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CHAPTER 1

INTRODUCTION

This theslis deals with various aspects of
threa=dlmenslional scene descriptlon by comoputer. The
Starford Artificial Intelilgence ProJect has provided the
environrent and fasiltities for this work, A number of
people at tne project have been investigating the genaral
orovlem of coordinatina perceptual and motor processes under
computer control.

Computer perception can be thought of as a larqe
data reduction prob'em, A matrix of digitized intensity
values is read into memory by means of some imaping devica,
The qoal of analyslis is a conclse descriotion of the scens
viewsd. The descrintion or Interpretation should
correspond approximately to the descriotion that a operson
would give when presented with the same scene. It must
contain at least the identity and location of each object.
Qur work has largely Deen concerneéd with technioues and
nrograms for generatina such descriptions from a single
view, The nrograms are designed to function as part of a
larger Hand=Eye system. & Hand-Eye system s a operobiem
solving system with an eye (camera) for Input and a hand
(marlpulator) for output., The visual portion of this system
will be described briefly In this chapter and in more detall

in Chaoter 4,
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fur wor< ~as nriginally motivated by an interest in
t*e reserren of “gnerts C32]) and Guzman (12,133, Although
mary Of our technigues are similar to those whlgh they have

descrited, our view of machine percention as a process of

tenerating anrd testing hypotheses is significantiy
sgifferert, Qur primary 9qo0al has been to understand how
various c¢onstraints and models can vpe applled in the
interpretation of |ing drawing data.

Analyslis an? Svptlnesis 3ased on Models:

tny system™ cagable of Interpreting its Input data
must in some sense pe model-hased. The models provide the
gifterenne petween tne input information and the information
containgo in tre interpretation, Peopie seidom need to
actually sae tna hack of an object wnich they recognize
pefore "knowina" how it |looks from behind. From a opurely
math#matical o2o0int of view, some sort of model is required
to orodure a Inrae-ciwensional description of the world
oased or a sincle persoective nrojection.

Consiager a set of models which ar® acceptable as
inpout to a opredictor. This maams that there exisSts an
alaorithm (the predictor) whnich takes the set of models gs
innut ard 1Is cacable of generating any oossible scene
comprisec of Instances of tnese models as output, Tme

narticular scene |s specifled by a finite set of parameters,
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Assure for simpllcity that each of these parameters
{varlahblies) Is discrete,

In this framework the oprocess of interoreting a
scene can be viewed as the pro:ess of finding values for the
variebles such that the scene generated by the predictor
matches the Inout scene. The complexlity of the
orecletor, of course, depends on the nature of <the models
and our Intersretation of the word "matches"™ above. For the
partlicular scene description system that we have
imnlemented, the models are the structural desc:lotlions of
the solids shown In Flgure 1-1. The variables to be
specifliee conslst of the number of obljects oresent in the
scene (M), the lIdentity of the ith mode! (12i%M), and the 6
transiational and rotational degrees of freedom for the Ith
model (1<is¥), The probiem |s to assign values to these
variables such that the predicted line drawing is identical
with the orlginal line drawing given as input.

The most dlrect way of Interpreting the scene, given
that bounds on the parametars apce known, {is by synthesis,
Wwe exnaustively assiaon each possible value to each parametaer
ang ~heck for a match between orsdiction and Input for each
such asslanment (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
transiatlion and rotation untll elther a match 1s found or

all possibllitles nave been exhgusted. 1f a mateh occurs,
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we assure that we have correctly interpreted the scene, If
no match is found, we proceed by assuming that there are two
oblects present and we try all possible parameter values for
each possiple pair of models. Continuing Iin this fachion,
that Is, assumina 3, 4, ,.. objects npresent, the process
will aventually terminate with a correct Interpretatlion of
the scere.

This approach to analvsis by synthesis can bpe
classiflied as a model=cdrivan scheme, Although the
procedure Is arossly Inefficient, it can be made relatively
insensitive to errors in the Input, One only has to
deslan the matcher (comparator) to tolerate some
discrepancles betwean the predlction and input. In contrast
to this model=driven or ton=-down approach is ithe data-driven
or bottom=up abnroéch. In oata=-driven analysis local
oroaerties of the Input are wused to build a g0lobal
interpretation of the scene. Although Ggenerally more
efficlent than top-down analysls, Such proceuures tend to be
senslitive to noise. For example, in a scene which is known
to conslst of only a sinale obJect, one might Infer from a
trianguiar 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 [n general.

