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ABSTRACT

Described are the design and implementation of a new range-measuring sensing

device and an associated software algorithm for constructing surface descriptions of

orbitrary three-dimensional objects from single or multiple views.

The sensing device, which measures surface points from objects in its environment,

is a computer-controlled, random-access, triangulating rangefinder with a

mirror-deflected laser beam and revolving disc detectors.

The algOriIhm/dev;iapédiprocesses these surface points and generates, in a

deterministic fashion, complete surface descriptions of all encountered objects. In its

processing, the algorithm also detects parts of objects for which there is insufficient

dasts, and cen supply the sensing device with the control parameters needed to

successfully measure the uncharted regions.
(strck aceas
The resulting object descriptions are suilable for use in a number of areas, suchbas

computer grlphics./?;vhere the process of constructing object definitions has heretofore

been very tedious. Together with the sensing device, this approach to object
description can be utilized in a variety of scene analysis and pattern recognition

applications which involve interaction with Yeal world“. three-dimensional objects.

A}



CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Resea’ chers in seemingly-diverse areas are often «:ncerned with the acquisition of
object descriptions. In artificial intelligence, for instance, a large part of most scene
analysis sysiems is devoled to generating a description of objects in the system’s
working environment, whether this be a table-top scene of toy blocks, a rocky Martian

surface, or a work-station on an auto assembly line.

In computer graphics, much time is spent attemptirg to create accurate pictorial
images of real and imaginary objects. While the descriptions of imaginary objects are
often created with the aii of an associaled computer-aic'ied design system, the
descriptions of real obje:ls usually has to be generated by laborious, largely-manual

measurement techniques.

The interest in object descriptions is not limited to computer users. A prosthesis
manufacturer may want to match the new artificial leg with the user’s natural one, but

they may not have the facilities to take more than a few basic measurements,

Researchers in artificial intellipence (specifically robotics) have been among the ones
most intensely involved in the development of systems for the automatic acquisition of
object descriptions. Most of their systems, however, have relied on a picture-oriented
sensor, usually a TV camera. This report hopes to demonstrate that a significantly

different kind of sensor, a computer-controlled rangefinder, may also prove useful for




some of these tasks. The design and implementation of sucht a rangefinding system is

describ?d. To demonstrate the feasibility of this approach, a simple scene-analysis
algorithm is implemented, which can generate, solely from the range data, descriptions ot
objects in the sensor’s field of view. It is hoped that ihis research will stimulate other
attempts at sensing systems more readily adaptzble to the computer than the

human-oriented TV camera.

1.2 A Sampling of Previous Methods

1.2.1 Direct Manual Measurement

The most elementary method ot digitizing objects is by direct, manual measurement.
With the aid of yardslicks, plumb lines and calipers, a great many solid objects can be

successfully measured, and the set of values later input to a computer system.

This idea of being able to specify an arbirarily complex three-dimensional object
with a set of simple measurements is hardly a recent development. The Renaissance
artist Leon Battista Alberti, in his book Della Statua , published in 1440, describes a
method for the accurate measurement of the human form (Figure 1-1). He claimed that
by using his method, ditferen! parts of the same statue could be constructed al separate

places and would still be able to tit together [10]

Today’s approach, still basically the same, is often to mark all points of interest --
"key" points -- on the surface ot the original object and then measure the distance o1
each of these points from a common reference position (Figure 1-2). The surface is
then defined as a topological net over these key points. Of course, many tedious hours

must be spent to carefully measure the positich of each selected point on the original
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Fig. 1-1: Alberti's "Definer" (from {10])
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Fig. 1-2: Manual measurement today (from (18])




e

object. The results are, however, often surprisingly effective. Although this method is
not practical for serious, large-scale digitizing, it should be noted that it has several
advantages over the other more sophisticated methods. Obviously, it requires almost no
equipment -- hence no cost, except of course for manual labor. The resulting
descriptions also tend to be very compact, since the user naturally wants to minimize
the number of points that he has to measure. Although the less compact descriptions
resulting from the more sophisticated automatic methods can often be trimmed in size
according to some algorithm, it turns out that the subjective criteria used by humans are

usually more effective.

1.2.2 Mechanical Moving Devices

An obvious nex! step lo the simple manual approach is to substitute ceme computer
sensing device for the user’s calipers and yardsticks. The human user still has to define
the surface points and their interconnections, but now he can just move some pointer

around the object and tell the computer when the “current” position is of interest.

One device of this type is the so-called three-dimensional “"crane” (Figure 1-3).
This is a mechanical arrangement of rods and gears which allows sliding movement in
each of the three axial directions. Through the amount of turning of each of three
gears, the computer can calculate the distance extended along each axis. The user
simply positions the tip of the crane’s arm to a poinl of interest and insiructs the
computer --through a fool switch in this case-- to note the curren! position. Aithough
this method is much faster than the completely manual approach, it is still very
time-consuming. More serious is the severe limitation to the range of object sizes
which can be measured. Being a mechanical device, there are also considerations of its

bulkiness and the inertia and slippage of its moving parts.



Fig. 1-3: Direct measurement with a 3-D "crane" (from [18])

Fia. 1-4a: Detail of
fishino-line digitizina unit
(from {[20])

Fig. 1-4b: Fishing lire-connected
3-D digitizing handle ("« nd")
restina on tripod (from [20])



A large variely of devices of this same general t'')e have been constructed. Onre
such device has been in use at the University of Utah for a number of years [20]. It
uses three separate spring-loaded fishing-reel/fishing-line units (Figure 1-8a). These
thres assemblies are placed around the top cornaers of the working volume and the ends
of the three fishing lines are all connecled to the tip of a pointing device (Figure 1-4b).
From the amount of rotation on the shaft of each reel, the length of fishing line rolled
out can be calculated. Assuming that the lines are unobstructed, the three-dimensional

position of the pointer tip can be calculated from the three separate lengths of the

fishing lines.

