hand, when the subject was requested to estimate how long the unexpected visitor had been away from
the family, the response was to spend almost all the time examining the faces of the people. These
experiments are important because they show how low-level control of the visual system is influenced
by high-level processes.

An excellent review of selective fixation methods in both human and computational systems can be
found in Abbott [?]. Two researchers not covered in this review are Rojer and Califano.

Rojer [?] addressed the issue of attention using space-variant images and showed several strategies
for determining where to look next. He first compared several heuristic algorithms for attention. He
quantified the results for attention by random fixation with and without inhibition, attention from a
spatial derivative, and attention based on motion and regions. He then introduced a variation on the
Hough transform that he calls the Collapsed Hough transform. It allows the feature to be of high
dimension while using a “motor space” of only two dimensions, the minimum necessary to control
fixation. He demonstrates results with this method to locate faces in a natural scene.

Califano et. al. [?] introduces a technique for foveation based on a two-level resolution system. They
have implemented three modes of attention. One detects conflicts between object models, typically
occurring when multiple objects differ only upon examination at a higher resolution. The second looks
for areas that are not currently covered by any hypothesis. The last explores previously unexamined
areas, much as someof Rojer’s heuristic procedures do.

1.2 Background

Researchers have been examining the problems associated with space-variant sensors and active vision
for many years, both in theoretical and practical ways.

Onthe theoretical side, Aloimonos et. al. looked at many of the shape-from-X problems[?], proving
that an active search strategy is more efficient than a passive one, and that ill-posed and nonlinear
problems becomewell-posed and linear. Tsotsos analyzed the relative complexity of active versus passive
search [?]. He claims that an active search strategy may gain improvements in computation time based
on worst-case time complexity functions he derived using hypothesize-and-test strategies.

Many groups have built active vision systems to experiment with some of these ideas. Krotkov [?]
built what is often regarded as the first “robot head”. Many other groups as detailed in Chapter ??
followed suit. The four groups described here have all built working systems that use some sort of
multi-resolution technique, or in Dickmannscase, multiple foveation points.

At the Universities of Genoa and Pisa in Italy, Van der Spiegel et. al. and Sandini et. al. are
doing collaborative work with Bajcsy at the University of Pennsylvania [?, ?, 7, ?, ?]. They have built
a space-variant sensor and are working on geometrical and tracking algorithmsfor it.

Van der Spiegel et. al. has been developing a VLSI space-variant sensor based on the complex-log
map, log(z). It is based on Charge Coupled Device (CCD) technology. They fabricated a working chip
that produces images with 30 rings of 64 pixels each with a uniform fovea of 102 pixels. Each pixel gives
a linear output in responseto incident light intensity.

Because CCD technology will not allow direct connection between greatly different sized components,
the design must be broken up into several stages, each normalizing its data before passing it on to the
next. In addition, there is a limit to the size of the photo-sensitive area. These characteristics led to
a design consisting of three sets of ten rings. Each new set of rings has twice as many pixel cells, each
half as big as the previous set necessitating different clocks for each set of rings. The design also has a
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“blind spot” where the signals necessary for the center of the chip access it. The blind spot is actually
one ray that is the width of 2.5 pixels.

Sandini et. al. simulated logmap images by sub-sampling uniform images. They have examined
three problems: 1) recognition of arbitrarily scaled and rotated 2D shapes; 2) tracking of a moving
target; and 3) evaluation of distance of an object using optical flow. All three problems take advantage
of the space-variant structure of the image. These experiments only used the peripheral pixels and did
not take into account the uniform fovea. They did, however, simulate the blind spot accurately.

Thefirst problem Sandini examined is based on the standard complex logmap that converts rotation
and scaling to translation for foveated scenes. Using simple binary objects, they implemented a template
matching algorithm based on cross-correlation and achieved a recognition rate of 97% for 50 objects that
were arbitrarily rotated and scaled. They claim that the errors are largely due to the blind spot.

The second problem, that of tracking a moving target, was examined with the intent of seeing how the
low resolution of the image affected the system. The target used was a bright spot over a dark background
moving in parabolic and circular paths. The target was identified by subtracting the background velocity
(computed directly from the known camera motion) from the optic flow. This yielded a velocity estimate
for the target that was located by computing the center of mass. The camera was then positioned based
on the velocity of the target. When the error reached a threshold, a “saccade” was performed correcting
the error.

For the third problem, they assumed the camera was moving with pure translation towards a foveated
object with constant speed. They wanted to compute the distance of the object from the camera. The
optical flow vectors for this situation are radial pointing outwards for a uniform image. For the logmap
image, however, the vectors are horizontal lines since radial lines get mapped to horizontal lines in the
log(z) map that they use. The vector’s amplitude is constant across the image and is proportional to
the distance the object has moved.

These preliminary experiments show how the geometrical structure of the logmap image affects some
basic vision problems. The low resolution of the image does not seem to be a problem for this simple
situation, although the blind spot does cause somedifficulties.

Dickmanns and Graefe at the Universitat der Bundeswehr Miinchen [?] have shown their real-time
vision system to work in non-trivial difficult situations. Their approach is to maintain a world model
of the situation, focus processing on selected regions, and use the temporal proximity of the images to
incrementally process each new image. They find that the faster they run the system, the easier the
processing becomes. As the images get closer together temporally, the difficulty of the correspondence
problem decreases as the images change less and less between frames. They have demonstrated three
working systems. One drives a car autonomously on an autobahn construction site. Another balances a
stick in one-dimension on a moving cart. The third docks a vehicle on an airbed.

They define their task as looking “for the inherent structure and ...to find a computer architecture
which is well matched to the task of visual motion control.” [?, p. 224]. The most important concept
is that of temporal continuity which is the basic idea that if two pictures of a natural scene are taken
within a few milliseconds of each other, they will normally be very similar to each other. They have
found that most features don’t move more than a pixel or two between frames.

Another important concept is that the appropriate behavior of a system typically depends on only on
a small numberof features. Only the area of the image containing these features needs to be examined.
This area is often less than 10% of the whole image. In a dynamic system,the location of these features
in usually known with fairly good precision since they probably change very little between successive
images. This approach influences the choice of hardware as each region of interest is best processed
in different ways. A dynamic system is better off with a coarse grained parallelism with one processor
handling each region of interest. Massively parallel SIMD machines, on the other hand, are not well
suited to this approach since they would have to processall pixels the same way. They would waste 90%
of their time processing the uninteresting regions. In addition, SIMD machines have no mechanism for
processing different regions with different algorithms at the same time.

Thefinal idea in the work of Dickmanns and Graefe is that of a world model. Their systems work in
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limited domains, and are not intended to work generally. The autonomous vehicle, for instance, works
only on autobahnsin good condition without other cars. Because of this, a world model can be accurately
created that describes what is likely to be seen and how objects in the modelare likely to act and react.
The vehicle system knows about lane divider lines in the road, the edge of the road, side roads, road
curvature, etc. It can predict how things are likely to change based on system state parameters(i.e., the
speed of the vehicle). With each new image, the locations and shapes of the features can be accurately
predicted and the world model can be updated.

The world model of Dickmanns and Graefe is a full 3D model while the images are 2D perspective
projections of the world. The conversion from the 2D projection to 3D is non-unique. They solve this by
first taking the 2D projection of the world model to estimate where the features are. They use knowledge
based feature detection on the image (to be described shortly), and finally use a recursive least squares
state estimation technique to bypass the non-unique inversion of the perspective projection and update
the world model. This is a Kalmanfiltering [?] approach based on the Jacobian of the image features.

The world model technique runs into problems in at least three situations that are: 1) analyzing
the scene at startup; 2) losing the location of features due to extreme circumstances; and 3) when new
objects appear in the scene. Theinitialization is not difficult because that is not time critical. The other
two situations, however, are very difficult problems that have not been substantially addressed in this
work.

Their knowledge based feature detection is based on the world model. They predict the approximate
location of the feature and use a controlled correlation technique to locate the feature precisely. This
substantially reduces the cost compared to a standard correlation. They only check a small area sur-
rounding the predicted location of the feature. They reduce the problem to one dimension by checking
a path orthogonal to the expected orientation of the feature. The result is an extremely fast updating
of feature position and shape.

The architecture of the system is based on up to fourteen 8086-based single board computers. Each
processor examines a single region of interest. There is also one system processor that coordinates
communication between the other processors. There is one wide-angle camera to examine the periphery
and one camera with a telephoto lens to examinespecific details. They both have pan andtilt control.
The system has a video bus that can transmit up to four images simultaneously.

They have autonomously driven a small van at speeds of up to 60 mph on an autobahn construction
site with no other vehicles. The van has run 20 km without human intervention in clear and moderately
rainy weather. It is able to enter the road from acceleration strips, switch lanes, and go on and off exit
ramps.

This approach clearly has merit and has been demonstrated to work in a variety of relatively unclut-
tered environments wherea fairly simple and accurate model of the world exists. Its ability to generalize
to complex systems was not demonstrated.

A large research group directed by Brown and Ballard at the University of Rochester [?] are exploring
some of the basic concepts of active vision systems centering on eye and body movements. Their stated
goals are to study real-time vision in cognition and movement.

Their system, called “The Rochester Robot”, consists of two cameras mounted on a Puma robot.
Each camera has separate pan and commontilt control. The Puma can move the “head”in a two meter
radius with six degrees of freedom.

Their approachin fighting the bandwidth problem is to use special-purpose hardware. They are using
a DataCube MaxVideo imageprocessing system for low-level image processing and a 128 processor BBN
Butterfly computer. They incorporated a second camera to have twodifferent resolutions. One camera
has a high fieldwidth and low resolution while the other has low fieldwidth and high resolution. They
also talked about building a pyramid architecture with five levels of 64 x 64 images where each level
subsamples the input image at a different rate.

Oneof the problems they have examined is that of automatically maintaining vergence on an object
as the body moves. They are also studying saccade and pursuit mechanisms. Finally, they are exploring
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the difference between self and world motion. They note that fixating systems have effective space-
variant resolution due to blurring in the periphery. However, this is based on the finite integration times
of the photo-sensitive elements of the sensor. It is not clear if egomotion is rapid enough to cause such
blurring.

They create a depth map for a foveated object via motion parallax by moving the head sideways
while fixating on a point. Objects in front of the point appear to move in the opposite direction of the
head motion while objects behind the point move in the same direction as the head. The velocity of the
object motion is proportional to the distance from the fixation point. By computing the disparities of
the images taken from different positions (that they don’t discuss), a depth map relative to the fixated
point can be computed.

Another technique they discuss uses self-motion for dynamic segmentation. While moving and fix-
ating on a point, the object that is fixated on becomesisolated because everything around it moves and
blurs. They process this by computing a weighted average of input images over time. There are some
potential problems with this technique as it is dependent proper fixation. They did not demonstrate
any results with this technique.

They have also been investigating pursuit of moving objects. Their technique is based on correlating
the image with a filter, which they can do very fast with the DataCube. However, their DataCube
system can only perform up to 8 x 8 correlation at video rates. The result is that only small features
that move slowly can be tracked.

Olson and Potter [?] have explored the problem of real-time vergence control: maintaining the gaze
of two cameras on a single point in world coordinates. The Rochester Robot has one dominant eye that
is under the control of the saccade and pursuit mechanisms. The dominant eye foveates an object, and
the other eye is then aimed at the foveated object. The basic control loop grabs the left and right images,
estimates the disparity, and re-aims the second eye. The difficult problem here is how to compute the
disparity in real-time. They use a mechanism based on the Cepstral filter described by Yeshurun and
Schwartz [?].

The Cepstral filter is computed by taking the power spectrum of the Fourier Transform of the log
of the power spectrum of the Fourier Transform of the input image. The input image is a window from
the left and right images spliced together. The results are peak values at (+(w + d,),+d,) where d;,
and d, are the estimated horizontal and vertical disparities and w is the width of one image window.
By analyzing the algorithm and implementing it very carefully on a Sun 3/260, they were able to speed
it up from 2.6 seconds to under 0.1 seconds, which is fast enough for their system.

The Cepstral filter can be described in a couple of ways. Yeshurun and Schwartz describe it as
extracting a periodic term in the log power spectrum of the original and shifted image. This periodic
term correspondsto the disparity. Olson and Potter, on the other hand, prefer to think aboutit as a
variation of the autocorrelation function where the log favors the signal with the broadest spectrum.
These are impulses, so the result is an autocorrelation-like function that enhances sharp changes and is
thus easier to interpret.

They have demonstrated results, but state that they still need to address the issue of the appropriate
window size for the filter. They also want to work on integrating vergence with the saccadic and pursuit
movements of the dominant eye. Although the individual parts of the Rochester Robot all work, they
have not yet been fully integrated and have been tested only on simple geometric objects.

At the David Sarnoff Research Center, Burt built a working discrete approximation to a logmap space-
variant sensor with a Laplacian pyramid approach. He [?] describes the sensor along with algorithms
for its use in foveating, tracking, and interpretating objects.

A Gaussian pyramid is a set of images, each one half the resolution of the one before. A Laplacian
pyramid is created by taking the difference between each level of a Gaussian pyramid. A full Laplacian
pyramid containsall of the information in the original image. Burt’s pyramidal approachis to take a set
of Laplacian pyramid images and extract a window of the same size from each one. The result, called
a truncated pyramid, is a set of images that take a finer and finer look at a smaller and smaller portion
of the image. This approach is depicted in Figure 1.2. He constructed special-purpose hardware that