It seems clear that a combiration of the

model=drliven and data-driven aporoaches |s needed top



afflclently process real world scenes. The approach
which we propose consists of a heuristic hypothesis
{parameter) generator and an algorlthmic
oredlctor-comparatce, "A heurlistic is a rule of thumb,
strateays, trick, simplification, or any other device which
drastically limlts search for solutions in large problem
spaces" ([5] pmge 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 whypothesis and testw aporoach Is a basic tool
often used In solvina complex search problems which arlse In
the field of artificlal intelligence. The success of

this aporoach devends on the cleverness of the hypothesis

aenerator. As Indicated in Fligure 1-2b, the heuristic
parareter generator WIl| generally revlise Its parameter
values so as to reduce any differances between its

oreglction and the ariginal input.

We view our model-based scene description scheme as
an attempt to heuristlcly search the tree of possiple
narareter values, The segmentation oprocedure descriped
in Chapter 5 can be thougnt of as a Jroup of heurlstlics
deslianeg to determine M, In the process we also generate M
partial descriptions of the indlvidual bodles. These plus
soms heuristic range estimates are wused to determine the

parareter specifyina the ldentity of -each object. The



additioral anpllcation of a few matching heurlstics then
oerrlt the 5 transliational and rotatlional degrees of freedom
to be determined, If a failure ocecurs during the final
comparison of the prediction with the Input, or it a
ca~areter cannot pe assignec¢ due to an sarlier incorrect
naraTeter asslianment, earller declisions can often pe
re-rade, The heuristics are designed to 1Imit the search

spac® wWithout excluding the correct answer.

Apna|ysls of a Simple Scene?

Analysis of a2 scene consists of transforming and
abstractina the Information In the inout. The camera
monitor In Fligure 1-3a dismlays a scene to be analyzed. This
image is read Into memory and stored as a 333x256 mateix of
intensity values, Each element in the array represents the
brightness (2-15) at a point 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 aoplylng a local
aragient operator and thresholding at every opoint in the
image. Edge points appear where there is a significant
intensity gradlient. The final stage of preorocessing
transforms Flgure 1-3b into the line drawing shown in Figyre
1-3c. This Is accomnlished by fltting straight Iines to the
edae oolnts, extending these |ines to form zorners., ang

iderntifying closed reglons, Our scene description programs



Figure 1-3 . A Simple Scene .
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Figure 1-3 . A Simple Scene,



are desligned to accept this llne drawing as Input. Thls
thesis goes not discuss preprocessina. Nevertheless, we are
concarned wlith the guallty of output that a preprocessor Is
|ikely to produce,

It |Is assumed that the set of objects Is completely
specified. The scenes ara reaulred to consist of only one
or more of the oblJects shown in Figure 1=1. This particular

set of objects was chosen for tne following reasons:

(1) There are engugh different RPPs tg build
interesting structures (with the "hand”),
(2) Npt al| the parallelepineds are rectangular

(a.q, the RHOMBOID),

(3) Not all the objects are paralleiepioeds

(e.q, the wedges),

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

Complete structural descrintions referred to as orototypes
or rodels exist for tnese sollds, We refer to a real
world object as an ninstance of a prototypew,

Our fixed size models are somewhat |ess general than
the onssg described gy Roderts. MWhereas his "cube"™ model

reoresented all rectanguiar paralielepineds, we need a

11



senarate prototype for each physically adifferent solld. The
discrete sSize restrictlion, howaver, provides an additional
set ~f constraints. These constraints can be apoplled to
resolve ambligulties that arise due to occluslion and nolse.
Analysis of the line drawlina oproceeds Iin several
stagfs. Wwe assume tnat the camera has initlally been
calitrated (see Chapter 3 and the Appendix), The |ine
dranling in Flgure 1-3c is first seamented into pieces
corresoonding to ingividual bodles (Fioure 1-3d), In casas
where a body can be (nartially) completed, the program doss
this (Fiqure 1-3e). In order to identify and locate the
corresoonding objects in space, features Inferred from the
orosections of the individual bodlies are matched against the
stored protntyves, "o cha;k that resulting Intercretation of

the scene s rcorsgistert with the original data, the

identlities and locatians of all the objects are used to
qenerate a oredictegd |ine drawing. Figure 1-3f shows
this predictlion. Finally, the prediction and the orlginal

image (1ine drawinq) are comecared. If, as in Figure 1e3aq,
the two are aprroximately the same, the orogram assumes that
it nas correctiy Internrated ths Scsne,

In rractice, the analysis Is considsrably more
giffleuit. Actual edaes are not seen because of poor
liahtling, In the above example the Iline V11-V12 was found
only by chance, Cften extraneous |ines result from shadows

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



arbiouity in inferring three-dimensional information from a

single vied, These issues are of partlcular concern In

this thesis.

