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CHAPTER 1 

INTRODUCTION 

1.1 Problpm Stalempnt 

Reseachers m seemingly-diverse areas are often t ncerned with the acquisition of 

object descriptions. In artificial intelligence, for instance, a large part of most scene 

analysis systems is devoted to generating a description of objects in the system's 

working environment, whether this be a tablo-top scene of toy blocks, a rocky Martian 

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

In computer graphics, much time ii spent attempting to create accurate pictorial 

images of real and imaginary obic-cts. While the deocriotions of imaginary objects are 

often created with the an of an associated computer-aided design system, the 

descriptions of real obje.ts 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 tho 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 intelligence (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 compute--controlled rangefinder, may also prove useful  for 



some of these IMM. The design and .mplemontat.on of »UCH a rangefinding system is 

descr.bed. To demonstrate the fea^bihty of this approach, a simple scene-analycis 

algorithm is implemented, which can generate, colcly from the range data, descriptions of 

' ob,ects m the sensor's field of v,ew. It is hoped that ih.s research will stimulate other 

attempts at sensing systems more reaoily adaptable 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 of digitizing ob)ects is by direct, manual measurement. 

With the a.d of yardsticks, 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 '.pecify an arbiranly complex three-dimensional object 

with a set of simple measurements is hardly a recent development. The Renaissance 

artist Leon Battista Alberti. in his booK Ml« JMMM . published in MAO, uescnbes a 

method for the accurate measurement of the human form (Figure 1-1). He claimed that 

by using his method, different parts of the same statue could be constructed at separate 

places and would still be f.ble to fit together [10]. 

Today's approach, still basically the same, is often to mark all points of mte-^st -- 

"key" points - on the surface of the original object and then measure the distance ot 

each of these po.nts from a common reference position (Figure 1-2). The surface is 

then defmed as a topological net over these kev points. Of course, many tedious hours 

must be spent to carefully measure the position of each selected point on the original 
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Fig. 1-1: Alberti's "Defincr" (from [10]) 

Fiq. 1-2: Manual measurenent today (from (18)) 



object. The results are, howevpr, 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 next step to the simple manual approach is to substitute- scmo computer 

sensing device for the user's calipers and yardsticks. The human user still has to define 

the surface points 'nd their interconnections, but now he can just move some pointer 

around the object ano tell the computer when Ihe "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 extenoed along each axis. The user 

simply positions the tip of Ihe crane's arm to a point of interest and instructs the 

computer --through a foot switch in this case-- to note Ihe current position. Although 

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]) 

Fiq.   l-4a:   DetaJ1  of 
fishing-line digitizinq  unit 

(from (201) 

Pig. l-4b: Pishing lino-connected 
3-D digitizing handle ('• nd") 
restina on tripod (from [20]) 
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A large variety of devices of this same General t-'.je have been constructed. One 

such device has been in use at the University of Utah for a number of years [20]. It 

uses three separate spring-loaded fishmg-reel/fishmg-lme units (Figure 1-fla). These 

threa Assemblies are placed around the lop corners of the working volume and the ends 

of the three fishing lines are all connected to the tip of a pointing device (Figure 1-flb). 

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]. Allhough their system does not 

have direct applicability to the mteraclion-onented scene analysis applications, it may 

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

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 tre calculated 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 s.jrface. 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-determinrtion   process,   ao   optical 
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Fiq. 1-5J Orientation of video detector to holonraphic real im.aqe 

Piq. 1-6: Imaqe from video detector showinq in- and out-of-focus areas 

Fig. 1-7: Slqnal fron part of one scan line, showinq a reqion of focus 
(all throe fiqures from |H]) 
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m.erference pattern wa. p^^cted onto the o^eciv. 5urface when the holograph was 

taken.) Figur« 1-7 .hows the v^eo s^nal trom one scan hne. the pomf of opt.mum 

focus be.ng at the peak of the seal's envelope. After the opt.mum-focus locat.ons are 

determ.ned in a smgle video .rnage. the system mcrementally moves the v.deo detector 

In an attempt to tracK the object's surface contour.. In th.s way. all v^ble surfaces of 

the object can eveituilly be measured. 

1.2.4 A Moire Method 

Spe.ght. Mies and Moledma report the apphcabon »I a Mo^re method (suggested by 

K   TaKa.aK. [19]) to the  ,-D measurement of slaughtered ammal carcasses [17].     F.gure 

1-8 shows  an overhead view of the geometnc arrangement of camera, flash-gun light 

sources,   s.dmg  gnd  and  the  carcass  of   mterest.     The  resu.tmg  photograph,   .mage 

conta.ns contour l.nes each of wh.ch I. of equal depth from the gratmg plane (F.gure 

1-9).     Although  the  actual  d.g.bzabon  .n  the  reported system  «vas  largely   a  manual 

opcrat.on. there do not seem to be any theorobcal obstacles to the automatic proces.ing 

of these contour maps.    The ma,n l.m.fabon to applymg th.s method to the more general 

object-descnpbon  problem  may  Ue  m  the  method's d.fbculty  m  accurately  capturing 

complex, detailed, rapidly-varying surface structures. 

1.2.5 Multiple 2-D Images 

Acqu.s.tion of three-dimensional mformabon from multiple two-dimensional 

Photographic images is not just a w.dely used d.g.t^at.on method, but is the basis for an 

entire technical field, stereo-phofogrammetry - most liKely inspired by the human 

stereo vision system. 



Flu« 
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Fin. 1-8: Geometry for qeneratinq or qeneratinq Moire patterns (from 1171) 

'iq. 1-9: Moire contour naps of 4 views of a lanb carcass (from 117]) 
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The geometry is 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. 

liiven another eye-image pair 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 o' the two lines of sight (Figure 1-10). 

A variety of methods are based on this simple idea. A common technique consistr 

of marking the points of interest on the object itself, then taking pictures from at Ic-as* 

two different viewpoints (Figure 1-11). If the camer«/eye positions and oriintations 

are not known, they can be calculated from the correspondence between th* 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 njmber of 

points can be digitized, since with the marking method, only the actual points marked can 

be measured.    But with a stereo viewer, the accuracy of the measuremerts depends not 

f 



left   Image 

3-D object 

Fiq. 1-10: Trianqulation from two images 

ü£:m 

Pig. 1-11: Actual digitization using two inages with a data tablet 

(from [18]) 
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only on the mterocular distance, but also on the visual acuity -- and the patience ! - of 

the operator. 

Several attempts have bern made to ehmmale the need for the human operator to 

specify the corresponce for each point to be measured. Levme et. al. [12] , expand 

on an earl.er algonfhm of JulesZ[llj wh.ch it based on the observation that when two 

views of a scene are taken from nearby pos'iuns, 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 »elated inversely to the distance of the object from the 

viewer (see Figure 1-12). 

The techmque 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 assumption (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 farp of a person , for whom one view may contain one side of the nose, and the 

other view may contain the other side. On ll.e other extreme, if the image of the local 

surface is too similar m both images - e.g. flat side of a building, a new sidewalk - 

then there will also oe difficulties due to a lack of characteristic features with which to 

achieve a high cross-correlation. 
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common field of view 

/ riqht inaqe 

left eye riqht eye 

Fiq. 1-12: Cross-correlation of stereo images for depth determination 

(inputs) (output) 

-ig. 1-13: Olrject reconstruction from projected silhouettes (from [4] Fig 
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As part of a more extonoive pro)ed on computer vision, Baumgarl[3,fl] demostratos 

a technique of reconstructing 3-D objects from thoir image silhouettes. The geometry is 

similar to the tnangulation 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 he entirely within each 

and every one of these projections. Oaumgart 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 vie\*(S 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 .'ill concavities cannot be 

adequately reconstruted. 

1.2.6 Controlled Illumination on Objects 

Methods for extracting three-dimensional information from multiple two-dimensional 

projections are not limited 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 tnangulation process. In this way, one of the 

photographs could be eliminated; the beam of light would be seen -- if not obscured by 

sorr , object -- as a bright reference point in the remaining photograph. This kind of a 

• system yields 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). 



eye 

3-D object 

light 
source €> 

spot 
of light 
on object 

(orientation controlled) 
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Fig. 1-14: Digitization with one image and a pencil-b )eam of   light 

Fortunately, the geometry of such a system is over-solved, and thus can be 

simplified. Instead of two hnes. a plane anr a single line are sufficient to uniquely 

mm . surface point (Figure 1-15). A number of investigators have used this kind of 

• .ys»om [1.2,5,13.16], a plane of light, rather than a pencil-beam, is projected onto th. 

object's surface. In this way. from a single video image, the system can extract not just 

one sunace 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 

•bove -plane-of-light and single video image" design. The system is described in 

Chapter 3. 
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image -with path 
of light on objects. 

eye 

\    path of light 
N     on objects 

I 

I            \       \       pencil-beam 
 I /Hyof   light 

semi-cylindrical lens ■JB: 3 laser r 
light source 

Fig. 1-15: Digitization with one image and a plane-beam of light 



CHAPTER 2 

DESIGN PHILOSOPHY 

It is important in design considerations to review not only what the present limited 

system may 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 allow 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 locations 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 influence the 

configuration 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. Th.» 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 ci ntrol 

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 into 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 bürde led 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 3nvironment, then one or two requests to the sensor may be 

sufficient. If, on the other hand, the tasK is to digitize some arbitrary object for a 

comoutei 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 tor missing bolts, then the level of detail could be modified as Analyzer 

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

these regions from earlier inputs. 
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2.1 Hardwore Dpsign Considprahons 

For an mlegraled 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 rangetmder 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 

(bilhonths of a second !). Time ol-flight rangpfmders have been used to measure 

distances from a few meters to thousands of kilometers. 

For the present purposes, the most reasonable of the previous approaches seems to 

be the "single image and a plane of light" method shown m Figure 1-15. Even with this 

system, however, the degree of interaction between the data acquisition and the 

analysis system is limited 6/ 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 oytracf 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-Tependent 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-poin» 

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

Continuing the flexible approach to system design, it was decided that although 

Analyzer may specify contol parameters to the given input device, it should not depend 

on interaction only with a particular Kind of input device. Thus, for instance, when 

Analyzer is connected to the proper input device, it can be constructing object 

descriptions ol buildings, automobiles, or microscope specimens. Also, while it can 

always request more data for its description-building process, it should always be ready 

to quit -- i.e., the form of its object descriptions should be the same after the anal /sis 

of one scan input .-is 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 

characteristics, the device may not be able to obtain the desired data; so Analyzer 

should be able to integrate any new data 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 little restriction as po: 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 fail simply because it gets some conflicts about its 

environment -- e.g. different rneasurement values for the same surface from different 

views. In short, a system was sought which would be simple, yet flexible and powerful 

enough to allow implementation of a variety of experiments. 
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THE HARDWARt SENSING SYSTEM 

The present sensor implemontation is a simple, computer-controlled triangulating 

rangefnder consisting o( a mirror-deflected laser beam and spmning-disc detectors. 

The spmr,ing-disc detectors were previously developed 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 multiple 

three-dimensmal 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-Emittmg-Diodos (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 tnangulatmg the data from several detectors, the 

three-dimensional position of the small light can be determined. A naive approach 

would have been to use TV cameras as detectors and find in each of the images ihe 

position of the single spot of light. The actual implementation uses much simpler, more 

efficient detectors than TV cameras. Eaih detector consists of a rapidly spinning disc 

set between a wide-angle camera lens and a light-sensitive Fhoto-Multiplier (PM) tube 

(see Figur». 3-1). The disc has radial slits cut at regular intervals, which at the proper 

orientatu . illow the light passing through the lens to reach the PM tube. A reference 

PM tube and re'erence light unit is added to monitor the slits 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 illumination o( the one small LED of interest, the 

only instant .'i which lha I'M tube senses apy li(',ht is when the tube, a slit in the disc, 

the lens and the LED are all lined up. Smce 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 slit, the lens, and PM tube 

(see Figures 3-1,2,3). Since more than one of these sensors around the room is 

expected to "see" the LED, its position is simply at the intersection of all these 

deteclc. -defined pianos. 