1.2.3 A Holographic Method

Gara, Majkowski and Stapleton of General Motors Research Laboratories report the
development of a novel new digitization technique [8]. Although their system does not

have direct applicability to the interaction-oriented scene analysis applications, it may

provide a solution to the off-line object-digitization probiem.

Their method consists of first taking a controlled, nigh-quality holograph of the
object of interest, then extracting surface measurements from the developed holograph
with a special-purpose computer-controlled video viewing system. The surface
measurements zre calculaled by moving the video detection svtem about the object’s
holographic real image. As seen in Figur - 1-5, there is a large angular orientation
between the face of the video detector and the object’s surface image to allow both in
and out of focus parts of the image to hit the video detector’s surface. The intersection
of the object's surface and the video detector’s ‘ace is the locus of points on the
detector face at which the image is in sharpest focus. Figure 1-6 shows a typical video

image from the detector. (To aid in this focus-determinction process, an optical
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Fig. 1-5: Orientation of video detector to holoaraphic real imaqge

I'ig. 1-6: Image from video detector showing in- and out-of-focus arcas
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I'ig. 1-7: Signal from part of one scan line, showing a region of focus
(all three figures from [8])




interference pattern was projected onto the object’s surface when the holograph was
taken.) Figure 1-7 shows the video signal from one scan lire, the point of optimum
focus being at the peak of the signal’s envelope. After the optimum-focus locations are
determined in a single video image, the system incrementally moves the video detector
in an attempt to track the object’s surface contours. In this way, all visible surfaces of

the object can eveitually be measured.

1.2.4 A Moire Method

Speight, Miles and Moledina report the application of a Moire method (suggested by
H. Takasaki [19)) to the _-D measurement of slaughtered animal carcasses [17]). Figure
1-8 shows an overhead view of the geometric arrangement of camera, flash-gun light
sources, cliding grid and the carcass of interest. The resulting photographic image
contains contour lines each of which is of equal depth from the grating plane (Figure
1-9).  Aithough the actual digitization in the reported system was largely a manual
Operation, there do not seem to be any theoretical obstacles to the automatic processing
of these contour maps. The main limitation to applying this method to the more general
object-description problem may lie in the method's difficulty in accurately capturing

complex, detailed, rapidly-varying surface structures.

1.2.5 Muitiple 2-D Images

Acquisition of three-dimensional information from multiple two-dimensional
photographic images is not just a widely used digitization method, but is the basis for an

entire technical field, stereo-photogrammetry -- most likely inspired by the human

stereo vision system.
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Fia. 1-8: Geometry for generating Moire patterns (from [17])

maps of 4 views of a lamb carcass (from [17))
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The geometry 1s beautifully simple. If a picture of a three-dimensional environment
is considered to be an image drawn on a window-pane in front of the viewer's eye, then
a point on that picture must correspond to a spot in the environment somewhere along

the line defined by the viewer's eye and the point on the image.

Given another eye-image parr at a different orientation to the object, and assuming,
the point of interest is in view in both images, the point’s tnree-dimensional position is

simply at the intersection of the two lines of sight (Figure 1-10).

A variety of methods are based on this simple idea. A common technique consiste
of marking the points of interest on the object itself, then taking pictures from at Ir:ast
two ditferent viewpoints (Figure 1-11). If the camera/eye positions and ori:ntations
are not known, they can be calculated from the correspondence between the picture
positions and the known 3-D positions of a number (at least 6) of "reference” points in

the object’s environment [14]

When marking the subject is not practical, other methods can be employed. The
common practice is to take two pictures from locations only a small distance from each
other -- similar to the two human-eye views. An operator then looks at these images
through a suitably adjusted stereo viewer and perceives the three-dimensionality of the
object. By moving a pointer in each view until they "merge" in the virtual
three-dimensional environment, he performs the correspondence which previously
consisted of manually marking the object. From the X,Y distances of the pointers in
each image, the three-dimensional position of the perceived point can be calculated [10]

An obvious advantage of this viewing approach is that an indefinitely large number of
points can be digitized, since with the marking method, only the actual points marked can

be moasured. But with a stereo viewer, the accuracy of the measuremerts depends not
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Fig. 1-10: Triangulation from two images
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Fig. 1-11: Actual digitization using two images with a data tablet
(from [18])




12

only on the interocular distance, but also on the visual acuity -- and the patience ! -- of

the operator.

Several attempts have been made to eliminate the need for the human operator to
spucify the corresponce for each point {0 be measured. Levine et. al. [(12], expand
on an earlier algorithm of Julesz[11] which is based on the observation that when two
views of a scene are taken from nearby posi.ions, relative to the objects, then the
differences between corresponding parts of the two images is largely an X-axis offset,

with the amount of offset 1elated inversely to the distance of the object from the

viewer (see Figure 1-12).

The technique then, is to digitize the two images and cross-correlate parts of
corresponding scan lines. The X offset of the best fit can be used to calculate the
three-dimensional position of the point defined by the center of the two matching

scan-line segments.

Some initial success has been reported with this method. The obvious difficulty is
that the viability of the offset-difference assumplion (due to the depth-variation of the
Object surface) is often inversely related to the distance of the object from the
viewing position; the assumption is reasonable for distant or flat regions where the view
from both eyes is essentially the same, but it is often invalid for close-by objects, as
with the face of a person , for whom one view may contain one side of the nose, and the
other view may contain the other side. On lle other extreme, if the image of the local
surface is too similar in both images -- e.g. flat side of a building, a new sidewalk --
then there will also pe difficulties due to a lack of characteristic features with which to

achieve a high cross-correlation.
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Object reconstruction from projected silhouettes {from [4])
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As part of a more extensive project on computer vision, Baumgart{3,4] demostrates
a technique of reconstructing 3-D objects from their image silhouettes. The geometry is
similar to the triangulation technique in Figure 1-10, except that in this case instead of
line-of-sights being projected, the cone-shaped projections of a silhouette are mapped
into the object space. The object by definition is constrained to lie entirely within each
and every one of these projections. Baumgart describes it as being like "the old joke
about carving a statue by cutting away everything that does not look like the subject.”
Figure 1-13 shows 3 silhouettes of a plastic horse and a view of the reconstructed
object. It is of interest to note that the input views were all from the horse’s left side,
while the view of the reconstructed object is of the horse’s right side. Due to the
projective nature of this method, however, surface: with [l concavities cannot be

adequately reconstruted.