The remalnder of this thesis Is divided into sevaen
chapters, Chapter 2 describes oast work related to ours.
Chapter 3 conslders the general proviem of determining
three-dimensional information frem one or more
two-0imensional images. The major portion of this thesis,
Chapters 4+ 5» and 6+ describes a particular computer Vvision
system that has bpeen inolemented. Chapter 4 presents an
overview of this systen with emphasis oOn the scene
descriotion oproarams, Chapter S descripes [n detall our
nrograms which Infer the structural relations 1In a Scene.
Chapter 6 nresents the —-ecific technlaues that we use for
oblect recognition and hidden-line elimination. In Chapter
7 tmne performance of the scene description programs Ts
exarined on a number of examples. Finallys Chaoter 8
sunrarlzes the results of our work and indicates areas we

neiieve worthy of future investigation,

13
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CHAPTER 2

RELATED WORK

P]CJURE PROCESSING AND PATTERN RECOGNITION

Rosenfeld (351 dlvides the problems of plcture
processing into three broad areas: encoding and
apnroxirationi flitering, restoration and enhancement’ and
pattern recoanitlon and olcture description, In tnis
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 baen an enormous amount of research In the
area of two-dimenslonal pattern recocnition during the last
15 years. The brief descrintlons that we shall present below
are, therefore, unauestionably superflcial, We include
them orimarily to contrast these Investigations with our

oOwWn,
Classical Paggern Recoaniglon:

Classical oattern recgdnitiogn is concerned with
ctassifylng innut patterns (pictures) Into picture classes.

For a glven picture, P, a feature extractor» \: operates on

P to oroduce a feature vector, X, that Is

14



x = N (P,

A declision fynetion, D, Is t¢hen applled ¢o x sych thag

w

2 1f P e Cl

<0 if PeC2

where C1 and C2 are the two olcture classes. The two
oroblams involved here are (1) How to choose A? and (2) How
to choose D? These guestlions are not, of course,
Independent,

To date mgst pattern recognition research has been
concerned with tne design of declslon functions and has
assured that somehow the feature vectors have already been
obtalned. The type of data avallabje determines how D can
be computed, Four malor forms which the data may take are:

(1) ptx | Ci, B) Is known: that is: we know the

conditional density functions to within the

speclification of a set of oarameters P.

(2) pix | Ci) Is kpowns that is, the conditional

density functions are speclified completely,

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

each t€T we know whether t€Cl or teC2,

15



(4) » set of unclassified training samples.

These technlgues have been app|ied to the
recoanltlon (classification) of such things as printed
characters, blood cells, and speech. Nagy [26] and Ho and
Agrawala [16] present a more adeauate summary of the results

and research in thls area.

Plcture Analysls Using Lingulstic Technlgues!

The technioues descrlited in the orevious section are
ineffective In the analysis of hlighly structured plctures.
For these pictures a descriotion of the interrelations among
the parts |s reguired In additlion to a categorization of the
orimitive components, The well develooed technloues for the
syntactic analys!s of formal lenguages provide a powerful
tool which can sometimes be effectively apolled.,

In formal| language theory sentences are composed of
strirgs of symbols, The two-dimensiona!l relatlonships that
exist between plcture porimatives, on the other hand, are
econsiderably more complex than simple juxtaposition, Mueh
work has been spent on gqeneral!lzing the netlon of
concatenation so that Iinteresting classes of pictures can
still be described as strings of primatives, Recentiy, some
two-dImensional “web grammars" have also been investigated,

Swain and Fu [7] classify lingulstic pattarn

16



recognlition technliguas 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 plicture, A syntax-controlted
orocedure actually uses some form of grammar to direct the
analysis,

Tne work of Shaw [361 Is an examole of the
syntax-controlled aporoach, He has described a plcture
descrintion language, PDL, The primatives of POL can be any
sattern having two dlstinguished oolnts, a n~head"” and a
wtali", POL can describe any concatenation amona the set of
srimatives, A class of plctures |s defined by means of a
restricted form of context-free qrammar, G» generating
sentencaes in PUL.