To modify this system into a computer-controlled rangefinder, a computer-deflected 

laser beam was added to replace the LED's . The amount of laser light reflected from 

most light surfaces was found to be sufficient 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 connected to the shafts of galvanometers mounted pernendicular to each 

other (Figure 3-4). The control signals to drive the galvanorm ter electronics come 

directly from the computer's digilal-to-analog converters. 

Although there are eight detectors in the present system -- two at 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 laser deflection system is under computer control, and the 

physical position of this unit in the room can be determined, the definition 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 m which the spot of light must 

lie, the spot 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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Fig. 3-1: A spinning disc detector and a spot of light 
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Fig. 3-2: Details of spinning disc detector 
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slit now lined up with 
the spot of light 

slit now at. Reference Assembly 

• t i me 

Fig.   3-3:   Primary  signals   from the detector  syst cm 
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of tho lasor  bpam of lip.hl in Ihr pnvironmcnl is not used in the 3-D calculations ) 

If is important to distinguish this Kind of a dip,iti?inR 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 

is their speed and simplicity. A disc (with 32 radial slits) 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 

processtng, bypassing the need to handle the approximately ?50,000 points m 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 largr 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 m which the digitization of the scene is context-dependent, that is, 

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

previously calculated 3-D positions. 
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CHAPTER 1 

DATA ACQUI-.ITION. ANALYSIS AND OBJECT RECONSTRUCTION 

The .mplemented programs consist of an ,n»erlocK,ng set of modules, from those 

wh,ch directly control the sensing system to those which analyze the data and generate 

the actual object descriptions. 

41 Basic Data Acquisition Programs 

Since the laser dpfioction system is complelny under computer control, a set 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 specfy the subregion in the laser deflection system's field of view which is 

to be scanned. He can also specify the number of positions m the horizontal aid 

vertical directions for which measurements should be taken. 

Due to the primitive nature of the present scanning system, a number of strategies 

have been implemented m 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 eliable 

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 execution, is provided m Appendix C.) 
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4.2.1  Sorting 

To bring ordpr to Hie 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 axi^ hrst, 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 woulc" evolve from the 

combinations not yel investigated. 

4.2.2 Coherence 

The idea of coherence was judged to oe 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-lme 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 

Goth these observations seem applicable, in a somewhat altered fashion to be sure, 

to the object reconstruction problem. Certainly some reasonable sorting mechanism 

must be developed to control the otherwise unwieldy mteractirn between all the 

elements of thr 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 examplr«) could SMliy be exlrarled and analysed. I hi', analysis process 

could presumably answer the quesion, "what do the objects 'look like' at this level" -- 

i.e. along the Z-30 plane. The process" answer could be a set of closed contours 

whc.h would hopefully approximate the cross-sections of each object at this (Z-30) 

level. 

The coherence idea sup,p,ests that this description may not preatly differ from the 

results of the analysis executed at a nearby plane -- at Z=2('-inches, for example. If It 

is found Inat the objrcls have indeed not changvd significantly, then there would be no 

further need for analysis anywhere between these two planes; the object descriptions 

throughout Ihi« region would be an interpolation 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 m adjacent planes are connected and a 

surface of triangular polygons is defined between each pair of connected countours. 

The final description foi eaci- object is a collection of connected contours ?nd 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 to 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 "cutting" planes on which the actual analysis takes place; so the distances can 

be varied, being made larger in those regions in which the analysis proces reveals little 
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change In the scene, bemg made smaller when the analyses from initially-adjarent planes 

are sufficient dissimilar. Also, as may become? more apparent later, this approach allows 

incremental, modular improvements at virtually 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. 

It  is assumed that between adjacent scan-point positions the surface of the objects 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 m 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 region -- with each small triangle in the grid 

being defined by two consecutive 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 A-l 

and   4-2.]  Of   course   since  some  of   the   points   may   be   missing  or   may   have   been 

discarded as "unreliable", there rnay 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 





Fin.   A-l:   "olyqonal   surface  defined  over   datri   [)oint I 11,! 

Fiq. 4-4: Shaued version of polygonal surface 
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"cutting plane"." parallel to the ground is now determmnd. Iher.e 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, e.g. the X V 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 Z, 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 conflicts. Conflicts 

occur when two or more line-segments intersect or lie so close to each other that they 

are thought to represent the same surface, ju'.t 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 

achieve 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. Closecj 

regions are built up by sequentially processing the elements of this list, asking at each 

one, "does this line-segment connect to an already-begun regional contour ?" If it does. 
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Fjq.   4-5:   Alternate orientations of  cuttinq-analysis  plane 

ZLEUEL-      14  000 

Fit,. 4-b: The line-segment intersections between cutting plane 
and data polygons (segment:; not necessarily connected) 
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it is connected 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 that the processing is effectively reduced from two 

to one dimension; to delormme 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 input data due to overlapping 

line-segments are resolved. When such a conflict occurs, a pair of new segments is 

generated such that the contour's boundary is defined along tue "inside" of the 

intersecting segments. [ The "inside" of a line-segment is the side on which the object 

is presumed to lie. This information is 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 connect two already-established 

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

Since the list of input segments is ordered, each segment need be considered only 

once in this region-cr istructmg process. After 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 ("sectionals") by adding 

iome artificially created Ime-segrnonh. These added segments are marked 

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

these regions in order to make direct measurements of these uncharted areas. 
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Fig.   4-7:   Sectional building  —  two started  contours 
(unprocessed  line-segments  are  indicated by dotted  lines) 

i 

>v       - - - _ "    '   \ 
y    ,        \      '^ 

Fig. 4-8: Possible choices for sectional completion 

Fig. 4-9: Optimal completion path  (minimum total length) chosen 
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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 crnstructed on all cutting-analysis planes (Figure 4-10), 

the object-reconstruction progran defines a "skm" of new polygons between sectionals 

on adjacent levels which are determined to be connected. The connectivity criterion 

used here is based on the overlap 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 complex than just 1-to-l (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 i« 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 (as 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 

M object can be "hllod In' (as in Figures 4-12. 4 13 and 4-14e) even though no original 

scan data tiles were actually defined there. 

The vanous colors in the reconstructed objects (Figures 4-13 and 4-14«) indicate 

different K.nds of surface regions: 1) blue mdicates surfaces which were der.ved directly 

from scan data. 2) green mdicates parts interpolated between Known po.nts, using the 

completing-sectionals cntenon; 3) red mdicates conflictmg areas - those for wh.ch the 

input data conflicted about the exact locat.on of the surface. In a more soph.st.cated 

implementat.on. the locat.on of these regions could help a higher-level controller 

determine the most advantageous or.entat.on of the sensing system for subsequent scan 

attempts. 

Figures 4-14« through 4-14« illustrate the sequence of steps mvolved in the data 

analysis and object-reconsfrucf.on processes. [The actual teletype listings of the 

programs' executions, with commentary, are in Appendix C] 

Figures 4-15 and 4-16 demonstrate the s.tuat.on 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 connect.on between these sect.onals 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. 
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Fig. 4-10: Closed contours of object at various analysis levels 

Fiq. 4-11: Polygonal skin defined over the contours 
(different object than Fiq. 4-10) 



Fiq. 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) 

ZIEICL-  2« «M 

Fig. 4-14b: Line-segments at a Z-level (from the above scan data) 
illustrating instances of gap and overlap 
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Fiq. 4-14c: Conpleted cross-sections of cube, with aaps and 
overlaps resolved 

1 I 9 i 
Fiq. 4-I4d: Perspective views of simulated cube, 

reconstructed at 2 and 3 levels 



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

(blue = original data;   green =  added regions; 
red ■  conflict-resolved regions) 
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£3 

Fig. 4-15: Completed sectionals at 12 levels 

Fiq. 4-16: Incomplete reconstruction from the above sectionals 



Fig. 4-17: Scanned surface of a vacuurn and hose 

Fio, 4-18: Laser path of a scan of a chair and a box 



CHAPTEK 5 

CONCLUSIONS   AND POSSIBLE: FUTURE DEVELOPMENTS 

6.1 Conclusions 

A combined hardware and r.oftware r.ystom has been described and demonstrated. 

It can mea-'jre surface contours 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 prerenl approach wa', chosen as one which would allow the most 

easily-controlled and most flexible interaction with the host computer. The simpie, 

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 pictorial pattern recognition techniques which 

seem extendable to the analysis of this Kind of Ihree-dimensional dat«.. 

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 automobile for a computer animation system, for instance, one would no longer 

need to manually measure a model VW or the actual automobile; it would be reasonable 

to expect that one could simply lake 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 tho?.p 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 mentioned, the robot's vision processing could become more 

context-dependent; if it just wii.ikd to move fhrougn an area, it may only need to 

measure and analyze a relatively few points in its direct path. Only *hen 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 compute- science 

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 avauable 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 too small 

to be noticed 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 c m transform the raw 

surface measurements into a form meamngfu' 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 und 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 useful 

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 system a'-e the spinning-disc detectors 

mounted on the corners of the room. As mentioned before, these were developed 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 environment. 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 mmutos cf 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 slit 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-dimensional 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 

inevitable overshoot problems when atlemplmg to move quickly from one position to 

another. The present electronics attempt to minimize this problem by gradually, rather 

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 coi^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 is a triangulating rangefmder, 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 a 
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reasonable cand.date i. a modulated laser tl«.-oM|ilh, rangef.nder. While there I. at 

least one such product on the .arKet whose spechcal.ons are outstandrng. with 

accuracy approachmg one part in 10**, ,ts pr.ce ,s unfortunately prohib.t,vely 

expensive [9]. 

Srmpler. less e*pens,ve systems can. however, be constructed, but they are 

presently limited to an accuracy o( about one ,nch [15], Wh,le th.s i. not accurate 

enough for most difiti««, purposes. H may .till be appropr.ate for certain other 

apphcafons hKe robots. These would certamly overcome many of the Hmitahons of 

»r.angulatmg rangef.nders. There would no longer be a need for at least two separate 

pos.t.ons from wh.ch to tnangulafe. Thus the operatmg env.ronment could become less 

restnct.ve. It .s reasonable to expect that the range of useful distances could also be 

enlarged - for mstance. real autos could perhaps bo analyzed instead of just toy 

models. All these advantages may outway the accuracy l.mitat.ons for certam 

applications 

Of course, for some applications H may be advantages to have e.ther the object or 

the sensing dev.ce on a movable platform to allow controlled changes of orientation 

between the sens.ng dev.ce aod the objecf(s) under consideration. 

5.2.2 Improved Analysis and Reconstruction Methods 

The range of possible .mprovements m the software ,s even larger than m the 

hardware sens.ng system. Due to the modular nature of the software implementat.on. 

improvements to, virtually any area can be made without modifying any other section. 

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

impiemenf.t.on. the bas.c  three-dimens.onal coordmate determination from the sensor 
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input values does not take full advantap,e 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 paramoters could bo used in those calculations. A 

formulation of the problem optimized to the Rcometry 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 suifdce 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 significam 

interest to the system. 

Perhaps the most far-reaching modification would be to mfuse 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 heipmg to resolve difficulties in reconstructing parts of objects about which there is 

incomplete information. 



APPENDIX A 

MAJOR SOFTWARE MODULES 

NWRSL--(NeW Real-time d.s.hzation 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 PomT DISplay) -- displays (onto a Tektronix 4012 storage scope) the 

raw 3-D points from a (—.DAT) f.le 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. 

NGENP0--(NBW GENerate POIygonal surface) - reads in a points file (—.DAT) from 

NWRSL and generates a surface of triangular polygons over these points. 

These polygon defmit.ons 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 surface, 

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 ANAIyzer) -- accepts one or more pairs of point (---.DAT) and polygon 

(-—.POL) files from NWRSL and NGENPO; and generates a file of line-segments 

(—.SGM). These line-segments are the intersections of the polygons with 

chosen cutting/analysis planes. 

MAKSEC -- (MAKe Sectionals) - generates a (---.SEC) file of sectionals (closed 

cross-sectional regions) from a line-segment file from SCANA. 