Page 14 of 86



|X}�~����X�F�������d�Z�X�W�����a|h�v�'��� ¥

é6�¬£N½��(�n¤� ¦-�{ÄÆ�����f�����_���>�����{���(½�©��^�����C�G��¢�����«}���û�$���(½��r�(½��(�K½��$�C� § ¢ ãO�¿�(�^�f¨�½����R � �����û�$½��^�¿�C���������d®¬�R���R®�(�^���(�R���^©@�(���¼®¬�_���^�����C�$�N®¬½�������©f��«:��£��NtÄÆ����è�®¬®��R�v�¬©K�¿���(�^®¬�C�����R�����C�$�R©@�����¬Á-�^®��������C�$�R©N�Æ��©k�(���z��¢�����«}����Oþ����(���^������_���(���^�(�¼�����i�v�¿�N©��x����©@��©�½�« § �R����ÇL���ÐÁ-�^®�����©o�(���¼��¢�����«}���d���z�R�N���o®¬�R���R®u�%���R���������R¢d�^�_���R���f®����(£��^�z���(�R��_�%�C�����K®¬�R���^®\LÄÆ������è�£�½������������-�(�R�kÇÑ���N«ø�n��Å-��
¥�ß�\1�w
�¿�N«}��½-���C�O�������L�x¢@�E����Ç��(��½�©��^�_�(�R�}��¢��(��«}���"t ����_�%®��^¢�� ��ÅB�#�E��®����,��©����C�x�(�¬£@�_���C����¢�����«}�����OÇÑ���
�^��«}��½-�(�^�L�����$����©uù��i�����_���R�k���_� «¼½�®Ð�(�¬��®¬���(�R����®�½-������©K��¢��(��«>�����Æ�^��© § ��½����R�k���:«:���(���d�x�(�^�(�^�:���R��©v®¬��©��R�RÄÆ����½�������Ç��������t���(�����¬���C�r�(½�������� § �N�$�C�i�N©¼�¿�@�����$�
���zè�©��%��©���®�¢������u��Ç���©>�¬«:��£���6é6�¬���x�CÅ�¨�½��$�t������Î-�O���%��©��-�_����¬�R���������,�R��© § �����(�-�¿�R�(���R� § ¢k�(���} �ãF�ù�@½�����Î�®�¢��� �%�¬©����_�&�����^�i��ÇÆ¤Cç:àÓ¤Rç:�����(�R�N�$�N©�� § ®¬�NÆù����z��®�£��N���¬����«�¿Á���«>��©��C�,�����:��«:��£��:���������:®��_���C�x��®��^�N�^®L���,�(���������R���(�R���^©@�(���d®��_� �(�R����®�½-������©Ì���R���(�R���^©@�(��������©c��Ç
�(���f�^©@�(�¬�(���«}��£��N Ò ÇL�(���^�(�����,��©�¢d�^�������^©��^����Ç��f�(�^£�����©o��Ç
��©N�(�^�(�R�$�RÅE�����^©c�¬���¿Á���«}��©��R�������>©��¿Á���®¬�R���R®/�%���R���>�k��«:��®�®¬�R����(�R�,�_�t����£����^�t�(�R����®�½-������©¼���O�(�^���(�R���^©@�(�R�"6ÄÆ������®�£��N���¬����« �^®¬��« § �6�����%��¢��(��«}�����¬©>�������t«:��©�©��^�t�%�¬���>�R�N���¼©��^�®��^���R®t�-�¬�(�R�¿����©�£v�����}���(�-�¿�R�(���¬©�£k���o�v«>�N���}�����C�¿�¬è��}���(�R�f½�©N�(�¬®O�(���}����£����C�x��®¬�R���R®6�����(�R�������R�{��©��o�(���>ÇÑ�R�_�(½��(�����ÇÑ½�®¬®�¢k�����-�¿�C�����R��O�z����½�«}��©�£>���������(��£���©���®T��«}��£��,���zæ-¤C¦�àKæ�¤C¦WÐI¦Næ�¦��^¤^åNå�Å���©��v�¿Á���«>��©���©�£}��©��,�%��©��-�_� �E�^�ÇÑ����«}��ÅT�:ÇÑ�C�_��½����¼�%�¬®�® § �¼è�Á��_���C�o�%�¬���o�(���¼���¬£N���R�$�z�(�R����®�½-������©{��Çú���R���(�(���N�^���$��©�£:��®�®6���¬Ád®��^�N�^®��^,ÄÆ��������©�����®����C����(�-�¿�R�(���¬©�£}ç}àÌ¤Rç}àÌ¤Rç�Ð&¤�æ,[�ç¼���¬Á-�^®��^Å���©K�^ÉE�C�r�(�¬�N�����_�(�>�(�R�-½��r������©d��ÇO¦�æN¦B�R¤^å�åBú�¤��(æ,[Nç�û&¤Cç�å�ÄÆ���������C����©��N�N½����¿ÉT�R�r�(�¬�N�^®�¢f�(�^��®����^�R��«}�R������©����R��®"�R¢���«}�_���^«}�R©N�����%�Ð�(�K�R®¬�C�r�(���N©����,�N©��R�R Ò ©��x�(�R�N�k��Ç6����¢-�$À���^��®�®�¢c«}�_���¬©�£o�o���^©������CÅ/�d�(�^£N�¬�N©¾�����^Á-��«}�¬©��C�Ó�%�Ð�(����©��Kè�Á-�R�Ó�$�R©������CkÄÆ���������C����©��N�@½��:� § ���¬�N½���®¬¢{����«¼½����ÇÈ���$���R��������©K�¼«}�R������©����R��®T�$¢-�$���R«KÅ § ½-�%����®��¬«}�¬���R�v�(�¼�^Á-��«}�¬©���©�£}���^�^©��C����������è��Æ�%�¬�����¬©v������®��¬«}�¬���C�fè��R®��v��Ç6����¬©�£N®¬����«:��£��NÄÆ���������������Ð�(�R�¿��½��(�¼����� § ®¬�¼���K��������Îd«}�_���¬©�£k�����(£��¿���zÇÑ���N« �k«}�_���¬©�£v��®��_��ÇÑ���(«dÅu�$½����¾���,�%���R©¾�����^�%��©�£d�«}�_���¬©�£Ì�^����ÇÑ�(��«���© ��������®���©���Ó�Â�(�(�N�-�¬������©���®��������(�N�����n���¼���Ó��©���®¬¢��R�:�����d«}���(�¬�N© § �¿�x���^�^©G�R�N�����������>��Ç��½��^�^�R�(�$�����ÆÇÑ����«}�R�ROÄÆ�����
�����¿�N«>��½-�(��������©���®¬®�¢¼�^Á-���R©��$��������©��}�^�(�(���L���(��©��%�ÐÇ"�(�����(�^®��_��������«>��������©:��ÇE�(����� § ªx�R�¿����,��«:��®�®t�¿��«}�������C�d���v�����}�R��«}�^���� Ò ©��$���C���"Å"�¬Ç
�(���}���R®����������¼«>��������©¾��ÇL�(��� § ����Î�£��(��½�©��o�^��© § �}�^��«}��½-�(�R�"Å�����^©Ì�Ð�i�^��© § �:�$½ § �������r�(�R�c��½-� § �^�x���R�^©Ì�$½��R�¿�C�����¬�N�iÇÑ����«}�R����©��o�(���:�$®��_�%®¬¢o«}�_����©�£k� § ªx�R�¿�,�%��®¬®L�$�(��©��{�N½-�RÄÆ�������������¬«}��®����,���d���_� �(���}�@½�«}��©¾��¢-�x�(�^« �N���R�(�����R�R Ò ÇÆ�k�E�^���$�N©c����®¬���NÎ@��©�£K��½-���d�^���z�%��©��-�_��Åu�.´����¼�%��®¬®��Çú�(�^©K��������Îf�¼è�Á-�C�v� § ªx�R�¿���_���%�������v�E����©@�����R®����������R®¬¢k��®��_�%®¬¢:«}�_���¬©�£>� § ªx�R�¿�(�Æ�%��®¬®/�x����©��v��½-�CÄÆ������®¬£N���(�Ð�(��«µ½��$�C�}�����R�$����«}����������� § ����Î�£��(��½�©��>«>��������©f���t�(�iè����$�
������Î}�i®¬�R���^®��¬©k�����z��¢@����«}���"Å8ü"OÄÆ�����®�£��N���¬����«3�^��«}��½-�(�R�
�������-���$��®��N�¿�^«}�R©N� § �¿�x���^�^©fÇÑ�(��«>�C��¤,��©��K¦i����®��^�N�^®tüTtÄÆ�����������¼�(�^®��_�������R®¬¢}���¬«}��®��,�$���R�§ �R�^��½����%��Ç��(�����(�R�-½��¿�R�¼�(�R����®�½-������©}�_�t�(�����L®¬�R���^®\OÄÆ�����
�¿��«}��½����R�}�-������®��N�¿�R«>�R©@�L���t�,è����$�$Àw�����-�^�O�R�$����«:�_�(�Æ��������^��©f�(���^© § ���(�¿è�©��R�"té��(��«>��¦����Æ©��_�³�$���¬Çú���C� § ¢:�(�����%�-������®����^�^«}�^©@� § ½-� § �C�^��½��$�,��Ç/������®��_�I�(�R����®�½-������©�Å��%��®¬®©����O«:���(���>�¿Á����¿��®�¢��%�Ð�(�¼ÇÑ����«}��[�OÄÆ���%��®�£��N���¬����« �^��«}��½-�(�R�/�������-������®����^�^«}�^©@�t�_�t®¬�R���R®!ü¡ýv¤���©��i�(�����O�����-�^�R�(��¿�N©@����©@½��R�,�Ð���(�R�N�����R�z�k£N�@�-�c�R�$����«}�����N » �Ð�(�Ó©��R����®�¢o�¿��©��x����©@�,�N�^®��-�¿�¬�x¢�ÅT��©�®�¢d�x���v�N�z�(���(�^�>�Ð�(�^���_������©��������N�§ �^�^©Ó©��R�R�-�C�¾���d®¬�-��Î{�N©@���K����� § ����Î�£��(��½�©��o«}��������©n���,ÇÑ½�®¬®��¬«:��£N�¼�(�R����®�½-�(�¬�N©�:�����E����©@���R�Ì�N½-� § ¢¾¨���®¬®��������©��v¨��(�_�%©�Å�������ÇÑ�_�N�R�����R�k� § ªx�C�r���%�^��©K�(���^© § �����C�¿��£N©����^�R� § ¢k�-¢�©���«}�����$�R£�«}�^©@�(��������©�¨�½����/���/½��$��©�£z�z��¢��(��«>������®N���������¬���C�r��½����
�������O�������(��Á���«:�_�(�R�u�z�-�����^���^�������^�����¬�N©���Ç��z�¿��«}��®��¿Á�®���£z«}��������©�£�Å®���£�Ô�×@Þ¿LÄÆ���������������¬���R�¿��½��(����®�®¬�_���Æ����«Â�(�:�������N���z�(�����(�R����®�½-������©K�������(���������_�(��ÇÑ�N�Æ�����i�^½����(�^©@�Æ�(�N�$ÎTÅ § ½����%�Ð�(������_�>�^��«}�R�i�����v�¿Á������ § ½����-�R©���Ç���®��Æ��¢��i�������¬©�£d�(�¾�������@�$�}�(���v�^���(���C�r�i®��^���R®L�(�{½�����cÄÆ��������¢-�x�(�^« ���i©����«}��½�©@�(�R�K��©d�>«>�_�_� § ®¬����®��_��ÇÑ���(« ��©��v©��>�(�R��®ÐÀ\����«}�����C�$½�®¬�(�Æ��Çu�(�����_���R�(��®¬®"��¢��$���R«Â���^�(�,�(�^�E�������C�"�µÇÈ�����(®¬¢c�^��«}«}��©n����®�½-������©¾���d�(���f���(� § ®��^« ��ÇÆ©����i��������©�£d�^©��N½�£��Ó�(�R����®�½-������©Ó��©��{è��R®��-À\��ÇúÀ\�����^�3�_�������

1 
2 0000000000000000000000 ••·•• 0000000000000000000000 

3 0 0 

4 0 

5 0 

Pyramid 
Leve ls 

0 0 

0 

0 0 0 0 0 0 • 
0 0 • • 
• • 

• • • • 0 0 0 0 0 0 0 0 0 0 

• • • 0 0 0 0 

• • • 0 

CHAPTER 1. INTRODUCTION 9

 
3.0 oO O09 O09 O09 8 O09 O80 8 OG @ © @ @ @ GO O09 O09 0 89 FO 8 GB DB OC

4 ° Oo oO oO e e e e e Oo Oo Oo °

5 o e e e e e ©

Pyramid
Levels

Figure 1.2: This shows the truncated pyramid structure used by Peter Burt. Each successive level
represents a lower resolution image. Thefilled in circles represent pixels present in the pyramid. Notice
that there are a constant numberof pixels in the pyramid at each level where they cover a larger area
at each level. This figure adapted from [?, p. 980].

computesthis type of truncated pyramid. Crowley [?, ?] also investigated pyramids for computervision.
He showed how multiple resolution pyramids can be used to match stereo scan lines.

The use of this architecture is based on coarse to fine analysis of an image. First, Burt picks a window
size that can be processed by the CPU quickly. A window size of 16 x 16 is reasonable. His algorithm
examines the image at the lowest level as this represents a low resolution representation of the entire
image. If there is any evidence of a region of interest, then it examines the next level where a smaller
area at higher resolution is represented. The algorithm climbs the pyramid in this manner with each new
level directing the processing to a more specific area until the highest level is reached and the feature
is fully processed. Assuming the original image is 512 x 512 = 252,144, and examining one window per
frame, a feature will be fixated with the highest resolution after traversing all six levels. This involves
processing 6 x 16 x 16 = 1536 pixels, an effective data reduction of 252, 144/1, 536 ~ 164.

This technique effectively replaces mechanical eye movements with electronic ones. Instead of phys-
ically moving a sensor, a region is examined within a fixed sensor. This technique obviously is much
faster than a mechanical system, but is limited to examining scenes that fit within the limited field of a
single image.

This architecture is able to track moving targets from a moving platform, such as when viewing a
moving car from an airplane. A traditional approach is to analyze the motion between each pair of
successive frames. This is computationally expensive and error proneif the relative motion of the object
is small compared to the camera. Instead, if the relative motion of the background can be computed,
then it can be subtracted out between successive frames and the slowly moving object will stand out.
This is similar to how the human system operates. If a person is looking out a car window, s/he will
often track a fixed object at which point relatively slowly moving objects will stand out.

The algorithm used to estimate the background motionis to first pick a level in the pyramid, k. The
algorithm computes the displacement between frames 1 and 2 at level k. This is a relatively simple step
because of the reduced resolution at this level. This computed displacementis a first-order estimate that
can then be refined. Frame2 is now shifted by this displacement but because of the low resolution, will
not match exactly with frame 3. The algorithm computes the displacement at level k—1 and this process
continues it reaches a good estimate. With nearly constant velocity, only two or three iterations have
been needed to lock onto the background motion at full image resolution. As pointed out by Ballard
and Brown, the foveated objects can then be recognized by dynamic segmentation.

Burt is using a pyramidalarchitecture that approximates a discrete version of a complex log mapping,
log(z). This architecture allows him to choose the resolution appropriate for the current task, but with
that comes the extra burden of always having to choose the correct level to use. This system is not
mounted on a movable platform and noreal-time results of the overall system were reported.

A fairly common solution to the problem of not having enough resolution and field-of-view at the
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Figure 1.3: a) The lookup tables S(i,7) and R(i,7) combined into one figure. b) The forward map
space. The correspondence between inverse and forward map pixels is shown.
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Figure 1.4: A sample of a) a TV image, (i,j), b) The inverse logmap image L-'(i,j), and c) The
forward logmap image L(u,v).
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Figure 1.5: The connectivity graph for a log(z + a@) sensor geometry. Circles stand for graph vertices
and lines stand for graph edges. The diameter of the circles in the inverse map is proportional to the
area of the pixel. The graph explicitly represents the neighbor relations across the vertical meridian. a)
The inverse map; and b) The forward map.