Given a pictur®s, D, a olcture parser (analyzer) uses

(1) a specliflication of the grammar, G ang
(2) a recognizer for each primative In G
to determine |f o€P(G), The Important side-effect of
successful recognition is the generation of D(p)s a

structura! deseription of the picture 0.

This techniauye is advantageous Dbecause it is
aqoal-directed (top-down, mode|=driven). The grammar, G,
directs the primative recoonizers over D, Fatiures by the

srimitive recognizers can often pe resolved by contextual
information embedded in G.

Shaw appiled his systsm to the analysis of spark
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chamwer photographs. Cther systems using the linguistic
aporcach have been aool]ed to character recoanltion,
chrorosome analysis, and analysis of mathematical notatlon,
A recent survey article by Miller and Shaw (23] nresents a
more cornlete descriction of Shaw’s aporoach and references

other relevant |iterature.

THREE=-NIMENSIONAL SCENE DESCRIPTION

In contrast to the vast amount of research that has
qone on in the area of two-dimensional pattern recognltion,
relatively 1llttle »nas reen done in the area of
three-dimensional scene descrintlon.'rhe emphasles of work In
each of thess two areas has been totally different exceot
for a number of common oreprocessing technigues. A
forthconina book by Duda and Hart [4] is the first attemot
that we know of to treat both of these toplcs under one
cover., Pernaps these separate efforts will merge when more
is understocd concerning the mechanlzation of perception,
The scene descrliotion techniques of Roberts and Guzman
described below are the maln ones that have been reported on

to date,

18



"erception of 3= Splids: Roberts

The wWwork of R[pbertsft3I3] is a classlec in the area of
machine perceptinn. We shall only daeascribe his method for
identifylng and lgcating oblects Iin space. The system
descrihed In hls thesis di¢d c¢consideraply more than this,
ineluding nreprocessina ang display aeneration,

Assume tnat an instance of a particular orototype Is
restind on the table and belng viewad 4!th a camera. If the
moda! vertices V1, V2, ... Vn are expressed using
homoseneous coordirates as column vectors (see [33,11), and
if vl' |Is the instance vertex corresponding to V] of the
mode!l, then tnere exists a 4x4 positioning matrix T whicgh

transiates and rotates the model! such that

V] = T v J=1, 2. ... n,

Furtherrpore, if the camera has been prooer |y cajibrated, we

can determine a projection matrix P such that

V.i" =FVJ1

where two of the ncn-homogenecus coordinates of VJ°’' are the
irage coordinates of the point corresponding to VJ’ . The
matrix HKH=PT, therefore, takes model points into image

noints. If for a clven !mage model opair there exists a
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trarsformation H, then the image could he a prrogyection of an
instance of the model under the transformation T=5'H.

The Roberts system did a tonmologv match between the
nrajegtlon points and model ooints In order to ruls out
obvinusly incorrect models and to set wuo the vertex
corresoondence necessary o compute WM. By msans of a
wsirilarity test® It then derived for each potential model
ths nest H taking the model polnts (nto the image ooints tin
the mean sSquare error sanse). Finally, It chose the model
whizh minimized this error, The position and orientation
of an oblect could bte determined up to a depth factor by
this method, This final degree of freedom was specified by
assurina  the object to be supported by the “ground=plane" a
knoar dlistance belos the camera. Methods for handlling
corzeund objects conoosed of several mode! orimatives and

partially occluded (eclliosed) objects are found in his

rensort.