OBREC -- (OBject REConstruction) -- p.^nerates complete object descriptions from a 

cross-sectional file (---.SEC) of MAKSEC. These descriptions are in the format 

of the current generrl-purpose graphics software at U. of Utah 

(MOTION-DATARD). 



APPENDIX B 

DATA FILE FORMATS 

Original Point File Formal 

<—.DAT file> 

<scan descriptor 

<• data point> 

;- <scan descriptor> <a data point>*      [» - one or more instances] 

:- <number of positions on a scan line> <number of scan lines> 
<scan id. number> 

;:- <point i.d. number> <X-value> <Y-value> <Z-value> 

A Sample ---.DAT File 

5 3  1 
1001301   +.1 
1001002 -10 
1001003 -20 
1001004 -10 
1001005 +.1 
1002005 +.1 
1002004 -10 
1002003 -20 
1002002 -10 
1002001  +.1 
1003001 +.1 
1003002 -10 
1003003 -20 
1003004 -10 
1003005 +.1 

0.01   +20 
0.02 +10 
0.03 0 
0.02 -10 
0.01  -20 

10.01 -20 
10.02 -10 
10.03 0 
10.02 +10 
10.01  +20 
20.01 +20 
20.02 +10 
20.03 0 
20.02 -10 
20.01  -20 
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Polygon File Format 

<---.POL file> 

<a polygon definition^ 

«one text line>   <a polygon definition>» 

<point i.d. number>«»*   <carriage-return and line-feed> 
[ *♦» - 3 or more instances ] 

A sample --.POL file 

NX5TEPS> 5 NYSTEP5-3 IDSCAN-1000000 
1881881 1002001 1001002 
1001882 1002001 1002002 
1001002 1002002 1001003 
1001003 1002002 1002003 
1001003 1002003 1001004 
100100^ 1002003 1002004 
100100A 1002004 1001005 
1001005 1002004 1002005 
1002001 1003001 1002002 
1002002 1003001 1003002 
1002002 1003302 1002003 
1002003 1003002 1003003 
1002003 1003003 1002004 
1882884 1003003 1003004 
1002004 1003004 1002005 
1002005 1003004 1003005 
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Point-Table Formal 

<-—.PTB file> 

<one scan line descriptor> 

<one scan position descriptor^ 

<position has good data> 

<position does NOT have good dala> 

::- <sinpje text line> 

<one scan line descriptor:»* 

::- <scan line «> - <one scan position descriptor>* 

::= <por.ition has good data> 
::= <position does NOT have good data> 

A Sample ---.P1B File 

• tt«*«(*««   »»tttt»»»» 
» t » • » » » 

NXSTEPS=40 NYSTEPS=3e 1DSCAN-2000000 
30» X X.XXX.X... XXXX,,,,., 
29- X...,X XX,.,.XX.. XXXXXX,,., 
28- X X..X,X X..XX...XX XXXX,.X,X. 

27- t .itiftiX XXX.., XXX,XX,,X 
2G-,..,..,,,, ,,,II....X XXXX,,.,,, ,XX,,X,XXX 
25-,,,. t• • t < « X.,,,,,,,. XXXX..,,,, , XXX,, , , , A 
24- X XXXX X XXX , 
23-,,,.>.. .. ...».•»••• XXXXXX.... XXX.,,,,,, 
22-  XXXXXX.,,X XX,X  
21- X XXXXX,X..X XXXX.X,.., 
20= X XXXXXX,,XX --  

13. 
18. 
17- 
IG. 
15. 
14. 

13< 
12- 
11 
10 
9- 
8- 
7. 
6- 
5- 
4- 

fttttftt« 

2- 
1- 

,  xxxxxxxxxx  KH, 
 x..,, xxxxxxxxxx x xx, 
  XXXXXXXXXX XX,,XXX,,, 
 XXXXX XXXXXXXXXX XX,XXXX,.. 
 X, ,.,XXXXXXX XXXXXXXXXX XXXX  

«iiiitttii ..XXX,,,X, ,,,,,,X,., ,,,,IIII(I 

fttiitiffi XX,,,,,,,, XX,,XXXX,, iitifiif«« 
 X XX XXXX  
,,......X, X,,,,,,.,. i»X,XXXX,i »»*••••••• 
,,,, XX ,,. 
 XXXX , 
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< —-.SGM file > 

<one level's segments> 

<a segment description>  :; 

- <one level's segmerts>»   END 

LEVEL <Z-VJH:O> <a segment de5cription>* 

<X1 value> <Y1 value> <X2 value> 'Y2 value> 
<orientation> <a single polygon desc<,iption> 

A Sample ---.SGM File 

LEVEL       28.080 
9.980  -10.020 

.000  -20.000 
-.030  -19.970 

-9.980     10.020 
.000    20.000 
.030    19.970 

19.990 .090 
10.000 -10.000 

-10.000 -10.000 
-10.020     -9.980 
-19.990       -.489 
-10.000     10.000 

10.000     10.000 
10.020      9.979 
20.000 .100 

-20.000       -.580 
LEVEL 9.000 

8.979  -11.021 
.000  -20.000 

-1.029 -18.971 
-8.979     11.021 

.000 
1.029 

18.989 
18.000 

20.000 
18.971 

-.921 
-10.000 

18.800  -10.000 
-11.819    -8.971 
-18.989 
-18.808 

.5G2 
18.800 

.000 
-.030 

-10.000 
.000 
.030 

10.000 
10.080 
9.980 

-10.020 
-20.000 
-10.000 
-9.980 
10.020 
20.000 
19.990 

-19.930 

.000 
-1.029 
10.000 

.000 
1.029 

10.000 
10.000 
8.979 

-11.019 
-20.060 
-10.000 
-8.979 

-20.000 
-19.970 
-10.000 
20.000 
19.970 
10.000 

-10.000 
-10.020 
-9.980 

.100 
10.000 
10.020 
9.979 
-.500 

.090 
-.489 

-20.000 
-18.971 
-10.000 
20.000 
18.971 
10.000 

-10.000 
-11.021 
-8.97i 

.100 
10.000 
11.021 

1 1002003 
1 1002003 
1 1002004 
1 2002003 
1 2002003 
1 2002004 
1 1002002 
1 1002002 
1 1002004 
1 1002005 

2002002 
1 2002002 
1 2002004 
1 2002005 
1 1002001 
1  2002001 

1 

1001063 
1001003 
1001004 
2001003 
2001003 
2001004 
1001002 
1001002 
1001004 
1001005 
2001002 
2001082 

1003002 
1003003 
1003003 
2003002 
2003003 
2003003 
1003001 
1003002 
1003004 
1003004 
2803001 
2003002 
2003004 
2003004 
1003081 
2883881 

1002002 
1002003 
1002003 
2002002 
2002003 
2002003 
1002001 
1002002 
1002804 
1002004 
2002081 
2082882 

1003003 
1002084 
1883884 
2883883 
2882004 
2083084 
1883002 
1002883 
1002885 
1883005 
2883882 
2002883 
2882085 
2883885 
1082002 
2882082 

1002003 
1091004 
1002004 
2002003 
2001084 
2002004 
1002882 
1881083 
1881005 
1882885 
2002882 
2881883 



59 

iß.BRn 10.000 11.013 8.930 
11.019 8.930 20.000 -.500 
20.000 .100 18.989 -.921 

LEVLL 3.000 
2.973 -17.027 .000 -20.000 
.000 -20.000 -7.023 -12.977 

-7.023 -12.977 -10.000 -10.000 
-2.973 17.027 .000 20.000 

.000 20.000 7.023 12.977 
7.023 12.977 10.000 10.000 

12.983 -G.987 10.000 -10.000 
10.000 -10.000 2.973 -17.027 

-10.000 -10.000 -17.013 -2.917 
-17.013 -2.917 -20.000 .100 
-12.983 6.868 -10.000 10.000 
-10.000 10.000 -2.973 17.027 
10.000 10.000 17.013 2.G3G 
17.013 2.B3G 20.000 -.500 
20.000 .100 12.983 -G.987 

END 

1 2001004 
1 2001005 
1 1001001 

2002004 2001005 
2002004 2002005 
1002001 1001002 

1001003 
1001003 
1001004 
2001003 
2001003 
2001004 
1001002 
1001002 
1001004 
1001005 
2001002 
2001002 
2001004 
2001005 
1001001 

1002002 
1002003 
1002003 
2002002 
2002003 
2002003 
1002001 
1002002 
1002004 
1002004 
2002001 
2002002 
2002004 
2002004 
1002001 

1002003 
1001004 
1002004 
2002003 
2001004 
1002004 
1002002 
1001003 
1001005 
1002005 
2002002 
2001003 
2001005 
2002005 
1001002 
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Sectionals Filp format 

< —.SEC Me> 

<one level's sectionals> 

<a sectional description> 

<line-segment description> 

<type of line-segment> 

<9t«ndard line-segment> 

<a single polygon descripiion> 

:;=■ <one level's sectionals>»   END 

::- LEVEL <Z-value> <a sectional description>* 

::« SECTIONAL <line-segment description>*«« 

::- <X-value> ♦'Y-vaiue> 

<type of line-segment (from this point to the next) > 

::« <standard lme-segmont> 
::- CONFLICT 
::- BLANK 

::- POLYGON <a single polygon doscription> 

;;- <point i.d. number>*** 

A Sample ---.SEC file 

LEVEL  20.080 
SECTIONAL 

.000 -20.000 
-.030 -19.970 

-10.000 -10.000 
-10.020 -9.980 
-19.709  -.194 
-10.000 10.000 
-9.980 10.020 

.000 20.000 

.030 19.970 
10.000 10.000 
10.020  9.379 
19.709  -.194 
10,000 - 0.000 
9.980 -10.020 

LEVEL   9.000 
SECTIONAL 
-18^9   .562 
-10.000 10.000 

POLYGON 
POLYGON 
POLYGON 
CONFLICT 
CONFLICT 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
CONFLICT 
CONFLICT 
POLYGON 
POLYGON 

1002003 1003003 1002004 
1002004 1003003 1003004 
1002004 1003004 1&B2005 

2002082 2003002 2002003 
2002003 2003002 2003003 
2002003 2003003 2002004 
2002004 2003003 2003004 
2882084 2003004 2002005 

1002002 1003002 1002003 
1002003 1003002 1003003 

POLYGON    2001002 2002001   ?002002 
POLYGON    2001002 2002002 2001003 
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-8. 

1. 
10. 
11. 
19. 
18. 
18. 
8. 

-I. 
-10. 
-11. 
-20. 

LEVEL 
SECTI 
-12. 
-10. 
-2. 

37a 
000 
023 
000 
B19 
709 
983 
B08 
979 
000 
029 
000 
019 
000 

ONAL 
983 
000 
973 
000 
023 
000 
013 
709 
983 
000 

11.021 
20.000 
18.971 
10.000 
8.930 
-.194 
-.921 

-10.000 
-11.021 
-20.000 
-18.971 
-10.000 
-8.971 

.100 
3.000 

G.8G8 
10.000 
17.027 
20.000 
12.977 
10.000 
2.G36 
-.194 

-G.987 
10.000 

7. 
10. 
17. 
19. 
12. 
10. 
2.973 -17.027 

-7. 
-10. 
-17. 
-20. 

