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CHAPTER 1 |
| INTRODUCTION

This thesis deals with var ious aspects of

threa=dlmenslional scene description by computer. The

Grarford Artificial Intelllgence Prolect has provided the

anvironrent and fazilities for this work, A number of

ceople at the project have been investigating the genaral |

oroclem of coordinatina perceptual and motor processes under

computer control. |

Computer perception can be thought of as a large

| Aata reduction problem, A matrix of digitized intensity

values is read into memory by means of some imaaing device,

The goal of analysis is a conclse description of the scene

viewsd, The descrintion or interpretation Should |
correspond approximately to the descriotion that a person

would give when presented with the same scene. It myst

contaln at least tne identity and location of each object.

Qur work has largely Deen concerned with technioues and

srograms for generating such descriptions from a single

view, The nrroarams are designed to function as part of a

larger Hand=Eye system. 4 Hand-Eye system is a problem

solving system with an eye (camera) for input and a hand

(mar lpulator) for output. The visual portion of this system

. wlll be described briefly in this chapter and in more detall
in Chapter 4, |
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fur wor=< was originally motivated by an interest in

tre resgaren of Yaverts C37] and Guzman [12,131]. Although

mary Of our technigues are similar to those whieh they have

described, our view of machine percention as a process of

nenerating and testing hypotheses is significantly

diffearert, Our primary nqo0al has begn to understand how

various c¢onstraints and models can be applled in tme

interpretation of ling drawing data.

Analysis an? Svptnesis 3ased on Models:

8ny system capable of Interpreting its Input data

must in some sense pe model-based. The models provide the

cifterenne petween tne input information and the information

containga in tre interpretation, People seldom need to

actually see the hack of an object which they recognize

before "knowina" how it looks from pehind. From a purely

math#*matical 2o0int of view, some sort of model is required

to produre 3 Inrae-cimensional deserliption of the world

pased or a sincle persnoective projection.

Conslcer a set of models which are acceptable as

inout to a oredicTtar, This =aans that there exists an

alaorithm (the predictor) which takes the set of models as

innut ard Is cacable of generating any oossible scene

comprised of Instances of these models as output. The

narticular scene Is specified by a finite set of parameters,

2
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Assure for simplicity that each of these parameters

{var lables) is discrete,

In this framework the process of Iinteroreting a

scene can be viewed as the prosess of finding values for the

variables such that the scene generated by the predictor

matches the Inout scene, The complexity of the

orealctor, of course, depends on the nature of the models

and our interpretation of the word "matches" above. For the

particular scene description system that we have

implemented, the models are the structural desc-lotions of

the solids shown in Flgure 1-1, The variables to be

specified consist of the number of objects oresent in the

scene (M), the Identity of the ith model! (15i5M}, and the 6

translational and rotational degrees of freedom for the [th

mode) (1<isv), The probiem |s to assign values to these

variables such that the predicted |ine drawing is identical

with the original line drawing given as input.

The most dlrect way of Interpreting the scene, given

that bounds on the parameters ape known, is by synthesis,

Wwe exnaustively assiaon each possible value to each parameter

and rheck for a match between oysdiction and Input for each

such asslianment (Figure 1-2a), Specifically, we begin by

assuring that thare is only a single object present in the

scene. For each model we try all possible values of

transiatlon and rotation until either a match Is found or

all oossibllitles nave been exhgusted, 1f a mateh occurs,

4
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Tigure 1-2 . Interpreting a Scene by Synthesis .
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we assure that we hyve correctly interpreted the scene, If

no match is found, we proceed by assuming that there are two

obiects present and we try all possible parameter values for

each possible pair of models. Continuing In this fachion,

that is, assuming 3, 4, ,.. objects present, the process

will @aventually terminate with a correct Interpretation of

the scene.

This approach to analvsis by synthesis can be

classified as a model-driven scheme, Although the

orocedure |s aross|y Inefficient, it can be made relatively

insensitive to errors in the Input, One only hes to

desl an the matcher (comparator) to tolerate some

discrepancles betwean the prediction and input. In contrast

to this model=drlven or ton-down approach is the data-driven

or Dottom=up approach. In oata=driven analysis local
proserties of the Input are used to build a @lobal

interpretation of the scene. Although general ly more

efficient than top-down analysis, Such proceuures tend to be

sensitive to noise. For example, in a scene which is known

to consist of only a sinale obJect, one might Infer from a

triangular reglon that the object viewed is a wedge. The

oblect may actually be a cube. however, with the triangular

realon a result of noise in the input. Decisions based only

on local evidence tend to be risky In general.

It seems clear that a combiration of the

mode l=dr liven and data-driven aporoaches |[|s needed to

6



afflclently process real world Scenes. The approach |
which we propose consists of a heuristic hypothesis

(parameter) generator and an algorithmic

predlctor-comparatcr., "A heuristic Is a rule of thumb,

stratedy, trick, simplification, or any other device whigh

drastically limits search for sglutions in large probiem :

spaces” ([(5] page 6). If the heyrlstic generator produces |
an Incorrect hypothesis due to an Invalid assumption or |

over=-simplification, the oredictor-comparator can detect

this error and reguest another hypothesis .

The hypothesis and test» aporoach [Ss a basic tool

| often used In solvina complex search problems which arlse in

the field of artificial intelligence. The success of

this approach depends on the cleverness of the hypothesis

aenerator. As Indicated in Fl3aure 1-2b» the heuristic |

raratTeter generator wlll generally revise Its parameter

values so as to reduce any differences between its |

oreglction and the original input.

We view our model-based scene description scheme as

an attempt to Hheyuristlcly search the tree of possible

narareter values. The segmentation procedure descriped

in Chapter 5 can be thought of as a group of heuristics

des laneg to determine M. In the process we also generate M

partial descriptions of the individual bodies, These plus

soma heuristic range estimates are used to determine the

parareter specifyina the identity of each object. The

7



additioral application of a few matching heurlstics then

permit the 5 translational and rotational degrees of freedom

to be determined, If a failure occurs during the final

comparison of the prediction with the input, or if a

cea~areter cannot pe assignec¢ due to an earlier incorrect

narareter ass!lanment., earller declsions can often pe

re=-rade, The heuristics are designed to |imit the search

space without excluding the correct answar,

Ana|ysls of a Simple Scene:

Analysis of a scene consists of transforming and

abstractina the Information in the input. The camera

monitor In Flgure 1-3a dismlays a scene to be analyzed, This

image is read Into memory and stored as a 333x256 matrix of

intensity values, Each element in the array represents the

brightness (@-15) at a ogoint in the field of view. An

edae-detector nrogram transforms Flgure 1-3a into the set of

edae points shown in Flgure 1=-3b by applying a local

aragient overator and thresholding at every point in the

image. Edge points appear where there is a significant

intensity gradient. The final stage of preprocessing

transforms Flgure 1-35 into the line drawing shown in Figure

1-3c. This Is accomplished by flitting straight |ines to the

edae oolints, extending these Iines to form corners. and

Identifying closed reglons, Our scene description programs

8



| (a)

(b) (e)

Figure 1-3 . A Simple Scene .
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(e) |

(6

igure 1-3 . A Simp le Scene, ’



are designed to accept this |lne drawing as Input. This

thesis goes not discuss preprocessina. Nevertheless, we are

concarned wlth the gyuallty of output that a preprocessor is

likely to produce,

It Ils assumed that the set of objects Is completely

speci fied. The scenes are raeqgulred to consist of only one |

or more of the obplects shown in Figure 1-1. This particular

set of objects was chosen for tne following reasons: |

| (1) There are enguah different RPPs tg build

interesting structures (with the "hand"),

(2) Npt al| the parallelepineds are rectangular

(e.q, the RHOMBOID),

(3) Not all the objects are paralleiepioeds

(e.q, the wedges),

(4) Not alt of the obJeets are convex (the LBEAM),

Complete structural! descriotlions referred to as orototypes

or models exist for tnese sollds. We refer to a real

world object as an ninstance of a prototypen, |

Our fixed Size models are somewhat |ess general than

the ones described gy Roberts. Whereas his "eube" model

reoresented all rectangular paralielenipeds, we need a

| 11



separate prototype for each physically different solid. The

discrete S[28 rastrictlon, howaver., provides an acditional

set ~f constraints. These constraints can be applied to

resolve ambiyulties that arise due to occlusion and noise,

Analysis of the line drawina proceeds in several

stagfs. we assume that the camera has initlally been

calibrated (see Chapter 3 and the Appendix), The line

draning in Flgure 1-3¢c is first seamented into pieces

corresoonding to ingividual bodies (Figure 1-3d), In casas

where a body can be (nartially) completed, the program does

this (Fiqure 1-3e). !r order to identify and locate the

corresoonraing objects in space, features Inferred from the

nrosections of the indivigual bodies are matched against the

stored prototynes, "o hack that resulting Intercretation of

the scene is rcongistert with the original data, the

identities and locations of all the objects are used to

aenerate a oredicteg |ine drawing. Figure 1-3f shows

this prediction, Finally, the prediction and the original

image (line draainq) 2re comcared. If, as in Figure 1-3q,

the two are aprroximately the same, the orogram assumes that

it nas correctly Internreted ths scene,

In practice, the analys!s Is considerably more

giftleuit. Actual edoes are not seen because of poor

lighting, In the above example the [ine V11-V12 was found

only by chances, UCften extraneous |ines result from shadows

and noji=e In the video system. There is also the inherent

2



arbliouity in inferring three-dimensional information from a

| single vies, These issues are of particular concern In |

this thesis,

The remainder of tris thesis Is divided into seven

chapters, Chapter 2? describes nast work related to ours.

Chaoter 3 considers the general provbtem of determining |

three-dirensional Information frem one or more

two-0imensional imaqes. The major portion of this thesis,

Chapters 4: 5» and 6+ describes a particular computer vision

system that has been inplemented. Chapter 4 presents an

overview of this systen with emphasis on the scene

descriotion oroarams, Chapter 5 describes In detail our

nrograms which Infer the structural relations In a Scene.

Chapter 6 nresents the -~eciflic technlaues that we use for

ob lect recognition and hidden-1line elimination. In Chapter

3 the performance of the scene description programs is

exarinea on a number of examples. Fimallys Chaoter 8

sumrarlzes the results of our work and indicates areas we

neiilave worthy of future Investigation,

‘
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CHAPTER 2

RELATED WORK |

PICTURE PROCESSING AND PATTERN RECOGNITION

nosenfeid (35) dlvides the problems of picture

processing into three hroad areas: encoding and |
apnroxirations filitering, restoration and enhancement! and |
pattern recoanitlon and olicture description, In this
section we consider only the last area. Details and

references Into the |lterature concerning the other two

areas can be found in Posenfeld:s book.

There has been an enormous amount of research In the

area of two-dimensional pattern recocnition during the last

15 years. The brief descrintlons that we shall present below

are, therefore, unauestionably superficial. We include

ther orimarily to contrast these Investigations with our

OWN,

Classica! Pattern Recoaniglon:

Classical oattern recgdnitign is concerned with

classifying input patterns (pictures) Into picture classes.

For a glven picture, P, a feature extractor, X. operates on

P to produce a feature vector, X, that Is

14



x = XN ( P),

A declsion function, D, Is then applied to x sych that

> 0 If P € C1

D ( x ) s

< 0 if Pe C2

where C1 and C2 are the two oplcture classes. The two

oroblams involved here are (1) How to choose A? and (2) How

to choose 0? These cuestions are not, of course,

independent,

To date most pattern recognition research has been

concerned with tne design of declslon functions and has

assured that somehow the feature vectors have already been

obtained. The type of data avallabje determines how D can

be computed, Four major forms which the data may take are:

(1) pt{x | Ci, B) is known: that is, we know the

conditional density functions to within the

specification of a set of oarameters A.

(2) p(x | Ci) i's Known: that is, the conditional

density functions are specified completely,

(3) a set of tralning samples: TT, such that for

cach t€eT we know whether t€éCi or teC2.

15



(4) a set of unclassl|fied training samples. |

These technlqgues have been applied to the

recoanltlion (classification) of such things as printed

characters, blood cells, and speech. Nagy [26] and Ho and

Agrawala [16] present a more adequate summary of the results |
and research in thls area.

Picture Analysis Using Linguistic Technlijues:

The techniaoues described in the orevious section are

ineffective In the analysis of highly structured plctures.

For these pictures a descriotion of the interrelations among

the parts |s reguired in addition to a categorization of the

orimitive components, The well develooed technloues for the

syntactic analysls of formal languages provide a powerful

tool which can sometimes be effectively apollied,

In formal larguage theory sentences are composed of

strirgs of symbols, The two-dimensional relationships that

exist between picture primatives, on the other hand, are

considerably more complex than simple juxtaposition, Mueh

work has been spent on qenerallzing the netlon of

concatenation so that interesting classes of pictures can

still be described as strings of primatives. Recently, some

two-dimensional “web grammars" have also been investigated,

Swain and Fu [7] classify linguistic opattern
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recognition techniques Into those which are syntax-directed

and those which are syntax-controlled, A syntax-directed

srocedure Is one that simply has the goal of producing a

syntactic description of the picture. A syntax-controlied

procedure actually uses some form of grammar to direct the

analysis,

The work of Shaw [36] 1s an example of the

syntax-controlled apocroach. He has described a oplcture

descrintion language, PDL, The orimatives of POL can be any

sattern having two dlstinguished oolnts, a “head” and a

wgali”, POL can describe any concatenation among the set of

srimatives, A class of plctures |s defined by means of a

restricted form of context-free aqrammar, G» generating

sentences In PUL,

Given a pictur8, Dp,» a olcture parser (analyzer) uses

(1) a specification of the grammar, CG ang

(2) a recognizer for each primative In G

to determine If pE€P(G). The Important side-effect of

successful recognition Is the generation of Dip), a

structural description of the picture 0.

This techniaue is advantageous because it Is

qoal-directed (top-downs model-driven). The grammar, G,

directs the primative recoonizers over D. fFaljures by the

srimitive recognizers can often be resolved by contextual

information embedded in G.

Shaw applied his system to the analysis cof spark
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charher photographs, Cther systems using the linguistic

| aporcach have been apo! led to character recognition, |
chrorosome analysis, and analysis of mathematical notation, |
A recent survey article by Miller and Shaw [23] presents a

more cornlete descriction of Shaw's aporoach and references

other relevant [|iterature, |

THREE=-NDIMENSIONAL SCENE DESCRIPTION

In contrast to the vast amount of research that has

qome on in the area of twe-dimensional pattern recognition,

relatively little nas reen done in the area of

three-dimensional scene description, The emphasis of work Tn

each of these two areas has been totally different excent

for a number of common oreprocessing techniques, A

forthcoming book by Juda and Hart [4] is the first attemot

that we know of to treat both of these toplcs under one

cover. Perhaps these separate efforts will merge when more

is understood concerning the mechanization of perception.

The scene descriotion techniques of Roberts and Guiman

described below are the malin ones that have been reported on

to date,
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"erception of 3=!) Spglids: Roberts

The work of Rpberts{3I3] is a classic in the area of

machine perceptinn. We shall only describe his method for

identifying and locating obleets in space. The system

described In hls thesis did c¢consideraoly more than this,

Ineltuding nreprocessing ano display generation,

Assure that an instance of a particular orototype ls

resting on the table and belmng viewsd «4'th a camera. If the

mode vertices V1, V2 “ae Vn are expressed using

homoneneous c¢coordirates as column vectors (see [33,1)), and

if v]® Is the instance vertex corresnonding to VJ of the

mode |, then tnere exists a 4x4 positioning matrix T which

‘ transiates and rotates the model such that

V]* = T VJ J=1, 2: co. RN,

Furtherpore, |f the camera has been prooer|y cajibrated, we

can determine a projection matrix P such that

vi‘ = F Vv]!

where two of the ncn-homogenecus coordinates of VJ’' are the

image coordinates of the point corresponding to VJ’ . The

matrix H=PT, therefore, takes mode! points {nto Image

noints., If for a clven !mage model pair there exists a
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trarsformation H, then the image could he a rrogyection of an

inctance of the model! under the transformation T=F ly,
The Roberts system did a topoloav match between the

srojectlon points and model neints In order to rules out

obviausly incorrect models and to set uo the vertex

correspondence necessary to compute H, By msans of a

mgirilarity test® It then derived for each potential model

ths nest H taking the model points Into the image coints (in

the mean Square error sense). Finally, It chose the model

~hizh minimized this error, The position and orientation

af an oblect could te datermined up to a depth factor by

this method, This final degree of freedom was specified by

assuring the object to be supported bY the "“ground-plane" a

knoar distance beloa the camera. Methods for handling

corzeund objects comnoosed of saveral! mode! orimatives and

sartially occluded (ecllosed) objects are found in his

resort.

The scenes ~hich loderts analyzed were all auite

sinyle and the line drawings were ideal In the sense that

they Nad no missing linas. We have attempted to desian

» syster without these linvitatlons.
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Searentation of =) Seenmag: Guzman

In nis Magers thesis Guzman (12) described sey eral

anpnroaches (the progra~s POLYBRICK, TD, amg OT? fer

igent!fying objects nresent In a scene, The |ine drawing

i nout, however, was restricted <¢o noise-free orthogonal

nrniections., More recently (13) he has described his well

known sSegqmantation procedure (the program SEE) for isolating

the Individual bodles oresent in a visual scene, The idea Is

pasically to take a line drawing such as the one in Figure

2-1a and separate It into two parts Aas in Flgure 2=1b. This

ls accomplished by using local evidence accumulated at the

individual vertices to determing which clcsed reglons of the

scane should pe idontified as belonging to the same body.