Page 18 of 86



|X}�~����X�F�������d�Z�X�W�����a|h�v�'��� ¤�[

¬ Â
é6�¬£N½��(��¤� ç��X¬3Þ�ÄÆ���z��«:��£N�%ÇÑ���N«·�����^©��������������¬©�£¼�i����©��-�N«3���ÐÁ-�R®�£N�^��«}�^���(¢�vÂKÞ�ÄÆ���,�^��©�©��R�r�(�¬���¬�x¢¼£N�(�����:ÇÑ�N������������^©��$�N�R
ÄÆ���o�-�^è�©��¬������©��}��ÇF=%ÔMÎ%�?�@Þ>��©��u@}Ô/Î��?��Þ¼���¾©����f�¿��©��x�(�(���¬©X�����d«:�������¬©�£�ñ�u�¿�]c�v § �d�(���o�$�^�}��Çz�C�-£��C��(�^���(�R���^©@����©�£d�¿�N©�©��R�¿������©�� § �¿�x���^�R©Ì�N��ª$���^�^©@�����¬Á��R®�����©Ì�����>ÇÑ�N���Æ�����{«:���u}ÄÆ���:�R�-£N�KÔfeë�(w�ÞV�xc	v ���(�_�������R�ÔH%OÔgeTÞ.�('EÔfeEÞ$Þ������>©��R�¬£N� § ���Æ��Ç�ÔH%OÔ&w�Þ9�I'TÔ&w�Þ�Þr�é�����������®¬�N£�Ô/×�ÍÑÖOÞÆ«:��������©�£oÔÈé6��£�½��(�}¤��¤R�CÞ�c�v �-���R�Æ©������¿�N©@�(����©�����>�^��©�©��C�r�(�¬�N©����N�¿�(�N�(�Æ�����>���R�$�(���R��®/«>�R�����-����©�,Äu�v� § ������©c��®�®/�����>�¿��©�©��R�¿������©��z�¬©{�����}�$�R©������CÅ�������®����^�i�������©@�N�^���$�,��«}��£������_ª$���¿�R©��¿¢k���R®���������©�����©v�(�����R��£����$�^�	c�yN�

Ôge¸�(w�Þ��Yc y ���(�_�@���-�C�{z�Î%�����üt�=Û6�$½����v�����_�=%ÔMÎ%�?�@Þ¡ÐO%OÔgeEÞ9�(@}ÔMÎ%�?�@ÞKÐO'EÔfeEÞÆ��©��=%Ô�üt�=ÛHÞ¡ÐQ%6ÔTw�Þ.�U@>ÔCü§�=Û\Þ¡Ð)'TÔ&w�Þ%��©��ÔMÎ%���Þ����%�}©��^��£�� § ���Æ��ÇiÔCü§�=Û\Þ ÔÑå�Þ

ÄÆ���o�¿�N©�©��C�r�������Ð�x¢X£��������G�R�-£N�d���¿�CÅ1cfÅ�«:��¢ § �|c Ð}c	yo���Ec�Ð~c�y"��c�v%ÅÆ�-�^�E�^©��-�¬©�£Ì�N©X�(���o«:����� �C�$½�®¬����©�£�ÇÑ���N«3�����,�-���(�¿�(�¿�(�¬�C�_�(�¬�N©f��Ç"�(���,�^��«}��®��¿Á:®���£iÇÑ½�©��r�(�¬�N©k®���£�Ô�×aÍèÖOÞL��©f�(������� § ®��R��=%Ô/Î��?��ÞL��©��]@}ÔMÎ%���ÞrÅ����«}�:��Ç������vß_ÀÏ����ª$�N�¿�^©@��©��R�¬£N� § ��������©Ì�����:ÇÑ�N���Æ�����¾«}�����¿�N���(�R�����N©��o�(�{©��N©�����ª$�N�¿�R©N�i���ÐÁ-�^®�����©Ó�����k�¬©����R�(���«:���� Ò ©K�(�����%�R������Å-���������N���Dc�Ð�c�y1�tc�v�ÄÆ������®¬£N���(�Ð�(��«á���k�^��«}��½-�(�i�����¼�¿�N©�©��C�r�������Ð�x¢K£��������dè��(�$�z��®¬®��-�^�_�(�R����©��i�N�^�����^ÁTÅ�euÅ�ÇÑ���z�R�����o���ÐÁ-�^®ÆÔH%v�I'-ÞrÄÆ���:£N�(�����¾�C�-£��C���¬©Cc	v³�����,ªx½��$�i�����fß_À��N��å�À��R��£��R��ÇÑ���N« �����fÇÑ���(�����(�c«}���Ó�¬«:��£N��fÄÆ���k£��������Ì�R�-£N�R����©c�y��������¿�N«>��½-���C� § ¢f�(�^��©�©��¬©�£��(����®¬����Î�½��v�(� § ®��R�R=%ÔMÎ%�?�@Þ���©��t@}ÔMÎ%�?�@Þ��%�¬���d�:¦iàv¦����E�^���_�(���C6ÄÆ���zÇÑ�N®¬®��_�%��©�£��®�£��N���¬����«KÅ�®N×3¾C�v¶/ÙRÚ ·/¿§½�Ú@Ø1°CÚ ¾�¬2� Ú±¯¸ÁEÚ±°�Å�è�©����Æ�������R�-£N�R�Rc�y�ÇÑ�N�Æ������å�À\©��^��£�� § �N�(�R

CHAPTER 1. INTRODUCTION 13

ERKRLT,SERNA
Ses i, SFN

7

AN sf

ie

AL
ae

RSD

iSyNSISoS YVBEK
iL 

Figure 1.6: a) The image from a sensor having a random pixel geometry. b) The connectivity graph for
this sensor.

The definitions of S(i,7) and R(i,7) do not constrain the mapping. Let Er be the set of edges
representing connections between adjacent pixels in the forward map. The edge (p,q) € Er provided
(u(p), v(p)) is a neighborof (u(q), v(q)). For the log(z + a) mapping (Figure 1.1c) Ep does not contain
the connections across the vertical meridian. To obtain all the connections in the sensor, we place the
inverse image adjacency relations in the edge set Ey:

(p,q) € Ey provided 3 i,j,k, 1 such that

S(i,j) = u(p), Ri, J) = u(p) and (4)
S(k,1) = u(q), R(k,1) = v(g) and
(i,j) is a neighborof (k,l)

The connectivity graph edge set, #, may be EH = Ey; or H = E; U Ep, depending on the map.
Resulting from the discretization of the complex log function log(z + a) in the tables S(i, 7) and R(i, 7),
some of the 8-adjacent neighbors in the forward map correspond to nonadjacent pixels in the inverse
map. In this case, we chose EF = Ey; U Ep.

The algorithm to compute the connectivity graph first allocates one vertex, p, for each pixel (u,v).
The graph edges in Er are just the 8- or 4- edges from the forward map image. The graph edges in
Ey are computed by scanning the lookup tables S(i, 7) and R(i, 7) with a 2 x 2 operator. The following
algorithm, compute_inverse_map-_edges,finds the edges E; for the 4-neighbors.
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Figure 1.7: Cortex-I. Its dimensions are 14 x 22 x 22 cm.

The Spherical Pointing Motor (SPM) replaces the Platform Pantilt because of its superior accuracy,
speed, and size. The SPM (Chapter ??) is a novel pan-tilt actuator using three orthogonal motor
windings to achieve open-loop pan-tilt actuation of the camera sensor in a small, low-power package.
The SPM can orient the sensor through approximately 60° pan andtilt, at speeds of several hundred
degrees per second. It measures 4 x 5 x 6 cm andits mass is 170 grams.

The controller consists of a camera driver, a 2 MIPS programmable microcontroller (Motorola
MC68332), a video display driver, a 12 MIPSdigital signal processor (Analog Devices AD2101) DSP
that maps the uniform camera image to a space-variant image, and an optional DSP board that acts as
a video telephone. The actuator and camera are mounted to the chassis (14 x 22 x 22 cm) and connected
by twisted-pair cables. The prototype is powered from a standard 110 Volt AC line, but uses less than
25 watts and could be battery powered.

The microcontroller controls the SPM and runs the application software. The MC68332 may be
connected to a host processor for applications development, to upload sensor data, or to receive pan-tilt
commands. The MC68332 is a 32-bit 16 MHz microcontroller integrating peripheral controls, such as
programmable digital control lines and timing signals, directly on chip. We connected 192 Kbytes RAM
and 128 Kbytes EPROMto the microcontroller. The microcontroller inputs the logmap data via a high
speed serial interace from the DSP.

We have implemented image processing demonstrations in the microcontroller ROM. A simple motion
tracking program, that turns the camerato center the observed motionfield, runs at 16 frames per second
(fps). The ROM also contains a test pattern, image binarization (22 fps) and a motor motion demo.
We also use the connectivity graph [?], to implement image smoothing (3 fps), edge detection (2 fps)
and connected components (1 fps), illustrating both the generality of the programming model and the
limitations of the microcontroller in the current prototype.

The Analog Devices 2101 digital signal processor (DSP) reads the uniform CCD image and mapsit
to a space-variant image. It outputs the logmap over a high-speed serial connection. The DSP board
combines an AD 2101 12 MHz DSP having two 2 MHzserial ports, 8 Kbytes internal RAM, 80 Kbytes
external RAM, and 64 Kbytes boot EPROM.A secondidentical DSP board functions as a video display
driver, generating an RS-170 video output suitable for display on a standard TV monitor. An optional
third DSP boardis used as a video transmitter that can send 4 frames per second of logmap images over
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a standard voice-grade telephoneline.
Several applications using Cortex-I are described in Chapter ??.
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Chapter 2

Camera

2.1 Introduction

Thefirst problem to solve in building Cortex-I is how to acquire logmap images. We have pursued two
routes to solve this problem. Thefirst is to develop a custom VLSI sensor chip with a logmap geometry
that will return a logmap image directly. The second is to use a commercially available sensor chip that
returns conventional rectangular images and map them into logmap images.

The main advantages of a custom logmap sensor chip are the high frame rate and small resultant
system size. This is because the geometry of the chip performs the mapping intrinsically. The sensor
layouts that we have designed consist of several thousand pixels on chip, and this is a very small amount
of pixels to digitize. It is likely that custom sensor chip could support rate of thousands of frames per
second, contingent on the ambient light intensity. However, at the present time, we do not have a fully
working space-variant chip.

The main advantages of an off-the-shelf conventional (uniform) sensor chip are low price, high image
quality, and immediate availability. Because uniform sensors have been refined for many years and are
produced in great quantities, they have extremely high quality which is difficult to match with custom
sensor chips. The image from a uniform sensor, however, must be mapped to a logmap image according
to the definitions in Section 1.3, and this is computationally expensive since the final logmap imagesize
of thousandsof pixels must be supplied through a read-out bottleneck of hundreds of thousandsof pixels
on the chip. However, with careful design of the readout and logmap emulation algorithms, we have
achieved frame rates of up to 30 frames per second, without resorting to excessively complex readout
electronics.

We are currently developing a custom logmap sensorchip in collaboration with Synaptics, Inc. The
first prototype based on C'MOStechnology has about 500 pixels and does not work to our satisfaction.
Figure 2.1 shows some images from this chip. We are currently working on both improving the quality
of the image, and increasing the numberof pixels.

We also developed a camera based on a uniform sensor chip designed to be mounted on the Spherical
Pointing Motor. It uses a low-resolution area CCD sensor, and returns a digital image directly to the
computer in our vision system which is then mapped to a logmap image. We madetwolenses. One has
a fixed field of view (Figure 2.2) and the other has an actuated two position zoom lens (Figure 2.3).

Most other computer vision researchers have used off-the-shelf video camerasfor their vision systems.
This is certainly a reasonable route to take as it avoids the cost and time involved in developing a custom
camera. One group [?, ?, ?], however, has developed a custom CCD logmap sensor. Like us, they have
found it a very time consuming and difficult path. Their current sensor has approximately 2, 000 pixels
and returns reasonable images.

So why build our own camera? Simply stated, the reason is size. This includes both the size of the
camera head, and the necessary associated readout electronics. Even the smallest commercial cameras
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Figure 2.1: Images from our custom logmap sensor chip. They are the logmap images from the chip,
and have not been mapped back to scene coordinates. They are scenes of a) an all black scene, b) a
horizontal edge with the top half black and the bottom half white, and c) an all white scene. Thecircle
in the center of the images is an artifact of the chip geometry.
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Figure 2.2: The fixed field of view camera. It consists of a four element lens assembly attached directly
to a CCD sensor.
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Figure 2.3: The zoom camera. It consists of a six element zoom lens assembly including a coil to actuate
the zoom lens. It is attached directly to the CCD sensor. It is shown a) with and b) without the light
baffle.

available today have camera heads that are several centimeters long and weigh hundreds of grams. To
satisfy the goals of this project, we need a camera head that is about one centimeter long and that
weighs a couple of tens of grams. Because we are using space-variant images where the high-resolution
part of the imageis along the optical axis, we can use lenses that have lower quality off the optical axis,
as long as the optical quality falls off slower than the resolution of space-variant image. This enables us
to make a smaller camera than is available commercially.

In addition, most industrial video cameras output a standard analog RS-170 video signal which
entails further electronics to digitize the data and grab the frame. Our camerareadoutcircuitry avoids
this entire step by digitizing the sensor data and putting it directly on the processor’s data bus.

We designed the camerato fulfill several design criteria. They are:

e The camera head had to be very small and light in order to be actuated by the SPM.

e In order to minimize the associated electronics, the camera should be read out in a digital form
suitable for input directly to a computer. By avoiding a standard analog video signal, the system
is greatly simplified.

e It must have sufficient field of view and resolution to satisfy our benchmark’s requirements. Our
chosen problem is to track a moving car and read the license plate on it. The fixed field of view
lens does not have sufficient resolution to read the license plate at large enough distances. The
zoom lens, however, can be used to track the car in the wide angle position, and read the license
plate in the telephoto position.

e Because we use the camera to generate space-variant images, it is not necessary for the lenses we
use to maintain high optical quality across the entire field.

In this chapter, we discuss the details of the optics, the electronic readout of the camera, and a fast
algorithm to map the uniform image to a logmap image.
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Figure 2.4: Illustration of imaging an object with a simple biconvex lens.

2.2 Camera optics

The optics of a camera consists of the elements necessary to focus the light from an external scene to
make an image on a sensor. In our case, this includes the lenses to focus the light, the lens housing to
hold the lenses and an actuator to move the zoom lens. Someof the issues in designing such a system
are the field of view of the lens, optical quality across the field of view, availability of lenses, and the
zoom mechanism. In this section, we examine these issues in the design of our camera.

One of the simplest optics designs consists of a single biconvex lens. Such a system, depicted in
Figure 2.4, produces an inverted image at a distance

m' = (mf)/(m— f) (13)

from the lens [?, P. 46] where f is the focal length of the lens, m is the object distance and m!is the
image distance. Since the sensing element is a fixed distance from the lens, we would like m’ to be
constant. If m is large compared to f, then m/’ will not vary by much as m varies. By building a camera
with a small enough focal length, we can avoid including a focusing mechanism as the image will always
be in focus.

For this or any optics system, the system must be designed so that in coordination with the sensor
being used, we obtain the desired field of view. The best way to determine thefield of view of a camera
is to simulate the path of light rays from outside the camera through the lenses to the sensor. Because
the surfaces and index of refraction of each lens element is known,it is possible to compute the refractive
path of each ray across each surface. This is a process called ray-tracing. Using a commercial ray-tracing
package, we determined that a 4 mm focal length lens with our sensor would yield a 33° field of view,
which is about what we wanted.

Unfortunately, such a simple optical system has severe chromatic aberrations. This means that the
focal length of the lens is different for different wavelengths of light resulting in different image planes
for different colors. For us, this would mean an out of focus image since real-world scenes are not
monochromatic.

Chromatic aberrations can be corrected by adding more lens elements [?, P. 157-163]. The design
of such systems is rather complicated, and rather than reinvent the wheel, we use such a lens system
from the eyepiece of a telescope. This lens system, known as an orthoscopic lens assembly, makes up
the entirety of our fixed field of view lens. The mechanical drawing of the camera with these lenses is
shownin Figure 2.5. This camera head is 8 x 8 x 10 mm and weighsless than 6 grams.

This camera was meant to be used to test our system, and in that it was successful. We were able
to test the pan-tilt actuation of the camera, the electronic readout, and image processing in the space-
variant domain. Thefield of view and resolution are not high enough, however, to solve our license plate
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Figure 2.6: Illustration of zoom lens. The image plane moves as the magnification of the lens changes.
(Adapted from [?, P. 275])

angles. This can be greatly reduced by inserting an aperture stop in the lens between lens elements.
This is a disk of metal that blocks all light rays very near the edge of the lenses where most of the
unwantedlight is.

The aperture stop increases the vignetting of the lens, which is the reduced illumination of the image
plane in the periphery of the image. This is because light entering the lens assembly at large angles
gets cut off by the stop that otherwise would end up in the periphery of the image. In our case, the
vignetting is not very severe, and can by compensated for in software.

The mechanical assembly holding the lenses had to be designed to allow a very small force to actuate
the central lens element while not allowing light to leak into the system. At the same time, the lenses
must all be adjustable so the system can be focused. A mechanical drawing of the assembly we designed
is in Figure 2.7. We mounted the two outer lenses on threads so they are easily focusable. The central
lens slides inside the lens housing, attached to two pins that connect to a a small cylinder outside the
housing. This lens is actuated by applying current to a coil of wire wrapped around it. There are two
press-fit rings that act as stops to control the limits of motion of the central lens. Two pieces of polarized
plastic are put in the lens assembly, one fixed and onerotatable, to control the light intensisty. A thin
cylindrical baffle fits over the entire assembly to block light from leaking in the slots. The zoom lensis
pictured with and without the baffle in Figure 2.3.

The zoom lens is actuated with a small solenoid. A coil of wire is wound around the small cylindrical
sheath attached to the zoom lens by pins. Because the camera is mounted directly against the pole of the
permanent magnetin the rotor of the SPM,applying current to the coil results in a force on the zoom
lens in either direction depending on the polarity of the current. Although the zoom lens is moderately
well-focused throughout its range, we only have the capability of actuating it to two positions, one at
each end of its range of motion.