END 

000 
023 
000 
013 
000 

-20.000 
-12.977 
-10.000 
-2.917 

.100 

POLYGON 
POLYGON 
POLYGON 
POLYGON 
CONFLICT 
CONFLICT 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
BLANK 

POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
CONFLICT 
CONFLICT 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
POLYGON 
BLANK 

2001002 2002002 
2001003 2002003 
2001004 2002003 
2001084 2002004 

1001002 
1001002 
1001003 
1001003 
1001004 
1001004 
10O100S 

2001002 
2001002 
2001003 
2001003 
2001004 
2001004 

1001002 
1001002 
1001003 
1001003 
1001004 
1001004 
i00100b 

1002001 
1002002 
1002002 
1002003 
1002003 
1002004 
1002004 

2002001 
2002002 
2002002 
2002003 
2002003 
2002004 

1002001 
1002002 
1002002 
1002003 
1002003 
1002004 
1002004 

2002003 
2001004 
2002004 
2001005 

1002002 
1001003 
1002003 
1001004 
1002004 
1001005 
1002005 

2002002 
2001003 
2002003 
200100-' 
2002004 
2001005 

1002002 
1001003 
1002003 
1001004 
1002004 
1001005 
1002005 
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A Sample of a Reconstructed Object File 

Since this file is in the format of the currently popular Utah graphics software 

(MOTION-DATARD), interested readers should refer to the internal Corr, >uter Science 

Dept. memos on the subject Basically the file consists of 3-D point positions and 

polygons defined over the points, i he specific structure of the file here is a sequence 

of blocks surrounded by "NAME-" and "END-" statements. The names used with these 

statements are LI, L2, L3, etc., indicating the Z-levels a( which the reconstruction 

process was applied. Defined at each level in this file are the points that lie in that 

plane (notice that their Z values are identical) and the polygons that lie entirely in this 

plane (the lop and bottom "cap" polygons) and the polygons which form the surface 

between connected sectionals on this level and sectionals on the proceeding level. ( "T" 

in the polygon definition sections refer to points at the proceeding level.) "COLTAB" 

commands indicate changes in the coloring of the polygons being defined. Colors of the 

polygons indicate the nature of the local surface region -- being either a 1) 

standard-measured surface, or 2) one which was initially blank but was later "filled in", 

or 3) one whose exact position was in conflict. 

snnoTH-Nü 
NAME-Ll 
BODY.SCENE 
POINTS 
1 1 e 0 
2 0 10 
3 0 0 1 
4 0 0 0 
5 .000 -20.000 -20.000 
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6 -.030 -19.970 L10.000 
7 -10.000 -10,000 -20.000 
8 -10.020 -9.980 -20.000 
9 -19.709 -.194 -20.000 
10 -10.000 10.000 -20.000 

-9.98P  10.020 -20.000 
.000 20,000 -20.000 

11 
12 
13 
14 
IS 
16 
17 
18 

.030 19.970 -20.000 
10.000 10.000 -20.000 

9.979 -20.000 
-.194 -20.000 
-10.000 -20.000 
10.020 -20.000 

10.020 
19.709 
10.000 
9.980 

POLYGONS 
1 18 
COLTAB 9 
2 7 8 9 
AXIS 1 2 
AXIS 2 3 
AKIS 3 1 
END«LI 
NAI1E-L2 
POP-LI 
BODY-SCENE 
POINTS 
1 
2 
3 

6 7 

10 
3 
1 
2 

11 12 13 14 15 IG 17 18 

4 
5 
G 
7 
8 
9 
ie 
ii 
12 
13 
14 
15 
IG 

18.989 .5G2 -9.000 
10.000 10.000 -9.000 
8.979 11.021 -9.000 
.000 20.000 -9.000 
1.029 18.971 -9.000 

10.000 -9.000 
8.930 -9.000 

9.000 
9.000 

10.000 -9.000 

10.000 
11.019 
19.709 -.194 
18.989 -.921 
10.000 
8.979 -11.021 -9.000 
.000 -20.000 -9.000 

-1.029 -18.971 -9.000 
-10.000 -10.000 -9.000 
-11.019 -8.971 -9.000 
-2G.000 .100 -9.000 

POLYGONS 
ts 
TG 
t7 
t7 
t8 
t9 
t9 

8 TG 
8 t7 
8 
9 
9 
9 

9 
t| 
ts 
10 

10 tl0 
COLTAB G 
8 tl0 10 11 
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3  tl0 
ie ti« 
11 tn 
12 til 
13 tl2 
U tl2 
COL TAB 
15 tl2 
IG tl2 
CCLTAB G 
17 tl2 
18 tl2 
19 tl2 
20 tl3 
21 tl3 
22 tl4 
23 tlA 
COLTAB 
24 m 
25 tl5 
2G tl5 
27 tlG 
28 tl7 
29 tl7 

11 
12 
12 

12 
til 
13 

13 tl2 
13 U 
14 15 

lr. 
IG 

1 
2 
3 
3 
4 
4 
5 

IG 
1 

2 
3 

tl3 
4 

tl4 
5 
G 

6 
G 
7 
7 
7 

tlS 
7 

tie 
tl7 
8 

8 118 
8 t5 30 tl8 

END-L2 
NAME-L3 
P0P-L2 
BODY-SCENE 
POINTS 
1 -12.983 G.8G8 -3.000 
2 -10.000 10.000 -3.000 
3 -2.973 17.027 -3.000 
4 .000 20.000 -3.000 
5 7.023 12.977 -3.000 
G 10.000 10.000 -3.000 
7 17.013 2.G3G -3.000 
8 19.709 -.194 -3.000 
9 12.983 -G.987 -3.000 
10 10.000 -10.000 -3.000 
11 2.973 -17.027 -3.000 
12 .000 -20.000 -3.000 
13 -7.023 -12.977 -3.000 
14 -10.000 -10.000 -3.000 
15 -17.013 -2.917 -3.008 
IG -20.008 .108 -3.888 
POLYGONS 
COLTAB 7 
1 tl  IB 1 
COLTAB G 
2 tl  1 2 
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3 tl 2 t2 
4 t2 2 3 
5 t2 3 t3 
G t3 3 k 
7 T3 4 H 
8 t4 4 5 
9 t4 5 t5 
10 ts 5 G 
11 ts S tG 
COLTAB 9 
12 t6 G 7 
13 tG 7 t7 
14 t7 7 8 
15 t7 8 t8 
IG n 8 9 
i7 ta 9 t9 
18 t9 9 10 
COLTAB G 
19 t9 10 tl0 
28 m 10 11 
21 tie 11 til 
22 til 11 12 
23 til 12 tl2 
24 tl2 12 13 
25 tl2 13 tl3 
2G tl3 13 14 
27 tl3 14 tl4 
COLTAB 9 
28 tl4 14 15 
29 m 15 tl5 
30 tlG 15 ie 
COLTAB 7 
31 tl5 IG tlG 
32 tlG 16 tl 
COLTAB G 
33 14 13 12 11  10 
COLTAB 9 
34 14 10 9 8 7 G 
35 2 1  IG 15 14 
END-L3 
END- DATA 

5    4    3    2 



APPENDIX   C 

SAMPLE PROGRAM EXECUTIONS 

Here is an adual Teletype listing of the software system in execution. This 
informal commentary is meant to serve as a substitute for those interested readers 
unable to see a live demonstration. It is assumed that the rest of the dissertation and 
the previous appendices have been read. 

(The underlined parts are those typed in by the user.) 

First, the raw 3-D data are acquired from a laser-scan of a scene of object(s) by 
exocutmg NWRSL (or RSL) on the "Single-User" PDP-10, the computer which controls 
the laser deflection system and the spmnmg-disc detectors. 

r TffI DTAl    RSL 

WANT   LA3ER  iJChN   AND   UTA   OUTPUT?   Y 
ARE   YU'J  0\'   ilf.GLE   USER TO   OP  N)~\     GPI.?   DACS   INITIALIZE». 

DTA#  A   FILE   NAME«   (DTA*<-R   ->   NO-OUTPUT   TESTING)    I   SMDOX 

RIR,    ELEVATION   OF  GOOD  PTS.r?^ 

DiFAULT   SCAN   ( MOO,X: + -2tf,Yr+-30)   7 

LA3ER-0:iJECT   DIST.r?l£0 

XNIN   «7   -25 

OK  7( Y/N)'  Y_ 

XMAX   i?  J0_ 

OK  7 (Y/N)  _N 

XfAX   :?  ± 

OK  7(Y/N) _N_ 

XilAX   =7   2_ 

OK  7 (Y/N)   Y 

UK  7(Y/N)   21 

Since this particular program is an extension 
of Burton's Twinklebox system (as described 
In Chapter 3) the option still exists to run it 
with L.E.D.'s instead of with a laser; for now, 
we choose the laser. 

Since program can also be tested on the Utah 
TENEX time-sharing system, the host system 
needs to be identified. 

Specified next are the output device and file 
name for the coming data. 

3-D points with vertical components less than 
the minimal elevation are ignored. (Setting 
this value to -1 -- 1 inch below the floor -- 
effectively suppresses this filter.) 

The default scan area covers a region of 
approximately +/- 28 units by +/- 30 units at 
a   distance   of    100    units    from    the    laser. 
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Oeclmmg this setting, we are allowed to 
specify each of the limits of the scan, to 
visually check them, for possible adjustment, 
before specifymp, the next limit value. 

YMIN   r?   -IP 

OK 7(Y/N) Jl 

YMlfl   s?   -23 

OK  TCT/f,)  _N_ 

YMIN   :?   -M 

OK  7(Y/r.'>   y 

YMAX   t7 _0 

OK  7(Y/N)   Y^ 

NX3TEPS,    NYSTEPSr?    15   I'. 

NSAMP»rMINSAn»:MCUT0F:7    |0 

At each position of the laser the 3-D position 
of the surface spot is measured by the 
sensors and calculated a multiple number of 
times (for increased reliability and accuracy). 
[ In this case, this number — NSAMP -- is set 
to 10.] If the measurement attempt is 
successful for less than a prescribed number 
(in this case 7) of these attempts (it can fail if 
'ess than 3 of the sensors "see" the spot or 
the calculated position varies too far from the 
previously calculated position) then no 3-D 
position value is recorded for that position of 
the   laser   beam.      To   further   minimize   the 

7  6 

SCAN   ID.    Ntl.    r? J_ 

IM,    OF   TOTAL   SCAfJS:7 J_ 

WANT   OUTPUT  OF  RAV   MEASU'iEMCNTS  7 
OK  7(Y/N)   | 

\A 
TKAPSS  CALLFD.   IT   IS  NOT  HE^E   AND  NO   LONGER  NECESSARY 
NUMBER  OF   L. E.D.3:        2 

effect of position values which stray too far 
from mean position, the final value is 
calculated from a subset of the values which 
lie closest to the initial mean value. (In this 
case, the 6 closest values are used in the final 
calculations, i.e. the 1 to 4 farthest ones are 
ignored.) Y""    ^ 

An identification number is used for each scan 
so that data from multiple scan of the same 
scene can be uniquely identified and thus 
used in the same reconstruction process. 

The rrw measurements (as discusseo above) 
can be output for diagnostic purposes. 

Setting the number of L.E.D.'s is a vestige of 
Burton's program. The only purpose it 
serves with the laser option is to 
automatically eliminate calculated positions 
which are more than a threshold (16 inches) 
away from the previous position calculated. 
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In addition to ROing onto the DECtape, the 
data can also be directed to another device; in 
this application, output to the Tektronic 611 
storage scope is the most convenient, 
enabling easy monitoring of the scan's 
progress. 

DATA   TO   TELETYPE,   SCOPE,   OR  DISX   (T, S,D)J J. 

(Scale factor for putting data points onto the 

scope.) 

3:ALE:  J_5_ 

SI   NGLE   OR  QUAPMNTJ   _Q 

GO? jr_ 

ENOFILE AN? CALL RFLEA1   ON     1 W 
NW.   OF BAD POSITIONS: 3 7 

TTA*   *  FILF   NAIEt    (OTA»«-«   :>   NO-OHTP'tT   TBTTWW    tC_ 
.TC 

Quadrant option puts the data onto the scope 
in three different axes -- XY, YZ, and ZX. 

(The scan now takes place -- approx. 5-10 
minutes.)     The     End-of-File     written     onto 

theDECtape file signals the completion of the 
scan. 

The number of points rejected (as described 
above) out of the (40 x CO -) 1600 total laser 
positions. 