Guzran'’s approach Is interesting because it does wel] using

only a few simple heuristics on extremeiy complex scenes,

These scenes may contaln arbitrary planar-faced solids.

The following is a somewhat simpiified description

of now SEE would work on the (ine drawing of Figure 2-1a, It

bealrs by setting un a graph where the nodes of the graph

correspond to regions in the prolJection, Links are set yp

petneen the nirjes based on the types of vertices where the

realons mpget, For example, a FORK type vertex Implles 3

links between the faces (nodes) meeting there as shown In

Flaure 2=1d. Simiiar!ly, am ARROW type vertex implies 1 | |nk

(Figure 2-1e), and a TJNINT vertex (Figure 2=1¢) Impiles mo
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| Inks. T-jolnts generally occurs due to one body occluding

another, The resulting graph |s then merged according to

the following rule: > nodes are merged If there exist 2 or

more |Inks between them, At the end of this merging the

resulting nodes (called nuclei) consist of those faces that

shoulO peliong to the same body.

There are several |lberties that we have taken in

the description of Guzman’s algarithm as well as several

detalls and refinements that we have simply omitted,

Nevertheless, the above example does convey the [dea of his

aporoach, One problem with the approach Is that It Is

| sensitive to certain forms of error, |.8., cortain lines it

missing from the |lne drawing cause difficulty. We shall

describe an alternate segmentation algorithm in Chapter 5

that does not have this problem,

Recently Huffman [18] has attempted to formalize and

extend some of Guzman’s ldeas. The part of this work that

has been reported concerns the use of constralnts in the

interpretation of ambiguous and contradictory ine drawings,

Huffran Is Interested in determining if a glven |ine drawing

could be the prolection of any of a restricted class of

slanar-faced solios. We shall nave more to say about his

teehnlaues In Chapter 3.
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ROBOT PROJECTS

Over the past 5 years several! robot orojects have

arown up at MIT's Project MAC, at the Stanford Research
Institute, and her2 at the Stanford Artificlal Intelligence
Project, All of these have been directed toward |
investigating the coordination of perceptual and motor |
srocesses under computer control, Both at MIT and at
Stanford the major effort has been to develop Hand-Eve

systems [24,6]. At SR] the emphasis has been on the visual
control of a metorlzed vehicle [281]. A more recent effort
at Stanford has also been concernad with the visual control |
of a vehicle, Although many of the problems that these three |
arouss face are similar, there has been surprisingly little | |
duplication of effort. Much experience has been gained from
taking alternate approaches to common probiens.

Guzman's work described above daveloped out of MIT's

Hano-tve orolect. OJur own Work, of corusé, has been

motivated by the Hand-Eye project at Stanford,

A recent thesis on the subject of learning by

Patrlck Winston of MIT has several aspects In common with
our own research. His motivetion, however, was somewhat

different from ours, He has been Investigating the

learning of structural descriptions of scenes based on
examples. The scenes consist of simple geometric soilds. We
shal | discuss the generation and use of structural
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information about scenes In Chapters 4, 5, and 6,

RELATED RESEARCH IN COMPUTER GRAPHICS

Much of the work done recently In the area of 3D

computer jrachlcs is particularly relevant, Machine

perception might aptly be referred to as ngraphlios In

revarse®, Whereas araphics Is concerned with the display

of Images of physical oblects, machine perception Is

concerned with Inferring 3=D0 structure from images. In each

case, the problem of internally representing a solld becomes

imoortart, A review of some of the data structures used to

describe real worid oblects Is given by Gray C18], The

apnlication of homogeneous coordinates to simplify geometric

maniculation has recently been rev |ewed by Ahuja and Coons

(11. Finally, we should mention the work of Warnock and

others [42,34] at the Unversity of Utsh concerning the

efficient generation of hian quality hai|f-tone renderings of

three-cdimens|iona!l solids,

RELEVANT PSYCHOLOGICAL STUDIES

People can easily interpret a [line drawing as a

three-dimensional scone, It seems reasonable,

therefore, that osychologlcal theory might suggest a means

of mechanlzlng this orocess. Although we have not found
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this approach particularly tpuitful, it is Interesting to

contrast some of our techniques with their human

counterparts,

We believe that our general approach has some

ssvchological basis, Accordina to R.L. Gregory "... we

do not percelve the world merely from the sensory

information avallaGbie at any given t!me, but rather we use,

this Information to test hypotheses of what lies before ™
Perception becomgs a matter of suggesting and testing

hypotheses, ,,The continual searching for the best

interpretation Is good evidance for the general Importance

of augmenting the limitations -g* 4ne senses by importing

other knowledge” ((11] po. 222-223). What "other knowledge”

seon!e® have aval'able or crecisely how they generate and

test hypotheses Is not well understood.

Several vague Gestalt “laws of organization”

indicate some of the ways that people orqanl2e or interoret

visual data. For example, the "law of maximum simplicity"

savs that oeople tend to interpret an ambiguous situation In

the sirplest possible way. The drawing In Figure 2-2a Is

most often perceived as a three-dimensional wire cube,

Although the drawing of Figure 2-2b Is also a possible

arcjection of a wire cube, It is most simply perceived as a

plane figure, Closely related to this lew Is the "jaw

of good contlinuatien”. Figure and background tend to be

cercalved In a way which minimizes the Interruptions of

27
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stralgnt or smoothly curving lines, The T-joint In Figure

2-2¢ Is perceived as one edge hiding another although this

interpretation may te modifled as in Figerre 2=-2d due to

other alobal Information.

Many of the standard depth cues have parallels In

our scene description system. These include eclinsing of |
one oblect by another, oerspectlive, familiar size, relative

uoward location In the fleld of view, convergence, and

accorodation, Examples and discussion of all the oreceding

issues can be found in an Interesting book by Hochberg (17).
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CHAPTER 3 |

OBTAINING 3-D INFORMATION FROM 2-0 IMAGES

Dbject recognition is accomolished by matching

features In the line drawing projecton analnst features of

tha srototype. Since the crotypes are three-dimensional

structures, comparison of geometric properties can proceed

only after three-dimensional information has been inferred

from the two-dimensional Imege. In this chaoter we consider

sgveral ways In which this can be done.

First we describe the picture=-taking process and a

ecimplified camera model. Rased on this model we briefly

describe two methods (stared ranging and focus ranging) for

determining the J3-space location of individual points,

These wrethods are quite costly to apply ang motivate the
heur |stlc methnds agJescribed next, These techniouses

(Including the well known "support hypothesis") are used to
determine the 3J-space location of Individual points based on

various additional assumotions., The major portion of thls
chapter, however, considers the constralnts which exist

among the points in a projection of a alanar-faced solid,
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THE PICTURE TAKINS PROCESS

Finure 3-1 depicts a first-order aporoximation to

the picture taklng process. For any polnt PJs(XI,¥Yj,2J) In

the real world there Is a unlaus corresponding point

Pj s(X]*,YJ') In the Image. It Is not oossibie In

aeneral to determing a uninue point In 3-space corresponding

to a specified point in the Image although each plcture

soint does have an associated ray. These rays can be

dJatermiprac as functions of the x,y,z coordinates If the

camera is Initially calliprated with respect to the real

world (tabie), Our approach determines a 1-1 mapo ing

(col lineation) opetween the Image plane and the plane of the

taple tcp and locates the camera (lens center) C. We can

sxnr@ss the ray associated with any polat Pl parametricly as

R(+)=tC+(1=-1t)PT where PT is the table point Inte which PI]

mans. A more detailed descriotion of this calibration Is

alver In the Appendix.

The above model is valld as long as the camera Is

not moved. If the camera is moved to a new pcsition, nerhaos

vo look somewhere previously out of the field of view, then

the system would need to be recailbrated, In a regent

dissertation, Sopel [37] describes a method that yields a

camera calibration parameterized by oan, titt, focus: and

lens. These paremeters are read by the cameuter from

notentiometers attached to the camera, Mis calibration
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aporoach ylelds a more accurate and consistent camera mode |

than the simple one described in the Appendix,

OBTAINING 3=«SPACE POINT LOCATIONS

Stereo Ranging!

It is well known that a polnt viewed In two distlnet

projections can be lccated In space by triangulation If the

cameras have Initially been calibrated, In Figure 3-2 point

P must Ile along RAY1 based on IMAGE1l and must lie along

RAY2 based on IMAGED, The Intersection of these two rays

in space spec.fies P=(X,Y,2),

Tiere are essentially two parts to the stereo

ranging problem, the correlation problem and the

triangulation oroblem. The correlation problem consists of

fing'ng for a given point in IMAGEL the corresponding point

| in [IMAGE2, The trianauiation problem Is simply the

aeoretric problem of intersecting two rays. Sobel [37] has

recently investigated both of these orobiems. He has found

a way to simp!l¢v the search for a correlates point

considerably, He has also been qulte concerned with the

effects on trianguiation of both noise In the data and

imperfections In the camera model.

An alternate approach to using two cameras, [3s what

we shall call "lazy susan stereo”. To obtaln two distinct
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srojections we use a sing!s camera and move the object,

Our work table has a !arge clreular section which can be

rotated under computer control. This was primarily designed

In order to add an additional degree of freedom to the arm

and to make avaliable different views of the scene, Since

the disc can be cortrolled quite accurately, it 1s also

possible to rotate It oniy a few degrees and duplicate

narrow-angle stereo ranging. This method has the advantage

of belng gulite easy to vary the angle between the stereo

sairs, To date this approach has not received much serious

attertlion,

Foaus Ranging:

Focus ranaing ls another way of getting

three-dimensionral information from & | ine drawing

orojectlon, This aporoach kas been investigated by

Tenerbaum [42] and ~~! be described only briefly below,

The scheme Is based on the simple lens eguation?

1/05 + 1/701 = 1/7f

In the equation, ¢ is tne focal length o¢ the lens, Do 1s

the oblect distance, and J! Is tne image distance, The focal

le~gth of tne lens |s assumed to be known, If one can

determine the Image distance when a feature point Is In
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focus, then one can solve for Do, the depth of the point

along Its ray.

Focusing |s done under computer control by actually

moving the vidlicon tupe (image plane) closer and farther

fror the lens. A potentiometer allows the viaicon location

to pe read by the computer, Tenenbaum has developed schemes

to determine whether a particular feature Is In focus. For

very accurate depth calculations by this method, it may be

nacessary to change to a longer lens, |

Syoport Hypothesis:

Support hypothesis, Initially described by Roberts |
33], Ils the first heuristic technlgue we shall mention for

inferring three- dimensional information from a single view,

Support hypothesis assumes that an object is not suspended

in space, that Is, It Is supported eltner by the table or by

other oblects, 1f we can determine, by some means, whieh |

oblaet corners rest on the table, then the J-space location

of these corners are spacified from the collineation, In

Flaure 3-1 Identifying P1° as a “table point” says that Its |

actual coordinates can be found as:

PL’ = (x’',Y’) =*A= PIT = (x,y) += Pl = (x,y.0) ,

ra
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The homogeneous reoresentation of Pr’, (X1’',Y1°,1), Ts

multiplied ry the collineation matrix A. The two

non=homogenecus coordinates of the resulting vector with a 2

component of zero Is the Iocatlon of Pl in the X,Y,Z system.

The Implementation of deoth finding using support hypothesls

both for objects resting on the table and objects supported

by othmr objects is considered further in the next section

and In Chapter 5,

Pcints In Known Panes and Ajong Known Lines:

Locating points hy supoort hypothesis can bg thought
of In the following way: each image point specifies a ray

along whlch the corresponding oblect point must ile. The

intersection of tnis ray with the Known tabie plane (2202)

then determines the actual polnt [In space. An identical

arqurent allows any image point to be located If a piane In

Which It Iles Is known. The situation Is similiar if we know

a (lne (other than its ray) along which the object point

lies. This problem is Just that of stereo triangulation.

Ne have applied these methods extensively In the

system described in Chapters 4, 5, and 6, Of oarticular

interest are the cases shown in Figure 3-3. In Flgure 3J=3a

table point Bs(XB,Y¥8,2) is specified and Iine BP Is known to

be vertical (l.e, normal to the olane 220). It follows that
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P = INTERSECTION ( BB’ , CPT )

whera PT = A PI

and B’ = ( XB, ¥Y8, 1.0 1),

In Figure 3=-3b oolnt P is known to (ie in the

vertical plana specified hy table pnints B1=(xB1,Y81,0) and

B2=(xB2,Y82,0), We can express points along CPT

nararetrically as:

[tXe + (1-t)XT , tYc + (1-%)YT , t2c 1] (1)

whare t=f corresponds to PT and t=1 corresponds to C, Let

PT’ pe the onerpendicular orolection of P onto then table

nlane (and onto the ine B81B2)., Points along B81B2 must

satisfy

y ¥ mx +b (2)

wltn mzm{XB1,XB82,YB1,YB82) and b=b(XB1,XB2,Y81,YB2),

Substituting the flcst and second components of (1) Into (2)

and solving for t we get:

t=(mXT = YT + pl/(Yc = YT = m(Xc = XT),
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This soecifles P from (1).
The fina! case of Importance is shown In Figure 3=3¢

where the unknown point P Is assumed to Ile in a known

horizontal plane z=h, In this case we find:

Xp = (h/Ze) (Xe = XT) + XT |

Yo = (R/Ze)(Ye = YT) + YT

fp = h |

It Is often nossible to guess that a certain Ilne or

plane Is vertica! or horlzontal and check that the

* assurption Is consistent with the xnown set of prototypes.

Consider, for example, the projection shown in Figure 3-4,

: Suppose that our program has Identified the body as a

RHOMROID and has determined the 3-space iocatlons of Pi, P2,

and P3 by assuming that thay ile in the table planes, For

the class of obJects shown In Flgure 1-1, It follows that

aither plane P1P2P4 or plane P2P3P’4 Is a vertical olane, To

identlfy the vertical plane the program proceids as follows!

(1) It assumes that Pa |les In the vertical plane sone lfied

by P1 and P2., (2) It deteimines the 3-space location of P4

as described above, (3) It compares the resuviting length of

. odas P2P4 with the known edge lengths for the edoes of the

RHOMBOID prototyoce. (4) If a match occurs, the program

. concludes that its assumption about P1P2P4 was correct,

otherwise (5) It determines the |ocation of P4 assuming that
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plane P2P3P4 Is vertical. The difference between the

oredlction of P4 In (2) and the prediction of P4 in (5) Ts

usually sufficient to locate P4 correctiy,

CONSTRAINTS IN PROJECTIONS OF PLANAR=-FACED SOLIDS |

We have presented a model of the pleture taking

orocess and described several ways In which 3=D Information

can be inferred for individual points, We now consider the

constraints which the location of some image points Impose

on the positions of others. From another point of view, we

are interested in determining the amount of information that

a single !lne drawlna orojection implies about tha shape and

position of the object viewed. The discussion in thls

sectlan is not restricted to the set of objects in Figure

1-1.

Introductory Examples?

Consider cnce again the olanar-faced solld shown In

Fiaure 3-4 (we do nat assume it Is a RHOMBOID here).