Images taken using the zoom lensare in Figure 2.8.

2.3. Image sensor

In designing our camera, we had to choose between two image sensor technologies, CMOS and CCD.
They are both silicon-based VLSI technologies, and both are able to transduce light to voltages. In this
section, we discuss the basics of these technologies and explain the details of the hardware and software
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Notes: 
" (D Lens s lide s on pins 

(g) Lens in othe r po s ition 
Q) Sliding len s stops 

' @) Fixe d polaro id 
(5) Rotat ing Polaroid 
@ Ap erture stop 
All measur ement s in min 
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Figure 2.10: Timing signals used to control the CCD imagesensor.

the sensor continues to integrate light. This results in vertical smearing where each pixel has an influence
on every other pixel in its column, where the amount of influence is proportional to the ratio of scan
time to integration time. Because of this, some CCD sensor chips have a frame buffer that is not light
sensitive to which the imageis shifted very quickly. The image can then be read from this frame buffer
relatively slowly without affecting image quality. In this case, there is still some vertical smearing, but
it is greatly reduced because the transfer time to the frame buffer is very small.

2.3.2 Timing signals

A CCD needs manydifferent signals to control its readout and light integration. As already stated, each
pixel in the CCD consists of an electronic “bucket” accumulating charge. If the light intensity is too
great, or the integration time is too long, the bucket can overflow into its neighbors. Thus, one pixel
can influence its neighbors. This is called blooming. Many CCD sensors have an antiblooming control
where the top portion of the bucket is discarded at regular intervals. This eliminates bloomingfor all
but the most intense illuminations, or longest integration times.

We chose the smallest rectangular image sensing device commercially available, which is a CCD
sensor without an on-chip frame buffer. It is the Texas Instruments TC211 device and contains an array
of 165 x 192 pixels in an 8 x 8 mm 6 pin DIP package. Thesix pins of the chip are power, ground,
line clock (IAG), pixel clock (SRG), anti-blooming clock (ABG), and output. Each frame is read out
by putting one pulse on SRG for each pixel, and reading the voltage at the output. At the end of each
line, a pulse is put on IAG. After a frame is completely read out, a clock is put on ABG while the chip
integrates light after which the next frame is read out in the same manner. These timing signals are
described in detail in Figure 2.10.

We developed a printed circuit board that in coordination with a processor, generates the signals
for, and digitizes the output from the CCD.It does not generate the optional anti-blooming clock. The
schematic diagram for the circuit is in Figure 2.11. It reads the CCD at a maximum pixel rate of 2.5
MHz which corresponds to 75 frames per second. Because the CCD needs an integration time that is
usually at least equal to the scan time, the usable frame rate is no more than 32 frames per second.

Thecircuit reads the CCD onerow at a time, storing the digitized data in a FIFO buffer that the
processor then reads. It has two inputs to accomplish this, RESET and START. RESETinitializes the
circuit, clearing the FIFO. START starts the circuit readout of one row of the CCD into the FIFO.
Because the FIFO is dual-ported, after one pixel time, the processor can start reading that row from
the FIFO. The CCD automatically shifts each row down one row when IAGis pulsed, so each time the
processor reads a row,it gets the next row from the CCD. Thecircuit does not do anything at the frame
level. Rather, it is up to the processor to read the correct numberof rows and then let the CCD integrate
for a fixed amount of time before reading the next frame. A description of the system architecture and
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the processors used to read from the CCD driver board can be found in Chapter ??.
Thecircuit is divided into a digital and an analog section. The above mentioned part of the circuit

is all digital. The analog part converts the signals to the necessary levels, and amplifies and digitizes
the CCD output to be stored in the FIFO.

2.3.3 Vertical smearing

The CCD we use has a significant image degradation problem called vertical smearing. The processor
must read the CCD as quickly as possible because the CCD continuesto integrate light as the image is
shifted out of the chip. Each pixel that is read out actually consists of itself plus a fraction of all other
pixels in that column. The vertical smearing increases with the ratio of scan time to integration time.

We model the vertical smearing exactly for static scenes with a linear algebraic system, enabling us
to elminate the smearing in software. We use the definitions of TV and logmap images of Section 1.3.
Because each pixel read out is a linear combination of the original pixel and all the other pixels in that
column, the original pixel value can be retrieved by solving a set of linear equations. Let us call the
pixel that is read out from the CCD /'(i, 7) and the actual pixel value before it is read out I(i,7) where
i € {0,..., NROWS — 1} and j € {0,..., NCOLS — 1}. Then for each column, j, we havea setof pixels,
I'(i, 7), and want to calculate the actual values, I(i,7). We say the integration to scan-time ratio is
INT_SCAN : 1. This means that a read out pixel, I’(i,j), contains INT-SCAN/(INT_SCAN + 1) of the
actual pixel value, I(i, 7), and 1/(INT_SCAN + 1) of all the other pixels in the column. We can write
this as

NROWS—1

Hey INTSCAN 1
MG) = nTscan +129) + NROWS(INT.SCAN 41) » Hh) (14)

We must solve these NROWSlinear equations in NROWS unknownsfor the actual pixel values, I(i, 7).
This must be done separately for each column. This can be done off-line and then calculating each actual
pixel, I(i, 7), would involve NROWSmultiplications and NROWSadditions. Because we are interested
in logmap images that are derived from the original TV image, we do not want to desmear the original
TV image. Instead, we examine the vertical smearing problem in the logmap domain where we find an
approximate solution.

In logmap images, each pixel is the average of many TV image pixels and these pixels come from
multiple columns. Again, we want to find the actual logmap pixel value (which is the average of actual
TV pixel values) from the read out logmap pixel values (which are the averages of readout TV pixel
values), and we want to do this without referring to the TV pixels themselves. We call a read out
logmap pixel, L'(u,v), and an actual logmap pixel, L(u,v), where u € {0,...,NSPOKES — 1} and
v € {0,...,NRINGS — 1}. These are defined by Equation 2 of Section 1.3. Now we can solve for the
actual value of a logmap pixel analagously to rectangular pixels. From Equation 14, we write

we) = say D (rseaeTOI
” 1 NROWS-—1

NROWSINTSCANG) 2 7044)
S(i,j) =u and R(i,j) =v) (15)

Liu) =RETSCANTaw) Mia) | (SU) = w and RGi,j) =»)
1 ” NROWS-1

*HROWSINTSCAN+Tawa)2 Dy M4)
(Sli,j) =u and RG,j)=v) (16)
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Figure 2.12: Elimination of vertical smearing. Actual logmap pixel D(u,v) is calculated from read out
logmap pixel Z'(u,v) and a weighted sum of all other logmap pixels sharing TV pixels in the same
columns.

INT_SCAN' = ee
E(u,v) = INTSCAN + 7 L(u,) +

1 NROWS-—1

NROWS(INT-SCAN+1a(u,») y Mea)
(S(i, j) =u and R(i, j) =v) (17)

The second term of Equation 17 represents the sum of TV pixels in the same column as the logmap
pixel L(u,v). This is represented in Figure 2.12. This can not be calculated in terms of logmappixels
exactly because some logmap pixels have only some of their TV pixels in the same column as L(u,v).
In addition, each TV column is weighted differently depending on the numberof TV pixels in a column
of L(u, v).

We approximate Equation 17 using only logmap pixels. We use weighted logmap pixels where the
weight of each pixel is the total number of TV pixels from that logmap pixel corresponding to TV pixels
in L(u,v). We define the weights, W(u,v,w,x), for each logmap pixel, L(u,v), using the total weight,
Wror(u,v), to scale each logmap pixel as defined in Equations 18 and 20. Note that the definition for
Wror(u,v) counts only the TV pixels in a column that map to L(u,v).
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��� § �C�^��½��$�z®¬�N£�«:���:���¬Á-�^®��Æ�$��������©�£�Ä�]!���¬Á-�^®��
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��©�����®����C�����®��@��©�£ß�\-65 ^	0.!��o®��¬©��C���,�R�@½���������©��,�%�¬���u�1-65 ^	0.!��{½�©�Î�©��_�%©��,�%���R���{�1- 5 ^	0.!��{���z�����>©�½�« § �^����Ç
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NROWS—1

Wror(u,v) = 5) >> 1 S(é,7) =u and RG, j) =v and (18)
ij k=0

S(k, 97) # invalid (19)

W(u,v,w,z) = S, 1| SG, 7) =u and R(i,j) =v and
ijk

S(k,j) =w and R(k,j) =2 (20)

We can rewrite Equation 17 using this approximation to get

(uv) = INT_SCAN L(u,») + 1 x
INTSCAN+1°°°’ (INT_SCAN + 1)Wror(u, v)
NROWS—1 NCOLS—1

SSS Wu, k,l) - £(k, 1) (21)
k=0 i=0

The result of this approximation is that pixels are smeared horizontally no more than the width of any
logmap pixel sharing TV pixels in the same column. This is because logmap pixels sharing TV pixels in
the same column may extend to other columns not covered by the original logmap pixel. This, however,
is a large improvement over the original vertical smearing that extended over the full height of each
column.

The implementation of this desmearing approach is complicated by the use of the logmap. In the
rectangular case, each column of TV pixels can be solved independently because each TV pixel in a
column depends only on other TV pixels in the same column. Logmap images, on the other hand, have
no columns. Each logmap pixel depends on the set of logmap pixels sharing TV pixels in the same
columnas itself. The other logmap pixels in this set, however, do not generally depend on the same
set of pixels. This means that there is no way to solve the desmearing problem for any subset of the
image. Instead, the entire image must be desmeared in one step. Referring to Equation 21, this involves
solving NPIXELS linear equations with NPIXELS unknowns where NPIXELSis the numberofpixels in
the logmap image.

This at first may seem a daunting task, but the matrix to solve is sparse. For our logmap, there are
1,376 pixels. The numberof pixels that each pixel depends on varies with the particular pixel, but varies
from 12 to 246 with a mean of 86. This means that an average row in the matrix of linear equations will
have only 86/1376 or 6% non-zero entries.

An image can be desmeared by taking advantage of the sparseness of the matrix and by doing most
of the computation off-line. Equation 21 can be rewritten as a matrix problem, AY = b, where 7 is the
unknownactual logmappixel values (Z(u,v) in a 1D vector form), b is the known read-out logmap pixel
values (Z’ in a 1D vector form), and A is the matrix of coefficients multiplying VY. We first invert A
off-line using sparse matrix inversion techniques ([?, P. 72-81]). To desmear a given image, we vectorize
it into b, then just compute the result, 4 = A7‘b. This still requires a large amount of computation.
Fortunately, A~‘ is also sparse and thus 6 only needs to be multiplied with non-zero entries of A7!.
This can be sped up further by eliminating near-zero values of A~!. Figure 2.13 shows the result of
applying these desmearing techniques to an image taken with our camera. Results are shown using the
full A~', using only values of A~! whose absolute values are greater than 0.001, and greater than 0.01.
Severe degradation along the vertical meridian results for the last case. The vertical meridian is the
most sensitive area because here, there are the most pixels in a column. Because each pixel depends on
so many other pixels, their weights are small. Results showing timing and the number of elements in
A71 used are shown here where the execution time is for a SUN Sparc 2.
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Figure 2.13: a) Image from miniature camera with vertical smearing; b) desmeared image; c) desmeared
image using only |A-*| > 0.001; d) using only |A~*| > 0.01.

% of A" used

30% 1.36 seconds

001 8% 0.58 seconds

01 3% 0.19 seconds
 

2.3.4 Electrical noise

Oneof the biggest difficulties in obtaining a high quality image from the sensoris electrical noise. Noise
comes from two main sources, electromagnetic interference (EMI) and noise in the readoutcircuit due
to high frequency digital circuitry. The noise in the circuit can be greatly reduced through standard
noise reduction techniques [?], such as using separate power supplies for the digital and analog parts of
the circuit, using ground planes in the circuit, and placing related parts near each other.

EMIis especially bad in our case because the camera is mounted in the SPM approximately 20 cm
from the readout circuit. To make matters worse, extremely thin wires (40 gauge) must be used to
connect to the CCD in the SPM. This is because when the SPM moves the camera, it must also bend
the wires attached to the camera. The connecting wires must be highly compliant in order to maximize
the accuracy of the motor. The very thin wire is used for approximately 5 cm. We reduced the EMI by
using twisted pair cables for the connections to the CCD. This entails twisting each signal wire with a
groundwire.
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The numberof runs, NRUNS, depends on the mapping function given by the look-up-tables S(i, 7)
and R(i,j). For a wide variety of interesting mappings, such as the logmap, NRRUNS < NROWSxNCOLS,
and NSPOKES x NRINGS < NROWS x NCOLS. Let us assume that the statements in fastmap that
add the TV pixel to the logmap pixel and increment the TV pixel address takes one assembly language
instruction. Let us also assume that we either unroll the loop computing each run (or use a DSP processor
with zero-overhead loops) so that there is no overhead during each run. If the overhead between each run
takes 6 instructions, then the mapping will take NROWS x NCOLS+8 x NRUNS+2 x NSPOKES x NRINGS
instructions, or 1+ NROWSNCOLS +2OWSereinstructions per TV pixel.

Our system uses a TV image of 165 x 192 = 34,650 pixels and there are 6,074 runs. The logmap
image is 34 x 56 = 1904 pixels, and the number of “overhead” instructions between each run, 8,is 4.
Then the mapping takes 1.81 instructions per TV pixel.
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Chapter 3

Platform Pantilt

3.1 Introduction

Once we have a miniature camera for acquiring space-variant images, we need a methodof actuating
the camera. We would like a pan-tilt mechanism that is accurate, fast, small, inexpensive and has low
power requirements.

We haveconstructed two new actuators meeting these requirements. Thefirst is called the Platform
Pantilt, a pan-tilt actuator based on two linear stepper motors (Figure 3.1) described in this chapter.
The second actuator, the Spherical Pointing Motor (SPM), incorporates both pan andtilt into a single
two degree of freedom motor (Figure ??). It consists of three orthogonal motor windings in a permanent
magnetic field, configured to move a small camera attached to a gimbal. It is an absolute positioning
device and is run completely open loop. It is described in Chapter ??. Both of these actuator designs
are different than traditional pan-tilt actuators in that they avoid the inefficiencies involved with one
motor moving another motor.

Pan-tilt mechanisms have been a source of inspiration and frustration to computer vision researchers.
One source of inspiration is nature, since humans and animals rely on their pan-tilt apparatus to achieve
wide field-of-view visual sensing.

The argument from nature is not by itself a compelling reason to build robot eyes that pan and
tilt. The alternative to mechanical pan-tilt action is electronic scanning, i.e. computer control of a
fixed set of cameras having a combined widefield-of-view. Selective attention can be implemented
by a variety of addressing methods, for example the inverted pyramid of Burt [?, 7]. Such “software
pan-tilt” mechanisms are considerably more convenient and reliable than their motorized counterparts,
but we argue that they ultimately are more expensive. A large sensor, which is required to efficiently
use software pan-tilt, has a quadratically increasing pixel load. The alternative to providing the extra
processor bandwidth and memory needed for such an approach is to physically move the sensor, as is
the usual choice in “active-vision” approaches. It is our opinion that at the current state of technology,
this is a considerably more economical approach.