Another, new scan can now be specified. 
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^T'pllA   +ii 
?, ii?i'»? +?'' 
;• 11?'«i2 + 1 " 
2«*2««| -.T 
2iij''ii ..■> 
2 oin j'»i2 + 11 
2«<«S]in3 »21 
211311^ +1i 

g > 

?'•• 

2i 

-?1 
-1'" 
1 
+ li 
+ ?^ 
4-0 ^ 

+ i" 
i 
-i * 
_<■> /i 

-? i 
-n 

"1 
"I 
*8 
,•3 

c 
M 
"1 
^o 
"3   i 
i?  + 1 ^ 

INPMT   FILEtTlOyi .DAT 

WANT ? ^y.^NI-o^iLV   qLF?Y 
NEW POr, r;fVj   fT,_F   -jA^Frn'^vi .PT, 

WANT   NI-GOIO  Pli.vTTj-; '  7Ii.r?N 
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Listed now are the original data files, as they 
would come from the digitizing software 
(NWRSL). As described more fully in 
Appendix B, these files start with a descriptor 
line, telling the number of samples on a scan 
line (5), the number of scan lines (3), and the 
scan identification number (1 or 2 here). Of 
course most actual scans contain several 

hundred points or more. 

It should be noted that the data used here is 
simulated, generated to illustrate, with minimum 
distractions, much of the system's capabilities. 

We first generate a skin of polygons 
(triangles, actually) over all adjacent points 
which are in the input file. 
N -- We don't care to save (in some disk file) 
all those polygons which are no good -- those 
for which one or more defining points are 
missing. We Know that all current points are 

good. 

POINT-TABLE   --   is   a   scan   grid   showing 
present/missing status of each point. 

(Like some real-world creditors, this computer 
system mercilessly pesters over-extended 
clients.) 

(Dashed lines indicate typing errors.) 

WANT POI NT-TAIL»"   n'T") 
WM 13K   PAin   Itrtl ! 
FII0H3   II   51r>^A'^    OVF1'   ALLOCATION!» 
N 

WANT   ITTI ON-^ATAT^   1IITPMT7Y 
10TI ON-iATAOl   hLg«W\^T*< '|fl .'^ 

WANT   FILL-T-ft'JK-PlI NT-;    ?N 

TBOXi.MDR —This will be a point and polygon 
file of the just-defined surface in the format 
of the currently standard graphics software 
at Utah (MOTION-DATARD). 

1X1TIP?s5   NVTTF0'?.^   n"C ANrl i^'i"'' 

-|1^   Iii   -iii   i ii   -i ii   i ?i 

.«/ 

>■ 

ENTCR    «nTTir  OF  OIJFCT' HCIQHt   <FT» cn.i:'TN'»  'Bf)   ?t^ 
SMOOTH rNO 
NA^iFrSCAN All points NOT within this defined volume  «re 

assumed to be incorrect and are discarded. 
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VM'JV iiiruurEn TO i Ptn.^nst^i^i »ri^^yrs^^-*^ BTn,i»o 

F.y i T . 
TC 
•COP  Ta iyl tP1L'?   fTO)   TTYt   t«1 
ÜX$TIP5^9  'lY'TF0'--*   I'WCANsn««"'' 
|^fl|f!«|   in-»?ni   n^l^T 

1 TM !»^9    1 T^2?Ti> 

I9l->2^1J   1 VM ''? 
I TC? 51H3   I "13 * '3 

1 ■»■12'"Ti   1 f,15«^4 
-»COP VVV<1±121L 

qO^Y:3JE"IF. 
P1I MTS 
1 I   « « 
2 « I  i 

1 Tij 11° 
1 TTJ (113 

1 n2i «* 

I i 121 '^ 

I -»IJ"-«? 
I no n ^ 

1 "i^'i »J 
I  T12 C14 

|  i -ip T 1 c, 

1 i>^i 1=; 
?   (TD   TTY'   ( IK i 

S 
.'. 

S 
7 

R 

-51 

-Ji 
-31 

-1     ^5 
?     2^ 
5   -^, 

-5     -3" 
5 -31 

COLTAl   ^ 
1 5 
2 7 
3 « 

AXI ? 
AM- 
^NTrSCAMl 
'JAXFr';')''!! 
BO It ACtH 
P0pr?C AMI 

1 
L. 

3 
4 

< 
7 
P 
'J 

1   ■ 
1 1 
12 
1 a 
1 & 
1r' 

.111 

1  ^ • n 

.11'' 

_ I fll    11 ^ 
^> ^    •» « ^ 

-1 ^.1^^ 
,1*1 

-1 « .111 
.111 

POLYTTT- 
1       1      |i 

.ill 
• 
,1^1 

•)! ] 1        _2 T 

l'-'.lll   -J 

11."?"' 

21.?1 1 

1 f   ^^ 1 
11 ■• 

I f   ^ 1^ 
til 

21,111 
-1 "• ,«H* 

• 

n ^   ill 

.IT"» 

-11.11^ 
»T   "ll 

The rest of this program is diagnostic message«; 

a 10 ("C0NTR0L-0M) disables this kind of Output. 

We now look at the polygon file juet generated; 

it looks good — ,j«t a list of Input data point« 

which define each polygon. 

The large point i.d. numbers make it 

particularly easy to integrate data from many 

different scans into the same analysis structure 

and still maintain un.que point i.d.'s. 

We now look at the standard graphics format 

file just generated. It contains, in addition to 

the data in Ihe previous point and polygon file«, 

a definition of orthonormal vectors for easy 

rotation manipulations when later viewing this 

object. This file also defines two additional 

polygons — a "floor" and a "tab" on this floor — 

to aid visual orientation when displaying the 

objecUs). 

The point values here match those of the 

original input files, except this graphic system 

require« consecutive point i.d.'«, «tarting with 1. 

v. 
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C 

c 

V      2       I "      >J 
3 2 0^ 
4 J Q      8 
5 3 R     4 
6 4 R      7 
7 4 7     S 
i 5 T    « 
9     I«     ||     q 
|«    o     ii      ig 
I I o 12 R 
12 « 12 13 
13 * 13 7 
14 7 |3 {4 
15 7 14 g 
11^   a   i4   M 

ENOr^ATA 
'*NOFN£J 

I "JPIIT   FILEtTjO« .TAT 

We generate the f ilygons file for the second 
original point file. (Exactly the same as for the 
first file.) 

WANT PD'.Y'jir!-O^i Y   qir? 
tR3 7 rr;i<   PATr-   t^rFpi" 

F'tcwq  n   31 7 oAnr;   IVF9   A'j.r ATI n\i! ' 

TE'J POLY TON   HLf   H^TTBOV? .P-IL 

WANT   NT-10T1  PXVTTK '  nLF?"J 

WANT PTI "JT-TA^tr   STLF^N 

WANT  "OTI TN-IAT^OT   1ilT3ilT',v 

M'.TI TN-»TA»ri   FI Lr-,>T"' Vtj !jjg 

WANT   rI L'.-S'.A^-p-)i-JT-;    ->•) 

NXSTP':;r5   NV";Tr.:}'; r3   t,>?CA1^f««'««i 

-I 31     | T»     -111     I'll     .in-,     l^i' '• • 

FNTF"    '^OTTT-   or   l)9JBT' "FIOWT   (T«W  - (11  WIV 

NA^-rlCAN 
YNOW   ltITULI?n   TT   1    PTID   «IKtfl 

prlT, 

tprn 
piFr   <»occ>t( fw<i 

♦KV 
5^2 

2(1^111?   -Hi        i #fip   -i n 
?11\ T1J    4.?1 "»WS    «1 
2ii\ m ♦ |^     (i #i? +1 -, 
«OVPIWITE   TT0yr'.T1T.7   ft-"   VFP-^IO-Ji 

«N^^NPO 

" ^ Y     '*- 

iwn »«' 

For txpanmentation, let's altar the value of on* 
of the original points — from -.5 to -87,5. 

We'll again execute NGENPO to get a polygon 
mapping for this altered data file. 

I 'IP'IT  FlLfiTSW? .TAT 



C        U4NT Pni.Y^i^'; ■ "vji.v   HLE? 
1 790   T^K   PATf.'   LFFT! I 

t       L 
NEW PILYGVJ riLF ^Mftqvwnoyg.PIL 
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We'll now I00K at a "no good" ^olygons file 
to check if the polygon depending en this 
altered (and to be discarded) data point is 
also discarded. 

ya NT   11-3000  PILVOIS 
NEJ   'FA I LEO ' PILYTir 

FILFW 
ril.E ^lA Y~;->T^ "ivr .'i-;' 

WANT POI JT-TA^LE  HLEW, 
PTINT-TA^LE   Fllltrgjfi .PI'' 

WANT   "nTI 1N-0AT49n   OilTP'IT?Y 
mTIOiO^TAKQ  H LEs7I10*£J2!22 

WANT   FILL-B'.Ar-PnpjT'    7H 

We'll also I00K at —.PTB file and checK for 
the discarded position. 

Hotefully by defining the acceptable 
volume, the previously altered point will be 
judgftd unacceptable. 

MXSTEWs' N^STEP^T^   l^^AV-r-»m-»-» 
ENTF^   LI "I T.    IE  VWIT   VOLU^El   v-t>jiY^aY>   v "T "^"Av t   - "y ,it"'«"A" 
-rsps -rsps -p'irs 

fijcQ    'niTTTI^  nr  rw.ir^T' MffWT   C^IP lOLWIV  ',^r)   »s<" 
IWJOT^ -NT 
NArEr^^A" 

YNOv   I'JITI ALfFO  TT   1   PTI^^O 

Em, 
tC 
•»CO3 T^jXj .N'^r 1   tTOl   TTV;   r OK i 

2^,«('«'']   2'''^2',y\   p^^i^ir' 
■»Ca= TH'Wr?,PTAtg   (T'1)   TTv?   [ K ] 
■JtlTF»''" :^   NVlTEPTr^   I n'r A Mr? " ^ "■ ^ 
5 :Yvyyy 
j> :y x t »y 
I :,yyxy 

XM'^rY   "ITF?   (T/IJI 

Pit NT   FILE ' rLlllL^iI 

■)E3CRIPTI IN! 5  S   1 
TOTAt.   «. PT9,s 11 
UAMT 9OTTE1 p^IMT^,  (Y/'J)N 

PiLY'iN   FILE 1 rToiyi ,P0' 

As expected the discarded polygon 
definition appears in this "discarded" list 
(it's the only entry). 

Looking at the point-table file we see (by 
the X's) that most of the potiVons have 
valid entries. The only missing position 
(markded by a ",") is the first sample in the 
firr.t row of the scan -- the very point we 
severely altered. 

SCANA - This will accept an arbitrary 
number of point and polygon files and 
generate the line-segment intersections 
between positions of the cut-plane 
(analysis plane) and the data polygons. 

OE'CPI PTl TN! N^TEP'- "i  M^TF"'^   j'v;c i'i-1 "''■""',■, 

TYP"  OIiCAfn-O  PILYTOr''   (Y/1>1 

lAV.^^HN-i-LEVEL? 
1 Tf)  W   PAT^   '."n ! 
F'CMT   IS    VA  P49E^    HW»   ALL'X; ATI i'J! ' 
1 

TTT«'.   "W,  POLVQW - I ^ 
TOTAL   f.   POLTOI1*!   COVTl O^'Jnr 
POI-iT   fl\.l PsWW?/»T 

OWC'IPTl V'« 1  1 p 
TOTAL   W, PT8 .; ^■1 

WANT smTE'l   POMT'^1   (Y/N)v 

I • 

One diagnostic ouiput is listed here — the 
original point« (from all input files) sorted 
by their l.d.   numbers. 

\\ z    1 ^1 ^C>|       ?T .Hfl I ,|M 
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r 

» 

c 

c 

c 

O 

"ü)r 
3)r 
4) I 
5)r 
6)r 
7)r 
«?)r 
9)r 

n)r 
ll)r 
I2)r 
13): 
14) r 
I5)r 
1 Os 
. 7); 
M)T 

19): 
2^): 
21): 
22): 
23): 
24) : 
25): 

2 7): 2 
20) : 2 
29)r 2 
!»*)«  2 

PT.YTOX   FII.F 

««iUna 
1711 ^4 
flit US 
1121'! 