Assume the rays to all of the visible corners have been

determined from monocular Information as described

oreviousiy, Also assume that points P1,P2,P3, and P4 are

known In 3=-space, , Since P1,P2, and P4 determine a plane

and point P6 presumably lies in this plane, we can determine
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Ps as the Intersection of its ray and olane P1F2P4, A

similar araument holns for determining point P5 fram Its ray

and polnts P©2,°3, and P4, Finally, P4, P5, and P& specify

the ton face ,»c,» and polnt P7 can be located. For thls

simol® example, the locatlons of a particular 4 points plus

all of the rays scoclified the rest of the points unisuely,

As another varlation on the same theme, consider the

¢ aplnts Pl, P?, P3, and P7, Do the locations of these

noints in addition to all the rays specify the visible

nortlon of the object uniquely? The argument that they do

follows from the previous one, In terms of the ray

coordinate of P4, call It t, we determine P5(t), P6(t): and

P7 (1). The variable t can then be determined since the

value of P7 Is known, Th!s approach Is analogous to the

use of fictitious loop currents In electrical networks whigh

if solved for determina all the actual currents ,

As a fina) example of the constraints imposed by the

assurption of planarity, we again consider the solid of

Flaure 3-4. As before, all the rays to the corners are

assured to be known, This time, however, the additional

information Is the 3-soace location of only PJ and the facts

that the plane of face a Is vertical while the plane of face

e Is horlzontal, Again we find that this information 1s

sufficlent to specl!fy the visible portion of the oblect

uniouely, There Is clearly only one horlzontai plane passing

through P7, Knowing this olane, the rays to P4, PS, and PO
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determine the 3-space locations of these points. There Is

only one vertical olane passing through P4 and P6, thus the

noints on face a can be determined, Finally from coplanar

noints F?,P4, and PS, point P3 can be determined, Had P7

rot heen located in 3-space, there would remain one

unspacl|fled dearee of freedom. It Is possible to convinge

oneself that this can be interpreted as elther not knowing

the slze of the oplect, or not knowing Its position, The |
shape of the oblect, however, would be specifled, The |
subsequent discussion Is an attempt to formalize and

qeneral ize on these examples,

Constraints:

Let us try to expriclt|y state the constralnts

imslictt in Flaure 3-4, These consist of the facts that

soints P1,P2,P4, ans P6 Ile In plane a: oolints P2,P3,P4, and

PS Ile In olane pb, and points P4, P5,P6, and P? lle In plane
c. Any plane, d, can be expressed as

dix + d2y + d3z = «

‘ “here polnt P=P(x,y,2) is any so!nt In the plane d. If we

divias through by o (az? for any face we can See as We are

. assuring here that the origin of the coordinate system Ts
located at the lens center) and exoress the above relation
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ag a dot praiduct we Qet

C-.P = 1 where J) = (C1,02,03) = (g1/e,d2/¢,d3/78),

Knowing the ray aigng whieh point P lies is equivalent tg,

know!na the unit vector In tne direction of P, We represent

Pi, therefore, as (BI)(UI) whera PRI is a number to be

determined and Ul Ig this ynlt vector. Now,

DePj = (A{)(DsVUIY = 1 or

Jesu = 1/01 = Xi gr

DeUi = Xi = @,

The "polinteplane incldence constraints” for Figure 3-4 can,

therefore, be written as:

Ael)} = 1 = 2

Ae U2 = \c = 7

 AeUd4 = 24 3 (0

AsUb = 26 = 0

Bepya = 22 = 0°

Red = 23 = 2

Bed - 24 =
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BeUS =~ X\5 = 0

CeUg « 34 =D

CeUS « \S = A

Cougs = \6 = 0

CelU7 = \7 = ¢

These constralnts form a system of 12 simultanecus (inear |

equations in 16 unknowns

(X1...27:A1,A2,A3,B1.,B2,R3,C1.C2,and CJ), {¢ the rank of

the system [s r (rS12), ther. all of the unknowns can be

determl!red un to a scaie factor (n terms of Kk=216er

carareters. This scale factor |s determined by knowing the

obieect size or the 3=-space |ocation of any corner, In

particular, knowing k Independent point locations specifies

the visible portion of the solid uniquely. By Independent |

points we megan simply that thelr ray cocrdinates can be

assigned arbitrarily with respect to the above constraints ,

Four points on the same face are an example of a set of

denenrdert points,

The technjoue described above Is not restricted to |

the exarple of Figure 3-4. So long as the only constraint Is |

of the form that a point is reaulred to (le in a plane, thls |

apnroach {is acolicable. The eguations resulting from the

constraints will not necessarily be independent, but well

known techniques (i.e. Gauss-Jordan Reduction) can b® used
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to getermine the rank of the system, We do nat claim that

the point-plane incidence relations necessarily exhaust a!

the constraints inferable from a projection. In Figure J=5

A, for example, =!;-= the planes corresponding to reglons 1

and 2 can Intery: t along only one line, we may conclude

that 8ny 3 points in the set (P4,P5,P6,P7) form a dependent

subset. That Is, two points determine the |ine P4-P5~Pé=P7

and this plus the ray to any polnt along the (ine specifies

it unlauety. The facts that P6 and P7 are functions of P4

and PS could be added explicitly at the expense of some

complication, In what follows, however,» we shall be

concernyd solely with the polnt-plane incidences constraints,

Spec!fication of Trihedral Sollds:

Consider the orolectlyns Shown In Figure 3-5, For

orojection 3-5a one can determine all the visible corners Tn

Jesgace® using only the locations of corners P1,P2,P3, and P4

to sugment complete monocuiar Information (the rays to all

visible corners), The argument follows those olven

nreviously. For Figure 3-5b, howsve-: 4 points are not

sufficlont as counting eauation will show. Since there are

only 28 equations and 33 unknowns, at least 5 points must be

determined to specify the body uniagueiy, In this section ws

consider a particular class of solids and give conditions

sufficient to guarantee that a non-degenerate projection of
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ane of these solids is speclflad py the locations of 4

independent points, The class that we shall consider are

those solids for which exactly 3 planes meet at each corner,

ie shall refer to these objects as "trihedral (trilinear)

bodies”, By non-degenerate projaectinn we mean only that

the topology seen does not change [f we move the oblect (or

egulvalently our aye) a small dlstance,

Let R=(R1,R2,...,Am) be the set of simole closed

realons in a given orsjection P, Let M be the macoing from R

to the set of faces of the corresponding solid. In general,

M is into and many to one (e.g. Flgures 3-4, 3-5a, 3-5»,

and 3-5¢c)., We define the "face adjacency graph" for

| snrogection P, G(P) (or simoily 6G), to be the undirected graoh
with @aech Riek as a node of G and an edge between node Ri

and node RJ Iff (1) reaqlon Ri and region RJ have a common

pounding line, L, in orojection P, and (2) L corresponds to

an edge between M(Rj) and M(RJ), The face adliacency graph

for prolJectionm 3-5a is given as fFlgure 3-6a. We temporarily

postpone the question of how G Is determined.

For G and any graph derived from It we define two

nodes to be "mergpaple” If there are two Or more edges

between them which correspond to non-collinear |ines In the

projection . In Figure 3-60 node 1 and node (2,3) can be

merged to form the new node (1,2,3) In J3=6¢c. We say tnat

wgraph G Is mergeable” if by adding a single edge between

some oelr of adJacent nodes it can be reduced by a ssauencse
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of merges to a graph consisting of only a single node (the

added edge Is considered non=-colllnear with evary |Ine In

P). We assure throuahout the rest of the discussion that

G(P) Is connected, that [s, It has no disjoint suboraphs, If

this were not the case (see projection 3-7a and graph 3-7b) |

he oprolection might be better Interpreted as several

oblects rather than one.

We can now state the connect!on between mergeabi lity |

of G and the sceciflication of a trlhedral body from Its

projection as a

. THEOREM: Given a non-degenerate projectign, P, of a

tritedrai solid, If G(P) |s mergeable then ali

, visible vertices of the object can be located in Je

space by knowing the rays in space along which all

vis!'bie points lie and the 3=space location of

exactly 4 Independent points,

PROCF: First we prove tirat there are 4 particular pcints

sufficlent to specify the object completely. The results of

the crevious section then (imply that any 4 points will

suffice.

. Assume that G(P) is mergeable and consider the two

adlacent nodes between which the single Ilnk is added,

) Ciearly, the face corresponding to either of these nodes can

he specified (all its visible vertices determined) py
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locating exactly J Independent points on i*., Now the face

carrasrandina to the adjacent node ~~ n be specified by

locating oniyv one additional independent point on It as two

af Its vertices are common to the one previousty specified,

Call the sugernode into which these two nodes are merged K,

the set of known faces. Since G Is mergeabie, either K

includes every node and al! the visible vertices have been

spec!fled, or there exlst two or more links between K and

some reralning unneraec node, [f more vertices remain to be

specified, the face enrresponding to any one of those linked

to K by at least 2 edges can be specified without locating

any additional points as it must have at least J independen:

points (2 nonr-collinear eages) in common with those faces In

«<. This process of specification Is guaranteed to continue

until) K=R if G(P) ig merngeable. Since J points are clearly

not sufficient (all polnts could actually be In the plane

determined by these 3 points and the oojisct only a picture

itself), axactly 4 points are reaulred,

To see that any 4 Independent points wlil specify

the obleet, we note chat the only set of constraints applied

above was that 3 points on a face specify the rest. These,

howaver, are just the constraints Imposed by the point-plane

ne lence equat!ons, thus the defect of this (lnear System

(nurber of unknowns = rank of the coefficient matrix) must

ne 4. Any 4 Independent polnts ,therefore, are sufficient

tor specification and the theorem Is proved,
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Figure 3-65a gives the face adjacency graoh GC for

Figure 3-5a and Figures 3-6b, ¢+ ds ee, and f show one ;

poss!ble sequence of merges. From this sequence we conclude |
that graph G Is mergeable. This verifies our previous claim

that 4 points are sufficient to specify this object from its |
orojection, Figure 3-8a shows the face adlacency araph for |
the oprolJection of Figure I-5b, It is not difficult to |
convince oneself that In this case G is not mergeable, We |
shall show later how a non-trivial set of points sufflclent

for speclflication can be selected in general.

Roughly, one might say that G wil! be mergeable if

- those faces which are visible are not "too occluded” by

other visible faces. With a little thought it Is clear

' that |f hidden lines are not removed from the projection of

a trihedral oblJlect (l.,e, it the object were actually a

wire basket), then 4 points would afiways be sufficient to

specify the obJect (G would be mergeabdble). it Is the
missing links (edges and vertices) between visible faces

that cause difficulties (Figure 3-50). Nevertheless, some

edaes can be occluded if enough others are present (Flaure

3-5a). Based upon additional assumptions of regularity It

may be possible to add totajily occluded 1lnas to the

. srojection and extend partially hidden ones so that enough

of the wire basket is nresent for 4 points to suffice. An

. examel!e of the case in point Is Flgure 3=5¢c where 5 polnt

locations are required for specification, If the dotted
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line |s added, however, (1,e, regions 1 and 2 are assumed to

be part of the same face) then only 4 points are required,

We turn now to the auestlon of determining G(P) from

a nroJection. There Is |lttle problem in determining the

modes of G for an arbitrary projection, Similarly, there Is |
mo trouble in finding out whether or not two regions (Rl and

Rj)y In P share a commen line L. Since we do not want to |
assure that we have already determined any mapping between

the orolJection and a stored orotetype, however, there is a

problem In determining whether L corresponds to part of an

actual edge between M(RI) and MIRJ). While a few simple

) meurlstic tests applied to the projection would undoubtedly

aive reasonably reliable results, we shall consider a more

. analytic approach below. This approach utilizes some

technicues developed by D.A. Huffman at U C Santa Cruz,

Huffman has catalopued the 13 distinct ways in whieh

a ccrner can appear In a non-degenerate projection of a

trinedrat body [181], Figure 3-9 gives this catalogue along

«ith ar oxample of each of the entries. The notation

(following that of Huffman) Is that a * signifies a "convex

edaa” and a - slognifles a "concave edge”. An edqe labeled

wltn an arrow Impilies that the face to the right (when

" look Ing toward the arrow) of the edge is visible while that

ta the left of the arrow Is not visible. He uses this

’ catalogue In a label! ing orocedure. A projection must be

able to be procerly labeled for It to correspond to a real
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nrojection of a trlhedral body. We shail aiso oroceed by

abe| Ing the proJection. The orocess Is Initiated by

marking all exterior edges of the projection with "arrows"

(in a clockwise dliregtion). Un- labeled edges are

subsequently marked based on those edges already labeled and |

the constraints Imposed by the catalogue. Figure 3-18 shows

the cornlete labeling for a simple projection. Any Iine In |
the projection labeled wlth an arrow" would not imply an

edae between the nodes corresponding to Its left and right

realons In G(P) whereas a "+" or a "=" |abelling would imply

such 1lnks,

. The notion of mergeabillty can be extended in a

stralght~forward manner So as to imply an upper bound on the

’ number of points neaded to specify any trihedral object from

its prolectirn., Suppose that G Is not mergeable, that is,

after adding an edge between two adjacent nodes and merging

G as far as possible KZR, de must, therefore, specify at

least one more point in 3-space for the oblect to be

determined, Let wus olek thls point on a face

corresponding to a node adJacent to X and represent the

: ssezlflcation of thls oolnt by the addition of an edge

between K and thls node, Now ths merging can proceed as

« before, 1¢ the merging process again terminates

nreraturely (with K#R), we repeat the above oprocedure.

" Flaure 3-8 1llustrates this (dea for the projection of

Fiaure 3-50,
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We can define G(P) to be N-mergeable if N is the

minirum number of edges that must be added to G for It to be

reducible by a seguence of merges to a single node

(nucleus). From the above argument it follows that if GC is

N-mergeable, then th: object can be specifled unliauely from |
(3+N) Independent points in additiun to complete monocular

Information, This is consistent with our orevious result If

we Interpret wmergeabler to mean nl=-mergeablenr.

Appo|tcations?

The oractical apslication of these jgeas for tne |
interpretation of 3=-D scenes is fairly obvious. We have

shown that for the right type of proJection if the actual

l-gpace location of an appropriate set of object points can

ne found (ln many cases only 4), then the rest of the obJect

noints car be located from only monocular information. The

initial points may be located by any of the methods

described earlier In this chapter. From another point of

view, If all or some of the oblJect points have been located

usina heuristic procedures, then we have a check on the

consistency of our assumptions.
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CHAPTER 4

| VISION SYSTEM ORGANIZATON

In the Introduction we indicated that our orograms

are part of a larger computer vision system. This chapter
considers the oraanjzation of that system. In addition, the
basic structure and operation of the scené description |
srograms Is nresented, Chaoters 5 and 6 describe our Scene

description techniaoues in more detall, |

SINGLE vs. MULTI OBJECT SCENES

There are two distinct scene description programs,

' SIMPLE and COMPLEX. SIMPLE has the job of describing
portions of the scene in which there Is only a single body.

COMPLEX has the more difficult task of describing portions
of the scene In which there are severa! mutually=occludling

nodles. This division is motivated by our desire to treat

simple scenes simply. For the sat of solids shown in Figure
1-1, a single object can almost always be recognized from
its wout!ine» (see Figure 4-1).

The edge=follow~er program begins dy determining the

. outline enclosing a blob in the fiaid of view. A local

aradlient operator Scans uoward (see Flgure 4-2) over the

‘ digitized intensity matrix looking for a significant
intensity discontinuity. when such a discontinuity ls
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found (point A), the scahning |s interrupted and the program

enters trace mode, It tries to follow around the exterior

adaes of the blop keeping the sackground Intensity on one

side of the edge bhelno traced, This J|ast requirement

keeps the edge-follower from taking the wrong path at a

ccrner 'Ike B, The complete outline has presumably been

traced when the initial polnt traced is detected, Lines are

subsequently fitted to the edoe opolnts to oroduce the

outline,

The edge=fo| lower !nfers the nature of the blob from

the complexity of its outline. Currently, the comoliexlity of

an outline |s determined by the number of lines It contains,

1f the outline Is simaly a triangle, the blob |s assumed to

be nolse and foraotter. If the number of lines, N, exceeds

NMAX, the edge~follgwer assumes that tne blob corresponds to

a aroup of objects: otherwise It assumes that the blob Is a

single obJect, NMAX is chosen so that Instances of our most

comp '!ex prototype, the LBEAM, will be classifled oroperly

(NMAX=9), If NENMAX, the outline is passed to SIMPLE for

analysis. If NDNMAX, additional preprocessing Is required.

Specifically, Interior e3ge points must be detected, lines

must be fit to theSe points, these |!nes must be |inked to

the outline, regions must be determined, and the background

must be lgentified. The resulting |Iine drawing is oassed

to COMPLEX for analysis, Grape [8] has been Investigating

the problem of producing accurate (ine drawings based on
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noisy edge data for some time,

The blob classification scheme that we have

gescribed cans of course. fall, Both scenes In Figure 4=3

would result In hlob outllinss with 9 Illness. This does not

cause any oroblem, however, since the outline of Figure 4-3b

will not be recoanlized by SIMPLE, Such a fallure signals the

aregrocessors to examine the Interior of the outline and

subsequently pass the resulting line drawing to COMPLEX for

analysis.

INPUT FORMATS

Outline Representation!

Outlines are represented Internally using the

associative structure of the SAIL language [39], Although a

complete descriotion of this language can not be presented

nere, a basic familiartty with SAIL’a associative mechanism

is necessary for an understanding of the representation used

for outiines, |lne drawings, and prototyods.

The basl|c nssociative ejement In SAIL is the "litem",

Associations or triples of the form A © 0 SV (read "A of O

is Vv) exist where A, 0, and V are items. ltems may be

tyned, that Is, they may have a DATUM which Is a real

numbers an integer, an Array, & string, or a set, Sets

and the usual set operations of unign, intersection, and
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subtraction also exist in SAIL. The ability to

' selectively search the store of assoclations exists, |

mowever, the detalis of this ability are not cruclal to the

raoresentation Issue at hand.

The Internal description of the outline of Figure

4-1p Is given as:

LINE e SCENE 2 L1

LINE ® SCENE = L2

. LINE ® SCENE = L6

POINT @ SCENE = P1

POINT e® STENE = P6

ENDPOINT © LY = P1

ENDPOINT © LY = P2

ENDPOINT © L6 = Pb

ENDPOINT eo L6 = PL

The (tems SCENE, LINE, POINT, ENDPOINT, and L] (Y]) mre

) untyped Items, that Is, they do not have any associated
daturs., The PJ's are typed as real array items where the
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array for each point contalns (XJ,YJj), the Image coordinates

Como|ete Line Drawlngs:

The representation of complete |ine drawings Is

slightly more involved than the one for outlines, It Is best

sresented In termg ¢f an example, We shall use the shorthand

notation A ® 0 = (Vi, V2y... Vn) for the actual set of

triples A ® (0 3Vi, Ae0 2v2, ,.. A 0 =Vn. The associations

reoresenting orolection of Flgure 4-1d are:

HACKGROUND eo SCENE = BACK

POINT eo SCENE = (P1, P2, .,.,.P15)

. INL. ® SCENE = (Li, LZ, ,, ,L20)

HEGI{ON ® SCEME 2 (R1,R2, .,. R6, BACK)

FNOPOINT o L1 2 (PL, P2)

ENDPOINT eo L222 = (P19, P15)

ROUNDARY @ R1 = (Lt, L2, L9, L182)

ROUNDARY eo BACK = {(L1,L2,L3,L4,L12,L13,L14,L15,

L16,L17,L7.L8)

CORNER e Rt = (P1,P2,P3,P9)
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CORNER ® BACK = (Pi,P2,P3,P4,P5,P104,P11,P12,P13,

P14,P7,P8)

Each of the points, lines, and regions of the scene are |

renresented by Items, 511 Items excent the Pji‘s are untyped. :

The real array attached +o each Pj again locates the

corresponding point In image coordinates. for each reglon of

the I|lne drawlna there are a set of associations which

gpec!fy the boundaries of the region. A set of associations

) also soeclfy the corners of each region. For each [ine two

trioles describe its end points. No dangling ines, i.e,

’ those which border only a single region, are present In the |
line drawing. The region-finder gliminates them during

sreprocessing. Tha redundancy In the BOUNDARY, CORNER, and

ENDPOINT associations (clearly the corners of a region =

union of the end points of all the boundaries) results in

orograms that are easier to read and more efficient at run

time.