1.2.6 Controlled lllumination on Objects

Methods for extracting three-dimensional information from multiple two-dimensional
projections are not limted to considerations of photographs only. If the geometry of
Figure 1-10 is reconsidered, it can be observed that a pencil-beam of light can replace
one of the two lines-of-sights used in the triangulation process. In this way, one of the
photographs could be eliminated; the beam of light would be seen -- if not obscured by
som-, object -- as a bright reference point in the remaining photograph. This kind of a
system vyields itself naturally to automatic processing; the origin and orientation of the
pencil-beam of light can be placed under computer control and the photograph can be

input as a video picture. If the object under investigation can be examined at length,

then an arbitrary number of points on its surface can be digitized (Figure 1-14).
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3-D object

1mage

P spot
.- . of light
= on object

//
light &
source

{(orientation controlled)

Fig. 1-14: Digitization with one image and a pencil-beam of light

Fortunately, the geometry of such a system is over-solved, and thus can be
simplified. Instead of two lines, a plane anc a single line ara sufficient to uniquely
defins a surface point (Figure 1-15). A number of investigators have used this kind of
e system [1,25,13,16]; a plane of light, rather than a pencil-beam, is projected onto the
object’s surface. In this way, from a single video image, the system can extract not just
one suriace position, but rather a large number of points along the visible intersections

between the plane of light and the object's surface

The method developed for the present system is in some ways the inverse of the

above “plane-of-light and single video image” design. The system is described in

Chapter 3.
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Fig, 1-15: Digitization with one image and a plane-beam of light
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CHAPTER 2

DESIGN PHILOSOPHY

It is important in design considerations to review not only what the present limited
system mav be able to do, but also tc delineate the scope of capabilities desired for the

eventual "ideal” system.

is the basic goal of this research? It is to design a system which can easily acquire
three-dimensional data and use it to construct surface descriptions of arbitrary
three-dimensional objects. The general idea is to build a system in which the hardware
sensor(s) and the software analysis algorithms interact to produce a more capable

system than would be possible without this interaction.

The desired system would have a sensor whose orientation to the object(s) could be
altered to ailow input data from various views of the object. This could be
accomplished in a number of different ways. There could be several sensors mounted
at strategic localions around the system’s environment. There could be a
system-controlled device -- an arm, a turntable -- which could move the object. The
sensor itself could be movable -- on a track, on a computer-controlled arm, or mounted
on a moving platform. Of course, the particular application would infltence the
cenfiguration design. For example, the "moving platform” model would be the one most

likely to be used for a robotics application.

The scenario would go something like this. Tha2 object to be scanned is placed in
the system’s environment. The sensor starts scanning the environment according to

some initial control parameters -- scanning the entire environment at a cursory level of
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detail, or perhaps scanning only until a close-by object is encountered. The analysis
system -- let’s call it Analyzer -- processes this initial scan data and begins to contruct
its object descriptions. These not yet being complete, Analyzer calculates the ctntrol
parameters the sensor needs to obtain the additional input data. The sensor again
gathers some data, now according lo the new specifications, Analyzer processes the
new scan data and integrates it info its developing object-description structures. It
again determines whether it needs additional input data. If it does, it again calculates
the sensor control parameters. Again, the sensor is instructed to obtain more data,
according to its new set of control specifications. This interaction between the sensing
device and Analyzer continues until some "completeness" criterion in Analyzer is

satisfied.

This approach has several advantages over a simpler method. First, only the data
which is neeced is actually acquired by the sensor. In this way, neither the sensor nor
Analyzer is burdened with unnecessary data. The level of detail can now vary with the
specific application. If the task is to give object descriptions to help navigate a robot
through an obstacle-filled 2nvironment, then one or two requests to the sensor may be
sufficient. If, on the other hand, the task 1s to digitize some arbitrary object for a
comnute: graphics system, then Analyzer could successively direct the sensor to those
regions of the object which have yet to be charted with adequate detail. The level of
input detail could also be context-dependent. If the objective is to inspect an
assemblage for missing bolts, then the level of detail could be modified as Analyzer

directs the sensor towards the regions of interest -- after, of course, it has located

these regions from earlier inputs.
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2.1 Hardware Design Considerations

For an integrated system such as the one just described, the hardware system
should be as flexible as possible. Desired was a sensor which could acquire
three-dimensional surface data simply, and directly under computer control. An
accurate time-of-flight rangetinder would have been ideal, but, alas, too expensive. This
kind of system needs very high speed electronics which are capable of sensing the
delay between the time a pulse of laser light is started and the time its reflection
returns from the objects’s surface. This may be as little as a few nano-seconds
(billionths of a second !). Time-of-flight rangefinders have been used to measure

distances from a few meters to thousands of kilometers.