MS CT «3 

11? ^14 
11? 1 '< S 
"»I Ji »1 

iiji ^ 
ii3iiri 

ill (|<I3 
^ 11 ^ ■" ^ 
M14 <« ) 
71? ^"1 
11? ^Hg 
HO Tl^ 

1121^4 
fl.^? 115 
•»15111 
1151 ip 
»»(»»^^^ 

I   1,'»'^» 
,111 

-1   "    ,111 
•? 1   , 1 1 1 
?1   ..11 1 
n.1^1 

-ic.-ii- 
■9 «   111 

?1illl 
11.1'" 1 

-1 1 .i^i 
.f» 1    ^ loi 

-? " ,1 T 

-|1 .I"" 
.111 

1 "."ll 
pi   f%n\ 

-pi .i^i 
. 11,111 

1 l^llll 
p ■>   111 

_p T   in 

• 11*111 
.".11 

ll.ll* 
?1 ,111 

- I  ■' ,M'<'1 
-P 1 ,11 "" 
-11,11^ 

.111 

.tu« 
-I * .Oil'-» 
.0 1   fl^l 1 

-il ,111 
#111 

,111 
-11 ,JWfl 
-?1 ,C11 
-11 .fll" 

,1M 
-"7,"51« 

1 1 ,111 
p 1   111 

I 1 ,(»11 

- ,511 
-.51» 

1 1.111 
Ji 1 /^l i 
I 1   111 

- ,511 
- .511 

I 1   1 ^1 -1 

?• .111 
1 " ."I-' 
- .511 

! " 
|i 
|1 

|1 pi 
p -» 

21 

2'» 

|i 
I '" 
21 
p 1 
?i 
91 

"51 
ip 1 
i| ^ 

i|i 
101 

1»1 

101 

1.5 1 
10 « 

1 I n 
1 I 1 

"P 1 
1^1 

10 1 
1| 1 

"] 1 
IO  r^ 

10 1 

1 1 1 

i| 1 

t^ 1 

171 

M 1 

OE^CMPTI IN; W'TFPT :5  ^y^T"1^:'   n«;r ^v-pimi. 
TYPf ,)I';CA?')~r) Fll,YOW  fv/M) 
I 723   75H   P««M   <.Fc"Tr ! 
Fi)CH<;   15   3?4  PA;1E:"   Ovr^   4'LXATI OM'• 

WXtMOJI^-LEVCL?«*! 5 

TOTAL   "*,   P'lLYTO^'r 31 
TOTAL   "Ji.   PT.YTT^   CTM-I DF^n- 
Pni NT   FILF. 3: 

TYPEOUT P II ns    ?     (Y/'J)JJ_ 

TYPFO'IT FOLVflftlH    ?     (Y/vl)M 

TYPFO'JT Nlffl   K LOJ  »'S   7     (V/N)^ 

TYPEOUT SOPTET  ' '^   ?     (y/«Mv 

1 21.131 1 1 ,151 l? 
2 S«,«5« | 1»   i^ 1 1' 
3 21.i^" I 1 ,1" 1 14 
A 21,131 11.131 ?-l 
5 2^.131 1 1.1? " 2« 
t 2".7131 ll.l?-" 20 
7 2i.i?i 1 1 .1P1 1 « ■ 2i."re 1 1."?^ 1 1 
1 2»i.-,?i 1 1 ,11 1 1 ! 

li 2i.i?i 11.11 1 1 ' 
1 1 2i .i?i 11.1?1 25 IP 2',.i?i | 1 ,1p " 2*; 
1 J ?n,i?i 11.11 1 Ifl 
1 4 21.12* n.ll 1 31 
15 21.11* n.in 1 

7.1 

Another example of diagnostic output — 
the high and low Z values in each polygon 
— sorted by the high Z value. (This is 
useful for determining which polygons 
intersect with a cutting-analysis plane at a 
given Z level. 
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t 8   2«,<M«    n If)     £ i. M w      I '' , 

FI)CM-   1^   ?2 4  PAGE"!   OVF.'?   ALL OCA TTO'IM 
CM « ?4 

17     1 ^.TJ'1« 

13.C.51 
1 ^.13"' 

I «.«2« 

II .ir i 
IP."2'' 

18 
I« 
?« 
21 
?? 

24 
29 
2fi 
27 
2? 
20 

SI 
^COPEFACTT? 
»LT*1:   .o".'""' 
x M i o< T    2 ", w fl 
YLT''-   -cl.'>''^ 
YHIGMT   r^,''1'' 
vnpi TI Nt  51? ,*** 

rc.     7.1 is 
VCr        7.15? 
T M I jM T     P ^ ,^3«     ^ L TJ r 

TYpr DIM   AT 'LflVEl " 
TYPE EMM   AT TUCVELs 

12 i 

1?1 

31211 
sea 
,31 T 
in 

«A 1 

i] t| 

5 

r- 
21 
21 

2 
3 
7 
R 

17 
i n 
22 
23 

l 

,T1 •  ''t.rV!'"'. r ?2■1, 

2 1 (4I^^ 
2«! .All 

o .oo?   -1 " ,T ■" 

•,«3«    -Ifl.T?" 
^ ,Q'i 11 .i;' "■ 

21 .iii 
I Q .^ 7'1 

| I.""-- 
1 1 .111 

."11 

1 1." •• » 

-11.117 
-I I.-'? 1 
-I 3 .«Ofl 

ii.iii 
i?.i?i 

2"."H 
.^ ^  *» ^ i 

I ".^ ''■ 

o)'5 7'5 

-.V 

(•".-«ii 

^ • ^   ■ 

•        •   '   ' 
1 '.'" I 

1 1 ,"2 1 
21 .111 
1 ^ .00 " 
1 0 .01 1 

.{•(«7<i 
-1 i.ii'" 
2" .m 
10 .071 
| l.li« 

-1 i.l^i 
1      '    • ■   C 

-o .mi 

I 1,-V1 

Q .0 70 
- ."il'l 

.««Qi 

'     T'l   FV r T   p'i" "11 01 '"'.AV   E)i-V"    ?   ( MTT'-"! 

WA-JT saxfiic? (Y -'■■) ^ 

'JA NT   ffH <(J1   PIi.r7Y_ 

WAMT T1 C. n1' rXi;TlMr; rI'.F?N 
mtl FILE "JA^TtT ' ivl ^ .'i'' — 

Mf.'F^TNT-; r H" 
FIN1"HET   TIT^'IT  T'-'I'   Lryr'. .   WAVT  Ti "'.i":'"   r''.r   MT'TM 

"I'H.TI -LF Vr'.    TI'OI.AV)    (V/'!!" 

TMI^r     21,1^1     'l.lUr .31 Cl  7(.P,'rL -'^ 

The program now requests a trial 
7 value for a cutting plane. This 
program is usually run on a 
Tektronix 4012 graphic terminal; 
so the intersection line-segments 
at each Z level can be observed on 
the screen. 

Here        we        just list the 
line-segments, in format XI, Yl X2, 
Y2, OIRECTION (not important 
here), and POLYGON I.Ü. 

I! 
i -i 

?* 

i < 
i i 

I 1 
?*, 
? <, 
J ^ 
SI 

o 
Li 

Here we put these line-segments 
ir.to the newly-created «.egments 

file —.SGM. 

TYPE   F/iiri   aT flf.WLz 
TY^E  CWM   AT lirvrir 

o.m   ?   (Y/'J) 
o.m   7   (Y/'JM 
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Oil PLAY   DOM   ? (NOTF.:    't' TO  TXIT F,»0'* 9I5»L*y)   (Y/*nN 

VA ^T SQIFILE?  (Y/«I)Y 

1^ ,3 EWE IT? s 15 
FI1I5wn   VITPUT  MIS   t.FVEL .  WANT TO CLOSE  HLE  NOVTN 

NUl.TI-LEVEL TITLAY?   (v/v)>( 

' '< i ^,u i.M« ' L W: 

TY0F  r'n£^   AT TLEVELi 

."I'," SLEVELsM 

5 .ill   f   (v /*|) N 

rtJCMS   H   52« PA.-.r-    IVF^   ALLOOATIOM»! 

'. ''T ^l^fXtf?  {V/J|)Y 

.A »I   vcj  -;-i   7ILr7N 

7I in«F^   O'tT^'IT  flS   LEV" 

After selecting several other 
levels for the cutting-analysis 
plane, we close the —.SGM 
file. 

'JA^'T  T" CL0~r   rI'.r   MOUTY 

^IH.TI-LEVE'   in^' AV   (Y/^)«C 
"iCO" TT0> i- />-;"? 1 (TU   JJ ̂ 1  r OK 1 

LEVEL      S i.^ii 
n.om -n.ipi ,111 _p(1    /1<»T 

#,,, .ri.""! -1 0 V, 7^ 
• t«*5« .|« .C71 • l*,W1 - 1 1 ,?11 

-o ,001 1 " . \' « ,1l''1 ?4,«41 
.11T ri.-ii ."31 10,071 
.nji 1 o.o 71 M.11-« 1 1   nni 

I5,9«1 , m IC.111 • 14,44« 
1'.-"^ -l".-«!? 1 .0?1 1 4 ,4>4 

-1 «,11" -1 S,M« -1 i.ipii -0 ,<3ai 
-1 ^.1: • -0 ,«f|i -i'',.^'n ,144 
-19.c«^ - .^0? -M,-   « 1 i,ni 
-1 '.""i Il.^ll -0 .O'l 14,42* 

1 1 #-»i-> 1 ^,'"1'" n.T" 0.070 
n.ipi 0.97Q on 1 ^1 -^ • ,54« 
^1    11^ ,|M |Q ,00 1 ,§99 

•2 >,«« -.511 -lo ,001 - ,4^0 
LEWP. '; .171 

^.C7n -11 ,SB1 ,441 -?fl ,494 
.7^1 .j>i ,j<ii -1 ."^ -M.o?! 

-l ,^25 -|a.07| -n.m -17i,3?ifl 
-8.9T? II .TI ,444 24,494 

.iii g«,««!! 1 ,«e» lff.071 
1 .-is« If .0 71 l«,4«i 1 4,t4<l 

1 S.OPO -,«1 10.^11 -|4,494 
1 1,1111 -1 9,9** R.070 11 .^? 1 

-1 «««M -I" .111 -11 .''lo «.071 
-11 .-n -«.071 .0 1 #nir 1 ,|44 
-1 O .Q3C .'>',? -j 1 ,1111 14,444 
-1 e.^jif |4(<IM -«!o 70 11 .0?! 
|fa4M 1 «   IT» 11   .^10 P.'JJf 
il ,«u «.^3" ?'»,H? 1 .,*,** 
e«(M« »i«« 1 B ,0 «'. -.021 

LEVEL S.P«« 
P.9 73 -I7.i?7 .flll -?fl,n? 