Protot¥pe Resresentation:

AS oprevigusly mentigned, a separate prototype Is

’ keot for each of the oblects in Figure 1-1. The prototype

contains complete structural information (topology and
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qeoreatry) about the corresponding solid, The

renresentation of prototypes differs only slightly from the

reoresentation described for line drawings. For each model

the Item SCENE apove is replaced by the [tem representing

the prototype (e.g. CUBE, WEDGE122, etc.). Similarly, |

the Items POINT, LINE, and REGION are replaced by VERTEX, |
EDGE, and FACE respectively. Obviously: none of the

associations mentioning the background, BACK, exist for the

3-D rodels, For the WEDGE122 shown In Figure 4-4, the set of

assoclations are:

’ VERTEX e WEDGE122 = (Vi, V2, ...V6}

EDGE eo WEDGE122 = (El, EZ, eso £E9)

- FACE o WEDGE = (F1, F2, ...FS)

ENDPOINT © El = (vi, V2}

ENDPOINT ® E9 = (V1,Vé)

RIUNDARY © F1 = (Ei, E2, EJ)

BOUNDARY © F5 = (E1, E7, EA4, £9}

* CORNER @ FL = (vi, v2, V3)

CNRNER eo F5 = (Vi, V2, V4, V6)
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The array attached to each vertex now contains the

homogeneous coordinates of the vertex relative to the center

of mass of the object, Edges and faces also have associated

daturs In the 3-0 case, For an edge the datum is a rea|

number, the length of the edge. In the case of a face, the

datur is an array which specifies the unit normal to the

face. A more thorough description of this 3-0 world mode! Ts

alver In 7301.

SINGLE 300Y RECOGNIZER="SIMPLE"

Historically, SIMPLE was the first scene description

orogram that we wrote, Our goal at that time was to ses how

little preprocessing we had to do In order to analyze single

ab lect scenes. As indicated earlier, our current motivation

for having a separate sinaie body recognizer is efficlency.

Except for the fact that SIMPLE must infer Its features from

an outline rather than a complete line drawing, the

teehniaues that it uses are conceptually the same as those

used by COMPLEX, For this reason, we do not describe It In

anv cetail ir the remainder of this thesis.
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COMPLEX SCENE ANALYZER="COMPLEX™" |

We have summarizad in the flowchart of -~lgure 4e5

the overall operation of COMPLEX, COMPLEX consists of 3

basic parts, SEGMENY, RECOGNIZE, and HIDDEN. It a |(lne

drawing consists of more than a single obJect. COMPLEX |
searents the Iine drawing Into oparts corresponding to |
individual bodies before attempting recognition. The

srocedure, SEGMENT, assumes only that the line drawing is a

srojection of a planar-faced solld, that Is, [I% Is

independent of the set of orototypes In Flgure 1-1, The

’ sartlal body projections are then matched against the stored

oratotypes by the recognizer, RECOGNIZE, This scheme,

. first advocated by Guzman, has the desirable property that
recognition time increases only linearly with the complexity

of the scene (numper of bodies present), If recognition

Is attempted without previously seomenting the scene into

bodies [33), one has no idea which llnes or regions to

compare with a prototype, Chapter 5 describes SEGMENT Tn

detall, The general idea of segmentation is a basic one and

is also used In the computer analysis of ¢(onnected Speech

(31,447,

. RECOGNIZE |s designed to make decisions based on

elther complete or Incomplete Iine drawings of individual

oblects., Nevertheless, there are situations when an

incorplete I|lne drawing does not provide sufficient data for
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recoanition, RECOGNIZE attemots to complete occluded |lne |
drawings in those cases where the missing Iines are obvious, |

The exarple In Chapter 1 Illustrates one such case, The

remalning situations where completion Is “obvious” are

described In Chapter 6, Completion, as segmentation, Is |

| accorpl ished without reference to the stored prototypes,

The assumption that a ione object [Is supported by

the table ls certainly a reasonable one. In scenes

consisting of many podies, however, biocks may be supported

by other bloeks in a varlisty of ways which are not eas||y

distlnaulished, For example, In Figure 4=6 it Ils not easy to

) tell from 2-0 information whether Bodyl rests flat on Body?

or whether It leans on Body2. If we have no prior knowledge

- about how the blocks are arranged, It would appear that the

best strategy for locating Image points in J3-soace Is to

apnly stereo or focus ranging for all points not clearly on

the table.

In the context of the Hand=Eye system, however, we

do have some “weak” information about the scenes, The tyoe

of structure which we olan to bullid or manipulate wii

tynlcally consist of blocks either resting on the table or

resting on the top faces of other blocks, 1f teaning blocks

* occurs this will usually indicate an error (e.g, a block

may have fallen oyt of the hand or a construction may have

. tumbled). COMPLEX tries to recognize the scene assuming

that each object is elther supported by the table or on the
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horizontal top of another object, If this analysis ls
’ successful, |t concludes that its assumptions were valid,

1f somewhere In the anaiysis an obJeet cannot be oropneriy

recognized, COMPLEX considers the possibility that the
support for the body was Improperly determined (i.e, it
nr hbably was leaning). COMPLEX then calls on stereo or focus

ranging to locate the corners nf the ovject for subsequent

re-recognition, The support relations can usually be |
determired aqulte easily |f the base edges of each obleot

nave already baen ident! fled. Technlaves for doing this are |

described In the next chapter.

‘ After the suppcrt relations have been determined,

the partial projections can be analyzed in a straightforward

. manner, Flrst, those blocks supported by the table are
recoanlzed and located in space, Then any opJect, BIT,

sunported by an object on the tables, Bj, is recognized by

assuring that Bl is supported In plane 2=h where h IS the

neight of the too (maximum 2) of BJ. COMPLEX proceeds in
this manner, apolylng RECOGNIZE to all the potential

gubpoOrters af a Qlven body and then to the pody itgelif.
Since the too objects are generally the least

occluded, It would pe better to recognize the top-mcst

. ob lect first and proceed downward, The problem with this

apnroach [|s that COMPLEX has no geometric Information about

) the top obJect unless either stereo or focus ranging (both
costly) I's applied. Consesauently. COMPLEX orders the
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Individyal recognitions as described above,

After all of the bodles have been tentatively

igentifled, COMPLEX activates the opredlictor=hidden |ine

eliminator, HIDDEN, The result Is a [line drawing that

indicates how the hypothesized scene descriotion would

apoear from the point of view of the camera. If this

oreglcted line drawing matches the original Input (line

drawing and TV Intensity Image) to within some orespecified

tolerance, then COMPLEX accepts Its previously tentative

analysis, If the two do not match, It tries to detect and

correct the ldentity and/or location of those bodies that

have been mismatched.

From the scene description whieh COMPLEX generates.

the "mand" and assoclated programs can determine the

aporopriate motions necessary to grasp and move any body

within reach. The scene description is aisc of interest to

the strategy proQdram which determines how to carry out a

aiven task,

THE HAND-EYE SYSTEM

The block diagram of Flgure 4-7 shows all of the

Hand-Eye system modules. For clarity, many of the Ilnes

indicating module interactions have been omitted. Each of

the hoxes represents a separate "Job" as understood bY our

modifled POP-1® ¢Iime-sharing system [251]. "Message
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ner aadures” provize a means of inter-module communication

wmila the "glchal wor lad mode |" serves to record data of
|~.ore3t to several! system components, A description of

these features can ne found In (38). The slze of the entire

system |s on the order of 3@0PK words, At the time of this

writlng all of the modules are complete or nearing

comnsletion and an initial system configuration exists.

The user specifies a task to the STRATEGIST module.

This proqram cetermings how to activate the modules in order

to carry out the task. The STRATEGIST. therefore, has the

anility to talk to and receive recuests from all of the

other blocks in Figure 4-7. Suppose, for example, the task '

were to Simply analyze a particular area of the field of

Views 1f the camera were not aiready calibrated, the .

STOATEGIST would activate the CAMERA CALIBRATOR to read the

corertiometers Inrdica:tin) the camera position and store the

acnrapriata camera rodel im tha GLOBAL WORLD MODEL, The

ACULYMODATING EDZE-FALLOAWFR would then scan the specified

area ang determing «hat sort of blob it thinks Is oresent,

lf only a single object were present. tne outline of the

cu iect would be nassed to SIMPLE for analysis. 1f the

s~ane were determingd to consist of more than one object,

the Interior of the outline would be orocessed LY the ’

ACCGMMODATING EULGE-FOLLOWER and all the edqe=-point data

nassed on to tre LINE DRAAING GENERATOR, This program would _

eventually produce a line drawing and pass it on to COMPLEX
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for analysts,

The result of a successful scene description by

elther SIMPLE or COMPLEX Is that the identity and location

of each oblect oresent In the Scene Is stored In the

associative structure of the GLOBAL WORLD MODEL, If, for

axarple, the scene is determined to contain two objects, say

a WEDGE122 and an LBEAM, the following associations would be

added:

INSTANCE ® WEDGE122 = 0BUECT1

INSTANCE o LBEAM = QBJECTZ2 .

The datums of the Items OBJECT1 and OBJECT? are 4x4 arrays

that specify the position of the corresponding object Tn

space. The EDGE VERIFIER can be activated by elther of the

scene description programs to check that a predicted edge

actually exists In the TV Image, Simlitarly, the stereo=-focus

NEPTH FINDER can be called to verify a corner location or at

any time if monocul'ar cues become insufficient.

The precise interaction of the modules depends on

the state of the environment and the task which has been

specified. For example. it is possible that the LINE

DRAWING GENERATOR wii| need to call upon the EDGE VERIFIER,

the EDGE VERIFIER, in turn, miaht reauire the CAMERA MOVER

to change to a longer lens in order to see a particular area

more clearly. Consideraoly more experimentation needs to be

30



done before we have a clear understanding of how well the

modules perform as a system.
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CHAPTER 5

INTERPRETATION OF SCENE STRUCTURE

In this chapter we describe nrograms that interpret

the structure In scenes, By thls we mean that the programs

determine certaln binary relations that exist butween pairs

of bodles, For example, the scene structure may simply be

wBogyl supports Pady2", Structural relations between bodles

can be determired Indeoendent of the prototypes to which the

bodies correspond, As indicated in the previous chapter,

RECOCNIZE uses the support relations to identify and locate

‘ the oblects in the scene. We begin by considering the

searentation of a |ine drawing Into bodies.

A SEGMENTATION PROCEDURE

Problems wlth a Region Based Approach:

We have sketched In Chapter 2 the technique

dave loped by Guzman for segmenting a scene Into bodles, If

our oOrenrocessors were able to droduce ideal (ine drawings,

we coula simply Incorporate SEE (Guzman’s orogram) as part

. of CUMPLEX, Experience Indicates, however, that It Ts

unreasonable to expect such line drawings. Edges are often

. missed due to poor lighting and sourlous lines can result
from random noise In the video system and shadows.
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The problems of missing and extra [Ines can to some .

extert be traded for one another. Parameters In the

rréprocessor can usually bs set sao that ail the actual edges

apoear In the (Ine drawing, Such settings, however, often

cause extraneous |lnes to appear as well. On the other hand,

If one set the preprocessor parameters so that all nolse

lines are reelected, some of the true edge (Ines are also

rejected, In practice, one must choose between analyzing

an Incomp.ete line drawing or a )ine drawing containing

spurious Ilines, The former appears to be the more

tractable,

Givem an imcomplete |lne drawing, a reasonable

approach Is first to call ubon a heuristic program referred

to as a »llne proposer, The line proposer has the job of Co

quessing |ines that are missing from the I|lne drawing, Sueh

a nrogram has been considered both by the MIT vision grouo

(2) and by Grape (GS) here at Stanford, If the resulting |inre

drawing were guaranteed to be complete, a segmentation

procedure (lke Guzman’s could then be apolied to it, We

have found, however, that no such guarantee can be made.

The seorentation algorithm described below will work both on

complete and 'ncomplete ine drawings,

To motivate our aoproach consider applying SEE to

the line drawing of Figure 5=1. Such a Ilne drawing Ts

comron when the preprocessor parameters are set to eliminate )

noise |ines. Because R3 corresponds to faces of 2 bodles, |
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there is absolutely no correct way for SEE to partition the

set of reglons, In this case, It |ncorrectly reports the

scene to be a single bedy since all regions get merged Into

a single node. It is clear that any scheme which attempts

to segment the scene by reglens will have this difficulty,

The segment: tion orocedure, SEGMENT, employed by

COMPLEX first partiylions the scene Into bodies by line, Thls

is accorplished, as in SEE, by combining bits of local

avidance accumulatad at the vertices, The |ine partition

is subseauently used by a reglon assignment procedure to

detect and split regions such as R3, The resulting set of

reaions Is then partitioned ty body. 'n comparison with

Guzman’s scheme, this line based approach appears

considerably less sensitive to missing |ines.

The |ines most often missed are the Interior |inas,

that 1s, those lines which do not border the background.

This |s because the contrast between an object and the

background |s usually greater than the contrast between

ad lacent oblect faces. For our scenes consisting of white

»locks on a black cloth this is oartliculariy truss. Although

the procedure which we shall gescribe shortly is intended

srimarily to handle such cases, scenes with missing exterior

edass will often pe segmented correctly as well, SEGMENT Is

not currently eauioned to handle scenes containing shadow

iines. In the examples of Chapter 7 that were processed

without touch ups shadow edges were avolded by the use of
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diffuse lighting, A later section of this chapter |
| describes sevaral more realistic proposals for dealing with

spur lous lines In the input.

Line Segmentation:

We sha|l now describe our approach in detail, The

srocedurs SEGMENT consists of a basic mechanism that
partitions the majority of the lines DY body. varlous
wspneclal case technioues" are then applied to attempt to
assign the remaining [lines. Although a few of the

‘ original lines may not aet class! fled by SEGMENT, the
racoanizer for Individual bodies, RECOGNIZE, is orepared to

> work from partial data.

SEGMENT pegqins JY classifying the vertices In the

scenes irto a number sof categories similar to those descriped
ny Gu2ran, The vertex types are shown in Figure 5=2 .,
The motivation for this classification will become clear as
the rest of the seqmentation algorithm is described. Very

roughly, those vertices labeled GO00D<something> or Just
Csomething? indicate that some of the edges inc ldent at that
tyne of vertex shou|d be assumed to pelong to the same body,

* Those vertices lapejed JADCsomething> indicate that the
edaes Incident at that type of vertax should not be assumed

. to belong LO 4 single body. We describe the vertex types as
follows:
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Arrow Vartlces: Three tines meeting at a point with one of .

the angles qreater than 182 degrees Is classifled a

GOODARROW (see Figure 5=2a) unless elthar (1) one of the

realons of |=ss than 180 degrees |s the backaround (Flours

5-2b) or (2) the middle line or “shaft” of the arrow is the

ton of a KJOINT (Figure 5-2c) (see K-vertices below),In

these two cases the vertex is labeled 3ADARROW.

wy (Fork) Vertjces: Three |Ines meeting at a point with

aii of the angles less than (80 degrees Is classifled a

5000Y if at least one of the lines Is also the shaft of a

COUDARROW vertex (Figure 5-2d). Otherwise, the vertex ls

classified BADY (Flgure 5-2e). )

oL" vertices: A vertex where two lines meet Is labeled

GOODL If the angles greater than 180 degrees is the

nackground (Figure S5=2f) or both of the incldent lines are

the "tops" of GOODTs (see T Vertices below) (Figure 5-291,

Otherwise, (Figure 5-2h) the vertex is classified as a BADL,

wT» Vertices: A vertax where three |ines meet, two of

which are collinear is a T=joint, The collinear 1ines will )

ne referred to as T-toos and the non-collinear line is

87

a



RI RI

GOODARROW BADARROW BADARROW
) (b) (¢)

RI | R2 |

Ri 1 RZ

R3 "3
GOODY BADY

(a) (e) |

| RI RI R2 RI RZ
BACKGROUND AY

GOODL GOODL BADL
(¢} (g) (MW)

o

T-TOPS 3
R2 Ol Re

RI R3 \ > R3| T-STEM 3
GOODT BADT BADT BADT

(i) (j) (k) (1)

| K-JOINT XTYPE | XTYPE2 MULT!
{(m) {n) (o) { p)

Figure 5-2 . The Vertex Types . .

F , ce H



called the T-stem, The vertex Is labeled GOODT (Figures S5=21)

unless either (1) the region labeled R1 is the back@round

(Figure 5-2J) or (2) the T-stem Is the top of a KJOINT

(Figure 5=-2k) or (3) the T=-stem Is one of the non=col | insar

| Ines of an Xjolnt (see X-:oints below) (Figure 5-21), In

these three cases vertex is labeled BAUJT.

"K* vertices: A vertex where 4 |lnes neet ls labeled a

KJOINT If two of the | Ines are collinear and the other two

are on the same side of the collinear pair (Flgure Se2m).

The collinear pale are referred to as the K=topS.