For the present purposes, the most reasunable of the previous approaches seems to
be the "single image and a plane of light" method shown in Figure 1-15. Even with this
system, however, the degree of interaction between the data acquisition and the
analysis system is limited by the actual ("wall-clock”) time and the computer-processing
time commitment for an entire video image. Even if only one or two 3-D points are
needed, an entire video image has to be input. In order to extract 3-D information,
these systems must process the large amount of data inherent to a TV image. Although
they can exiract many 3-D positions from each TV image, the rigid input pattern
required to do this -- for example, having all points be co-planar -- may discourage
experimentation with analyses utilizing more context-ilependent patterns of inputs for
instance, those analyses for which the density of input data varies with the level of
interest in the local surface region. A system with efficient, explicit, single-point

measurement capability was judged more suitable forthe present effort.
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2.2 Analysis System Considerations

Continuing the flexible approach to system design, it was decided that although
Analyzer may specify cont-ol parameters to the given input device, it should not depend
on interaction only with a parlicular kind of input device. Thus, for instance, when
Analyzer is connected to the proper inpul device, it can be constructing object
descriptions of buildings, automobiles, or microscope specimens. Also, while it can
always request more data for its description-building process, it should always be re ady
to quit -- i.e.,, the form of its object descriptions should be the same after the anal/sis
of one scan input as after ten. (These descriptions structures may, of course, abound
with "unknown" and "not sure” markers for much of the object’s surface.) It is also
unrealistic to suppose that after each request to the input device, Analyzer will get the
exact data it requested. Due to obstacles in its way, or because of difficult surface
characleristics, the device may not be able to obtain the desired data; so Analyzer

should be able to integrate any new dala which it gets.

The system should also be able to deal concurrently with more than one object in
the scene, and of course, there should be as httle restriction as pos ‘ble about the kinds
of objects which are acceptable; restrictions to planar-faced solids or simple geometric
shapes would be regrettable. As with any system operating in the "real world", the
analysis process should not fal simply because it gets some conflicts about its
environment -- eg. differenl measurement values for the same surface from different
views. In short, a system was soughl which would be simple, yel fiexible and powerful

enough to allow implementation of a variety of experiments.



CHAPTER 3

THE HARDWARE SENSING SYSTEM

The present sensor implementation is a simple, computer-controlled triangulating
rangefinder consisting of a mirror-deflected laser beam and spinning-disc detectors.
The spinning-disc detectors were previously ueveloped by Robert Burton as part of a
PhD dissertation [6]. A basic description of his system will aid in understanding the

present implementation.

The objective of Burton’s project was the rapid digitization of mulliple
three-dimensinal points of interest. The tip of a wand, the fingertips of a designer, the
key body points of a dancer can all be defined by the physical placement of very small
light bulbs -- actually Light-Emitting-Diodes (LED's) -- connected by thin wire to the
computer. With the room darkened, the computer, in sequence, turns on each of the
lights, at which time several widely-spaced detectors are asked to note the position of
the (only!) spot of light. By triangulating the data from several detectors, the
three-dimensional position of the small light can be determined. £ naive approach
would have been to use TV cameras as detectors and find in each of the images (he
position of the single spot of light. The actual implementation uses much simpler, more
efficient detectors than TV cameras. Each detector consists of a rapidly spinning disc
set between a wide-angle camera lens and a light-sensitive Fhoto-Multiplier (PM) tube
(see Fizura. 3-1). The disc has radial slits cut at regular intervats, which at the proper
orientatici allow the light passing through the lens to reach the PM tube. A reference
PM tube and reference light unit is added to monitor the stits as they pass by. From

this information, the exact position of a slit at any instant can be calculated. Now, since
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the room is entirely dark except for the iWlumination of the one small LED of interest, the
only instant al which the PM tube senses avy hght is when the tube, a slit in the disc,
the lens and the LED are alt lined up. Since the position of the slit at that instant can
be calculated from the reference PM tube data, the (ur.known) position of the LED must
be somewhere on the plane defined by the positions of the siit, the lens, and PM tube
(see Figures 3-1,23). Since more than one of these sensors around the room is

expected to "see” the LED, ils position is simply at the interseclion of all these

deteclc, -defined planes.

To modify this system into a computer-controtied rangefinder, a computer-deflected
laser beam was added to replace the LED's . The amount of laser light reflected from
rmost light surfaces was found to be sutficient to be noticed by the PM tubes in the
detectors. Now any surface point within the laser’s (and the detectors’) field of view
can be measured simply by aiming the laser beam in that direction. The deflection of
the beam is accomplished by reflecting the beam off two small front-surface mirrors
which are connecled to the shafts of galvanometers mounted pernendicular to each
other (Figure 3-4). The control signals to drive the galvanometer electronics come

directly from the compuler’s digital-lto-analog converters.

Although there are eight detectors in the present system -- two al each corner of
the room -- it is easy to show that only one detector is actually necessary to obtain 3-D
surface positions. Since the taser deflection system is under computer controi, and the
physical position of lhis unil in the room can be determined, the definilion of the
laser-beam line can be calculated directly from the current X and Y deflections. Now,
since each detector identifies a plane thrcugh the room in which the spot of light must

lie, the spol has to be at the intersection of this plane and the laser-beam line.

(Because the present implementation has the luxury of using eight detectors, knowledge
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of the laser-beam of light in the environment 1s not used in the 3-D calculations.)

it is important to distinguish this kind of a digilizing system from the similar ones
described in Chapter 1. First, in place of the spinning disc detectors, TV cameras could
have been used, similar to the "single spot of light and the single image" method shown
in Figure 1-14. The primary advantage of the present disc detectors over TV cameras
1s their speed and simplicity. A disc (with 32 radial shits) spinning at 3500 r.p.m. scans
the environment approximately 1900 times each second, as compared with the
approximately 30 frames each second acquired by the standard TV camera. Also, as can
be seen from Figure 3-3, each scan directly produces a single number ("C") for

processing, bypassing the need to handle the approximately 250,000 points in each

video frame.