(9<I4 -2'",^',ii -T««BS -1? .077 

t 1 ^C" 

1 "15 
|4«p 

9 1 *5 
1 '*''2 
1*42 
1 "i? 
1 rt in 

9 i.in 

?',',r 
2 iir 
|442 
2*4? 

l^^l 
I 441 
^"l 
?-.-,! 
? "il 
"ill 
|ii| 
ini 
Mil 
I «41 
f "'"l 
244| 
2441 
?(»i| 
imill 

11T 

"lA 
113 
113 
if ü 
11p) 
im c 
■44 
l^S 

119 

11/1 
11"? 
lit 

11] 

11T 
11X 
HA 
113 
443 
"14   I 
m*f 1 
44| 1 
444   1 
115 j 
1-V5   a 

We   nevt   list   the   —.SGM  file 
we've just created.    It not only 
gives   the   definition   of    each 
line-segment at each level, but 
it also preserves the definition 

' of the polygon which generated 
I this     line-se^Tient.       Although 
r this information is  not  used in 
' the   present   implementation,   a 
' more   sophisticated   one   could 
r take       advantage       of       this 
" (line-segment        to        origina1 

! polygon) mapping to control the 
• explosive g  iwth of tn* number 
' of new polygons  generated  in 
* the  later  object-rt construction 
H section. 1 

1 
1 
2 
2i",?i'"3  T'Tliia 
2442449 pi^pi^i 
j^ij)ii|   j^^ig^nj 

; 442 "^   1 ""l 94a 
11? 113   11121014 

>ii2','i2  2442493 

112 2 
HA 2 
11s 2 
4*1    1 

li^lfli3 
1441999 
1 ii2 us 
2 "48442 

112112 2*il "13 
112 i"« ?.'*'*\'*'*^ 
492444 Zi'*?.'*'*^ 
99249]   I m ii2 

'•42442 
112 444 
11211A 
iT<> fii [ 

|4*|443   1119112   1112*13 
I111113   IIIOICVJ   iidioici^ 
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-t,*?3 -1^ .077 
-8 .^7? 1 7.1p 7 

111 Ortl         ■>    < 

7."if 3 1?,.'5 77 
ir .^" - «.^ü? 
I«,AM -M,3^3 

■17.713 -r:.o;7 

7.«?3 1P.0 77 
n,'»i'« i«,«i4iii 
1 ".TI -1 H,{)»fl 
'-'.^75 -17.^7 

17.71J -?.017 

I «J"^ 0~K   P^TEI   LFFT! ! 

1 7.^11      -r .^73 I7il?7 
l^.m     17.113 p.^j« 
r.^<   f'.M«! ..s"i 

.l''^      l?.Qq3 •ff(9*7 

-12 .-305 
-1 1 ,117 

1   '.^" 
17.113 
?1 ."11 

^v,a< tit; 

3r'5rf,iTl   iN-rii.r   vm-'^jviy |2 .sow 

'"•■JT T) H^Vf^yi  CAM CT^N^CTVY 

^"iniyi   |«^i^3   inoiia 
•piil 113   M<«Rm2  ?ii?i75 • 
2<<<*|<«<*3    piipT-i^   2171174 
2171114  21121^3   2172174 
l^ll^'s^   1112111    III?IIJ> * 
I ill 172   ln^ni?   iiiin^ 
11711'»4    1177114    Iflii^-j 

211171?    ?'"K>W\     OlnplTJ) 

2',71114   ?"'V>'«14   ?1f»ins * 
^HIIIS   O^ipi"/)   pnn^^mc; 
in|l''l     1712771     177111? 

We now call the program which 
organizes the simple line-segments 
into closed contours (sectionals) at 
each Z level. (Much diagnostics 
follow.) 

".Fvs         .""'   u*- »Ti  »Ä'J»»  •»•WLtVB i   rv   ^#111 
•L^V»L.    ^.e«e.    ^.i-^    ,.,^<i.    .-e.Me, ..^-i; ♦.Jly!,,    .le.ee«, 

.^n.-i-.   ..i«,^-..   ..}«(af«.   .-10.001, ,.n#,M,   ,11 ^-,,   <M ^ 
♦ •i>   «pi.ii",   «-r-.ii-,   «Lrvria i   .     »   <ii.-'p 

I?FT: I 
•Ol Fr     -2 ,7(11 

Tlf.Vs    o^.ii'  Tia-; AT.   cMTr-,  T^YtfT^VIWTIOfi   INT-fr i [r,i,*i|M 
101 Fr 
13! F s 
•■niFr 
OIF: 

•■ni Fr 
ill F: 
«OI Fr 
rn: Fr 
l*)! F: 
ItMtts 
NFW3I?r 
ei~EGr 
LJ1KI2r 
AI5EGr 
L3eRttt 

i«ni 
rOI F: 
HOI "r 
NFVai2r 
ICVSIfi 

LOl*>Iti 

'.O^KI?: 
HOIfi 
,*^I '-. 
lOIft 
I5Er.r 
in* Fr 
M'JI Fr 
KOI Fr 

-2 ,<HW 
2 ,eei 
■•94|l 
1 .9 52 

-I .9(15 
.14^ 

-1 .915 
••9911 

-1 .9« 
1 7 

-IP 
5 

7 
? 
17 

I .997 
I .9 52 

9 
I .9Rfl 
1 .9 42 

-19 
I« 
7 

R 
17 

I i 
I .^90 
•.7P| 
-.791 

I I 

•I .99 51 
■2 .flflfl 

More    diagnostics    (solely     for 
systen designer's benefit) 

the 
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"IM r r -|  ,« IV 
•TOI Fr -1 .09"! 
NDI Pr -? ,«•« 
"'151 Fs -i .Q"^ 
101 fs 2(M4I 
""•IFr .«1« 
miFi .191 
ID'Fr 2 .''t»'! 
"11 Fr .IQ, 
^"•I Fr -?,93fl 
"Öl Fr •2(4(|« 
"OI Fr -1 .919 

M  (v   'i * i| ii 
üCFOT 

i '■" 
r'IC"' 
j 

!ni1KTLF«m«l   TIP  TAIL  II^T 
1 I SU 

2 1     Se-.Mi 
2               P .-»IS 

^IAr AT   We^-codwwCTLFWTti? 

I?    ^2^  PA^rr;    TVrD   ALl^ATITH! 

r: VM-"I VT1TA' r 
1 I 
9 o 

lATI^r 
lATAI'.r 
TATI"- 
MTMLi 

• ♦1 '».0 50 , 
•••        <l  1   . 

I 

.11 A 

1 

"'"•I F- 
"■■)! Fr 
■OIFr 
Ol Fr 
•niFr 
-DI F- 
<l?l ^r 
yDI fr 
"11 F- 
IMfs 
"DI Fr 
n^Tr 
^DIF- 
»•»l F- 
•IFVAISr 
"J^'niPr 
AHF^r 
'.00KI2r 

nrKIPr 
■f»! Fr 
W*! Fr 

-DI Fr 
■"OIFr 
"11 Fr 
-ni Fr 
rDIFr • 
"OIFr 
r^I Fr 
»niFr 

1 
-? .111 
-2 .''"i 

? ,4Hfl 
- .lA« 
1  .''^ 

-1 .035 
.14« 

-I .^5 
-."13 

-I .Q43 
-."13,' 

.HSU 
I .0 43 

-16 
I 7 
7 

7 
«3 

I .0«^ 
•I .943 
■1 .QR" 

•I .'952 
•I .095) 
-.0I|^ 

-.«len 
.1JR 
.im 

!.1'"'>       . 
«LfV»L» 

<-I  .''?r,>      <-0.17Q: 
•1 1  ."1 1>       «-1 <?.r><JO. 

<."''1»      <| ."JQ,      , 
«-ll.lT»»       <)1</Iini 

The characters between "<" and ">" 
are the first tokens encountered in 
each input line -- printed out as the 
program first reads them in. (It's an 
easy way to follow the program's 
progress.) We can see that the 
program reads segment descriptors 
until it reaches a new "LEVEL" 
indicator. 

• 
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im Ts   ' 9. IM* "" 
nifs 1  .<50'» 
"01 Fr .C1.1« 

1?   tY.^  # IM" 

•OIF:        2 .Til 
Nil F:        1 .091 
MDI F:     -1 .052 
"11 F;     -" .m 
MIF:        -^\^ 

JS?0^? CIIISTLE'nTM«   TIP TAIL nnT 
l 1       1.11? 

.■.VJT   I! A"   AT   r'JT^^-CTrriFTTLF'inT"? IN 

"1 'lAi --i iTflT^ls       1 .1 1? 
1 I       I .1 ir 

r<Ti = : 1 
IATAI'.- 1     <P.^7J>      «,««^»      <-7.^J>      «-C>.07T>      «.111,      <7.''?3»      < 

•*I?,«>*3»       <M.-"'-"»       <-lT.-""'.       «-17,113»       <-l?.0q3>       <-lT.'""'>       „l^fini 
♦ * »    «17.-I,T>    <?'».'"n>    <r<ir)> 
nrpj i 

M rj T r . g      ■ .  i 

"i; ^r     -P ,111 

Here the program has encountered 
END of the input file. 

■m --- -.^^f 

m fz 1 .«5? 
•niFr -1 ,««9 
■^11 FT ,«4« 
w">l»s ■I ,!»«i 
*")IFs «   im'i 
V1IF: •i .'«A? 
«•"«Ts •     »l t <7 

n^r ' Ü 
v^i r. ,«3fl 
iSlFs 1 .0/15 
M'jar r -1 8 
1CU9I?: 1 1 
AHfTr 7 
LOOK IPi 7 
3I9Mi Q 

' Tivi? : 0 
^^IFr     • ■1   .OÄJ 
«II Ft ■I »••W 
W1I Fr -.ill 
•OI Fr ."3<? 
rii FT -.11^ 
•niFr 1 .QRW 
niF: 1  .OB" 
OIF«    • •1 .^52 
"OIFs    • • 1  .001 
fMFs -."1" 
'OI Fr -.111 
101  ^T ,■'&'*, 

»LtVs      5,f^ TIA 

TI A'SMO'^TIC   fll.F;  T 
7LFVr         },••«   HI A 
•••-» ni r- *                          B 

the 

For   illustr ativ^   purposes,   we   al 
diagnostic output this time. 

ow 

9 ATt   CITf  TVYIVTt^tVTIMH   IVT?^?: 

Q  TJK   OP   TTV   7JTY 
1   AT:    f'JTF1'   TTVlMTrp^rsTIOMt   INTSEI: 

I 1   (Y,N,* IV 

11 

I      TmTAIL TlOYTIP nmYACTIVFS 
1 • « I 
2 a a 2 

;-'ACTIVF^T                2 

I   X:A1L     GOIDTAH.     XTIP     r.ODITIP     TAILACTIVF  TIPACTIVr     NrxTACTIVE     LA<?T 
♦♦ACTI7E 
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1 ■/• .' 
? > 1 

•n F.G T             15 
iwmanEiTJs I««! 

IP 

I VI VI 

•*: 
-?.«>73      17.1^7 

-II.CTIT       in,1(^1 
| «"^   ^X   P»«3!B   LEFT! ! 
2,6 73     I 7.1? 7 i 
2     M.<W 3 

4        7.1?J 
-12 ^«S 

1 1 ."T" 

17,^13 
-1 7.113 

-I " ."^i 
If ,o«3 
- 7,n? J 

- 7 'T i 

3 

7 
7 
9 

1 
1 

r 
1 4 
1 s 
1 < 
I 7 

I 
? 
' 
ü 
5 
f 

9 
Q 

i i 
11 
1? 
13 
; i 
i J 
I <, 
1 7 

_0 ft     (^  111 c     • 
p ^    mnnt 

10,»3 
I'-'.Tii 

-If. .^n 
lO.Q!*! 

-2" .171 
?i .lie 

-pi in 
2 i ,111 

l^.S'M 
.MI 

y? Y?   "»I^FTTION 

i i 

TYP' vr>T?   Tf;,rrx>T 

,11" 

7.123 

21 ,"11 

12.«m 
I 7.1?7 
12.077 

IFUCin  IS 3?iS PAnrs   OVF1?  WAnc^Tlotii 

1? .Q77 

1 1.C111 

-2 .«I 7 

-11 .inn 
-'..OB 7 

-12 .977 
-11 .m 
-1? .077 

? .07^   -i 7.i?7 
IT."!?      2,0«5 
10.7"Q -.10^ 

1 1 .111 
-1 " ,111 

17.113 
2C.17I1 

-?1 .111 
1? .033 

■17.113 
] .J  on 

-11 .111 
2 ,073 

.111 

I 0^710 
12 .0^3 

11.1*1 
11 .in 

2.65* 
-.511 
.in 

-<;.o«?7 
-2 .01 7 

-11.111 
-11 .ill 
-17.127 
•69 .111 
-?1."11 

-.10/ 
-6.0R7 

6 11.111 
11 « ,<J<'7 

17 2.63* 
11 -.511 
1 n -9 .01 7 
11 -6,007 

■) -|1.111 
7 -11,111 

s -12.077 
o -1 ■'.',9 7 
2 -91.111 

1 -?1,1',1 
.o mft n    nti/ft 

m9 111 

1."'" 
-1 .111 

1 ,«•« 
-1,««« 

.0 52 
-.0 52 
- .0 52 
- .00 1 

.oo 1 
- .09 '■■' 

.09" 
-1 .lid 

1 tM« 
-1 ,<»«« 

I »HI« 
-.0 52 

.09 f 

NrxTSF.O LASTS en 
2 3 
4 1 
1 5 
6 2 
3 -I 

I 6 4 
-1 8 
-2 1* 
I o 
3 li> , 

-1 17 
|i -? 
14 n 
15 13 
12 M 
17 6 
II 16 

"Jl FT 

?LEVr       3.m ^MG  AT:   EVTER   r-<YI NT^SEETI OMs   nTSE' 

"TIF:       2 ,wn 
•31 rt      l .091 
•"HI Ft     -1.9 5? 
v|")l Ft     -2 .T^ 
WIFJ       -.Ml 
•Öl F: .145 
v^IF:       l(Pff 
KlIFr 1 .Ofl 

^tf«! CONMFCTLF.NSTHt   TIP   TAIL OIST 
1 1        0.740 

VANT   OIAS  AT   E-JTE^-COMN-IFCTLENGT"? 1% 

FINAL-MINTOTAL: 
I 1 

I*TIP: I 
lATARr 1 

EXIT. 