Given today’s inexpensive CCD cameraarrays, electronic scanning may appear at first glance to be
superior to the mechanical approach. Certainly such electronic pan and tilt is faster than mechanical
pan andtilt. It also is more reliable, as there are no moving parts involved. But there are several
arguments in favor of using mechanical actuation. They are:

cost We have shown at least one example in which the mechanical approach is less expensive. Our
prototype SPM carries a camera having a 33 degree field of view. The actuator can pan andtilt
the camera through a range of 60 degrees in each axis, resulting in an overall field of view of
93 degrees in each axis. To achieve the same result for the same CCD array in a nonmechanical
configuration, we would have to build an array of 9 CCD sensors and lenses, arranged so that their

36
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Figure 3.1: The Platform Pantilt. This stepper motor based actuator is capable of positioning a load of
80 grams, for example a small video camera. Dimensions are 7.5 x 7.5 x 12 cm.

fields-of-view are adjacent. Even at the current low prices, 9 CCDs and lens assemblies cost an
order of magnitude more than the parts in the SPM. The cost of CCDs increases exponentially
with size. Of course, with either approach there is an electronic circuit driving the system. For the
SPM,this circuit consists of a motor driver and PWMcontroller, plus the components necessary
to digitize the camera signal. For the fixed array of cameras, the electronics for the camera signals
must be repeated 9 times, so we claim that the cost of support electronics is comparable in either
case.

registration A system with multiple image sensors would have to be very carefully calibrated in order
to register the multiple images. Without knowing precisely how the external world mapped onto
each sensorin relation to the other sensors, it would be very difficult if not impossible to use such
a system.

optics Using space-variant images with the fovea at the center of the image, and thusin line with the
optical axis of the lenses allowed us to miniaturize the camera in a way that would not otherwise
have been possible. Our miniature camera has severe off-axis optical degradation. The low reso-
lution in the sensor periphery, however, is lower than the optical resolution which makes an ideal
match for our system. This would not work, however, in a system where the foveation point was
changed electronically to points off the optical axis, because the optical resolution would be lower
than the sensor resolution. New lenses would have to be designed that have high resolution in the
periphery. It would be much harder to design such lenses that would be as small as our current
lenses.

custom sensor We plan on replacing our uniform off-the-shelf sensor with a custom sensor that has
an intrinsic logmap geometry. We have built our entire software platform with this in mind, never
using the original uniform TV image. We will therefore be able to make this replacement without
changing our software substantially. Once we have a true logmap sensor, it will no longer be
possible to control the foveation point electronically.

Page 43 of 86



|X}�~����X�F�^�������¸~r�	�F����Å �t~��¨�v�%�� [Nß

é6�¬£N½��(��[� ¦-�6ãL����������©��}�¬®�®�½��x�(�(��������©:��Ç"���������-�¬������©���®�«}���(����À\�N©-Àw«>�����N�L�-�R���¬£N©�O���r�(½��_�(���
ÇÑ���N«�é�®��¬©�£��^���-�¿���^©-À���¬è���LÍ���«}�^©����¬�N©��Æ���(�i¤R\iào¤�¤�àf¦�¦��¿« ÔÈ©����%��©��¿®�½��-��©�£¼�������^��«>�R�(�i���������,�(�N��Î@À\«}��½�©N�(�R�:�^��©@���(��®�®¬�R�.´��-�(�¬�N�^�rÞr
ÄÆ��������«>��®¬�C�x����©��:«}�N�$�
� § ������½��L����©-À\����®¬�
«}�R������©�����«µ½��$�C�
���x����ÀÏ�$�(��£N�Æ«>�����N�$Àw��©-Àw«}���(����ÔÈäÌÊ,äcÞt�-�C�$��£�©�ÄÆ����è����x�6«>�����N�u�(½���©����(����«}�C������©�����«³�(���(��½�£N�i��©����-�^£N���R�L��Ç�ÇÑ���R�R�-�N«KÅ_½��$½���®¬®�¢�����©uÅ���©����(���Æ�$�C�¿��©��������(��½�£�������%�������^�
�" �� ÇxÅ�½��$½���®¬®�¢i�(�¬®¬�RtÄÆ�������R�^��©��¼«}���(���L«¼½��x� § �%�E�_���R�$ÇÑ½�®��^©��N½�£��¼����«}�_�����(�����^��«>�R�(�����^©������C/ÄÆ���è����x��«¼½��$��«>�_�N� § �����d�����i�^��«}�R�(�}��©��k�(���i���R�¿�N©��K«}�����N�RLÄÆ���iä¾Ê,ä �-�R���¬£N©K�����R���^ÇÑ���(�,½��$½���®¬®�¢v�^��©������x���Æ��Ç��©���®����(£��R�O«>�����N�L��©��¼��©�����«:��®�®¬�R�O��©��NO��½����}���-�C�$��£�©>���t�¬©��¿êf�¿���^©@� § �R�^��½�����Å��N�O���������_��Å_�¬�
���O©����L©��C�¿�R�(�(���(¢���>�^�����(¢��N©���«}���(������©}���N�f��Çu��©����(���^����©��Nt��©f�^Á-��«}��®¬�z��Çu��½����f�����R���¬£N©:���
�����,����©-ÀH�(�¬®¬���N�r�(½��_�(���
���_����®�� § ®��ÇÑ�(��«Äé�®��¬©�£��^�����¿���^©@���¬è��:ÔÈé6��£�½��(�W[� ¦�Þ¿ÄÆ���Æ�(�(�N�-�Ð�(�¬�N©���®�����®�½-�(�¬�N©��(����������©��^ê:�^�¬�R©��¿���R�L��ÇE������ä¾Ê,äâ�-�C�$��£�©}���L�,��������®�®��^®����������@������6ÄÆ�����O�x¢������R��®�®¬¢��©@�N��®����C���x���d«>�����N�(�,�%�������c�(���(��½�£N�¾����«}�}Î@��©��¾��Ç�®¬��©�Î_��£N��Åu�N�r��½��_���>�(���}�����������%�¬�����N½-���������¬©�£v�N©��}«>�����N�«}�_���¬©�£����������(���^�C/ù��_���R���R�RÅ�®��¬©�Î_��£��R�6���(� § ½�®¬Î�¢i��©����������-�Ðêf�^½�®Ð�6���,«:��ÎN�����R�¿½����_�(�^®�¢�6ÄÆ����ã
®����$ÇÑ�N��« ãt��©@�(�¬®¬���� § �����R�K��©v�������%«}�^�����-�"ÄÆ����ã
®����$ÇÑ���(«�ãt��©@����®Ð�L«}�_���C�t����®��_�$ÇÑ�N��« § ¢��������$��©�£���©��}®¬�_���^�(�¬©�£��x���i�$���_Çú�(�
�%�Ð�(�:®¬��©��C���
�$���R�����R�L«}���(����������_�����(�iè�Á-�R�{���v�����>��®��_��ÇÑ���(«K�ÄÆ���>��®��_��ÇÑ���(« ���,�_���(�������R�o�(�f�(��� § �����¼���,�k�������(�c���N�¬©@� § ¢{�:è�Á-�R�¾�$���_Çú�R��®�®T������������Çú�(��������������«}��ý��¿Á-� § �¬®��Ð�x¢:�%�¬���d�-�¬ÉE�R���R©@�ÆÎ���©�������Ç�ªx����©@�(�ROÄÆ�����%�-�C�$��£�©v���Æ���¬«}��®����Æ�¬©d�$�N«}�z�(�R�����C�r������v�����>���ÐÁc���^£��(�^�¼��ÇLÇÑ�(�^�C�-��« �����^�Æ�����z��®����$ÇÑ���(«��n��Å��Åë�#�w�ÄÆ���}ãL®��_��ÇÑ���(«âãt��©@����®Ð�,«>�C����½��(�R�WÅ±¢ æ:àèÅ±¢ æ:àn¤�¦�¿« ��©��{�R��©{«}�_���¼�_�z�(�����_�(�¬�N©���®/���^®��-�¿�¬�����R�z½��o�(�¾¤�\#\ ¾ ú��$�C�_�ÄÆ���¼�����C�¿���$����©o�����$�N«>�R�%���_�z®¬��«}�Ð�(�R�"Å"���_���^�N�^�CÅ�-½����(�>������½�������ÇO�x�(�^���E�^��«>�����N�(�R

þ6P.à á VWâØãJä�4t2¨å©Y<æ
Êz©��,�$�N½��(�^����Ç"ÇÑ��½��$�����_�(�¬�N©f�����N�'�@½�������©�£i�N� § ½��¬®��-��©�£�Å@�(���^©K�^��®�� § �(������©�£¼��©��f�^��©@���(��®�®¬��©�£��(���,«>�C������©�����«·�Ð���$�R®ÐÇx��©@�(�¬®O�(�R�¿�R©@��®�¢�ÅE©��k«:��©�½-ÇÈ�N�r�(½����R�(���������������_�����-�R�d����©-À\����®Ð�,«}�R������©�����«:�������C�¿�¬è��^��®¬®�¢o�-�R����£�©��C�dÇÑ���,�¿��«}��½����^��¿�N©@���(��®6��Ç��R��«}�^�����R����_�ÆÀÏ�$�E�^�C�o��©��¿Á-�E�^©����¬�N�¼«}�������(���^�R�{����©-À\����®¬���R��«}�^���f��®����$ÇÑ���(«:�����(��©��_� ���_���¬®�� § ®���ÅEÇÑ�N��¿Á���«>��®¬�OÇÑ�(��« � �-«¼½�©����-�¿���^©@�(�Ðè���ÔÈ�^���(��®¬�N£�©�½�« § �R�uéX[�ß�Å å@ßNæ�Þ¿Å § ½��������C�$�t�������t©����^��«}��½-�(�^�u�^��©@���(��®��^ � �^«}���(��¿�N©@���(��®Æ����©�ÀH�(�¬®¬�k�-�^�����¿�C�}�¬©@���R©��-�C�XÇÑ�N�f�$�C�¿½��(�¬�x¢��^��«}�R�(�Ì������®¬���^��������©��RÅLÇÑ�N�:�¿Á���«}��®��K����� ¦ ����¢-�x�(��©��däo�-�-�^®]�[±Å1\Nã
Ä�Å����R©����(� § �L��������®¬�_�ûÔÈç����^£��(�^�C�T���R�/���R�^��©���Þ���©��,�(�@�%���R����¢¼Ô$¤Rç%® § �R Þ,ÇÑ�N��«:��©�¢,��� § �������t������®����^�_�(�¬�N©��Ré��R�â��Ç������C�$�¾�-�^�����¿�R�f�������{�^��«}��½-�(�^�k�^��©@���(��®��:���k���@�$�¬������© ÇÑ�^�C� § �N��ÎG��©-ÇÑ���(«:�_�(�¬�N©�!ÄÆ���o«>��������©`�����r�(½��(�

Note· Goniometer sits 
direc tly on top of 
rotation stage 

Goniometer~ 
(ti l t) ". 

Rotation 
Stage 
(pan) 