The scenes ~hich looerts analyzed were all auite
siwyla and the Iine drawings were ldeal In the sense that
they Nad no missing lines. We have attempted to desian

2 syster without these linitatlons,
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Searentation of 1-) Segenag: Guzman

In his Masters thesis Guzman (12] descrlbed seyeral
apnroaches (the progra~s POLYBRICK, TD. amd DOT) fer
igent!fying oblects ocresent In a scene, The |ine drawing
Inout, howsver, was restricted <to noise-free orthogonal
arniections., More recentliy [13) he has deccribed his well
knonn Segmantation psrocedure (the program SEE) for isolating
the Individual podles oresent in a visual scena, The idea Is
pasically to take a !ine drawlng such as the one in Fligure
2-1a and separate It into two parts as in Flgure 2-1b. This
is accompl!ished by using local evidence accumulated at the
individual vertices to determine which clcsed reglons of the
scane should be idontified as bpelonging to thes same body.
Guzran’s approacn Is interesting beéause it does wel| using
only a few simple heurlstics on extremeiy complex scenes,
These scenes may contaln arbitrary planar-faced solids.,

The following 1is a somewhat simpiified descriotion
of now SEE would work on the (ine arawling of Figure 2-1a, It
bealrs by setting un a graph where the nodes of the graph
correspond to regions in the proJection, Links are set up
petneen the nides based on the types of vertices where the
realons mget, For example, a FORK type vertex (Iimplles 3
links between the faces (nodes) meeting there as shown In
Fiqure 2=1d. Simliarly, an ARROW type vertex implies 1 {ink

(Figure 2-1e@), and a TJNINT vertex (Figure 2-1¢) Imoiles nmo
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links. T-jolnts generally occurs due to one body occluding
another, The resulting graph (s then merged according to
the following rule: 2 nodss are merged |f there exlist 2 or
mors |llnks between them, At the end of this merging the
resulting nodes (called nuciel) consist of those faces that
should belong to the same body.

There are several |iberties that we have taken in
the description of Guzman’s algarithm as well &s several
detalls and refinements that we have simply omitted,
Nevertheless, the above example does convey the [dea of his
aooroach, One problem with the aporoach Is that It Ts
sansitive to certain forms of error, I.e., certain Iines K
missing from the |lne drawing cause difficulty., We shall
describe an alternate segmentation algorithm In Chapter 5
that does not have this problem,

Recentl|y Huffman [18] has attempted to formallize 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 amblauous 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
planar-faced solids. We shall nave more to say about his

teehnlaues In Chapter 3.
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ROBOT PROJECTS

Over the past 5 years ssveral! robot orojects have
arown up at MIT's Project MAC, at the Stanford Research
Institute, and hera at the Stanford Artificlal Intel!igence
Project, Al of these have been directed toward
investigating the coordination of perceptual and motor
srocesses under computer gontrol, Both at MIT and at
Stanford the major effort has been to develop Hand=Eve
systems [24,63], At SRi 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 venlicle, Although many of the praodiems that these three
aroups face are similar, there has been surprisinagly little
duollication of effort. Much experience has been galined from
taking alternate avproaches to common problens.

Guzman's work described above daveloped out of MIT's
Hano-Eve prolect. OJur owWn work, of corusé, has been
motlvated by the Hand-Eye project at Stanford.

A recent thesis on the sublect of jearning by
Patrlck Winston of MIT has several aspécts in common wWith
our own research. His motivetion, however, Wwas somewhat
different from ours. He has been Investigating the
learning of structural descriptions of scenes based on
examoles. The scenes consist of simple geomatric solids., We

shal | discuss the generation and uce 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 3«0
computer jrachlics is partlcularly relevant, Machine
perception might aptly be referred to as "graphics In
revarse®, Whereas araphics Is concerned with the disclay
st Images of ohysical oblects, machine perceotion Ts
concerned with Inferring 3=D structure from images. In sach
case, the problem of Internally reprasenting a sallid becomes
imoortart, A review of some of the data structures used to
describe real worid oblects Is glven by Gray (18], The
apolication of homogeneous coordinates to simplify geometrle
manizulation has recently been reviowed by Ahuja and Coons
t11. Finally, we should mention the work of Warnock and
others [42.34] at the Unversity of Utah concerning the
efficient generation of hiah quality haif-tone renderings of

three-dimensliona! Soglids,

RELEVANT PSYCHOLOGICAL STUDIES

People can easily interpret a Iine drawing as a
three-dimensional scens, 1t seems reasonable,
tharefore, that osychologlcal theory might suggest a means

of mechanlzing this oprocess. Ajthough we have not found

25



{a) {b)

E T-JOINT PERCEIVED nov
s |

{c)

PERCEIVED
AS <

IR

(d)

Figure 2-2 . Maximum Simplicity and Good Continuation



this scproach particularly fruitful, it s Interesting to
contrast some of our techniques with their human
counterparts,

e believe that our general approach has some
osvchological basis. According to R.L. Gregory "... we
do not percelve the world merely from the seénsory
information avallable at any given t'!me, but rather we use,
this Information to test hypotheses of what |les before us.