0.749 
0.749 

1 

? 

c. 
r 

-16 
«? 

17 

I " 

1 1 

I? 
1 ' 
N 
15 
1 ' 

12 twum 

The sectional-making 
(MAKSEC) «xitc. 

program 
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V:OP •myi2',;rc\c\rvi ."^i i (in) TTY: ( IK I 

1 1021^   1 ^^inj   i 
1 n? • <4    1 lT»3f,,J    i 

cvn,    9 - ,111 

^CTIO^i. 
,?ifl -;•• T . •• > ■• ^ V V T T M 

-.' ^1 • 10 .o?1 ' V Y". TJ 
-I ','"', -1   ' ,T "  ' Pni'vool 
-I '.•'■■ i -0  ,C5(^ O^^ICT 
-IQ.TiQ •,\PA JO'IIICT 
-| ">   " '"' \i,W% ^ iivr i^ 

-'■> #o<n 1'". '2 " MLY-TJ 
-»in 2 fl     Tl i P0LV1'VJ 

,••31 19,Q7» P IIV'II^ 
] i ^/ii ^ | T ^«^ 3 irvTI«) 
1 ' .T " 0 .0 71 - T.l-TI  IpT 
I«.?-«! -.1"/ r. VJU'TCT 
1 > ,"11 -1 I,-»" PlM.YTIN 
r    n ff^ 

1       •    1 
1 li.YTON 

■V'"'     1 ft H «a "»^«IJ 
(T Vf.!. 0 ,flfl^ 
«■CTI!)<«L 
.|!»,«i«n ,^« ■> 1LV -;1^ 
_ • -«  ■»•■»* i ■.■ n i 11 v - T| 

." ,«) T3 11 ,<W1 PI^V-TJ 
1^1 P A i^i D0)"vo 1^ 

'     '•o 0 n 'Jtl     TW »^r-   tpc 

1 - .'■■ 7] F '1    "11 V 1 Ti     ?mii 
■  ■   - -. ^ 1 '' , ? "V 311 VTTj 

11 I'lo o    ^ ^ ^ - T<]n  y-^j 
1   Q        ^«l». •.19* "TJ^I^T 
1 ',0 50 -.921 »IH,Y'*'>1 
1 ^ . ^ ""' . |   -»     ^^ j 3 1I,VT1>| 

o   H 7r. -ii !■"■ i 3 n v~ TJ 

1 WpVI?    1  •'•^■v-i    j 

TTj"^   pl-WHT,"'   p- 

n i 
CII] T»/>    pC»1911^    p' 

We now see the results of the 
sectional-building programs. The 
sectionals produced carry with 
them the information about their 
history. They are either marked 
1) with definions of the polygons 
which generated them, 2) as 
"filler" (figure) polygons 
generated to fill in unconnected 
boundary regions, or 3) as 
conflicts -- part of a boundary 
region which had at least two 
different line-segments trying to 
define it. 

,C1JW   •?.'■',■*'*■) Pliving 

.[-»^T«-» -1'1#'>'»T    .">11V-;TM 

-1 1 ."l^ ••■' .171   P!)CYIII 
"1  P   3^; 7 P45E?   IVF1   VL\. 

'.rvri. ^.T"1! 
S£CTini*L 
-1?.';^? 5,i"W ""ILY-TJ 

-' .'=7^ i 7/i? 7 POtYTM 

T#^?3 I? .^77 P nfv-n^j 

1 7."15 ?.<3^ COIfLICT 
1'i.TQ -jo a  301B.ICT 
IT .ip5 -^.1^7 POLYGON 
| it  4«1 -l"    •"><   PILY^I*) 
2 !r 75 -I 7*"? 7 P ILYil'! 

#'>^i .pi'%'m  PI^V^O'J 

-7.i?3 -I? ,<577   PILYITJ 
-l',,'n^ -n,Til  POLYGON 
-I 7.''l 3 -P ,01 7 PILYTTJ 
-?1.in'7l .IWd   RI_A'W 

"» T1 ■> ffi 

]   11 |  /IT 7      |  11 .'»O TTO      1 
1   '»-7 1   T.T      I  fWynTt^ 

1 I"! ^T^     1 ""9115     1 
i ni i"'! i urii-i i 
1 "11 IIS    1 ""pili»    i 

'ICftTT ON! ! 

o T^ i  n /^o p m^ 1 T J 
O (7 0, I   |1 ^^ p /7 'lp H f« 

p Til 1-7X P"?? Tip 

p^oi^i^ p^^on^ 
? I"! "i^ ?. .11? 11/1 

] nil 1"? 1 ""9^1"] 1 
i m up i i"pii9 i 
1.71111^ i ^i? i/^o j 
1 i"i **3 i iip 115 1 
1"11""^ 11"91iT 1 
1 i1| Mi 1 "1911/1 1 
1 Ol"] (X""! 1 mipiffl^ j 

Each  line  contains   an  X,Y  value 
pair   and   the   description   of   the 
line segment between it   4nd the 

'   following point. 

1    This   file   represents   a   contour 
'   description   of   all   the   (1   here) 

object(s) found in the scene. 

i"Pii? 
M| ^13 
11? "13 
ill 1^4 
up if a 
"11 us 

1"!113 
'»rip 11^ 
II]llü 
llpll^ 

11? ICHS 

IiPiH (OL:) n'.FsT^ivi? .TFC 

TiTPiT   fifiTA^T)   HIT   WOtlT^MJätW 

V-^MT   'Pi.A" TFT '   7Y 

We now run the Jbject 
reconstruction program tc fit • 
polygonal "skin" over thit 
contour des    ption. 
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f' i •< L r i • _■- •, > ■ 'i. - i~ i MM   Lr wp.L-j i: i    *> pi, u   (■( (L>      <.••■'-> 

*JErwrtTAfl,YTE»iPsi?fl,«Jifl^T*n  191-9 rftfl •1 ■■   »ll-« p. ( | Ml     «I 

EXIT. 
TC 
>C .'^  T ' 1V I, 

•JV,r:LI 

2   ■* I   # 
5   '•   •"   1 

1    CM)   TTYr    f IK j 

Wo now look at the completed reconitruction 
file. It's in the standard (MOTION-DATARD) 
graphics format (see Figures 4-.lfld and 
4-Me). 

5       *•"*  .--i  -.-•■.   _o^    ... 
• ■     • 

'      ' '        • 7   •I'.'MI   .|'»II--<T   .O^^T,-, 

9   -JO.TM   -. 

1 I 
I? 
1 ' 
I   /> 
1 5 

**      ^ 1 ^ 

i     .pi     1-1^ 

1 - ,-"ii   •S^.M^ 

1    -?1   1?T 

1 ' 
1 7 
1 " 

i   ' i r   i   ^ 

J* 7       f»       ^ 

»»!•?   !     p   /. 

■■,'":-1.. 1 

:'TPr!..r 
mY^JF")?: 
""01 JT- 
i   -i «,?•?    ,5(a  -9aeei 

-I -.ill      M.M1   .«I,««« 
I   -- ,«*i     || .6?|    -O.IIII 

<    .'"i    f.-'in  -c.n? 
."^71   -o.m 

[■'.HI    -0,11(31 
«.^.n -Q.^ii 

- ,1 o ^  -o #in 

l''.11(1     -0,131 

M      I ?     1.1     M     11     I 17    i« 

i .TO    i 

11 ."lo 
1 ^ . 7"0 
I   - .0<JO 

I o    111 

11 
12 
i • 

-.070 
."i"   - 

lo o 

1 A    -1 1,1'»" 

1^-11 ."110 

fH.YdOll 
1     T5     «   t« 

1 I .'? I    -0,111 
>I,TI^   _q   111 

•l".557!    -0,111 
-I"."""   -0,111 
"«.«Tl   -o,ii(« 

T' 

T7 

T7 
TR 
to 
to 

-7 

O 

9 
o 

n 
9 

t" 
TO 

COLTöB   | 
o    Tl CT      11 

I« tlfl 

11 

L 
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. •■ «   1 

•o'rlVTl" 12 "' -_ 

r 1 B   tM     IC   til 
II    til      12     I.1« 
12   Til      13   rl2 

; 13   T12     13     14 
14   T12     14     |9 
C0LTA9   7 

c 1 5   tl?      15     1fi 
1 6   TI2      16     I 
C0LTA9   5 

r 1 7   tl2     1     2 
I 8   T12     2     3 
19   T12     3   fl3 

f 2«   T13     3     4 
21    TI3     4   tl4 
22    tl 4     4     5 

r 23    »14     5     6 
COLTAG   9 
24   tl4     (S  Tl 5 

r 25   TI5     6     7 
26   Tl?     7  T| 6 
27   T| 6     7  Tl 7 

r 2?   Tl 7     7     8 
29   Tl 7     f»   TI8 
3^   Tl^     8   T5 

r EN 
1 82 6  OSK   P^TES   LFTT! 1 
FUCM5   1"   329  PAGES   OVER   < 

- r- 0rL2 
1 SA^E:L3 
1 P0PrL2 
*   •" BODYrSCENE 
{ POINTS 

1    -12.«R3      s.«fiR   -3.^or 
*r 2   -1^.^11     l^.^CTl   -3.311 
> 3-2.973     1 7.1? 7  -3 .'»i" 

4      ,«flf     2Cl.il?l   -3.111 
^ 5     7.123     12.977  -3.IK» 

6     IB.Jid     n.m   -3.111 
7     I 7/M3    2.63 6  -3.111 

<- 8     19.719   -.194   -3.1'1'1 
9      12 .983   -6.997  -3 .m 
1»     11.Il'   -11.111   -3.11' 

r II     2.9 73   -17.12 7  -3.111 
12      .'"fli   -2i.in   -3.111 
13   -7.123   -12.977   -3.11" 

p 14   -li.m   -ll-.Pli   -S.^ 
15   -17.113   -2.QI7   -3.111 
1 6  -ri.i"     .|ii  -3.?in 

r- POLYGIN 5 
C0LTA3   7 
1    Tl      16     1 

<- C0LTA1   6 
2   T|      |     2 
3   T|     2   T2 

« 4   T2     2     3 
5   T2     3   T3 
6   T3      1      4 

*> 7   T3     4   T4 
8   T4     4     5 
9    T4     5   T6 

« l»*   T5     5     6 
1 1    T9     6  T« 

COLTAq   0 
r- 12    TS     6     7 

13   TS     7  T7 

ALLOCATTfTJI J 
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* 
I  4 

1  S 
I C 
1 7 
1 H 

T  ' 

rl 

f9 
COLTAR 
19   t9 

£1 
22 
23 
24 
2,5 
K< 
27 

.p 

9 
to 

rl I 
til 
T12 
tl2 
tl J 
T13 
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