|X}�~����X�F�^�������¸~r�	�F����Å �t~��¨�v�%�� [N¥
��©��-½��$���(¢X���N�f��®����Ó���^���R®¬�N���C�û�¿��«}��½����^�v�¿��©@�(���N®¬®��R�G����©�ÀH�(�¬®¬�k�-�^�����¿�C�^!Êz©��o�¿Á���«}��®��o���:������é���®¬�R�����N�(�¿���E�ù��������C��� Ò�Ò ÅT«}�N�-� § ¢{�����^���E�^�����N©¾é6�¬®�« �@�(½��-���N�R���®Ð�(����½�£��¾�v�-��£��¬�(��®6��©N�(�^��ÇÈ���^�����,���_���¬®�� § ®���Å����������-�R�@���¿�¼�����©N�(�^©����R�¼���i�R���(��¢i�,®����(£���®¬�@���>�$½����}���t��[@æ_«}« «}���(�¬�N©¼�����¿��½��(���^��«>�R�(��Å���©��>��®¬������½�£N�¼�¬�
���������^�N�R�6�(�^®��_�������R®¬¢����£��i�����R�R�:Ô$¤^å�\ ¾ ú_���R�^Þ¿Å��Ð�6���"�N�^�(¢��^Á��E�^©��$�����Nu��©��������R�/����½����¿�O��Ç�����©-À\����®Ð�/«>�C������©�����«:�"���������
®¬��£��@����©�£%��©��-½��$���(¢�Å�%�������X������®¬���R�¼�(���^« �(�¾�$�(��£N�f®��¬£N�N�(�¬©�£�ÅL�^Á���� § �¬������©��¼��©����������^���������¬©�£�¾�á����£��-ÀÏ�$�E�^�C���¿�N«}��½-���R�>�^��©@���(��®�®��R�����©-ÀH�(�¬®¬��«}�R������©����$«3ÇÑ�N���x����£���®��¬£N�@�(�Æ���%�������¬®�� § ®¬�zÇÑ���N« äo½�®¬����®��¬©��NÅ § ½����Ð��� § �(�N��Î��^����©�£>��©��v���¬£N�K�^�N�$�%«}��Î����¬�½�©������E�R��®���©�£>ÇÑ���Æ��� § ���%�@�����¬�N©�t�³©�½�« § �R�%��Ç6«}��©�½-ÇÈ���¿��½��(�^����ÔúÇÑ���Æ�^Á-��«}��®¬�����^�(�����C����Å-Íz���R�-�R®HÅ3��©����$®����-��Å���©��é�®��¬©�£N�^�i�-�^�¬�R©N�(�ÐèE�RÞ,«:��ÎN�>�^��«}��½-�(�^�i�¿�N©@���(��®�®¬�C�{«}�R������©����$«:�z���������^��© § �f���(�$�R« § ®��R�c�¬©@���d����©-À\����®Ð�i�-�R�@���¿�C�^¨��¿�����^�,�$½��Ð�(�R�dÇÑ�N��«:��©�½-ÇÈ�N�r��½�����©�£k��©��d���-�(���R��������®����R�_������©��^Å������¼���¬£N�o���C�$�N®¬½�������©o��ÇO�(���R���¼�-�R�����^�R��ÔÈ®¬�C����������©¤i�����,«}�¬©�½-�(�CÞ�«:��ÎN�R�������^«º�_���^�(Î��¬®�®EÇÑ����«:��©@¢v�¿��«}��½����^���@�����¬�N©K������®����R�_������©��%��©��d�¿�N©@���(� § ½����R���(�}�����R�¬�����¬£N��¿�@�x�CãO�^�(������� § �R�R��½����K��Ç��(���^���}ÇÈ��«}��®¬�����(�¬�x¢���©�� ���_����®�� § �¬®��¬�x¢�ÅL�¬Çz©����}�����R�¬�:£N�^©��R�(��®¬�¬�x¢n��©��G���(��£�����«}«:� § �¬®��Ð�x¢NÅ�(� § ��������«:���������z��Çú�(�^© § �R�^©f�(�������������¿�z��Çu�����$����©k���C�$�C���������^���O���(¢��¬©�£��(�>�N�r��½��_���������R�¬�%�R��«}�^�����R6¨Æ��®¬�-���k��©��» �_Á-«:��©c½��$�C�c�dæ�ÀÏ�_Á-���z�(� § �������(«º«}�N½�©@���R�¾��©c���N�c��ÇÆ�k«}� § �¬®��>��� § �����N�z�K�^��«>�R�(�k���N�¬©@�(�¬©�£d«}�R������©����$«�n�#�\L��®¬®��^©d��®��$�¼���R���N�$�(�R�:«}�N½�©@����©�£>�>Ä�] �^��«>�R�(����©K���(� § ���Æ���(« � �#�w � �����¬�}½����R�v�¼�R�������C�$����©f«:��©��¬��½�®������N����}��«}��®¬�R«}�^©@�z�^��«}�^��������©�Å�����®¬�RÅ��(��®�®���©��f�(�(��©��$®��_�(�¬�N©è�n���wé6�¬©���®�®¬¢NÅ/�d©�½�« § �^����Ç%���C�$�C���������^���z�¬©��^®¬½��-�¬©�£{��½������^®����R�,�����N�}�^« § ���(Î��R�¾��© § ½��¬®��-��©�£o�����^���i�_�%©Ó����©-À\����®¬��-�R�@���¿�C�/ÇÑ���N« ���^�(���(����ëé��(���(Î��_� § ½���®Ð�t�%�����6���6©��_���(�R�^��£�©��¬�R�R�i�N���(����è��(�$�O��� § ���/���C���"Å��z�¿�N«>��½-���R�O�^��©@���(��®�®��R�«}�R������©����$«âÇÑ�N�,«}�_����©�£f�x���K�R��«}�^�����¨�n�#�\�� §�§ ������©��c����½_ª$�v�(�^�E��������©X¤�¤}�-�R£��(�^����Ç
ÇÑ�(�^�C�-��« «}�R������©����$«���>�¿�N©N�(���N®�����©�Å@����®Ð�CÅ-���R��£N�^©��^��Å������(�¬�R��©@�(��®-������©���®��_������©uÅ@��©��:®��^©�����������«}�^���^�����n��Å!�#�\té����N«ÂÊ,�(��Î_����©������^�����Ð�x¢NÅé����Æ����� § ��¢@���������^�R���®HÆ�(�^�E����� § ½���®����¬©�£v��©{���¿�������i�����$����© ë ���R�N��ì>���k�^��©@���(��®u����©�Å�����®¬�RÅE���^�(£��R©��¿�NÅ��R�@�N«á��©��ÇÑ�-�¿½��f��������«}�¿�(�^������Ç��Ì�����¬�:��Ç,�R��«}�^�����<�n�#�\IÍz����Î�«:��©�©��:��®��$�Ì�(�^�E�����(�:� ë ÇÈ�N�x��ì{�x����ÀÏ�_Á-���¼����©-À\����®Ð�f�-�R�����^��^�����(¢��¬©�£¼�x���f�^��«}�^�����RÅ-��©����%�¬���{�:�%���-�^Àw��©�£�®����@���^� ��©��v�����i�������R�%���R®¬�R����������Å�«}��½�©@���C�o�_�(���K�����R�¬�z��� § ���������½�����«}� § �¬®��6� �#�wL���zùz���(�����(��Å� �®����(Îk��©��vé��^�(�����^���^��©��$���(½��¿���R�K�}�$�R���R©K�-�R£��(�^�^À\��ÇúÀHÇÑ�(�^�C�-��« ë ���R����ì��(�:�¿��©@�(���N®����©�Å6����®Ð�CÅO��©��Ì�����f���R��£N�^©��^��Å/ÇÑ���^½�����©��n���E�^����½����:��Ç��x���{�^��«}�^�����J�n�#�\o���>®¬�C���$�i��©��:�x����Àw�^¢N�:�$¢-�$���^«dÅ6������ �-�����C�x�(�^� � � § ���RÅT�¿�N©@�(����©����¬©����^�E�^©��-�R©@�z����©c�¿�N©N�(���N®��%ÇÑ�����x���k�R��«}�^�����%�N©c�}�(�¬®¬����©�£k��®����$ÇÑ���(«dÅ���©c�^��©@�������$����d�������R����¢-�x�(�^«:�,�¬©Ì�%�������¾�N�^�(£��R©��¿�¼�����^��½���®��R�ñ�n�#�\>ÄÆ���}����©-À\����®¬��«}�C������©�����« �¬©Ó��®�®O��Ç������C�$�:�-�C�$��£�©��,�����ä¾Ê,ä �-�R����£�©���®¬������½�£N�{«:��©�¢d�@�����¬�N©{���C�$�C���������^���������>��®��$�f��©@���R���C�x�(�R�o��©¾�^��©@���(��®�®¬��©�£f��������«}�¿�(�^�������(���^�z������©c����©c��©������®¬�RÅu���}�������>�(�R�$���(���¿���R�c��½������$���R©@������©Ì�¬©Ì�������,�(���R�����,�(�K�����C�$�>�x���K�-�R£��(�^�C�z��Ç
ÇÑ�(�^�C�-��«d » �}��©�®¬¢{«}�R©N�(�¬�N©���R���}�(���_�i����©-À\����®Ð�i«}�R������©����$«:�i�����}©����������k�%����®��:�x�(���(¢� » �:���N½�®��¾®���Î��}��� § ½��¬®��Ó��©��¿Á-�E�^©����¬�N�:�¿��«}��½����^��¿�N©@���(��®���ÇÑ�N���$½����Ó�^��«}�^���k�����(��«}�¿���R�(�,���,ÇÑ�-�^½��^Åu�^����«dÅu��©��¾�����R�$�(½��(�� Ò ©Ì����«}�}�^�����R���¬��«:��¢ § �:�-�C�$����� § ®�����v�¿��©@�(���N®��^��«}�R�(�}�(��®�®u��©����.�l�³�(�(��©��$®��_�(�¬�N©o���%���^®�®H » �¬���d�x���:����«}�N���i�R��«}�^�����%�����C�$�R©N�CÅ������¬©{�:�$���R���R�����������©o�$¢-�$���R«KÅ���������½�®��K®¬��Î����(�f�¿�N©N�(���N®T���������^�(£��R©��¿����©�£�®�� § �^�x���R�^©K�����¼�^��«}�R�(�}�������R®¬®u�N�������R�¬� § �����^®���©�����^�����(��������©�OÄÆ���R������©N�(�^�(�R�$����©�£}�$½ § ªx�R�r���%�%��®¬®��(�^«:���¬©K��½-���$���-�,�����i���^���E�,��Ç/�(�������(�R���^©@���-�����^½���������©�Ò ©��(�����O�������-���R�u���
«}���(�¬�_�����L�(���Æ�-�R���¬£N©���©��i��©���®¬¢��R�t������ÇÑ���(�Æ�����,��©�����©����^�����LÎ��¬©��R«:�_�����^�/��Ç-�(���ÆãL®��_�$ÇÑ�N��«ãt��©@�(�¬®¬�%�¬©d�����-�R���(�}�����_�N���(���_�%�(����®��¬©�Î_��£�������«>�C������©����R��®�®¬¢f����½�©��"
þ6P%þ S 7râ��<V�Y©T��6�
ÄÆ����ã
®����$ÇÑ���(« ãt��©N�(�¬®¬�L�¿�N©��$���$�(�O��ÇT��«}�_�@��©�£���®��_��ÇÑ���(« �_���������C�i�(�i� § �������%�¬���}�N©��Æè�Á-�R�}�����_Çú�
��©��i�x�����$���_Çú�(��-�(�¬�N�^© § ¢�®��¬©��R�����x�(�^���E�^��«>�����N�(��ÔHé6�¬£N½����r[�¬¤�ÞrOÄÆ����«}�R������©����$«�®¬��©�Î���©�£������,�x�(�^���E�^�
«>�����N�(�O�(����������®����$ÇÑ�N��«©��R�R�������f�(�(��©���«>�¬��ÇÑ�N�(�^����©��o��®¬®��_�&�����(��������©d�%����®¬�¼«}���¬©@������©��¬©�£k�o¤¿À�¤i�¿�N���(�R���E��©��-�R©��¿� § �¿�x���^�R©{«}���(������©����®��_��ÇÑ���(«Â���@�$�¬������©��^LÄÆ�����Æ�������R�¿��«}��®����$���C� § ¢k�}�^��« § �¬©���������©K��Ç/ÇÑ��½���½�©��¬�N�^������®@ªx����©N���%��©��K�N©������¬©>ªx�N�¬©@�RÊz½��L�N����£���©���®��-�R���¬£N©:�����}�N©�®�¢¼�N©��%½�©������R�(�(��®_ªx�N�¬©@�
�N©:�R�N���f�$����Çú�ROÄÆ�����^Å@���_���^���R�RÅN�-���R�L©����
�����(Î § �R�^��½�������%�����¼��®����$ÇÑ�N��«á���������(�_�(�R�"Å������������(�¬�R��©@�(��®u�¿�N«}���N©��^©@����ÇO�(���¼�-���$�(��©��¿� § �¿�x���^�^©d�(����ªx�N�¬©@�����-�C�¿�(�R�����R�R�ÄÆ����x����ÀÏ�-�¬«}�R©��$����©���®
�R�����k�-�^�����¿���R�X�¬©Gé/��£�½������B�n�$���_���i�%���_�>£����R���%���N©�£{�%�¬���X�N©�®�¢¾�N©��iªx�N�¬©@�¼�N©n�����v�-�(�¬�N������_Çú�CLÄÆ���,������Çú�(�Æ���(�z�(��£����-®¬¢>è�Á-�C�k�E�^�(���R©��-���¿½�®������(���(��� § �����,��©��:�(�>�����,��®��_�$ÇÑ�N��«dtÄÆ�����-���x����©��^� § �¿�x���^�R©������ªx����©@�(������è�Á-�R�" » ���R©o�����¼�-�(�¬�N�������_Çú���^Á����^©����^Å������¼��©�£�®�� § �^�x���R�^©o�(�����-�(�¬�N�������_Çú�z��©��d�(��� § �N�$�i«¼½��$��-�C�¿�(�R�����,�%�������d�¬���^��©�©������-��

CHAPTER 3. PLATFORM PANTILT 39

industry has also developed computer controlled pan-tilt devices. One example is the Kaleidoscope
Hothead IJ, made by Shepperton Film Studios. Although a digital interface is available, this device is
intended to carry a large load such as a 35mm motion picture camera, and although it achieves relatively
high speed (140°/sec), it is very expensive. Another source of pan-tilt mechanismsis the lighting industry,
which applies them to stage lighting, exhibitions and advertising. A high-speed computer controlled
pan-tilt mechanism for stage lights is available from Multiline, but its bracketing and high cost make it
unappealing for robot vision. A number of manufacturers (for example Aerotech, Daedel, Unislide, and
Klinger Scientific) make computer controlled mechanisms that can be assembled into pan-tilt devices.
Better suited for manufacturing and optics applications, the high resolution of these devices (less than
1 arc minute) makes them overkill for many computer vision applications and contributes to their high
cost.

Perhaps because of their familiarity and availability, if not their generality and programmability,
robot arms have often been the choice of vision researchers trying to actuate their cameras. Baloch and
Waxman used a 5-axis robot arm mounted on top of a mobile robot as a camera pointing mechanism
[7]. Allen also reported mounting a TV camera on a robot arm [?]. Raviv used a cartesian manipulator
to implement camera pan,tilt, roll and translation [7].

Finally, a number of researchers including ourselves have embarked on building their own pan-tilt
devices from scratch. Krotkov built what is now recognized asthe first robot head, a computer controlled
mechanism for moving two cameras [?]. Abbot and Ahuja report an 11 degree of freedom mechanism
to control pan,tilt, vergence, horizontal translation, and lens parameters [?, 7]. From Osaka University,
Kawarabayashi et. al. report building an active vision “head” to control pan, tilt, vergence, zoom and
focus parameters of a pair of cameras [?]. Dickmannsalso reports a “fast” two-axis pan-tilt device
carrying two cameras, one with a wide-angle view and the other telephoto, mounted atop their robotic
automobile [7]. At Harvard, Clark and Ferrier constructed a seven degree-of-freedom “head” to control
pan, tilt, and the vergence, focus and aperture of two cameras [?]. At least one two-eye system, the
Rochester Robot, contains independent pan controls for two camerasonatilting platform, in contrast
to other systems in which vergence is coupled [?]. The pan-tilt mechanism in all of these designs is a
MOMdesign.

Although many vision researchers are also interested in controlling parameters other than pan and
tilt, we have restricted our attention in this thesis to these two degrees of freedom. We only mention
here that pan-tilt mechanisms are not the whole story. We would like to build inexpensive computer
controls for such camera parameters as focus, zoom, and aperture. In some cases it may be desirable
to control cameraroll and XYZ translation as well. With two or more cameras present, as in a stereo
vision system, we would like to control the vergence angle between the camera as well as their baseline
separation. These interesting subjects will remain outside the scope of the present discussion.

In this chapter we motivate the design and analyze the forward and inverse kinematics of the Platform
Pantilt in order to prove that the linkage is mechanically sound.

3.3. Mechanism

The Platform Pantilt consists of a moving platform atached to a base with one fixed shaft and two shafts
driven by linear stepper motors (Figure 3.1). The mechanism linking the stepper motors to the platform
needs to transmit force and allow rotation while maintaining a 1-1 correspondence between motor and
platform positions. This is accomplished by a combination of four universal joints and one pin joint.

Ouroriginal design had only one universal joint on each shaft. This, however, does not work because
as the platform is rotated, the horizontal component of the distance between the joints decreases. The
two-dimensional case depicted in Figure ?? shows what goes wrong with only one joint on the drive
shaft. The shafts are rigidly fixed perpendicular to the base and to the platform. The distance between
the joints is fixed. When the drive shaft extends, the angle between the drive shaft and the base must
decrease which it cannot do.
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�����(������©�£:�����>«:�N���z��Çt�(���¼«}���������R,ÄÆ���>«}���(��������(�%è�Á-�C�f�E�^�(���R©��-���¿½�®����
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�%���R���

� ������h!�Ð<�  �^�N�Bh �$��©�h \ýo���¬©�h �¿�@�Bh \\ \ ¤
¡¢

��©��
� �(�(��©��N���tÐ �  ¤ \ \\ ¤ \��£ ��� ¤

¡¢ ¢
ÄÆ���R©�Å��¿Á-����©��-��©�£Eª·��©��K��½ § �$���¬��½-�(�¬©�£Jô¨Ð���£:��©��n� : Ð¤����Å������^��©K�(�^�%�(�¬���ª÷Ð Ô�ô�ý¥�u����©Rh¸�B� : Í¦�u�^�N�2h¸��¤CÞ9¢ Ô\¦,[@Þ
¨��R�R��½����Dª������¼è�Á-�R�d�-���$�(��©��¿�Wô}ÇÑ�(��«Â�E����©@�B�iÅ����������v�����i�¿��©��x�(�(���¬©@�

Ô&ª £ ý§� £ Þ Ë ÍIÔTª � ý�� � Þ Ë Ð ô Ë
��©��k��®�½�£:��©K���������N½��_������©���ÇÑ����ªv£>��©��{ªQ��Å�½��$��©�£-�B£QÐÕ\}��©����B�WÐ ü:�(�:£��¿�

Ô/ô�ý¥�/�$��©	hTÞ Ë Í Ôb� : Í¦�u�^�N�Bh ýªü�Þ Ë ÐÕô Ë ¢ Ô\¦_å�Þ
» ��©��_� �Æ��©@���$�N®¬�N��ÇÑ�N�	h/ � Á-����©�� � �@½��_�(�¬�N©<�B��Å���®�½�£N£���©�£}�¬©¨� : Ð�� � Å!ü6Ð¤� � ��©���ô¨Ð¤� £ �(�>£N�¿�

ý�¦���� £ ���¬©	h¨Í©� Ë ����© Ë h¨ÍIÔª� � ý�� � Þ Ë ÍG¦��@Ôb� � ý§� � Þ-�¿�@�Bh¨Í¦� Ë �¿�@� Ë h�ÐÕ\
ý�¦,ô��{£« ¬x ®¯ ����©	h¨ÍG¦��@Ôb����ý§�Q��Þ« ¬x ®/ �¿�@�Bh<Ð ýiÔb����ý��B��Þ Ë ý�� Ë« ¬x ®°G����¬©�hEÍxñT�^�N�2h<Ð¤± Ô\¦�æNÞ

������©�£>�������(������©�£N®¬����©oé/��£�½����Q�B�@��Å-���i�^��©v�%�(�¬���
���¬©	h�Ð ¤² ¤ Ë ÍI¤
�^�N�Bh<Ð ¤² ¤ Ë Í`¤� �@½���������©��B� § �R�^��«}�R� G�¤² ¤ Ë ÍI¤ Í ñ² ¤ Ë ÍI¤ Ð³±
Ô&G�¤ Íxñ¿Þ Ë¤ Ë ÍI¤ Ð¤± ËG Ë ¤ Ë ÍX¦�Gañ�¤�Íxñ Ë ý§± Ë ¤ Ë ý§± Ë ÐÕ\

ÔTG Ë ý§± Ë Þ¹¤ Ë Í ÔH¦�Gañ^Þ¹¤�Í ÔTñ Ë ý�± Ë Þ¡Ð \
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of the platform is:

@, = sin-! (25*) (22)
where A is the fixed point (0,4,1) and B is dependent on the motor position. C is the variable point
(d,hi,1). We can calculate B by taking the vector (0,8, 1) rotated about an angle ¢, and addingit to
point C where ¢ is constrained by the fact that point B is a fixed distance d from point A.