Comparisons to the slightly different method of the "single image and a plane of
light” (Figure 1-15) are somewhat more involved. The digitization rate of this method is
substantially improved by being able to process many points (all along the plane of
light) from a single video image. The orientation of the plane of light, however, can only
be changed between video frames, perhaps each 1/30 of a second; so the system is
"committed” to an orientation for a large number of points. With the present
random-access laser-beam system, this commitment is only for a single point; so the
orientation of the beam can be changed "on the fly." This feature is especially important
for those applications in which the digitization of the scene is context-dependent, that is,

one in which each deflection position of the laser beam may be a function of the

previously calculated 3-D positions.
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CIHAPTER 4

DATA ACQUICITION, ANALYSIS AND OBJECT RECONSTRUCTION

The implemented programs consist of an interlocking set of modules, from those
which directly control the sensing system to those which analyze the data and generate

the actual object descriptions.

4.1 Basic Data Acquisition Programs

Since the laser deflection syslem is complelely under compuler control, a sel of
programs specify control parameters to the hardware system. These parameters are
calculated from higher-level specifications obtained from the human operator. The
operator can specify the subregion in the laser deflection system’s field of view which is
to be scanned. He can also specify the number of positions in the horizontal ad

verlical directions for which measurements should be taken.

Due to the primitive nature of the present scanning system, a number of strategies
have been implemented in hopes of improving the accuracy of the input measurements.
A multiple number of measurements are usually taken at each deflection position of the
laser. The resulting measurements are then used to calculate a single more reliable
value. In addition, if the laser spot is not "seen" by enough of the sensors for a
minimum number of these attempts, then no final value is recorded for that particular
laser positio:. Arother filter traps any value which falls outside of the specific
"working volume" of the scene. (A more detailed explanation, along with actual Teletype

listings of the programs in execulion, is provided in Appendix C.)
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4.2 Analysis and Object Reconstruction Methodology

While a number of different uses can be found for this unusual sensing system, it
was decided that the task of object reconstruction would be an appropriate first
application. The term object reconstruction is used here to mean the generation of
complete, closed surface topologies, defined by a connected set of polygonal tiles, which
approximates the surface data acquired from one or more views of the objects in the
environment. Although this task has many similarities to the much-researched scene
analysis problem in artificial intelligence, the present implementation has a somewhat
different orientation in that it makes almost no assumptions about the specific kinds of
objects it expects to find. This feature can be viewed as an advantage in favor of
generality, but of course it also prevents the system from making many inferences from
partial data -- concerning, for example, the likely location and characteristics of

obscured surfaces.

Early in the project a similarity was noticed between this object reconstruction task
and the task of visible surface algorithms in computer graphics. Basically, the task of a
visible surface algorithm is to construct a parlicular view of a scene from a description
of the objects in the scene and the specifications of the particular view. 'The task of
the present effort is, in a way the reverse of this, to construct object descriptions from
one or more views of the objects. Central to both these tasks is the effective
manipulation of three-dimensional data. In a recent analysis of visible surface
algorithms [18], Sutherland, Sproull and Schumacker make a number of observations
which may also be applicable to the present effort . They note two important elements

common to most visible surface algorithms: sorting and coherence.
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4.2.1 Sorting

To bring order to the three-dimensional data with which all these algorithms must
deal, they must all sort the data in an effective manner.The order of the dimensions of
the sort and the type of sort used strongly influences the flavor of the final algorithm.
Some sort along the Z axis hirst, then along the Y, then X; others sort Y first, then Z then
X.  The authors found implementations of almost all the combinations and ever
speculated on the characteristics of the algorithms which would evolve from the

combinations not yet investigated.

4.2.2 Coherence

The idea of coherence was judged to be significant in reducing the enormous amount
of processing involved in task, of this kind. The basic notion is that there is a
significant amount of coherence -- similarity, connectedness -- between adjacent parts
of most pictures. In a scan-line oriented algorithm, for instance, every scan line does
not have to be independently generated. Rather, it can simply be thought of as a
modified version of the previous scan line. Making this modification is almost always

cheaper than generating the line "from scratch."

4.2.3 Applicability to the Present Situation

Both these observations seem applicable, in a somewhat altered fashion tc be sure,
to the object reconstruction problem. Ceriainly some reasonable sorting mechanism
must be developed to control the otherwise unwieldy interacticn between all the
elements of the input data. If all the input data was sorted along one of the three axial

components, say the Z-axis, then the elements around one particular region (Z = 30
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inches, for example) could easily be exiracled and analyzed. This analysis process
could presumably answer the guesion, "what do the objects ‘look hike’ at this level” --
i.e. along the Z=30 plane. The process’ answer could be a set of closed contours
which weculd hopefully approximate the cross-sections of each object at this (Z=30)

level.

The coherence idea suggests that this description may not greatly differ from the
resulls of the analysis execuled al a nearby plane -- at Z=29-inches, for example. |f it
is found tnat the objecls have indeed not changed significantly, then there would be no
further need for analysis anywhere belween these {wo planes; the object descriptions
throughout th's region would be an interpolalion between the already-detemired

adjoining descriptions.

Basically then, the algorithm reconstructs the scene at a sequence of these parallel
planes. The cross-sectional contours found in adjacent planes are connected and a
surface of triangt'nlar polygons is defined belween each pair of connected countours.
The final description foi eack object i1s a collection of connected contours znd a
polygonal surface defined over them. (In the following section this entire process in

described in greater detail.)

This basic approach was chosen because it very neatly reduces the dimensionality
-- initially from three {o two dimensions, and as will be seen later, eventually from two
dimensions to one. Also, since no assumptions are made about the input data coming
from a single view of the scene, the actual data can as easily come from one as from ten
different views. Neither are assumptions made about the distances between the
adjacent "cutling” planes on which the actual analysis takes place; so the distances can

be varied, being made larger in those regions in which the asalysis proces reveals little
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change in the scene, being made smaller when the analyses from initially-adjacent planes
are sufficient dissimilar. Alco, as may become more apparent later, this approach allows
incremental, modular improvements at wvirlually any place along the entire

data-acquisition - analysis - reconstruction process.