Parception becomss a matter of suggesting and testing

nypotheses, ., Ths continual searchling for the best
interpretatlion is good svidance for the general Importance
of augmenting the 1imitations ~&! tne senses by importinag

other knowledge® ([11) pp. 222-223). What "other knowledge”
oeon!e have avallable or precisely how they generate and
test hypotheses Is not well understood.

Several vague GCestalt “laws of organlzation”
indlcate some of the ways that people ordanlze or interoret
visual data. For example, the "law of maximum simplicity"”
savs that oeople tend to Interoret an ambiguous situation In
the sirplest possible way. The drawing In Figure 2-2a s
most oftan perceived as a three-dimensional wire cube.
Ajthouoh the drawing of Figure 2-2b s also s possible
projection of a wire cube, It Is most simply perceived as a
plane figure. Closely related to this lew Is the "jaw
of good contlinuation”. Flgure and backaround tend to be

cercalved In a way which minimizes the Interruptions of
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stralgnt or smoothly curving (ines, The T-joint In Figure
2-2c |s nperceived as one edge hiding another although this
interpretation may te modifled as in Figure 2=-2d due to
other alobal iInformation,

hany of the standard depth cues have parallels Tn
our scene description system. These include ecliosling of
one oblect by another, oerspectlive, familiar size, relative
upward location In the fleld of view, convergence., and
accorodation, Examoles and discussion of ail the oreceding

issues can be found in an Interesting book by Hochberg 1713,
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CHAPTER 3

OBTAINING 3-D INFORMATION FROM 2-D IMAGES

Object recoanltion Iis accomolished by matching
features In the |ine drawing project on aoainst features of
the nrototype. Since the crntypes are three-dimensional
structures, comparison of geometric sroperties can proceed
only after three-dimensional information has been inferred
from the two-dimensional Image. In this chapter we consider
saveral ways In which this can be done.

First we deserlbe the picture-taking process and a
simplified camera model. fased on this model we briefly
describe two methods (stareo ranglng and focus ranging) for
determining the 3-space locatlon of individual points,
These methods are quite costly té apply ang motivate the
heurlstlc methads gJescribed next, These technioues
tInciuding the we!| kngwn "support nypothesis") are used to
determine the 3-space location of Individual points based on
varlous additional assumotions. The major portion of thls
chapter, however, conslders the constralnts which exist

among the points in a projection of a olanar-faced solld,
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THE PICTURE TAKIWS PROCESS

Finure 3-1 depicts a flrst-order aporoximation to
the picture taking process. For any polnt PJ=(X1,Yj,2)) In
the real world there s a unigue corresponding polint
Pi*=(XJ*,YJ') In the image. It Is not oossible In
aeneral to determing a uninue polnt In J-space corresponding
to a specifled point in the Image although each oplcture
soint does have an assoclated ray. These rays can be
determirec as functions of the x,y,z coordinates If the
camera is Inltially caliorated with respect to the real
world (tabie), Our aporsach determines a 1-1 mapoling
teol!ineation) opetwean the Image plane and the plane of the
taple tco and locates the camera (lens center) C. HWe can
axnr8ss the ray associated with any polat Pl parametricly as
R(+)=tC+(1-t)PT where PT Is the table point Into which Pl
mans. A more detailed descriotion of this calibration 1s
alver In the Appendix.

The ahove model! I8 valld as long as the camara Is
not moved. If the camera is moved to a new pcsition, pérhaos
to |ook somewhere previously out of the fleid of viaw, then
the system would need to be recailbrated, In a recent
dissertation, Sopel [37] describes a method that yields a
camera caiipration parameterized by oan, tilt, focus, and
lens. Thess paremeters are read by the cameuter from

potentiometers attached to the camera. His callibration
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aporoach ylields a more accurate and consistent camera mode |

than the simple one described in the Appendlix.