B = (0,8,1) - [rot ¢] - [trans C]

where

cos@ sind 0
[rot 6] =|—sing@ cosd 0

0 0.61

and
1 O 0

[transC] =|} 0 1 Of.
1C, Cy

Then, expanding B and substituting d= C, and h, = C,, we can rewrite

B= (d—-ssing, hi + scos@, 1). (23)

Because B is a fixed distance d from point A, we add the constraint

(Bz — Az)* + (By — Ay)? = @?

and plug in the equations for B, and B,, using A, = 0 and A, = k to get

(d—ssing)? + (hi + scosé —k)? = a. (24)

Wenow wantsolve for ¢. Expand Equation ??, plugging in hi = Cy, k = A, and d= C, to get

—2sC;, sind + s” sin? 6 + (Cy — Ay)? + 28(Cy — Ay) cos + 8” cos? d = 0

<2d0ysin + 28(Cy — Ay) cos¢ = —(C, — Ay)? — 8?
a 5 c

asing + bcos¢=c (25)

Using the triangle in Figure ??a, we can write

. m

sind = Vmai
1

cos ¢ = Vmai
Equation ?? becomes

am b

Vmi+i Vmisi °
(am+b)?
“me+1

a’m? + 2abm + b? — 2m? — c? =0

(a? — c”)\m? + (2ab)m + (b? — c?) =0
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�¿�N�dh�Ð ´ � Ë ýûÔ&ª £ ý�ô�Þ Ë ú�� Ë�
ãL®�½�£>�������%��©K��� � �@½���������©��B�f��©��v£��¿�� : Ð¤� � Í�ô��$��©Q� : ý¹¸ � Ë ý ÔTª £ ý�ô�Þ Ë� Ë
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Wealso know that Cy = hi, so we can expand C,, plugging in for B, and get

hi = Ay + dsin @1 — scos¢ (26)

We know sin ¢, but need cos @. We can find it by using the triangle in Figure ??b. Then we can see that

8cos @ =

Plug this in to Equation ?? and get

_ q\2

hy = Ay +dsin@, — 4/52 - G29"8

hy = Ay + dsin @; — ~ Va — (az + dcos @; — d)?
Plug in for B, and get

3.6 Forward kinematics in three dimensions

The forward kinematics in three dimensions can be calculated in an analogous manner to the two
dimensional case, but the math becomes extremely messy so an alternative approach is used. We
assume the two dimensional case has already been solved and thus we know theposition of point B.
Then, given hz, we want to know @2.

@2 = sin~* (7-5*) (27)d

Point A is known to be (0,%,0,1), and point F is (0, he,d,1). Then, as point D is a fixed distance from
points #, A, and B, it can be solved for by computing the intersection of the three spheres centered at
those points. The equations describing these spheresare:

(Dz — Ez)? + (Dy — Ey)? + (Dz — Ez)? = 8? (28)

(Dz — Az)? + (Dy ~ Ay)? + (D, ~ A,)? = a (29)

(Dz ~ By)? + (Dy ~ By)? + (Dz ~ B,) = 2d? (30)

The solution for point D involves solving these three quadratic equations and three unknowns, D,, D,,
and D,, as follows. Expand these equations, rewriting the constants and we get:

Dz + Di + D?+aD,+bDy+cD, =d (31)

Dz +D2+D2+eD,+ fDy+gDz=h (32)

Dz + D+ D2 +iDz+jDy+kD, =1 (33)
where

a = —2F,

b = -2E,
c = -2E,

d = s*— Ei -E}_ E?
e = —2A,
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Figure 3.7: The limits of motion in two dimensions.

by
|

(0, —s, 0, 1) - [rotx #1] - [rotz 2] - [trans D]

(Dz + scos 71 sin 2, Dy — 8 cos yi cos H2, Dz, — s sin y1)

Now we have the constraints E, = 0 and &, = d, so we get

E,=d > %1=sin7! (seen2 — “)8

—dsin @2 sin @_ rs| 2 1FE, =0 > . =sin (eee)
Finally, we can plug 7, and 72 into E, in Equation 7?

hg = k—dsin@,cosO0; —

( 4 (<= O2 - *)) 1 —dsin 02 sin Q;scos{sin~*(———~——}}cos[sin —————_————

8 s* — (dcos @, — d)?

3.8 Limits of motion

46

(36)

(37)

)

The limits of motion are depicted in Figure ??. The counterclockwise rotation is limited by the universal
joints that can not rotate more that 90°. To achieve this, length s must be greater or equal to length d.
The clockwise rotation achieves its maximum when points A, B, and C are colinear. This occurs when
cos © = d/(d+ 8). So,

Omax = 90°,

d
_—_— -1Omin cos (= ;) .

and
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Figure 3.8: Simulation of the forward kinematics equations of this section. The Platform Pantilt is
shownin four different positions.

3.9 Simulation of kinematics

To verify the correctness of the equations of this section, we implemented a software graphics simulation
of both the forward and inverse kinematics. Figure 7? shows the solution of the forward kinematics
problem with the Platform Pantilt shown in several positions.

3.10 Prototype Platform Pantilt

The prototype Platform Pantilt was made with miniature 1” diameter linear stepper motors. The linear
motion has a maximum travel of 1.875” and travels 0.004 inches/step. At a maximum of 550 steps per
second, the motors can travel 2.2 linear inches/second. Our prototype motorhas the following geometry
(where the constants refer to Figure ?7).

Page 53 of 86



|X}�~����X�F�^�������¸~r�	�F����Å �t~��¨�v�%�� å@ß
ãt���(��«}�¿���R� ]L��®�½��� ¤#¢ ¥¼�^«� ¦B¢ ß¼�^«Î ç�¢ å>�^«

ÄÆ������������®"���¬�R����Çu������ãL®��_��ÇÑ���(«µãt��©N�(�¬®¬�����rÅ±¢ æ,à�Å±¢ æ,àd¤C¦i�^«dOÄÆ���z��®��_��ÇÑ���(«3�����������z«:�_Á-��«�½�«3�(�����_������©uÅ�F¦ ¯ £�ÐI¥�\ ¾ �%���R©a�d¦ ¯ £�ÐIç!¢¬¤C�¿« ��©��k������«}��©��¬«¼½�« �(�����_�(�¬�N©�Å#�F¦ É � Ð�ý�çNç ¾ �%���^©¨�d¦ É � ÐI¦�¢ \N�¿«K
���}����������R�(��£��Æ�(���^�N���^�����^��®E«:�_Á-��«�½�«3�(���(��������©���®��N�^®����^�Ð�x¢}�����R�@½���®����dÔª�F¦ ¯ £rý¨�F¦ É � Þ=ú�Ôb�d¦ ¯ £rý¨�B¦ É � Þ[§r¦B¢ ¦_��©fú_���R�hÐ¦-¤Rå ¾ ú��$�C��Ò ©��������¿�����¿�NÅ § �C�^��½��$�K�x�(�^���E�^�>«}�����N�(�RÃ/�$���(�^©�£����X���>��©@�N�^���$�R®¬¢Ì���(���E����������©���®t���c�����R�¬�:�����R�R�"ÅO�(���^¢�����«}�^À����«}�R�}«}�����:�$���R���}�_�:����£�� ���^®��-�¿�¬�x¢�XÄÆ��½��>�(���oãL®��_��ÇÑ���(«*ãt��©@����®Ð�:�^��© § �d��½�© �(�^®���� § ®¬¢n�N©�®�¢��_�f� § ��½-�d¤R\�\�-�R£��(�^�R�.´_���R�^��©���

I I I 

CHAPTER 3. PLATFORM PANTILT 48

d 1.9 cm

s 2.8 cm

k 6.4 cm
 

The total size of the Platform Pantilt is 7.5 x 7.5 x 12 cm. The platform has the maximum rotation,
Omar = 90° when hyez = 6.1em and the minimum rotation, Onin = —66° when hmin = 2.0cm. So the
average theoretical maximum rotational velocity is equal to (Qmaz — Qmin)/ (maz — hmin) - 2-2in/sec =
214° /sec.