4.3 Description of Analysis and Reconstruction Algorithm

Initially the basic surface points measured by ‘he sensing system are converted into
a surface representation. It is here that the single assumption about the scene is made.
I is assumed that between adjacent scan-point positions the surface of the objetts in
the scene can be approximated linearly. (Of course, in an improved implementation, the
distance between individual scan-point positions could be varied dynamically, perhaps
according to the variation in the local surface contour, making the above assumption
even less risky.) This single assumption allows the definition of a grid of small
triangular tiles over the entire scanned n"ep,iOn -- with each small triangle in the grid
being defined by two conseculive laser positions on a laser scan line and a single laser
position on one of the two adjacent scan lines. [Compare Figure 4-3 with Figures 4-1
and 4-2.] Of course since some of the points may be missing or may have been

discarded as "unreliable”, there may be holes in this surface structure.

These small triangular tiles are used as the data for all further processing. They
are treated individually, so that tiles in the subsequent analysis and reconstruction
programs can come from different scans, made most likely from different orientations to

the scene.

Next, the entire group of these tiles -- whatever their origin -- are ordered

according to their highest Z value (vertical distance from the floor). The series of
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Fig. 4-1: Original 3-D data points

Fig. 4-2: Path of laser

31



3=

Fiq.

Fig.

4-3:

Polygonal surface

4-4: Shaued version

defined over data pointe

f polygonal surface




a3 o

33

“cutting planes” paraliel to the ground 15 now determined. These can be at arbitrary
positions along the Z axis. (Actually there are already some provisions for varying the
correspondence between the axes named in the input data and their assignment in the

analysis system, eg. the X Y Z input sequence can be treated as -X Z Y -- see Figure

4-5)

4.3.]1 Analysis on Each Cutting Plane

The cross-sectional processing on each “cutting plane” is at the heart of the analysis
system. Since the input surface tiles have been sorted by 7, determining which tiles
intersect the plane is straightforward. The intersections between this plane and these
appropriate tiles are now calculated. Reconstructing the object cross-sections
("sectionals”) at this cutting plane is a matter of organizing the just-determined

line-segments into a number of simple closed regions (Figure 4-6).

The major difficulty is that these line-segments don’t usually connect directly into
simple closed regions. There are invariably gaps and usually some contlicts. Contlicts
occur when two or more line-segments intersect or lie so close to each other that they
are thought to represent the same surface, just disagreeing about its exact locaiion.
(The accuracy of the original system was claimed by Burton to be around .7 cm. At
present, the system -- at least when used with the laser deflection unit -- does not

achiove the same level of accuracy.)

To facilitate the construction of these closed regions, sorting is again employed --
all the line-segments are ordered with respect to thair larger Y coordinate. Closedi
regions are built up by sequentiaily processing the elements of this list, asking at each

one, "does this line-segment connect to an aiready-begun regional contour ?" If it does,




Fig. 4-5: Alternate orientations of cutting-analysis plane

ZLEVEL= 14 000

Fiy. 4-6: The line-segment intersections between cutting plane
and data polygons (seqments not necessarily connected)
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it is connecled to that contour; otherwise a new contour is begun, with this line-segment

as its only member (Figure 4-7).

It is at this point in the analysis thal the processing is effectively reduced from two
to one dimension; to determine the disposition of the current line-segment, the situation

is analyzed only along the horizontal line touching the top edge of this line-segment.

It is also at this stage that conflicts in the inpul dala due to overlapping
line-segments are resolved. When such a conflict occurs, a pair of new segments is
generated such thal the conlour’s boundary is defined along the "inside" of the
intersecling segments. [ The "inside" of a line-segment is the side on which the object
is presumed to lie. This information 1s derived from the associated input polygonal tile
whose original definition -- from the order of its vertices in the scanning pattern --
enables distinction between the side of the tile toward the laser and the side toward the

inside of the object on whose surface the tile lies. ]

Of course, it is possible for a line-segment to connecl two already-established

contours, in which case the two are merged into a single, longer contour.

Since the list of inpul segments is ordered, each segment need be considered only
once in this region-ccstrucling process. Alter all the line-segments are processed, a

series Of (possibly, but most likely not closed) contours will have been formed.

These contours are combined into a set of closed contours ("seclionals”) by adding
some arhlicially-created line-segments. These added segments are marked

"blank-unknown” so that a laler process can guide the sensing mechanism specifically to

these regions in order to make direct measurements of these uncharted areas.
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Since there are many possible connection configurations, the one is chosed which
contains the minimum total length of these added "blank-unknown" line-segments (see

Figures 4-8 and 4-9).

4.3.2 inter-Plane Reconstruction

After sectionals have been ccnstructed on all cutting-analysis planes (Figure 4-10),
the object-reconstruction prograr: defines a “skin" of new polygons between sectionals
on adjacent levels which are determin:d to be connected. The connectivity criterion
used here is based on the overiap of sectional bodies in the XY plane -- i.e., wheth .- or
not there would be an overlap if the Z values were ignored. In general the connection

pattern between sectionals can be more compiex than just 1-to-1 (see Figure 4-11).

When a sectional does not connect to any sectional on an adjacent level, it is
assumed that this part of the object being reconstructed has terminated here. A "cap"

polygon le then generated which covers the entire sectional.

After this sequence of determining cutting planes and sectionals and "skins" is
finished for all levels from the top of the scene to the floor, all the objects in the scene

have been reconstructed -- as far as possible, that is, with the given input data.