"YX" vertices: * vertex where 4 {ines meet (3s called an

Xx-|olnt If two of the |'nes are co||inear and the other two

are on oppcslite sidas of the collinear oalr (Figures Se2n

and 0}, If elther of the non=collinear |ines Is the stem |
of a T-Jjoint, then the vertex Is labeled XTYPEL, otherwise

it Is labeled XTYPE2,

MULTI Vertices: A vertex where 4 or more |ines mest that Is

labeled "X" or "K" 1s labeled MULTI (Figure 5-20). Some

llne drawing orojectlions with (abeled vertices are shown In

Fiaure 5-3,
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| After classifying the vertic:. of the line drawing,

| SEGMENT proceecs to set up an undirected graph based upon
this classification, Some vertices, BAODARROWsS, BADYs, BADLs,

BADTs, and MULTIs, generate no nodes in the aqaraph, Most

vertices, GOODARROWs,GOODYs, GOODTs, GOODLs, and XTYPEQ's,

aenerate a single node in the graph, Two of the vertex

types, KJOINT’s and XTYPEls, generate “wo nodes In the

araoh,

SEGMENT associates a set of lines with each of these

nodes, The table pejow indicates tho contents of each node

set as a function of the corresponding vertex type.

VERTEX TYPE WHICH OF THE INCIDENT LINES?

GOOJARROW al! 3 lines

GOODY alt 3 1lnes

GOODOL both lines

GOODY both collinear | Ines

XTYPE2 the 3 | ines which form an "arrow"

KJOINT Node 1! the 2 collinear [Ines

Node 2! the other 2 |Ines

XTYPECY Nodel: the 3 |lines which form

an "arrow"

Node 2: the collinear ine not in

the set of Node 1 plus 2

"new | Ines” (see below)
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At an XTYPE1 vertex SEGMENT Interorets each of the

non=co! | Inear edges as a double edge resulting from

alignment of two objects. The two "new |Iinas” added to Node

5 jn thls cuse represent the 2 missing edges.

Edaes or |inks between the nodes are based upon the

sets associated with the nodes, If NI and NJ are two

nodes and their associated sets are Si and SJ respectively,

then an edge exlgts between N| and NJ If and only If SI n

SjZFHI, The set assccliated with a node implies that the

Ines contained In the set should belong to a single body.

1f a |llne Is contalned In two node sets, the lines In both

of the sets should belong to a single body. This fact 1s

recorded by the [ink between the nodes. The graph set up for

- the projection of Figure 5-1 is shown In Figure 5-4.

Several sceclal situations that demand attention are

shown In Flgure 5-5 , Figure 5-5a fllustrates a oalr of

wmatched BADLs", Two BADLs are called matched |f they are

corners of the same reaion and a line of one of them Is

colilnear with one of the |ines of the other, SEGMENT

senerates an additional node of the graoh for this case and

asscclate with It the set of collinear lines. This node Ts

|inked to the rest of the graph as were the nodes resulting

: from the actual vertices In the scene. Although the scene

of Flaure 5-5 would be correctly partitioned without thls

. additional node, the matched BADL heuristic can be quite

useful (see Chapter 7).
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BADT vertices usually result from one body abuttirg

against another, As Indicated In Figure S=5b, however.

BADTS can also result from a degenerate view of a single

oblect, Since distinguishing between these two cases

apnears to be Important, SEGMENT examines each BADT after

the Initial labeling 1s completed, !f, as in Figure 5=5b,

both T-tops mre also incident at Levertices, the BADY Is

ehanged to a GOODARROW,

The last special situation handled at this point 1s

illustrated in Flaure 5=5¢. SEGMENT attempts to remove

spur lous inks resulting from adJacent T-jolnts, If a paler

of adjacent T~Jolints sharing a common T-too are detected (V1

and V2), and the corresponding T-stems (L1 and L2) do not

bound a common reglon, SEGMENT deletes the common {ine (Ll)

from all the node sets and updates the | inks between the
noges. 1f this were not done, only a single body wouid be

reportea for Flgure 5=5¢,

SEGMENT apolies a meeging orocedure to the graph set

up above to produce an initial description of which lines

melong to which bhodles, This process Is similar to the

mergino process described in Chapter 3. Im this case two

nodes of the graph will be merged If there are one or more

| Inks connecting them, When two nodes are merged Into a

new node, there Is associated with the resulting node a set

of |ines. This set is the union of the sets associated with

the 2 merged nodes.
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Ideally, when the merging terminates. each remaining

node corresponds to a separate body in the scene, and every

line In the scene Is assoclated with a node set, In

sractice, however: this Is not the case. Conseauentiy,

SEGMENT calls upon varlous special case heuristics at thls

moint to merge unmeraed nodes and asslan unassigned |ines,

Fiqure 5-6a |llustrates a situation where the procedure as

described above Is clearly Inadnauate, The partially

oceluded wedge will be reported as two bodies, Guzman

nandled this problem by Initially adding extra links between

non-adJacent reglons based on "matching T-Joints", SEGMENT

‘ does a similar thing but after the merging has been

completed, It looks for evidence that two final nodes should

. be coalesced, In Flgure S-6a the matching T=Joints at Vi

and V2 Imply that the two nodes corrssponding to pieces of

the wedge should be combined,

Fina! nodes having assoclated sets of length 2 are

examined at this point, SEGMENT assumes that such nodes do

not correspond to separate bodles, If It cannot fing

evidence for merging them with other nodes, they are simply

dejated, The two cases whera a merge occurs are Illustrated

in Floures S=6b and ec. In Figure 5=6b, the BADL at P1 Ts

' taken as evidence that tne node at P (whose associated sot

contains L1 and L2) should be merged with the node whose

- assoclated set contains L3, In Flgure 5-6 ¢, the T~stems at

L2 and L3 sharing a common T-top and bordering a common
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raalon, R, are taken as evidence that the node assoclated

“with the GOODL vertex, P, should be merged with the node

whose assoclated set contalns L3.,

It Is not necessarily the case that every !Ine In

the orojection bejongs to a set associated with some node of

the graph whan the meralng has been completed, In Flogure

S-7a » for example, L1 is not a member of any node set

because it Is Incident at 2 RADL vertices, SEGMENT nroceeds

to assign an unassigned line to a particular body. 8, If one

of the regions which the 1ine bounds has all of |ts

elassifled |lnes belonging to B. In this case L1 gets

ass|oned to Body 2. Fiaure 5=7b illustrates another omission

which SEGMENT can correct. The omitted line, Li, Is put Tn

the node set corresponding to Bodyl based nr the matching

T-loints at V1 and V2,

Realon Assignment:

Simply Stated the reglon assionment oroblem Is

alven a line drawing prolection and a classification of each

iine as to which body 't balangs., classify the regions as to

which bedy they belong. ( For the case of Guzman's

~salon-pased segmentation the |ine assignment oroblem |s!

alven the regions ciassifled by body, classify the | ines by

body.) This Information |s needed to 9st up the complete

description of each individual body.
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Consider the |ine drawing of Figure S-8a, Assuming

| that the Ilnes have teen assigned to the appropriate bodles,

| It Is stralghtforward to ident!fy the bodies to whieh some

| realens belong, Regions R1,R2, and R3 pelong to one body and

realans RS and R6 belong to the other body sinee all the

bounding |lnes for each of these regions belong to a single

body. Region R4, however, Is more difficult to classify

since Its boundaries belong to different bodies, L1 and L6

belo~q to one hody amd L2, L3, L4, and L5 belong to the

other body, The propiem Is exacerbated by missing lines as

in Figure S=-8b, Althouah reglons R1,R2,R4, and RS ce~ be

classified In a straightforward manner, R3 cannot, lt should

be sollt into two parts and one part assocl/ated with oemch

body. Similar problems arises In Figures S=8¢c and d.

SEGMENT proceeds to assign the regions to bodles

based on a number of heuristics, If all of the bounding

lines of a reglon belong to a single body, SEGMENT concludes

that the reglon belongs to that body, For regions having

lines helonglino to several bodles SEGMENT needs to determine

If the region should be assigned to a single body or Should

pe spilt into faces belonging to two bodies, For simplicity

It Is assumed that ne reglon need be split Into parts

corresoonding to more than 2 bodies. A check is first made

to see !f ary corners labeled BADL have (ines from two

senarate bodies incident there (6.9. tne points labeled "Pp"

in Flaures S~8b ang d). Such a corner is taken as evidence
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that one of the regions at the BADL should be split, The

realon that gets split Is never the background, If neither

of the reglons at the "bad" BADL is background, the region |

which Is spilt Is the one corresponding to the angle greater

than 180 degrees (R2 in Figure 5-8d), If the two lines at

the BADL belong to bodies Bl and B82, one face Is assigned to

BL ard the other Is assigned to B2, |

If no BAUL vertices of this variety are detected for

a reqglon, SEGMENT assumes that the reglon should be assigned

to a single body and looks for evidence as to which one.

1f one of the boundng {ines of this region is the stem of a

T-lolnt (Figure 5-8a), then SEGMENT assigns the reglon to

the body to which the T-stem Is assigned. Otherwise, If a

sounding ine of the region Is Incident at a BADY where two

of tre |Ines have been assigned to one body and the third to

another body (Figure S5=8c), SEGMENT assigns the reglon to

the body to which this third tine celongs. In Figure 5S-8a R4

aet assigned to Body 2 based on either L2 or L5. In Figure

5-8¢ R gets asslgneg to Body 2 based on either of the

labeled BADYs,

At this polnt the line segmentation orocedure® has

aresumably "aartitioned” the set of lines In the scene

according to body, The reglon assignment procedur® has

gene-ated a "partition" among the reglons In the scene

accord!ng to body, Based on this Information It is not

difficult to come up with a complete description of each
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(partially) visible body, Consider the scene of Figure |

4~1c. After segmentation the descriotion for the occluded

body (see Figure 5-9) Is

BODY e SCENE = BODYZ2

FACE eo BODY2 = (R4, R5, R6)}

LINE » BODY2 = (L1Z, L13, ,,.L20) |

POINT eo BODY2 = (P5, P12, P11, P12, P13,

P14, P77, P15)

ENDPOINT ® L12 = (P5, P10)

ENDPOINT @ L208 = (P12, P15)

BOUNDARY eo R4 = (L112, L199, L118, L17)

BOUNDARY © R5 = (L133, L144, L188, L20)

BOUNDARY © R68 = (L15, (16, L19, L282)

CORNER eo R4 = (P5, P12, P15, P14, P?)

CORNER @ RS = (P19, P11, P12, P15)

CORNER @ R6 = (P12, P15, P14, P13)

This description [Is the Input that the single body

rer-gnlzer, RECOGNIZE, accepts.
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Some Thoughts on Hand!ing Extraneous Lines:

Extraneyus (ines may apoear In the |ine drawing due

to reflect!ans, nolse in the system, or as the result of one

ablect eestlna a shadow on another, Figure 5-18 presents

sevaral examples, For the single bodies in Figure 5-18a and

Flqure 5-18b, It Is easy to convince oneself that SEGMENT

assigns the {ilmnes to the bodies appropriately, that Is, a

single body Is renorted in each case. The difficulty,

however, is that the descriptions passed on to RECOGNIZE

will be bad because of additional |ines and reglons, In

Flaure S5=10c the bodies will again be segmented properly

except for the extra 1lne and region R, In Flogure 5-124

things are somewhat worse and the segmentation procedure

remrorts only a single body. Figure 5-10e illustrates a

line drawing with both additional and missing lines. It Is

elsar that arbitrarily meaningless [ine drawings can be

irag ined,

Althouah we have not considered the oroblem of

extraneous lines in the depth that we have considered the

oroplem of missing |'‘nes, a few Ideas about how such cases

mioht be handled seem appropriate. A I|ikely result of the

sresence of an extras !Ine Is the generation of a triangular

realon ( R In Flgyures 5-12a, c» and d), While certainly not

all trlanqular regions are shadow or nolse regions,

teiarguiar regions whare 2 of the corners are T-Joints as In
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Figure 5-10 . Some Scenes Containing Extraneous Lines .
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1

Flaures 5-1Pa and c are highly suspect. The edge which ls

mot the top of either T-Joint Is In each case the shadow

edae., In Flgure S-1db the MULTI vertex Is a strong

| indication that something unusual is happening. Often

MULT! vertiees arise where an edge of one body hapoeéns to

intersect an arrow or Y vertex of an occluding body. The

additional Tejoint, however, glves a strong indication that

the connecting edge, £., Is proabably an extraneous one,

The above heuristics would undoubtedly be valuatle

in enhancing the usefulness of our segmentation orocedure.

Line eilminating mneyristics could easily be lneorporated

into SEGMENT, Handling situations such as Flgure 5-1Qe, sl

however, may still be beyond the system's grasp. A more

mode l=directed aoproach will probably be necessary to handle

scenes such as this, A number of additional Ideas can be

found !n a recent report by Orban (29) cescribing a Shadow

elirinating preprocessor for Guzman’'s program SEE. |

SUPPORT RELATIONS

The problem is to determine the <uoport olanes for

each of the bodlas In the scene, As indicated in Chapter 4,

know'!edge of the suoport planes for an obleect allows

RECOGNIZE to Identify and locate the object from only a

single view, The relatively costly cperations af focus or

107



sterea rangina appear to Justify a fair amount of effort

being spent to infer depth from monocular cues.

Uniess evidence to the contrary appears, COMPLEX

assures that the objects are resting flat on too of one

another in planes parallel to 2:30, First, COMPLEX

determines the base edges of each body In the scene. Next |

a set of potential sunporters for each object |s determined

from a knowledge of the base edges and the geometry of the

original Image, Fina!ly, during the recognition process for

an object (after al| the potential supporters of ths oblJect

have bveen recognized and positioned ir space) COMPLEX

exar Ines each rotentlal supporter so as to rule out those

whose potential Support planes are not parallel to 2=@ and

those which are not the tallest,

~ Base Edge Determinatign:

COMPLEX employs a number of heuristics to determine

which lines of a body correspond to base edges.

Initially, all the |ines of a body are considered as

notartlal base edges, A seguence of tests (fliters) Is then

apni led to eliminate those | ines which should not be

ineluded, In the malority of cases, the base edges ure

determined after checking only a few of these conditizsns,

The relatively large nymber of rules are required to handle

the "exceptional" cases which occur infrequently,
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The tests whlch COMPLEX applies to the individual

bodies are the following:

(1) Eliminate all body Ilnes that are not exterigr,

that is, they do not border on the background,

(For the prolJection of Figure S~11a we Know the

base edges must be a subset of

(a.b,c,d,e,f,0.R,1)).

(2) Elilminate all |ines appearing vertical in the

image uniess the bottom point of the vertical

has 3 lines Incident at It, (This rules out

lines a and g In Figure 5=-11a but not line a

in Fiqure 5-11b).

(3) tilminate |ines connected to the top of lines

eliminated In (2): (Eliminates b and f in Figure

S=-11al}.

(4) Eliminate (Ines at downward open L-type

vertices (Eliminates b.,cres and f in Figure

5-11a)

(5) Eliminate lines meeting at arrow or T-type

vertices where the midale [ine no'nts downward,

(Eliminates ¢ and 0 in Flgure 5=11a and a and b
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Figure 5-11 . Examples of the ways in which Base Edges Appear.
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In Figure 5=11¢)

(6) If the |gwest ppolnt pn the body iS an L-tyne

vertex, eliminate the line Incident there with

the iargest absolute slope, i.a, do not keep 2

noundaries of any visible face as base edges,

(Eiiminates (Ine a In Figure 5-114,

(7) lf elthgr of the outside |ines at a T or an

arrow vertex has been eliminated, eliminate the

other outside line. (Eliminates line b In

Flaure 5-114)

Afrer al! of these tegt Nave been appoiied, COMPLEX aggumeg

that the remairimg (ines are the actual pase Ilnes, While

thers are certainly other ways to detect the base edges of

an ohject (see for example [43);, the above approach adpsars

adeauate for all the scenas we have attempted to analyze,

Potential Supogrter Determinatign:

For each paler of bpdies, Bodyl anc Body2, COMPLEX

must determine If Body2 suoports Bodyl., It is relatively

gasy tO answer this guestlion elther "NO" or "MAYBE" based on

a si~gle view once the base edges of all objects have Deen

igentified, For one body to support another It must flest
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ne the case that the bodies are adjacent, SEGMENT ehecks

for this by searchlina for an edge In the |ine drawing that
bounds both an reajon of Bodyl (R1) and a region of Body?

(R2). If such a line exists and is (part of) a base edge of

Bodyl, COMPLEX records EodyZ as a potential supporter of
Bodyl. The face of Body2 oroviding the suppor? ls the face
corresponding to reqlon RZ in the original line drawing. lf
no such (ine exists, COMPLEX concludes that Body2 does not
support Bodyl, Since the existance of such a line only

nrovides an indication that Body? might support Bodyl, all

such |lpnes must be recorded for later confirmation or
re lection, In Flgure S=12a the potential support
Indicators are rapresented DV the little links between the

aporoprlate regions,

Although the set of potentla! supporters often

agrees with what ceop'!e come up With when asked to describe
the same scene, discrepancies do arise, Figure 5-12a

i |lustrates one of these situations. «hen asked to describe
the support relations in this scene, most peoole say trat

Body3 supports Boovyl. COMPLEX, however, says that besides

Body3, Body2 and Bojy4 are also sotential supporters of
Bodyl. One of these discrepancles ls gqulte understandable.

[¢ Body3 were not aulte so tall, It could also be ambiguous

to people whether Bodyé or Sody3 or both support Bodyl.