In practice, because stepper motors’ strength is inversely proportional to their speed, they some-
times miss steps at high velocity. Thus the Platform Pantilt can be run reliably only at about 100
degrees/second.
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���>©���������©�£>�%���^©aô ÐÕ\� » ���R©f�������^����®����Æ�_�Æ���@�$�¬������©aô ÐÕ\�Å��¬�����Æ�_�Æ�Ð����«>��©���«�½�« �������^©@�(����®E�R©��^�(£�¢��©��{�(���^�(�}����©��KÇÑ�N�(�^�>�N©¾�¬�R:¨��R�R��½����}��Ç����������(�^®��_������©��$����� § �¿�x���^�R©c�(���%�@½��:��©��Ì��©�£N®¬�NÅ"�����¼ÇÑ�(���r������©Ì��Ç������§ �R���(��©�£N�
«�½��$� § �,«>��©���«}�¬�R�R�"LÄÆ���,���(�R�^�����¬�N©:��Ç��(���,«>�����N�
������©����R�(���^®�¢¼�(�^®��_�(�R�>�(���(���,��«}��½�©@����Ç"ÇÑ�����r�(�¬�N©k��©����� § �C���(�¬©�£@�^LÄÆ�����%��� § �R�^��½�����è�©���«}�_���R«>�R©@�(����Ç6������«>�����N���-�R�¿½������%���^�(¢k��«:��®�®u��©�£N®¬�C���%���^�(���������(���%�@½�����Æ���^�(¢k��«:��®�®HÅ���©��d�$½����vè�©���«}�_�N�^«}�^©@�(��«¼½��x���_�N�^���¿�N«>��������ÇÑ�(���r������©d��Çu����� § �C���(�¬©�£@�^
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é6�¬£N½��(�få� æ-�EÃÈÚa�\Ù*Þ}ÄÆ���k��©N�(�^�(©���®��¿�N�¬®�«>�����N������©�©��R�n¥�\ k ���o�(���_�¼����®Ð�(�¬©�£¾���¼©��������@����� § ®¬�N{Ø1·/Á²�TÙ*ÞfÄÆ���k�¿�N�¬®®�� § �^®���ÇÑ���Æ������«>�����N�%�¬©K�������%�E�N���¬������©�Lþ��������¿�����_�!�¿�N�¬®��r� ��©���� �������������������C�k�N�����^©@���_������©��^
Ò Ç
�(���¼è��(�$�i�-�R����£�©¾�^��©��$��������©@�z����©������(�_�����$è��R�"ÅT�(���^©Ì�¬������©����,�E�N�(�$� § ®��>��� § �����Ì����©Ì��©��c����®Ð���(���}«>�����N�ÇÑ�(��« �����K���N«>�v���@�$�¬������©un ��N�¬®��l�º��©��Cª��^��©@���(��®
�����v����®¬����©�£c�%����®��K�^����®��:�á��©��©� �^��©@���(��®
�����v����©�©��¬©�£ÔÈé6��£�½��(�R�E�B�Ó��©��Ú�B��Þr » ���^©X�����v«>�����N�����N������©�©��C��¥#\ k ÅL�¿�N�¬®�ª ���N�iÎN�^�-�>�Ð�����N����£���©���®����(�¬�R©@�(�_�(�¬�N©n�%�Ð�(��(�R�����C�r���(�f������«:��£N©��¿���^Å § ½-�,�^����®��Q� ��©��¨�µ�������¼�$�Æ�����E�R�K�(���^�����(�^®��_�(�¬�N�i���(���^©@�(��������©�%ÄÆ���������z���^�����r�(�R�o��©é6�¬£N½��(���B�fÇÑ�N�Æ�����i��©@���R��©���®��¿�N�¬®�«}����������©��v�����¼��©���®¬�N£�ÇÑ�N�%�������^Á����^�(©���®��¿����®�«}���(���%���%��©dé6��£�½��(�Z�B�� Ò ©K�(������E�N���Ð�(�¬�N©�Å��(��������©f��©�£N®¬�%���
�^��©@���(��®�®��R�"Å § ½-�
�(���^�(�����L©����Æ��¢i�(���¿�N©N�(���N®-�����%����®Ð�Æ��©�£N®¬�%��©}�������
���(�¬�R©N���_�(�¬�N©dÔÈ�����^����R�(�(��ÇÑ�N�L�����z�^Á@�(�^�(©���®T�¿�N�¬®T�-�C�$��£�©�Þ¿tÄÆ��������� § �R�R��½������(���,��Á-������Ç��(�����_������©:������®��¬£N©��R�:�%�¬���k�����,«:��£N©��¿�(����è��^®����©��¼©��������%�@½��%�^��© § ���^Á��R�$�(�R�>���(��½�©����(�����L�_Á-���^OÄÆ�����t���L�¬®�®¬½��x�(�(�����R�>��©f���R�¿������© �B�E » �Ð�(����½-�
�����%è��(�$�
�-�R����£�©�¿�N©��$��������©N�CÅE�����>����«}�¼���@�$�¬������©Ì�¿��½�®�� § �}���,�-�^�����¿���R�c�¬©Ìé6�¬£N½����6�B�K��©¾�%�������c�R�����i�����¼«}���(�����¿�N½�®��c©���� § �����®¬���R�d��®¬�N©�£>�������N�^�������^��®T«}�^�(���-����©�ÄÆ���>�$�C�¿��©��c�-�C�$��£�©c�^��©��$��������©@�z�$���^«:�zÇÑ�(��« ���(��½�«}�¬©�£f�������,�(���¼�x���K�-�^£N���R�R����ÇLÇÑ�(�^�R����« �-�R�������C�dÇÑ���,������^��«}�^���i���(�%����©v��©��}�(�¬®¬�R Ò Ç���©��$���C���:�(��®�®/ÔÈ�����(�_�(�¬�N©f� § ��½-�������z���-�(���R��®E�_Á-����ÞL��©��:�R�Ð�(���^������©f�N�L�(�¬®¬�������-�R���¬�(�R��Å�����^©d�������$�C�¿�N©��d�-�R���¬£N©o�¿��©��x�(�(���¬©@�����%©����z©��R�^�R�(������¢N
ÄÆ�������¿�N©��x�(�(���¬©@���^��«}�R�����¬�(�R�¿��®�¢fÇÑ�(��«Â�(���i«}�R������©����^��®�-�R£��(�^�R����ÇLÇÑ�(�^�C�-��« ���_����®�� § ®��� Ò Ç
����©Ì��©��o����®Ð�i���(���-�C�$���(�R�"ÅE�����>�R��«}�^����Ã ���N�-�����^��®6��Á����z«�½��$� § �¼�N�$�(����£N��©���®���>�(�����x���:�-�R£��(�^�C�Æ��Ç/«}�C������©����^��®TÇÑ���R�R�-�N«dÄÆ���}�-�R����£�©¾�^��©��$��������©@�(�z���C�$½�®Ð���¬©Ó��©¾½�©��-�C�$����� § ®��¼�^ÉE�C�r��ÇÑ���,�(���}�¬©@���R��©���®O�¿����®t«}���(���Ci¨��C�^��½��$�������>è����$��-�C�$��£�©>�¿��©��x�(�(���¬©@�u�(�R�@½������C���(���_�6�������E�^�(«:��©��R©@�/«:��£N©��¿���/«¼½��$�O��®���� § ���E�N���¬������©��C�i����������£��N©���®�®�¢��(� § ���(�¼�_Á-�C���ÇÆ�(���(��������©�Å������:�N�-�����^��®
�_Á-������Ç������f�R��«}�^���K«�½��$� § �f��®¬��£�©��R�Ì�%�Ð�(�Ì�����:�E�^�(«:��©��R©N�i«:��£�©��^�����>è��^®��"v����©��^������}�R��«}�^���f��� § �¿�x���^�^©¾�����¼�x���K���R��«:��©��^©@�,«:��£�©��^�(�RÅ"�Ð���,è��^®��c��Ç������^� �%��®¬® § �}� § �(�¿½����C� § ¢o�����>«:��£�©��^�(�RÄÆ���R���^ÇÑ���(��Å�����«}��«}�¿�(���-�d��Çt®¬���NÎ@��©�£}�_���R�Æ������«}��£�©��^�(�%«¼½��$� § �iÇÑ��½�©���ÆÄÆ�������^��½�®��d�E�N�(�$� § ®�¢ § ���-��©��i�%�Ð�(�«}�¬�(�(�����^Å����z�N�z���^�����r�(�R�o��©¾é6��£�½��(�R���B�K��©��è�B��ÅE�(���>�R��«}�^���f�^��½�®�� § �>«}��½�©@�(�R�o�N©c�k�$�(��®¬ÎTzÄÆ�����z£������C�%������¿Á��(�^�(©���®E�¿����®E«>�����N���i�^®¬�C�����N�-�_��©@�(��£�� § �R�R��½������(���z�R��«}�^�������
®��-�^�_�(�R�}��©:�����,�^�^©@���R�
��Ç"�(����«}�������COÄÆ������©������©�®¬¢o�-�C�¿�(�R�����R�������>«}��«}�^©@�,��Ç
��©��^��������Å § ½�����®����k��®�®��_���%�����>�R��«}�^���}��� § �¼�(�����_���C�o���(��½�©��d�����¼ÇÑ�-�^��®/�E����©@���Ç6������®¬�R©��Æ�%�������K���Æ½���½���®�®�¢k�-�R�������C�fÇÑ�N�%«}�N������©����@�����¬�N©K������®����R�_������©��^
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é/��£�½�����å� ç��tÄÆ�����^Á@�(�^�(©���®��^����®"«}�����N�Æ����®Ð�(�R�o¥�\ k �$�>�����_������©�©���©�£:���Æ©������E�N�(�$� § ®���
�����:�����(�^�v�¿����®��i�����Ó�N�R�¿�����(����®�®¬¢NkÄÆ��½��^Å6�(���f���_�����o��Ç������v�¿�N�¬®��¿½��(���R©@�(�i�-�^���R��«}��©��R���(���f«}���(���i�N�����^©@���_������©u������®¬¢���©�£v�k�$�^����Ç
�^½����(�^©@���Æ���k�������^����®��z�¿�(�R�����R�z�}���N���@½����N©o�������(�����N�Æ�������z�%��®¬®/��½���©{�¬���(�:�������E�N���Ð�(�¬�N©o��Ç®��_���C�x���E���(�^©@������®6�^©��R��£N¢�ÅE�$�}�(���>�-ã�ä ���,��©{� § ����®�½-���i�E�N���¬������©���©�£k�-�R�����^�� Ò ©d�������,�$�C�r�(�¬�N©�Å������N����½�«}�������R��®�¿�N�¬®��RÅ��H ���Å"�(���^¢c�����>�E�^��ÇÑ�R�r�(®¬¢¾�$¢�«}«}�¿���(���^��®\Å������N���(���:����«}�¼©�½�« § �R����Ç
�(½��(©��^Å/��©��Ì���(���(���:����«}�}�����^�� » ��-�(���v�����C�$�i�N����½�«}�-�(�¬�N©����¬©{���C�r������©��B��
ó�ËTÊRËIÌ öYÎ�ÔaÝ�Ù>ÝIÎ�Ò Ü�Ýq÷�Ñ Ò Ú[÷	Ø2Ø2ÑÓÒ\Ù2Ô
é��(��« � �@½���������© �B��Å�����Î�©��_���(���_�
�����%�(���%�@½��%��©>�������������N�t���t�����N���N�$�(�¬�N©���®��(�������z�$��©��%��ÇE��������©�£N®¬� § �¿�x���^�R©�����i©����(«:��®T�(�:�����¼�¿����®u��©��v�����i�E�^�(«:��©��R©@��«}��£�©��^������è��R®��" Ò Ç �I������®���£�©��C�v�%�¬���|©vÅ��E����©@����©�£f��©d�^�¬�����R��������(��«}�i���������i�N���E�N���Ð�(���-�����C�r������©uÅ������^�(�i����©��:�(���%�N½���Æù��_���^���R�RÅ��%���^©o�%���R©d�����R¢o���(�����N�¬©@����©�£f��©d�����¼�(��«}��-�����C�r�(�¬�N©�Å��������������^©@�(����®"�^©��R��£N¢f����«>��©���«�½�«º��©��v�(���i�¿�N�¬®"���%��©d�}�$�(� § ®¬���(�R�$����©�£:�$�(�_�(�� Ò Ç6�����R¢v�������E����©N�(�¬©�£��©{�����E�N���¬���¼���¬�(�R�¿������©��RÅ��(�����E���(�^©@������®6�^©��R��£N¢v����«:��Á���«�½�«â��©��d�(���¼�^����®u������©c��©c½�©��$�(� § ®¬�i�(�R�$����©�£k�$�(�����N Ò Ç�����i�¿����®"�����$®���£��@��®�¢f�E�^����½�� § �C�"Å��¬���%�¬®�®u���%�¬©�£}�����N½�©��c¤Rß#\ k ���}���C�����k������«}��©��¬«¼½�«º�������^©@�(����®"�^©��R��£N¢k�x���_�(��» �:�%�¬®�®L½����>�����:�^Á@�(�^�(©���®L�^����®L«}���(����������©Ì�^Á���«}��®���Å § ½-�������}ÇÑ�N®¬®��_�%��©�£o�-�^�(�¬�_��������©Ó������®����R���R�@½���®¬®�¢o�(��������¬©@���R��©���®��¿�N�¬®u«>�����N�R » ���(��®¬ÎK� § ��½-�Æ���N���@½����N©v�(����«:��£N©��¿����ÇÑ���%�(�����¿Á����R��©���®��¿�N�¬®"«}�������CÅ § ½�����©d�R�@½���®���N���@½����N�r�(�Æ�N©k�(���i�¿�N�¬®���ÇÑ���Æ�(������©N�(�^�(©���®��^����®"«}�����N�Rté����%�¿Á���«>��®¬�NÅ��������(���%�N½��z�N©v�(����«:��£�©��¿�(�%��½������:�¿�N�¬®�!ÇÑ���Æ�(�����¿Á��(�^�(©���®��^����®"«>�����N�%���Æ���N½��¬�_��®��^©@�%�(�¼�(�������N���@½����N©K�^����®��!ÇÑ���Æ�������¬©@���R��©���®��¿�N�¬®"«}�������C» �:�%�¬®�®L½����}�����v�¿����®L®�� § �^®����$���_�%©Ì��©né6�¬£N½������B��v�����(���:���N���@½��>ÇÑ�(��«��R�����Ó�¿�N�¬®
���i���^�E�^©��-�R©@����©Ì�����«}���(�����N�����^©@���_������©uÅ����i«�½��x���^��®��¿½�®��������%���^©o�(���¼��½�« ��Çt�(���i�(���%�@½��R�z�-½��i�(�v��®¬®/�����(�^�>�¿�N�¬®����_��©��������R�RzÄÆ����-�C�x�(�¬©���������©K���@�$�¬������©d��Çu������«>�����N�%���C�$½�®¬�(��ÇÑ�(��«á���������xÇÑ¢���©�£>���������N½��_������©ñ�ø©Í·ñ�ùèÍ·ñ�úÑÐ \ ÔÈå�\@Þ
�%���R����ñ ø ÅWñ ù Å���©��nñ ú �����,�����������%�@½��R�Æ�N©K�����i�(���(���%�-½��i���f�¿�N�¬®��r�iÅ²ªfÅE��©��a�> » �i�-�^è�©����(���i�¿�������-��©��_�(���¢��$���R« ���¼�%��®¬®t½��$�}��©Ìé6��£�½��(�6�B��}ù��R���NÅ § �����Ì�����>�E�^�(«:��©��R©@�,«:��£N©��¿�(���¼è��R®��Ì��©��{�(���}����«}�>���@�$�¬������©Ó���(��-�^è�©��R�K�(�f®��¬����©d�����¼�-�¬�(�R�¿������©o��Ç/�(���i�E�N���Ð�(�¬�N��Á�Àw��Á����R��áÔÑ��������®Ð�z��©�£�®��CÞ��������¿è�©��C�o���Æ�(���i�E�N���Ð�(�¬�N�������(��������©� § ��½��%�������^Àw��Á����Æ��©��a× ÔÑ���%����©d��©�£N®¬��Þ
�����-�^è�©��C�K�N��������©��^£N���������,�����(��������©d� § ��½-�Æ������¢NÀÏ�_Á-���^���^�t½��t�¿Á���«>��©��������Æ�����%�@½��Æ�-½��Æ���i�^����®W�i Ò ©}����«}�Æ���@�$�¬������©uÅ������%«}��£�©��^������è��^®��"Å�©÷Ð Ôx¤��¡\��K\NÞ¿Å���©��>�¿�N�¬®� ���N�%�(���i«:��£N©��¿�(���i���¬�E��®��i«}��«}�^©@�CÅ � ø Ðûò�ø	�Bø	ó1øÆÔx¤���\���\@Þr » �i½����i���^�(��Å������¼�¿��©��x����©@�Qü>ø�Ðûò�ø	�Qø�Ä/�f�^��®��¿½�®����������������N���@½���ÇÑ�(��«â�¿�N�¬®ý� �_���E�N���Ð�(�¬�N©�Ôª�Z�Q×ÆÞrÅE���������(�_�(� � ø § ¢a� ���(��½�©��v�����i�^Àw��Á-���%��©��K�����R©
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_ Koto& = a 42tan (ennens) (42)
Thus, the position of the motor (9, ) can be calculated given the currents applied to the three coils.

4.2.2 Currents given position

Given a desired motor position, we would like to calculate the coil currents necessary to attain that
position. As previously stated, because there are three coils and only two mechanical degrees of freedom,
the motor position depends upon the ratio of the currents in the coils. Thus, we can fix one of the coil
currents, and calculate the other relative currents. Then the scale of the three currents will control the
torque with which the motor is moved to the specified position. Note that the three degrees of freedom
corresponding to the three coil currents are (O, ), and magnitude of the torque, |7].

Assume te, constant. Then from Equations ?? and ??,
 —Ka= 4LB Kp tatanO (43)
—-K

toe = —*4"4 (gin © tan © + cos ©) tan & (44)

The three currents are then scaled so that the largest current magnitudeis set to a maximum, tmaz-
Thatis,

max(|ea|, |ea|, |tc|) = &maz

Figure ?? showsplots of the calculated currents vs. position for each of the three coils along with the
actual currents produced from the calibration procedure described in Section ??.

4.2.3 Illustration of design constraint

Using these definitions for © and ®, we can now explain the first design constraint more thoroughly
which is that the permanent magnet must be positioned so that the field it defines is orthogonal to both
axes of rotation of the gimbal when it is in home position. As previously stated, this constraint comes
from the fact that when the motor is panned 90° (i.e., ® = 90°), there is no control ofthetilt (i-e., © is
undefined).

Here we show that setting @ = 90° results in © being undefined. The case where Ky, or Kg or Ko
equals 0 represents a motor with one or more coils missing. This is a trivial case, so we assume that
Ky,,Kp,Kc > 0. Now plug 6 = 90° into Equation ??, and we get

tan (eenews) = 90°Kpepsin® — Kyta,cosO

Koto _
KperpsinO — K4ta,cosO oe

This implies that 4, 4 0 and that

Kpetgsin® — Kat,cos0 — 0

Kata

Keep

Equate this to the definition of tan© in Equation ?? to get

tan 0 =
 

Kata _ —Kptp
Kptp Kata

(Kata)? = —(Kpep)*

This is satisfied only when t4 = tg = 0. But by Equation ??, tan © is defined by (—Kgep)/(Kata)
which is undefined when 14 = tp = 0. Therefore, when & = 90°, © is undefined.
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4.3. Calibration

The calculation of motor position for specified currents would be accurate in the ideal case whereall three
coils were perfectly symmetrical, had the same number of turns, and were the samesize. In practice,
none of these assumptions could be satisfied. Thus, the calculated currents give only an approximation
to the actual position of the motor.

The motor must be calibrated to associate motor positions with the related set of currents that moves
the motor to these positions. Only a small number of calibration points are necessary (depending on
the desired precision of the motor) since points between the calibrated positions can be approximated
with linear interpolation.

We developed a procedure for automatic calibration of the SPM.It is based on image feedback from
a camera mounted on the rotor of the motor. It assumes that a calibrated image sensor and lens are
used,i.e., that it is known how many degrees each pixel subtends, and that this is constant throughout
the field-of-view. The calibration algorithm uses a scene of black dots on a white backgound. For each
motor position that is to be calibrated, the algorithm moves the motor approximately to that position
using the calculated currents of Section ??. The algorithm analyzes the image and uses the position of
the relevant dot to calculate the actual position of the motor. It then associates this position with the
coil currents and stores it in a look-up-table, calib.

The workspace of the motoris larger than the field of view of the camera, so the scene must consist
of more than one dot. To make the calibration procedure as automatic and as easy to use as possible, we
do not want to measure the scene externally. Instead, the algorithm should work with only approximate
knowledge of the positions of the dots. The only requirement is that there are enough dots so that the
entire workspace of the motor is covered, and that it is possible to view the dots in pairs so that the
position of one dot can be determinedby its position relative to that of a previously determined one. In
this way, the position of each dot can be precisely measured automatically by the calibration procedure.
The scene used to calibrate the prototype motor is shown in Figure ??.

The algorithm,calibrate, calibrates the SPM with a multiple dot scene and it uses the the algorithms
center_dot, find_dot and centroid. It assumes the scene is arranged so that the center dot isinitially
approximately centered in the motor workspace, and thus in the camera field of view when the motoris
in homeposition. A data structure is used supplying information about the arrangement of the scene.
The algorithms are specified for space-variant images as defined in Chapter 1. The constants are defined
in Appendix ??. For each dot in the calibration pattern, the data structure contains:

dot_scene table

 Description

motor_init|(©,®) position of where to initially move the motor for this point. This
position should be defined so that the new dot and a previously calibrated
dot are both in thefield of the view of the camera when the motor is moved

to this position.
Estimated position of new dot in scene at motor position, motor-init

old_coord|Estimated position of previously calibrated dot in scene at motor position,
Moto 1)

ee Index into this data structure to identify which previously calibrated dotisused

 
In these algorithms, the dot is defined as a single connected component whose values are below a

threshold that is assumed to have been previously computed. Three routines are called that are not
explicitly defined here. soap_bubble uses a standard relaxation techniquetofill in the undefined values
of the calibration table, calib. median_filter applies a standard 5 x 5 median filter to calib to eliminate
bad points. smooth applies a standard 3 x 3 smoothingfilter to calib to smooth noise.
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Figure 4.8: The solid dots comprise the scene used to calibrate the SPM. The nine smaller dashed circles
are not part of the calibration pattern, but represent the field of view of the camera when centered on
each dot. The single large dashed circle is also not in the scene, but represents the workspace of the
motor. The entire workspace of the motor is covered by the small dashed circles.
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The prototype SPM has been calibrated using calibrate and the scene depicted in Figure ??. The
results are shown in Figure ?? along with the ideal case where the currents for each coil are shown over
a workspace of +30° in © and ®.
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Algorithm: center_dot
Function: This moves the motor to center the dot in the image. It is an iterative process, moving

the motor to center the dot using the approximate values of the calculated motor position
look up table.

Input: Starting motor position, (0, &)
Estimated dot position, pi, in logmap image, D

Output: Motor position that results in centered dot.

Do

Move motor to (0, &)
Acquire image
(dot_row, dot_col) < find_dot(p1)
© ¢ 0+ (dot_row - NROWS/2) x DEG_PER_PIXEL
® < 6+ (dot_col - NCOLS/2) x DEG_PER_PIXEL
pit (NROWS/2, NCOLS/2)

While dot not centered

return(O, &)
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