It is important to distinguish these newly-defined polygons from the original
polygonal tiles (es in Figure 4-3 and Figure. 4-4). The original polygonal tiles coming
from the basic laser scans are unordered, may come from several different scans,
usually do not completely cover the surface of any one object (i.e., have "holes") and
may have conflicts among themselves as to the exact location of some surface. These

new polygons which are mapped over the closed cross-sectional contours completely

define each object, in the sense that there are no gaps or "holes” in the surface and all
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the conflicts have been resolved in the surface structure; so, for instance, the bottom of
an object can be "filled in" (as in Figures 4-12,4-13 and 4-14e) even though no original

scan data tiles were actually defined there.

The various colors in the reconstructed objects (Figures 4-13 and 4-14e) indicate
different kinds of surface regions: 1) blue indicates surfaces which were derived directly
from scan data, 2) green indicates parts interpolated between known points, using the
completing-sectionals criterion; 3) red indicates conflicting areas -- those for which the
input data conflicted about the exact location of the surface. In a more sophisticated
implementation, the location of these regions could help a higher-level controller

determine the most advantageous orientation of the sensing system for subsequent scan

attempts.

Figures 4-14a through 4-14e illustrate the sequence of steps involved in the data
analysis and object-reconstruction processes. [The actual teletype listings of the

programs’ executions, with commentary, are in Appendix C.]

Figures 4-15 and 4-16 demorstrate the situation in which the sectionals of the same
object at adjacent analysis levels are completely disjoint in the X-Y plane. In such a
case the connection between these sectionals is not discovered; this has happened in
Figure 4-16 with both arms and one of the legs. Presumably subsequent scan attemps
of the same object would gather enough additional data about these troublesome regions

to enable the appropriate connections to be made.

Figures 4-17 and 4-18 show, in two different forms, the unprocessed scan data from

scenes with a small vacuum cleaner and a chair and a small box.



Fig. 4-10: Closed contours of object at various analysis levels
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Fig. 4-12: Front and back views of reconstructed object (torso)




Fig. 4-13: Color-coded front and back views of torso
(Blue regions were extracted from the original laser-scan data.
Green regions were added by the analysis-reconstruction process.)
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Fig. 4-14a: Perspective views of two separate laser scans
of a simple cube (simulated data)

ZLEVEL- 20 000

Fig. 4-14b: Line-
illustrating instances of gap and overlap

segments at a Z-level (from the above scan data)



Fig. 4-l4c: Completed cross-sections of cube, with caps and
overlaps resolved
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Fig. 4-14d: Perspective views of simulated cube,
reconstructed at 2 and 3 levels




4-14e: Color-coded vicws of reconstructed cube.
with and without top

(blue = original data; green = added regions;

red = conflict-resolved regions)
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Fig. 4-15: Completed sectionals at 12 levels
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Fig. 4-16: Incomplete reconstruction from the above sectionals
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Fig. 4-17: Scanned surface of a vacuum and hose

Fio. 4-18: Laser path of a scan of a chair and a box
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CHAPTEK 5

CONCLUSIONS AND POSSIBLE FUTURE DEVELOPMENTS

5.1 Conclusions

A combined hardware and software system has been described and demonstrated.
It can mea-ure surface conlours of arbitrary three-dimensional objects and construct
completed closed contour descriptions of all the objects seen from one or more views of

the scene.

While many different methods for acquiring three-dimensional data have been
developed, the prezenl approach was chosen as one which would allow the most
easily-controlled and most flexible interaclion with the host computer. The simple,
direct mode of sensor operation -- the digitization of a single arbitrary point in the
system’s field of view -- seems uniquely well-suited to the general point-by-point,
context-dependent operation of the many piclorial pattern recognition techniques which

seam extendable to the anaiysis of this kind of three-dimensional data.

Also, if the laser deflection unit and the spinning-disc detectors were mobile, the
system could work in a wide range of environments; in order to acquire a description of
a VW aulomobile for a compuler animalion syslem, for instance, one would no longer
need to manually measure a model VW or the aclual automobile; it would be reasonable
to expect that one could simply take the system out to the parking lot ( perhaps only at
night,however ) and have the system itself generate the description. If the system were

mounted on a computer-controlled cart, it might even be able to move around the object,
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digitizing only those parts which the analysis algorithm indicated still needed more data.

As a sensor for a robot, the system may enable more efficient processing of visual
scenes. As previously rentioned, the robot’s vision processing could become more
context-dependent; if 1t just wanled to move througih an area, it may only need to
measure and analyze a relatively few points in its direct path. Only when it
encountered an obstacle would it need to digitize the local region more densely, with the

pattern of the points being digitized perhaps being guided by an object recognition

system.

The uses for this kind of system are not limited to traditional computer scirence
areas. In the field of medicine, the accurate measurement and analysis of the complex,
irregular contours of the human body has the potential for making avaiiable entire new
areas of observation to aid the physician in the diagnosis of human ailments. Changes
in the shape, size and volume of various parts -- arms, breasts, legs -- may be 0o small
to be no.ticed by the unaided eye, but may signal the start of significant physiological
activity. Slowly-developing deformations in growing children may not be noticed until

the disorder has progressed beyond the reach of certain therapies.

Essential to the success of this kind of application is not only a suitably accurate and
practical input device, but also an effective analysis system which ¢an transform the raw
surface measurements into a form meaningfu' to the physician. The present software
system may be applicable almost without modification to some of these tasks. In the
human measurement studies discussed in [10], some of the forms of graphical output
bear striking resemblance to the cross-sectional contours determined by the present

analysis &énd object-reconstruction system.
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The object descriptions produced by this kind of system can also be used to
generate program specifications for numerically-controlled milling machines. A copy of
an object can thus easily be produced without touching the original. This may be usetful
either when the original object is too delicate to disturb, or when it is finally to be made
from a material which is unsuited for the design process. With this kind of system the
designer can construct the object from the material of his choice -- clay, soft wood,
plastic -- and still have the final object in the required medium, perhaps aluminum or

steel.

5.2 Further Development

Before most of these applications can become a reality, many improvements need to
made, both in the actual hardware sensing system and the analysis and reconstruction

software.