COMPLEX postpones such decisions untl| after both Body2 and

Bodyd have been recognized, At that time it knows the
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Figure 5-12 . Support Relations .
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height of the top of each block from the Known size of

arototypes and can make the proper cholce (the highest),

The |link jndl!cating that Body4 Is a potential

supporter of Bodyi Is nandled somewhat differently, One

would assume that people tend not to make this mistake

because Fi! and F2 are perceived as being vertical (compare

with F3 of Body2) and the *wo parts of Boiy4 are seen as

hidden behind Bodyl, Although COMPLEX could attempt to

"rule out Body4 as a suoporter of Bodyl based only on 20

information, It seems more appropriate to also postpone this

decision until after Body4 has been recognized, At that

’ time transformed normals to Fi and F2 can be computed,

Since nelther face is horlzontal (l.,e, parallel to 2z=0),

i COMPLEY concludes that 3ody4 does not Sucport Bodyl. This
rule Is only arplied where there is at least one opalr cf

matched T-stems that Intersect a base edge of the supoorted

body. Since all of the T-stems of Body3 Intersecting the

base of Bodyl are urmatched, the tor of Bodyd !s assumed to

na invisible.

The only special support situation about which

COMPLEX knows |s shown in Flqgure 5-12b, The »Xn vertex with

its vertical col! inear segments Indicates that Boay?

co. syoports Bodyl,

| 114



OTHER STRUCTURAL RELATIONS

The previous sections have described the derivation

and apolicatlon of a particular structural relation,

SUPPCRT, Some of the other structural relations which might

also be considered are shown |n Figure 5-13. The simplest

of these is the OCCLUSION relationship, The chief Indicator

of OCCLUSION Is the T-vertex, [In general, the pody owning

the two collinear T=tgos Is the occluder of the body which

owns the Tegtem, Occlusion can also be Incicated by K, X,

MULT], and BADY vertices. These may be thought of as

deaenerata T- joints,

OCCLUSION Is the only relation other tnan support

which Is currently belng utiiized py COMPLEX, If no base

edae of an obJect is visible (and the object willl

consequently not pe recognized), COMPLEX suggests to the

STRATEGIST program that It would be appropriate to elther

rotate the scene through some large angle or to move those

ableets occluding the object in question, The scene

analysis can subseauently he tried agoain.
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CHAPTER 6

RECOGNITION OF OBJECTS IN THE SCENE

Having determined the partial projections

corresponding to individual objects and developed some

understanding of how the Individual bodles In the scene are

arranged, COMPLEX oproceeds with the recognition ohase,

Recognition consists of both Icentifying an object with a

prototype and locating the oblect In space, We refer to the |

routine which does this as RECOGNIZE, After all of the

bodies have beer processed, a predicted line drawing is

aenerated and compared wlth the Input, A mateh indicates

that the analysis has been successful. The remainder of this

chapter describes each of these processes In detail.

SIMPLE COMPLETION

Before recognition is attempted, the simple

conpletion routines try to complete partial line drawings of

a singie object (see Figure 6-1 i, A decision was made to

be very conservative about doing this, Partial prolections

are fixed up only where It Is quite clear that no mistake

will result. Although RECOGNIZE does not demand that the

srojeciion It Is presented be complete, Its chances of

success are better when there Is no data missing,

There are three completion procedures, JOIN,
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Figure $=1 , Cases in which the Completion Routines can be Applied .
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| “A0DCORNER, and ADDLINE, JOIN handles cases similar to that |

of Figure 6-1a, lt looks for a face, F, which two hanging

collinear |ines Indicate Is incomplete. [t replaces these

two lines (L1 and L2) by a single |Ine and updates the rest

of the assoclatlions to reflect this fact.

ADDCORNER handles cases such as Figures 6-1b and cg,

It looks for a face that Is incomplete due to two hanging

lines (F of Figure 6=1b) which can be extended to form a

corner, It completes the face by adding thls new corner

and agaln updates the rest of the associations, “loure

6-1¢ |s handled by first completing F1 ang then completing

F2. One must, of course, have limits on how far an sedge

may De extended sg that nelther L1 and L2 nor L2 and L3 In

Fiaure 6-1le are extended to Infinity,

ADDLINE tries to find evidence that an entire |ine

has been missen, Although there are no danaling |ines In

Floure 6-1d, something is definitely missing. ADDLINE adds a 4

line between P1 and 22 pased on the BAOL at Pl and the calr

of parallel |I|lnes incident at these corners, Face F is

split Into two faces and the rest of tne data structure Is

updated accordinaly.

Since al! of our prototypes are trihedral, one can

lealtimately apply a “Huffman Labelling” to the (oartial)

oroJection, It appears that In some cases this labeling can

not only oetect that the prolection Is invalid (incomplete),

hut also indicate where a new (ine might be added, For
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exarpie, In Flagure 6=1d both of the lines meeting at the

vertex Fl must be labeled n+n, This Iindlcates that

somethina 1s wrong near tnls vertex, To date we have not

exolored thls approach In any detall,

IDENTIFYING THE OBJECT AS AN INSTANCE OF A PROTOTYPE

RECOGNIZE jdentifles or "names" an object by

extracting features from Its |ine drawing projection, P, and

matching these mgalnst the properties of the 3=D stored

srototypes., If we define PROTOTYPES to be the set containing

all the prototype items, we can represent this process

scheratically as:

PROTOTYPES + T1(P) » Si « T2(P) =» ,., « Tr(P) +» Sn ,

RECOGNIZE apples a test, Ti, to the projection P, Based on

the outcome of this test It can say that P could only

correspond to mempers of the set S1 where S1 Is a subset of

PROTOTYPES, Similarly, It applies subseauent tests to

further restrict the possible Interpretations of projection

P. Hopefully, for some |, 1S1&n, SI! Is a singleton and the

ob lect is Identified. If this is not the case, then the

RECOGNIZE reports only that the object viewed I= one of the

members of set Sn,
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The set of tests are chosen such that a orojection

can usually be Identified even if several lines are missed

pecause of occlusion sr noise. This type of procedure Is

apniled both by RECOGNIZE In the case of (partially)
complete line drawinas and by SIMPLE for outlines, The

specific tests, of course, differ In these two situations,

The sequence of tests Is fixed and chosen roughly so as to

apply the "cheapest" tests first. RECOGNIZE does not try to

find a true "least cost" seguence of tests.

The tests can be divided Into two basic classes,

tonologlca! tests and geometric tests. The topological

tests compare features which are prolJective Invariants and

consequently can pe examined directly from the prolection,

The geometric tests match sueh things as lengths and angles

whieh are not oprolectlively invariant. Three~dimensicna!

information must be Inferred from the projection before

matching of geometrical oroperties can be accomplished, The

tests themselves are extremely simple because there are not

very many prorerties which distinguish the sollds of Figure

1-1. The order In which we describe the tests Is the

order In which RECOGNIZE applies them,
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Temological Tests:

After the 3 conn 8% ion routines have been app | led,

RECOGNIZE checks to see how successful they ware, It assumes

that a oartlal projection corresponding to a single object

is complete If It has no remaining dangling lines as In
Fiaure 6-1e¢, no Internal BADLs as In Figure &6-1f, and no

face with less than 3 bounding |ines as in Figure 6-19.

(1) For a compiete | ire 3rawlng corresnsonding to a

single object one might think first of matching the |ine
drawnine (treated as an undirected planar graph) against the

edas structure of each model, While such an approach Is
sosslible for convex solids, general subgragh matehing Is not
pasily implemented. RECOGNIZE, therefore. takes a siightly

different anproach, For each model there are a finite
{usually small) numper of topologically distinct views, For
each viaw #8 predetermine the number of faces and the humber

of vertices that are visibie and assoclate this "projectien
mair® with the correspording model, Flgure 6-2 shows the set

of glistinct nrojections of a wedge and thelr corresponding
arojection palrs. when a complete |lne drawing 1s
dJetecters, the number of faces and number of vertices visible
are determined and matched against the pairs stored with
each model, Alth the exception of degenerate views, there
turns out to be few oalrs common to more than one

tonglo0lcally distinct model.
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Figure 6-2 . The Projection Pairs for a Wedge .
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[f the Iine drawing is not complete then the face

tynes are used to cartitlon the set of possible matches,

For exampl@, if a triangular face {is present, then the

orojection could not possibly be a rectangular

saralleilplped, Simliariy, the existence of a hexagonal

face Inoclcates an LBEAM,

The only topological property of an cutline Is Its

number of edges.

Geometric Tests:

The tests In this c)ass depend on obtaining deonth

information, |.e, 3-soace locatlon of points, by one of the

methods described in Cnapter 3. Since corners can be located

subs-antia!ly faster by supocort hypothesis than by any other

wathod, RECOGNIZE tries to match base edge lengths and

anales first,

(2) RECOGNIZE finds the lengths of any base edges

«hich are either totally or partially visible. For a

complete edge of l(enath L. It rules out any mode) not having

at |east one edge, E, such that L-DELTALSlongth(E)<L+DELTAL

whare DELTAL Is an aoprooriately chose tolerances. For an

incoro!ete (danallna) base edge of length L , a potential

mode! ™ust have at least one @dge of length ogoater than

L=-0DLLTAL,

(3) 1f there is a visible corner where two base
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edaoes meet, RECOGNIZE computes the angie, THETA, between

these ecges. A mode| is only accepted as a potential mateh |

if one of Its faces has an angle wlthin DELTATHETA of this

anale.

(4) Fur the scenes that RECOGNIZE considers. It Is

usually possible to neglect perspective effects during

recognition. In particular, edges normal to the table too

appear approximately vertical In the image, RECOGNIZE also |

assures that a vertical {ine in the image arises from an

edae normal to the table (thls may occasionally not be

true). lt uses the technlaue described In Chapter 3 to

determine the actual length of such an edge, The lengths of

vertical edges are used to rule out possible matches as in

(2).

(5) 1¢ RECOGNIZE s¢lll has not succeeded In

identifying the projection » it will comoare the known edge

lengths incldent at visible corners of the projection

against those Incident at corners In the object models.

LOCATING THE OBJECT IN SPACE

After deciding to which model a narticular object in

the scene corresponds, RECOGNIZE proceeds to determine its

location in space, The most obvious way to do this Is to

find the location of the center of mass of the object and

the angles that 3 known orthogonal! axes in the body make
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with the axes of the table system, The technigues

described below provide a convenlent way to record and

compute these 6 numbers.

Consider a prototype with ts center of mass at the

origin of the table system and an arbitrary orientation,

Now Imagine an instance of this prototype transiated and

rotated to some other location In soace. If we represent

the vertices of the unmoved prototype in homogeneous

coordintes as PJ=(XJj.YJ,2J,1) and those of the instance as

Pi‘s(XJ’sYJ'»2]J°+1) then we can write

Pj* = T PJ

where

DX

T = R DY

D2

200 1 ’

The upper rlicht-hand corner of T 1s a 3x3 rotation matelx,

R, ard the first 3 comoonents of the fourth column describe

the tranrsiation of the center of mass of the instance in the

table system, By finding the location and crientation of an

oblect we shall nereafter mean finding the matrix T which

moves the matching prototype to the oosition of the

instance,

There are 6 parameters needed to specify 7,
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Therefore, knowing the locatlons of 3 corresponding points

on the object and model will allow T to be computed. The 6

~arareters are DX, DY, DZ, and the 3 angles Implicit in R,

We now describe how RECOGNIZE determines 3

corresponding polnts c: the oblect and model.

Matching!

In Figure 6-3 It is clear that a rigid body motion

can cause 8lther A‘,B’, and C’ or A‘*, B', and C'* of the

nrototype In Figure 6=-3b to be aligned with As B,» and C of
the object In Flgure 6-3a. On the other hand. A, B, and C

will not match A‘-*, Ber+, and C’** of the model in Figure

6=3¢. We refer to this problem of finding corresponding

points as the r»matching probleme,

RECOGNIZE matches an object to a oprctotype Tn

ecaveral steos. First It locates 4 Independent (non-coplanar)

connected corners of the object. Next, It computes the

lengths cf the edges connecting these 4 points. It then uses |

these lengths to partition the set of model edges Into |
subsets whieh could correspond to each of the J object
edaes. Finally,RECOGNIZE selects triples of model edges from

these subsets. The first triple having certain features In

common with the 3 oplect edqes is taken as the correct

match, we shall! elaborate on each of these points.

Although 3 points are sufficient to specify the

127



Af

All

al 1 clit
|

A a! [
c ¢! >

CBJECT PROTOTYPE PROTOTYPE

(a) {b) (¢)

Ng!
P2 x P2’

RHOMBOID RHOMBOID

(d) (eo)

Figure 6-3 ., Matching an Object with its Prototype . |

128



P! 3
P3

13

P2

1" PEAK"

(a)

Pi

L3

P4 po

Le

P3

“CHAIN"

(b)

Figure 6-4 . Example of a PEAK and a CHAIN .

129



transform after a point correspondence has been set up, the

fourth point greatly faclllitatas the matching process, The

points: P1,P2,P3, and P4, are selected such that the lines

having them as end polnts form elther a "peak" as in Flgure

6-4a or a "chain" as In Flgure 6-4b, Usually these four

noints have been |ocated during the Identification phase of

the recognition process, 1f not, RECOGNIZE proceeds to

locate the remaining corners, The techniques described In

Chaoter 3 for locating a point based on assumptions about a

face are applicable now since the prototype corresponding to

the obJect |s known,

Having determined P1, P2, PJs and P4, RECOGNIZE

computes the actual lengths of the edges Lil, L2+ and L3 (see

Fiaure 6-4), Assoclated with each LJ is a set SLJ where SL]

contains those edges of the model that are within a

orespecified tolerance of the langth of LJ. As possible

matches to (L1,L2,L3) RECOGNIZE chooses (t1,t2.t3) such that

tjeSL J, If the J oblJect Iines form a peak, then the 3

mode! edges must also form a peak. Similarly, If the oblect

edges form a chain then so must the model edges,

A simple procedure eliminates such errors as Flgure

63a matehing Figure 6=-3c. RECOGNIZE proceeds as fillows!

‘1) It determines v2 = P1 - P2,

v3 = P3 - P2,

and Vi = P4 - P2 for a peak or

Vi = P4 - PJ for a chain.
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(2) It computes the dot product Vie (V2 x V3),

(3) If PJ* is the mode! polnt potentially matching

object point PJ then RCCOGNIZE computes

v2’ = 1’ - P2°

v3‘ = P33’ - P2°

and Vi‘ = P4’ - P2’ for a peak or |
Vi‘ = P4’ = P3’ for a chain,

(4) Finally, it computes the dot product

Vi‘e (vV2’ x V3’).

(5) For a match It reguires that the two dot products

have the same sign.

If we Identify Pi, P2, P3, and P4 with A, B, C, and D in

Figure 6-3a, the object qlves Vie(v2 x V3)<B whereas the

match implied by the model In Figure 6-3c gives Vi‘e(V2’ «x

v3')>0, RECOGNIZE does not reaulre that these two dot

sroducts are equal because some of the object lines may be

nartially occluded.

These conditions are still inadeauate since points

Py, P2, P3, and P4 of Flgure 6-3¢c could match PL’, P2'y PJ’

and P4+ of Figure 6-33, To rule out such mismatches

RECOGNIZE recuires that the angles between corresoondng

| ines be the same,
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So far we have neglected the fact that ome or more

of the object |Ilnes may be partially occluded. RECOGNIZE

assures that it can find a peak or a chain where not more

than one (line of the three edges Is occluded. If LJ Is

oartial|y occluded, then It puts into SL oniy those mode!

adass having lengths greater than that of LJ. If line LJ] Tn

the orojection is partially occluded and matches line LJ‘ in

the model, RECOGNIZE sats up a "pseudo model point” to mateh

the occluded end of Lj. The point Is located ILJ| down the

mode| ecqge LJ’,

Once 4 corresponding points are Identified,

RECOGNIZE may use any 3 of them to compute the transform T,

It seems reasonable to chocse the 3 points which have the

longest two edges connecting them, This reflects the fact

that we presumably have greater confidence in long lines

than short ones.

Computing tne Tra sform:

Given 3 corresponding points P1=-P1l’', P2-P2’, and

P3-P3’ and the two assocl/ated vectors V2-V2’ and V3I=V3’ on

tne rode! and obJect RECOGNIZE proceeds to compute T as

T=DR,
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Here R Is a 4x4 matrix specifylng a rotation and D specifies

a transiatlon, RECOGNIZE begins by setting Up two

orthogonal coordinate systems centered at P2 and P2’. The

unit vectors Uizv2xVv3/iv2xVil, u2sv2/71v2l, and U3=U2xVUl

spec! fy the axes of one system, The second system Is
specified by Ul°= V2 'xV3¢/7I1Vv2'xv3‘1, y2'=v2'/7|v2’'l, and UY3‘'=

U2’xUl‘. RECOGNIZE then computes

RL = ; u? y ’ R2 {i ue’ : ’
Re = Ri R2T ,

and d = [DX,0v,D02) = V2 = Re ve’,

1t follows that

d 1 2 @ DX

R = Re 2 and 0 =]1232 1 2 Dv

? Jd J 1 02

eB ¢ 2 1 J 8 ee 11.

Although only 3 matched noints are required to

spec |fy the transform, T, one might expect tnat it would be

petter to estimate T based on more than 3 points. We have

not found It necessary te do this. If thls is done,
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! however, ons must aot neglect the fact that the upper left
3x3 submatrix of T is reaulred to be a pure rotation matrix,

| A parareter adjustment alaorithm could easl|ly be appl led to

0x, OY, D2, and the three angles Implicit in R® so as to

minirize the cumulative error for all the points being

matched,

SEQUENCING

The flowchart of Flgure 6-5 shows the algorithm we

are currently using to control the recognition of individual

bodies in the scene, Tris Is a more honest version of the

bottom half of Fiaure 4-5. As was mentioned earlier,

RECOGNIZE Is generally applied In a bottom-to-too manner,

The bodles resting on the table are recognized before the

podies which they supoort, The complexity of the

flowchart stems from the facts that (1) all of the potential

sucporters of a given body need to be recoonized before the

true Supporter can be determined (see Chapter 5) and (2)

wher recognition fails, COMPLEX needs to decide what to do

next. If an oblect cannot be matched with any model and It

is resting on the table, COMPLEX reactivates RECOGNIZE after

relaxing the parameters which contra! the smount of

deviation from a mode] which is tolerated. 1f the oblect

still cannot be recognized, COMPLEX gives up on It.