5.2.1 Harware Improvements

The weakest parts of the present sensing systiem are the spinning-disc detectors
mounted on the corners of the room. As mentioned before, these were developsd as
part of an earlier project [6]). While they are an interesting first attempt, they are next
to inadequate by current standards. For starters, a room ringed by four 22-inch slotted
metal discs, spinning at 3600 r.p.m, is not exactly an ideal working environnient. The
noise alone prevents all but emergency conversation. More seriously, the heat
generated by the necessarily large electric motors is such that the system must be shut
down for cooling after each 30 minutes of use. Moreover, the accuracy of the system is
largely determined by parameters which are difficult ‘o calibrate: the

constantly-changirg spinning rate, the slightly different shit positions, the different pulse
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widths from the light-sensitive Photo-Multiplier tubes.

Another graduate student, Larry Evans, is presently developing alternative digitizing
methods. A number of different approaches are being explored, all based on the idea of
transforming the signals from several two-dimensional images of the scene into
one-dimensiona! measurements. A key feature of the various methods, the complete
absence of moving parts, is most encouraging. Interested readers are referred to

Evans’ research proposal and his forthcoming dissertation [7].

The other major part of the hardware system, the laser deflection mechanism, also
has several serious limitations. Being a moving mechanical device, it encounters
inovitable overshoot problems when attempting to move quickly from one position to
another. The present electronics attempt to minimize this; problem by gradually, ratter
than instantly, changing the galvanometer signals from an old to a new value. This
solution, however, is a very rough one at best. A significant improvement would be a
system whose galvanometers cou'd provide continuous positional feedback, from which
the electronics could determine a much more accurate control signal, enabling the system
to respond much faster, and presumably with more accuracy. With the increased speed,
more sophisticated sensing strategies -- such a real-time contour tracking -- could

become practical.

Perhaps the major inherent problem with the present hardware model is the one of
obstruction. Since it s a triangulating rangefinder, it needs an unobstructed
line-of-sight from both the laser origin and at least one of the detectors in order to
digitize a surface position. The more extreme the concavities on the object’s surface,
the more often this obstruction problem prevents the digitization of a particular position,

One possible solution is to have a different kind of ranging system. One which seems @



51

reasonable candidate is a modulated laser time-of-flight rangefinder. While there is at
least one such product on the markel whose specifications are outstanding, with

accuracy approaching one part in 10+46, its price is unfortunately prohibitively

expensive [9],

Simpler, less expensive systems can, however, be constructed, but they are
presently limited to an accuracy of about one inch (15). While this is not accurate
enough for most digitizing purposes, it may still be appropriate for certain other
applications like robotics. These would certainly overcome many of the limitations of
triangulating rangefinders. There would no longer be a need fo[ at least two separate
positions from which to triangulate. Thus the operating environment could become less
restrictive. It is reasonable to expect that the range of useful distances could also be
enlarged -- for instance, real autos could perhaps be analyzed instead of just toy

models. All these advantages may outway the accuracy limitations for certain

applications

Of course, for some applications it may be advantages to have either the object or
the sensing device on a movable platform to allow controlled changes of orlentahon

between the sensing device and the object(s) under consideration.

5.2.2 Improved Analysis and Reconstruction Methods

The range of possible improvements in the software is even larger than in the
hardware sensing system. Due to the modular nature of the software implementation,

Improvements in virtually any area can be made without modifying any other section.

The basic digitization could be made significantly more accurate. In the present

implementatiom the basic three-dimensional coordinate determination from the sensor
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input values does not take full advantage of the fact that the line of the laser light in
the room is known. |If the deflection system were to be calibrated with some precision,
then the angular deflection parameters could be used in these calculations. A
formulation of the problem optimized to the geometry of the system may also be helpful;
for instance, a polar coordinate representation with origin at the laser deflection point

may yield a simpler set of equations to be solved.

Since the laser deflection is directly under computer control, an obvious
improvement would be to implement a dynamically-changing scan of the environment.
This could be as simple as varying the distance between adjacent sample positions
based on the local sittace contour, or it could be as involved as placing the entire
reconstruction and recognition process directly in control of the scan. In this way, the
laser beam could only be moved to those parts of the scene which were of significani

interest to the system.

Perhaps the most far-reaching modification would be to infuse the analysis and
reconstruction process with some ‘a priori' knowledge about the objects it is likely to
encounter. Such knowledge could aid not only in guiding the scanning process, but also
in heiping to resolve difficulties in reconstructing parts of objects about which there is

incomplete infor mation,



APPENDIX A

MAJOR SOF TWARE MODULES

NWRSL--(NeW Real-time digitization with Scanning Laser) -- or RSL -- controls the laser
deflection system, acquires raw points from the Burton Box hardware and

software, generates a ---.DAT file of all acceptable 3-D measurements in a

laser scan.

NPTDIS -- (New PoinT DiSplay) -- displays (onto a Tektronix 4012 storage scope) the
raw 3-D points from a (---.DAT) file from NWRSL . It can also filter out points
which are grossly out of place, the filtering being based on a minimum distance

criterion from adjacent sample points.

NGENPO--(New GENerate POlygonal surface) -- reads in a points file (---.DAT) from
NWRSL and generates a surface of triangular polygons over these points.
These polygon definitions are output onto a ---POL file. For diagnostic
purposes, a number of other data files can also be generated. The most
frequently used ones are
---PTB, a two-dimensional grid of characters showing whether or not
the data point at each position in the scan has been succesfully digitized,
---.MDR, the original data points and the just-defined polygonal surtface,
in the standard (MOTION-DATARD) graphics system format. This enables easy

display of the original points and polygonal covering.
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SCANA -- (SCan ANAlyzer) -- accepts one or more pairs of point (---.DAT) and polygon
(---.POL) files from NWRSL and NGENPQ; and generates a file 