If an obJect cannot be identified as any protutyoe
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and |s supported by other objects, It may be either (eaning

on Its supporter or the supporter Itself may have been

ineorregtiy Identified, If the identification of the

sunporter led to only one possible prototyse, COMPLEX

assures that It was correctly identified and calls on the

stereo package to re-locate the corners of the sypported

oblect. If there were other possibile prototypes which might

have matched the supporter, COMPLEX tries one of them and

continues with the racognition, The examples presented In

the next chanter will bring these issues into sharper focus.

PREDICTION - THE HIDDEN LINE PROBLEM

After having recognized and located each of the

obliects In the scene, COMPLEX is In a position to predict

how the scene should appear in the Image. As mentioned In

Chapter 2, this problem has been investigated rather

extensively In recent years by workers In the area of

eomputer Qraphlics. A major goal of their reassarch has been

to find efficient algorithms for solving the so-called

"hidden |ine oporobiem™, For the extremely complex objects

and scenes with which they deal, an efficient algorithm lg a

necessity rather than a luxury. COMPLEX, on the other hand,

is currently not able to analyze scenes of such complexity

and conseauently [s not as strictly constrained by the need

for efficiency. The algorithm HIDDEN described below Is
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auite sirple, Although HIDDEN |s probably not practical for

scenes of more than about 28 simple obJects, it does satisfy

our n<sds at oresent. After presenting a simplified

description of the cperation of HIDDEN, we shall describe

some speed-us techninues which have been employed.

Figure 6-6 illustrates the essence of the hidden

line problem, Having determined to which model a particular

obisct In the scene corresoands and the transform whieh

moves the model out (into its prooer position in the real

worlds HIDDEN can predict where each corner of the oblect

woula appear In the image, There exisis a 4x4 projection

’ matrlx P (see the description of the Roperts system In

Chapter 2) such that multiplying the homogeneous

v representation of a corner by P yields the coordinates of

the point In the (image, The problem, of course, is that

this process does not take Into account the fact that the

| oblect |S opaque, In Figura 6-6 lines a, b, and ¢ should not

actually appear In the image. The orobien is even worse for

concave bodies of groups of bodit3, In these cases only

carts of a 2iven (Ine may be visible, The algorithm below

srovides a method for determining which |ines or parts of

lines snould be nresent In the image from a glven point of

* view, The method proceeds in two phases.

Nuring the flrst ohase HIDDEN removes |ines on "back

. faces" of indlvidual opolects. This technlaue is common to

many existina hidden=-|ine algorithms. The idea |s that if a
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face of an obJect Is totally hidden, then none of {ts

bounding edges should be displayed (predicated). The

invisibility of a face due to the object hiding itself ls

suite easy to determine from a comparison of the face

normal, Nf, with the "line of sight”. The line of sight or

principal rays PR, is a vector tnrough the lens center whieh

slarces the image plane at Its center, If PIC Is the center |

of the Image, A Is the cailineatlion matrix, and CC Is the

lens center, then PR = (PIC)(A) - C. The condition for

total Invisibility of a face due to self-occlusion is

therefore: ]

Nfe PR 2 @ - F Is invisible

N¢eo PR C @ - FIs visibje

The norma! to gace fF can pe gound as:

. -\
Nf =z nf T

where nf is the normal Stored with the protctype which

matches the object under consideration and T is tha inverse

of the 4x4 homogeneous transform which correctly oositions

the rode! In space. If all of our scenes consisted of only a

single convex polyhedron, then alt hidden Vines would be

removed by this point, Figure 6-7a, however, shows a
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tynical Image after the cack face |ines have been removed,

We now describe phase 2 of the hidden line removal!

procedure. HIDDEN begins by Identifying all polnts [mn the

image where lines cross, that is, P1, P2, P3, P4, P5, and P6

in Figure 6=7b, Note that these points do not exist in any

internal data structure out omly In the mind's eys of the

viewer, They cen be determined, however, by considering

al) pales of lines for Intersections.

After they have besn located, any little segment

(line petween two points In the Image) [ss either totally

visible or totally invisible, To determine If a ine ls

visible or not HIDDEN notes first that a |ine which Is not

enclosed In any of the other faces (e.9, L1, L2, and L3)

must be visitla, A line enclosed in another region may be

visible (6.3. L5 enclosed In F2) or may be invisible (e.q.

L4 enclosed In Fl), To detarmine If a (ine enclosed In one

or rore faces Is visible, HIDDEN must consider the 3-space

location of this line relative to each of ths face olanes,

1t P Is a oolnt on segment L, to check for visibility

relative to face F we compute:

Nf ¢ P 2 2 - L Is visible

Nf ¢ P (C 0 - L 1s jhvisjbie
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1f the process described above Is carried out correctly, a

oroper cdescrintion ¢f the scene viewed will eventually

result (Figure 6-7c).

The only problem with this descriotion is that some

lines are broken up into several collinear segments. HIDDEN

calis on a routine SPLICE which scans the scene for corners

where two |lnes meet that are collinear. SPLICE replaces

ther with a singie line. The result is the desired |ine

drawing (Figure 6=74d),

Although the procedure as described above will work.

some simple moglfications can greatly improve Its

efficiercy, Ome of the most time consuming parts of the

orocedure Is tne determination of the crossover points

indicated In Figure 6=7b singe each (ine myst be compared

with every other |Ilne for a possible intersection. Rather

than do this direct!ys HIDDEN actually tries to determine

the status (visible or Invisibie) of certaln lines before

computira any Intersections. For each object in the scene

it setermines an "enclos!ng Image box" based on the minimum

and maximum values of x and vy of the corners of the oblect

(see Flgure 68a). If line L belongs to the orojection of a

convex obJeet (lt is easy to mark the convex prototypes) or

is a part of the arolection of a concave object which Is not

hidgen by the otJect Itself, then It Is clearly visible if

it Is outside the Image boxes for ail the other objects In

the scene, Only the 5S lines shown In Figure 6-8b need be
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srocessed during phase 2 for the scene in Flgure 6-Ba, The

other lines are known to be totally visible, Concave

oblects are orocessed Individually according to the

orocedure of phase 2 after back | lnes have been removed but

before the scene is considered as a whole.

VERIFICATION AND DECISION

Verification 1s simply the process of determining

how well a predicted |lne drawing agrees with the original

innut. There are two Interpretations for “original

input” here, Flrst, the predicted line drawing should mateh

the orlginal 1ine drawing from which It was derived. This |

can he confirmed by checking that for each Iine of the

sreclction there is a corresponding line in the original

line drawing, If such a correspondence cannot be set uo,

COMPLEX concludes that either It has failed in its anaiysls

(deserliption) of the scene, or the original line drawing was

incorplete, that is, some lines were missing, Guite often

sueh missine lines can be detected bLy a statistical

verification operator (42) applied to the intensity data in

the vicinity of the oredicted edge, While such an operator

is too costly to apply evarywhera im the original intensity

matrix. it |s reasonable to apoly It selectively at this

stage of the analysis, |
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COMPLEX proceads to confirm or rafute the

nynothesized scene description, [f all of the predicted

| i ines car ba matcheg to Iines In the orlginal (ine drawing,

It assumes that the description iS correct, For any

nracicted Ilne which cannot be matched with a |ine in the

arliginal line drawing, It calls upon the statistical

verification operator to check far the | ine (edge) in thes Tv

data. After thls has been done, If a particular body has no

more than WN of it predicted edges unconfirmed (N 1s

currently set e@aual to 3), COMPLEY assumes that the

descriotion for this body Is correct, otherwise COMPLEX

assures that the body has been recognized Incorrectliy,

COMPLEX assumes that If a body cannot be verified, the body

itself and not Its pgccluder has been incorrectly recognized.

Pagrritting VN lines te remain unconfirmed allows for a few

noisy lines In the original |ine drawing or Some {ines whieh

simply cannot be gsegn due to poor lighting conditions.

Although the primary goal of verification Is to

conflrr a hypothes!s inferred from the original Inout data,

*hare are occasions whan there Is simply [nsufficient data

from which to oenerate a good hypothesis. In these cases

verification oerformgs 2 major function In the recognition

arocess. 1wo such examnies ara shown in Flgure 6-9. In

fFilqure ©6-9a assumg that COMPLEX has recoanized Bodyl as an

RPP114, From the little bit of Body2 which Is visible

assure that RECOGNIZE can determine only that the body Is
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alther an RPP112 or an RPP114, 1f COMPLEX guesses "RPP114"

and makes a prediction based on this, it would find that

this guess is Incons!stent with the original Input. The

dotted section predicted to the right of Bodyl coes not

exist, It must, therefore, be a RPP112, Humans, knowing

the prototypes which make up the environment, would

srasumably perform a simllar sort of analysis. In contrast

to the situation In Figure 6-%a where the Insufficient data

results from occlusion, In Figure 6-9b the Insufficient data

arises from an incomplete line drawing, Assume that Boayl

has been determined to te either an RPP122 or an RPP124, A

nynothesls that the body was an RPP124 could be confirmed or

rejected after prediction by checking In the TV data for the

edaes Indicated by dotted lines,
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CHAPTER 7

SYSTEM PERFORMANCE

In this chapter we examine the performance of

COMPLEX by means of a number of examoles. The examp|esS have

seer. chosan to |liustrate and clarify some of the ideas

sresented In the previous chapters. Three of the examples

are presented In detail. A numper of other examples are

exarlined more briefly, in each case 19 clarify a particular

feature of COMPLEX. Finally, we Indicate a few cases where

COMPLEX Is known to fall.

GENERATION OF EXAMPLES

The line drawing projections in this chaoter all

originated with real scenes. The scenes consisted of

flat=white palnted wooden blocks on a black cloth

backaround, A TV camera viewed the scenes from a neight of

ahput 22 inches apove the table too through either a 25mm or

a 52 mm lens, Approximately 6 bits of Intensity information

wore oObtalned by combining four senarate 4 pit segments of

the total dynamic range of the camera. The Intensity matrix

’ was then orocessed by an edge-follower orogram written by

manfred Huyeckel [15] to orduce an ordered list of edae

- soints (see Figure 1-3b). The more powerful accommodating

edae-fol lower developed by Pingle and Tenenbaum [40] was not |
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| avallable at the time that these examples were generated,
| A proaram writtem by G6, Grape was used to

transform the ecge=point data Into a I|lne drawing.

Unforturately, this program Is not yet able to deal with

very complex scenes by Itself. Although a few of the line

dranings Ir this section were cenerated automatically. most

of the interesting cases have had to be ntouched yp».

Either spourlous lings were deleted or some missing ines

were added, In those cases where no addition or removal of

| Ines was reauireds it was still necessary to manually

adlust a set of 9 parameters which control the |ine=flitting

orocess, It appears that In the near future an [Improved

verston of Grape’s orogram will be capable of handling most

scanes of interest with mo human intervention,

The photographs Ingluded in this section were all

taken directty from our Information International Ine.

displays. The fiim used was Kodak TRI-X with an exposure of

1/68 second at 8,

SEVERAL EXAMPLES IN DETAIL

SCENE R3,CRN

Figure 7-1a |s one of the |ine drawings generated

Jitnout any touch uo, The scene consists of an RPP122 and a

| CUHE in front of It, The intensity glstributions were such
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that In 2 cases ro2glons that actually correspond to 2 faces |
arise. From the vertex labelling in Flgure 7-1b the

motivation for the BADL type vertex becomes clear. BADLs

generally rasult from T=-Jolnts where one of the collinear

seqrents Is missing (P2, P8, or P18), from an arrow vertex

(P14), or from a "Y" type vertex. Although both |Ilines

meeting at point P14 pelong to the same budy, the |Ines |

meeting at P8 do not. There is a good chance, however, that

the I|lnes at P14 wll! be assigned to the proper body based

on the vertices at thelr other ends or based on one of the

special case heuristics. It Is also quite probable that the

bodies can be recognized even If these |lines are missing

fron the partial body projections, Figure 7-1c shows the

arash thet SEGMENT sets up based on the labeling of Figure

7-1b., As mentioned earlier. neglecting the special case

meur stiles,» the disjoint suporaphs of Flaure 7-1c correspond |

to the individual bodies In the scene. Figure 7-1d shows

these |lrdividua! bodies before any processing by the line

completion_ routings ard Figure 7-le shows them after

completion, The only simples completion routine required for

this scene was ADDCORNER, Note that in extending (Ines

P14-P15 and P9-F12 ADDCORNER checks the distance of the

intersection point from ea-h of the existing object corners,

1f this distance Is less than a prespecified tolerance, the

corrasponding corner is substituted for the new point.

Each block Is recognized In an Identical manmner
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since both of them are supported by the table. The 3

lowest corners of cach are identified as base points and are

located In 3-space using the Image-table collineation,

Points P15 and P6 are located in 3-space by assuming that

they (le on edges normal to the table since lines P11-~P15

and NEWP2-P6 are vertical In the image. The projection palrs

(Number of Faces, Number of Vertlices) imply In each case

that the corresponding prototype must be a parallelepiped,

The lengths cf the 3 edges connecting tne 4 points menticaed

above are tnen sufficient ta soeclfy the orototyre.

Althouvh the original line drawing was incomplete, each of

the resulting Individual body oprojections |s complete,

This Is, of course, not generally the case as the next

exarole will show,

The ine crawing of Figure 7-1f results after

locating each o5Ject In space and predicting how the

“hychthesized” scene would apoear from the camera’s point of

view. The determination of the transform that properly

nosltions the apnropriate mode! In space proceeds exactly as

descr ibea In the pravious chapter based on the 4 points

(forming a "ceak") just mentioned, As show In Figure 7-19,

the prealction and image flit quite weil except for the 3

lines missing from the original line drawing. Most orobably

these lines could be found by explicitly looking for them in

the TV image w th tha sensitive verification ocoerator.

Even If they could not be detected, enough of the Iines
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match so that COMPLEX accepts the hypothesized scene

descrintion,

SCENE PJ ,CRN

Figure 7=2a shows a scene s|ightly more complex than

the previous one, The scene actually consists of J blocks,

an LBEAM, a WEDGE122, and a RPP112, Again some of the lines

senarating faces of different bodies are missing due to the

lighting conditions, Im addition, several lines are

aisplaced from thelr “ideal” positions, In particular, the

T-ioint at P21 has its tops bent in such a way that It Is

almost an arrow. SEGMENT classifies thls vertex prooerly, as

shown In Flgure 7-2b, by tolerating a smail deviation from

collinearity (approx, 30 degrees) for the 2 tops of a

T-jolnt, The Ifttie segment at P23 Is also not In Its oraper

sositlion since the corner finder in the Grape program merged

with P17 the T-Joint where thls segment originally

intersected |lne P17-P19, The result Is a MULTI ( Figure

7=2b), In this particular case, It makes no difference

| since both lines meeting at P23 will be omitted from the

ingivigual body descriotlions (see below).

Several things are worth noting in Figures 7-2b, ec,

and d. In Fgure 7-2¢ we note that two unlabeled nodes have

meen created based on "matching BADLs".,1f the one resulting

from P1 and P14 had not been created, the two edges meeting
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at P15 would not have been identified as part of the wedae |
| due to the MULTI at P17. The node corresponding to the

COODL at P23 Is dlscarded since after all the merging and

special case heuristics have been applied, It still has an

assoc lated set containing only 2 lines, SEGMENT correctly

assures that thls node does not correspond to a separate |
bcdys and that the cartial proJection to which these two

ines should be associated can be analyzed without them,

The completion routines add many of the nlssing

lines for the Individual objects. As Indicated in Flgures

72d and eo, procedure JOIN mod! fles the WEDGE12Z replacing

’ {imes P17-P19 and P5-P6 by line P17-P6 and [ines P1-P15 and

P1L3=-FP14 by lire P13=-P15, ADDCORNER also fixes up the fiower

. left-hand corner of the RPPl12. ADDLINE agas ines between
P18 and P22 for the L3EAM and between P2 and P11 for the

RPP112. The result of the modifications is that both the

| WEDGE122 and the RPP112 projections are complete, Although

much of the LBEAM Is missing, tne visiole edge lengths turn

out to be sufficient for identification and nositiening,

Racognlition Is again straightforward since all three objects

are determined tc rest on the table,

- The prediction based on the hyoothesized Scene

description Is shown In Figure 7-2f and again with the

original 1ine draw!na in Flgure 7-29, The discrepancies

. petween the predicted |lines and the criginal ones that are
apparent in this example arise from several factors. Flest |
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and orobrobably most (important, the original (ine drawing Ts

not an [deal perspective orolection of the scene but rather

a perspective projection modified by the noise In the

original data and the peculiarities of the preprocessors.

Anv transformation derfved from only part of the data (a few

local features) wil, In general, not agree exactly with the

rest of the data, Some of the errors undoubted|y arise from

our slirplifled model of the oplcture taking process,

Fimally, the author’s abllility as a carpenter Is subject to

auestion, Conseauentiy, some of the do-it-yourself blocks do

not exactly match the speclfications of the prototypes.

Since these errors have not Interfered with the operationrm of

COMPLEY, not much effort has as yet been spent on precisely

locating and removing thelr sources. The actual error Is

usually less than 2,15 !'nches.

SCENE R9,CRN

In contrast to the previous two examples where al|

the hlocks rest on tne table this example, Figure 73a,

illustrate the complications arlsing from other forms of

sunport,

The only interesting points to be observed In the

labeling of Fijaure 7-3 are the BADYS at P5 and P13. It 1s

relatively clear why one wants to think of BADYS as a

dJeagererate T-joints, [f the too block at the BADY were moved
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<lioht!y, ome or both of the BADYs would become T~-jaints,

In Figure 7=3d we can see that SEGMENT has omitted the line

between P12 and P13, It is not associated with any node of

the graph in Flgure 7-3¢, and none of the special case

heuristics cause It to be assigned to a body. This presents

no oroblem, however, since enough of tre RPP112 is visible

without It, For simplicity we shall refer to bodies by thelr

nrop8r rames even thouah they have not yet been identified

py the proaram,

Recognition, as Indicated eariier, proceeds In a

bottom=to-tor fashion. To bealn wlth COMPLEX might decide

to analyze elther the RPP114 or the RPP122 which are both

restina on the table, Assume that It examines the RPP114

first. COMPLEX then trles to recognize the RPP124 on too

of the RPP114 put falls since not all the potential

supporters of the RFP124 nave yat been recognized. The

next body orocessed, therefore, must be the RPP1l2Z2 resting

on the table, After RECOGNIZE igentifies and locates it in

j-gpace, the plane of Its top face can be used as the

suoport olane for the RPP112. RECOGNIZE can then identify

and locate this body. Mow kmowling the positions of the

RPP114, the RPP122, and the RPP112, COMPLEX can determine

that the true supoort for the RPP124 is provided by the

RPP114, This last body |!s then ldentified anda located Tn

space.

The predi-=tion Is shown In Flgure 7-3f and with the
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original input superimposed in Flaure 7-39. In this case

the two line drawings match quite well,

COMMENTS ON OTHER INTERESTING EXAMPLES

The scene of Figure 7-4a, VIEW3I,CRN, Illustrates how

the constraint of known model size can be used In

recognition, From the visible portion of the bottem block

RECOGNIZE can only determine that It is either a RPP112 or a

RPP114 (it Is actually an RPP112), COMPLEX proceeds by

hynotheslzina that it |s a RPP114, Tnis allows the support

nlane of the top object to be determined and Its base edqe

langths to be computed. These lenaths, however, do not

correspond to any of the lengths of edges of models whieh

tonolooically match the top object. Sueh a failure by

RECOGNIZE 3lgrals COMPLEX that it should try the other

rnossible prototype, the RPP114, as the Identity of the

supporting oblect. Aith this hypothesis the analysis,

credliction and verification proceed without difficulty,

Scene 05,CRN shown In Flgure 7=4p Is a slightly more

comg lex scene lllustrating one of the unfortunate situations

that arise In practice. while In theory cdeqenerate views

oceur only from single points of view, the difficulty that

the oreprocessors have in detecting extremely narrow reglons

causes cegenerate |ine drawings of objects to be peroduced
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aver a relatively |arge range of viewing angles (perhaps 28

dearees or more). This means that 05.CRN Is not atypical.

The necessity of interpreting the T-Jolnts at P1, P8, and Pé

as "degenerate arrows" while interpreting those at P7 and

P17 as BADTs motivates one of the socecial case heurlstics

ment loned earlier in the description of our segmentation

araocedure. During the opredlctlon phase one must be

rareful not to predict a face that would ideally be visible

but Is Invisible due to a "oseudo degeneracy" (l.,e. the face
determined by P6-P7-P17), This I's accomplished simply by

interpreting as visible only those faces of an oblect whose

normal dotted Into the iine of sight in less than some sma! |

negative value rather than Zero.

Flgure 7-4c illustrates on of the problems that

arises In the analysis of scenes whare objects aout. The

line drawing of Q1.CRN was generated without any touch up.

The Identiflcatlion and location of the objects proceed

without difficulty. The problem is that a small errcr In
the predicted position of either of tne objects drastically

chan?23s the tooolofy of the predicted |ine drawing. For

this example, the two objects are oredicted to appear

separated by about 1/17 of an inch, Althouqh the error

does not cause enough lines to he mismatched so that the

correct hypothesis Is rejected im thls cases one might
consider "forcing abutment” during recognition if such a

relationship was detected during structural analysis, Prime
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in1lcators of abutment are the BADY, KJOINT, and X~joint

tyne vertices. Winston considare the determination of this

structural relationship further In [431],

Figure 7-49, CL2.CRN, Illustrates another problem

caused py abutment, Each object In the scene Is recofnized

auite simply after segmentation and oartial compietion,

The problem arises from the fact that RECOGNIZE as it

currently exists has no concept of the volume of Space

occur leg by an object, Consequently, a small srror In tne

calculated position of the cube can cause edges PJ3-P25 and

P2-P25 to pe ohyslcally located Inside (behind the front

face of) the RPP122, The resulting prediction will have

these two edaes missing, [dea!ly., one should detect pody

Intersections and correct them by modifying the transforms

associated with the offending bodies. For expediency,

nowever, we have sin ply modified the criteria for determing

if a \Ilne segment Is visible. HIDDEN says that a line

suyrroungad by one or mora faces Is visible If Its midpoint

ls In front of or within a socecifled small distance behing

all surrounding faces,

CL2,CRN also lllustrates another opropliem that

arises, For the RPP112 partially occluded by the wedge.

orly A small sejmgnt, P12-P23, of one of Its base edges In

visible, This edGe olus edge P19-P22 are extended bv

ADDCORKNER te form a new corner at thelr intersection. Since

tne co"putes location of the RPPL12 depends quite directly
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on the tocation of this new corner, any error In the input

data corresponding to P1#-P23 may lead to relatively large

arrors between the predicted and original (ine drawings. [t

may at times become necessary tc get a close-up view of the

two edges before a predicted corner location is estimated. |

In this example, it was necessary to relax the matching

tolerances before the object could be Identified as an |
RPP112. |

04 .CRN shown in Flgure 7=4e is the first of two

"(earing”" exarples, The ine drawlna nere wes again

sroduced without touch-up. 1t turns out that for this

sartlcular leaning example, both objects get recodnized

correctly without rasorting to stereo ranging. The

explanation Is Interesting, Only edge P5-P7 is ldentifled

as a base ecae of the wedge; edge P3=-P7 is ruled out because

of the downward polnting arrow vertex at PI. Both bodles

are then assumed (incorrectly) to be resting on the table,

The vertlicallty of edge P6=P7 ls used to locate corner P¢ in

I-space., Assuming tre top face of the wedge to be horizontal

(which turmed out tc be truel, RECOGNIZE ther determines ine

iocation of corner P3, Corners P5, P7, P6, and P3 are

eufficlent to soeclfy the "too object" as a WEJDGELZ24 and

allow It te pe positloned properly in scace. From the

eral! portion of the bottom object which is visible, It is

only possible to determine that it Is either an RPP112 or an

RPP114. Assuming that It is an RPP114, PREDICT generates a :
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| ine drawing with part of the RPR114 sticking out behind the

WEDGE 124, Simce tnls prediction does not match the |

original llne drawina, the description set up for the bottom

body |S deleted ing It Is re=-ia ntified as an RPP112.

This time the onrediction matches the original |ine drawing

and the hypothesized description is accented.

In example LEAN,CRN of Fflgure 7-4f we have a

slightly different sltuation of one object leaning on

another, Fer the wedge, edges P2-P3 and P3-P4 are

igentified as base ecgess and consequently the wedge Is

assured to be supportel on the top face of the |jower object.

Based cn this assurntion, however, the wedge cannot be

igentified with any prototype because the predicted base

edae lernths do not match any adjacent pair of model 23does.

COMPLEX currently exits with a "fallure In Recognition”

message typed out when tnls situation occurs. When the

near !y complete stereo~focus depth package becomes

aval lable, COMPLEX will check such situations for base

noints with different Zz coordinates to detect leaning

configurations,

Scene R2,CAN shown In Flgure 7=4g is like the

nrevious example in the sanse that althguzn COMPLEX does not

exactiv fall to describe tne scene, It does not completely t

succeed either, In this example none of the base edges

of the occluded RPP112 are visible. Since the location of .

the base of an object plays such as important role in our
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| one-eyed reconstruction scheme, COMPLEX currently detects
such cases and indicates that either the scens should be

rotated on the lazy susan or the occluding obiject(s) should

ne ohysically moved. Using stereo or focus ranging,

mowever, one would not have to glve up In these situations,

The scene T1.CRN shown In Figure 7-4n is tne final

exarcle we shall mention in thls section. The Interesting

feature of this example is the fact that tne two lines that

are missing are part of the exterior boundary. As

descr bed previously, CO“MPLEX was designed under the

assutptlion that exterior lines would usualiy be present,

Althnuah segmentation will often fall It this Is not the

cases T1,CPAN is analyzed successfully.

COMMENTS ON SOME SYSTEM FAILURES

In this section we consider situations where COMPLEX

fails, These fallures occdJdr because of insufficient cata or

rad heuristics. Such heurlstics rule out the correct answer

in the process of limiting the search space. Clearly, If

the Imput Iine drawing Is complete and COMPLEX cannot

identify an oblect correctly, we would say that the oprogran

was falted. 1f the line drawing Is incomplete, however, it

's not clear whether to assign the cause of failure to

COMPLEX or to the poor input,

T2,.CRN shown In Figure 7-41 is ldentical to T1,CRN
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of F+tligLee 7-4n exceot for a single missing internal edge.

A oroblem arlses [n Flaqure 7-41 because the «ye vertex of

the front object gets labled BADY because none of its |ines

ecnrect to arrow vertices. This causes the front object

to ve Identifled as two separate bodies. Although we could

nave moglifled the heuristics of SEGMENT tc handle this case,

we have chosen not to do so. We snall consider this a

situation where our local heuristles are Inadeauate for

sganentation, The responsiblility for this fallure,

system or Input, is left for the reader to assign,

The scene of Figure 7-4) Is an example of a

situation tnat Is opnssible although unlikely, The two 3

nidden bodies are interpreted as haives of the same body and

are merged by the senmenter. Since this long body matches }

none of the oprotyoes, a recognition fallure occurs: In a

future reincarnation COMPLEX wou!o ¢gresumably have the

apli ity to unmake incorrect merges such as this,

4
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CHAPTER 8

CONCLUSION

RESULTS OF THIS THESIS

The principal result of our research is a heuristic |

srogram, COMPLEX, capable of interpreting line drawings as a

three-dimensional scene, The only previous three-dimensional |
scene description system comparable to COMPLEX is the one

described by Roberts, Guzman’s recognition aroarams did not

eperate on real data nor were they concerned with the

sroblem of locatlng an object In space, COMPLEX Is able to

deal wlth considerably more complex scenes than was the

. Roberts system, COMPLEX allows objects to be Supported by

one another as well as by the table, The most distinctive

feature of COMPLEX, however, Is its abllity to interpret a

scene tased on Imperfect data. In addition to tolerating

inaccuracies In Its innut, COMPLEX ¢an analyze degenerate

viens of objects, oblects whlch apcear partially occluded,

and (Ine drawings in which edges are totally missing. The

sotert!al to cope with these situations is a consequence of

the baste organization of the orogram. COMPLEX uses its lire

’ drawing input and a known set of models to suagest and tes:

hymotheses, We bejleve tnat thls approach to machlne

. perception wil! prove to be a fruitful one.

We have also presented some opreliminary results
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concerning the constraints In projections of planar-faced

sol lds, These results begin to answer the question "How mueh |

does a single view of an oblect Imply about the shape and

sosltion of the oblect viewed"? More Importantly, however,

they Indicate the power of external constraints In the

interpretation of Inherently ambiguous |ine drawing data,

SUGGESTIONS FOR FUTURE WORK

The Ideas which we presented in Chapter 3 only begin

to answer the question of how prior knowledge or

anvironrental constraints can be utilized to ald in the \

interpretation of two-dimensional data. To be more

spec! fle, It would be Interesting to characterize the class

of trinegral prolJections for which 4 points completely

spec!/fy the visible opbJect, One might also wish to look at

classes of ob jects {not necessarily trihedral) and

srojections that are specified by N independent points,

1t would be worthwhile to consider in more detall the

nossibliity of guessina (adding) lines or !ine segments to

the prolection as mentioned previously, Finally, constraints

other than the point plane Incldence constraints should be

investigated in considerably more detall. t

In the area of designing a more rellable vision

system, we have already Indicated the need for an .

oraanization which integrates better the advantages of both
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the model driven and data driven approaches, Portions of

COMPLEX are sti|l too data-driven to be effective In |

analyzing very noisy scenes. We also need to come to a

clearer understanding of the most effective way to wutl]lze

both monocular and blinouclar depth cues. Many new problems

worthy of investigation will undoubtedly become apparent as

more experience Is accumulated concerning the complete |

Hand-tye system, ;

While probably not effecting the reliability of the

vision system, |t would be desirable to be able to "learn"

new Structural descriptions of models and/or decision

mechanisms for distinguishing between them. Both of these

thinas are assumed to be known a priorl in our current

imoiementatlion,

In the anayslis of extremely complex scenes It will

undoubtedly be the case that more than a single view Is
renouired for complete scene description. People, when

confronted with a falply complex scene: walk around and

analyze the scene from several different points of view, As

far as we know, no one has as vet considered the problem of

efflelently analyzing a second (wilde angle) view of a scene

pasea or a partial analysis of a previous view,

Finally, we myst keep in mind that the problem which

we haye teen considering Is to produce a complete scene

descriotlion of a given line drawing, [f only a partial

interpretation of the line drawing were required, the
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analysis would undoubtedly be gqulte different, For

exarnie, |f the question were "Are there any wedges in the

scene?”, one might be able to do better than analyzing the

entire scene and then chacklng If any wedges have been

identified, Task dependant partia| interpretation of

nletures appears to be another area worthy of further study.
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APPENDIX I

A SIMPLE CAMERA MODEL

Image=Table Top Coordinates:

Our approach |s to flnd a pacoing from the Ipace

coordinates to the nlane of the tepie top. The result of

this Is that any point In the Image that corresponds to to a

real world point actually lying on the table top (i.e, P31’

in Figure 3=1) will be mapped into [Its correct J=soace

location (l.e, P1) in the table plane, Those points that da

! not correspond to points on the taole (i.e, P2‘) will be

manpged {into the point on the table intercepted by a ray

. oassing through the camera center (also called the lens

center or center of projection) and the point In the Image

(l.e, P27),

Without getting engrossed in the detalls of the

orojective geometry Involved, let us say a tittle more about

this mapping. We see from Flgure 3-1 that what we have Is

simply a projective transformation of one 2 dimensional

spac® Into another wlth the camera center as the center of

srojectlion. 1f we represent oolnts In each oplane using

| 5 3-dirensiona! homogeneous coordinates, then we can represent

| the transformation from the Image system to the table too
| , system by a single 3x3 matrix A such that:
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V = A

where V’ s(image x’ coordinate, image y’' coordinate, 1) and

V s(wx,wy ,w), ty the Fundamental Theorem of Projective

Georetry there exists a unique transformation mapping 4

noints in ¢ne rlane Into 4 points In another plane providing

that no 3 of the original points are collinear. thus 4

noints are sufflcient to Specify T,

Prior to our analysis of a scene, these points ars

)alg out on the table and A [3 determined. Consequently, for

anv polrt In the (maae we can compute its "corresponding"

soirt or the table,

The Leng Center and How To Fina lt!

w @ can determine C(Xec,Yec,2c), the jens center

iocatlor, falrly simply by the arrangement shown In Flgyre

A=, Here we assume that we8 know the locations of

calibration points P? ana PL in the table (X,Y,2) system,

Known!na A and where P2 anc Pl appear in the image (not

shown), we can determine P2T and P1T respectively. Knowing 2

points alona each of these rays we know the rays and can

conseguent!y determine C, their intersection. A problem

aris®"s In practice from the fact that due to measurement

errors for the 4 points P3,PL,P3T,ana P17, the two rays do

mot intersect but merely zorme cl!ose. The way that we shall

180



C(Xc,Ye, Ze)

ANS - A

PO PIT
Pg

Zz vs
vO LZ dPT

rd

Y vd
POT

X
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aroceed Is to assume that the rays do not intersect and

determine that point In 3e=space where the perpendicular

distance betwaen them is a minimum, We shall call this point

the "hast Intersection” of two (possibly) skew rays.

We deflne LQ to be the ray from C through P@ and

eorrespondinaly Ll te be the ray from C through P11. We

raoresenrt LA and L1 parametricaliy as:

L(t) = P2T + (PD=-PRT)t

Li(t’) = P1T + (P1=-PiT)¢’

where If P<t€l then the corresponding point ig between PJT

ani PJ, (Note: We are dealing with vector @sauations hers.)

Let us define!

Vo s P2-P2T

vi = P1-P1T

dPY = P1lTaPQT,

We want to find valyes t=tJ and t‘'3t@’ such that O(t,t’) =

LB) ell (t ) IT Ils minimized. Setting 3D/3t=@ and 30/8¢t’'ap

vieids the following set of equations to be solved for tO

and t@’:

tva)° “V@eV1l te V@edPT

-vaev1 vi) 1.x -V1edPY
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We wl!! then take Ppest =1/2[LA(t@)+L1(t0")1]. This procedure

alves a good estimate of the camera location: the slze of D

aives a measure of the error, If better accuracy |s needed

one could do several such calculations of C and then take an

average, The question of determinina an accurate and

consistent model of the camera system constitutes a large

mortlon of a recent dissertatior by Sopell(371].
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