DBTAINING 3-5PACE POINT LOCATIONS

Stereo Rangingt

It is well known that a polnt viewed In two distlnet
orojections can be lccated In space by triangulation If the
cameras have Initially been calibrated, In Figure 3-2 polint
P nmust IJle along RAY1 pased on IMAGE1l and must Ile along
RAY2 based on IMAGE2, The Intersection of these two rays
in space specifies P=(X,Y,2),

Tiiere are essentlaily two parts to the stereo
rangina oroblem, the correlation problem and the
triangulation aroblem. The correlation problem consists of
ting!ng for a given point in IMAGEL the corresponding point
in [IMAGE2, The trianaulation problem Is simply <¢he
aeormetric oproblem of intersecting twe rays. Sobel [(37] has
recontiy investigated both of these orobliems. He has found
a way to simell¢fv the search for a correlate polnt
considerably, He has also been qulte concerned with the
effects on trianasuiation of both nolse In the data and
imperfections In the camera model.

An alternate approach to using two cameras., |5 what

we shall call “lazy sysan stereo”. To obtaln ¢two distinct
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sroJections we use a slng!s camera and move the obJect,
Our work table has a !arge clreular section which can be
rotated under comoutér control. This was primarily designed
In order to add an additlonal degree of freedom to the arm
and to make avallable different views of the scene, Since
the dlsc can be controlled aqulte accurately, it 1s also
possible to rotate It onty a few degrees and duplicate
narrow-angle stereo ranging. This method has the advantage
of belng gulte easy to vary the anale between the stesrso
sairs, To date this aporoach has not received much serlous

attertion,

foaus Ranging:!

Focus ranaing ls another way of getting
three=-dimensional informatlion from & line drawing
orojectlion, This approach ras been investigated by
Tenerbau™ [(42) and ~!11 be described only briefly below.

The scheme |s based on the simplie |ens eguation?

1704 ¢ 1701 = 171

In the eguatior, ¢ is tne focal length o¢ the lens, Do s
the oblect distance, ang Ol |s tne Image distance, The focal
lergth of tne lens Is assumed to be known, !f one can

determine the Image distance when a feature polint s Tn
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focus, then one can solve for Do, the depth of the point
along Its ray.

Focusing Is done under computer control by actually
movimg the vidicon tupe (image plane) closer and farther
fror the lens, A potentiometer allows the vidicon location
to be read by the computer, Tenenbaum has developed schemes
to determine whether a oartlcular feature Is In focus. For
very accurate depth calculations by thls method, it may be

necessary to change to a longer |ens,

Syoport Hypothesis:

Subport hypothesis, Initially described by Roberts
(33], Is the first heurlstlic technlgue we shall mention for
inferring three- dimensional information from a single view,
Support hypothesis assumes that an object is not susoended
in space, that !s, it Is supported eltner by the table or by
other oblects., l1f we can determine, by some means., whileh
oblsct corners rest on the table, then the 3-space location
of these corners are spacified from the collineation, In
Flaure 3-1 ldentifying P1° as a "table point"™ says that its

actual coordinates can be found as?

PL’ = (x‘',y’) A= P1T = (x,y) == P1 = (x,¥,0) ,
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The hormogeneous reoresentation of P17, (X1',Y1°,1), Ts
muitiplied ry the collineation matrix A, The two
non-homogenecus coordinates of the resulting vector with a 2
component of zero Is the Incatlon of Pl in the X,Y.Z system.
The Impiementation of deoth finding using supoort hypothesls
both for objects resting on the table and oblects supported
sy othar objects is considered further in the next section

and In Chaoter 5.
Pcints In Known Pjanes and Ajong Known Lines:

~Locating points by supocort hypOthgsis can bg thought
of In the following way: each image point specifies a ray
along whlch the corrasponding obJect polnt must ile. The
intersection of tnis ray with tho.known tabie plane (330)
then determines the actual polnt 1In space. An identical
araqurent allows any image point to be located If a piane in
which It Iles Is known. The situation Is simiiar if we know
a |lne (other than its ray) along which the object polnt
lies. This problem is Just that of stereo triangulation.

Ne have 8pnlled these methods extensively In the
system described in Chapters 4, 5, and 6. Of oarticular
intersst are the cases shown in Figure 3-3. 1In Figure 3e3a
table polnt Bs(xB,Y8,2) is specified and Iine BP Is known to

pe vertical (l.e, normal to the olane z2@). 1t follows that
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P = INTERSECTION ¢ 8B’ , CPT )

wherg PT = A P]

( x8, vy8, 1,8 ),

and B’

In Figure 3-3b ocint P it known to |(le In the
vertlcal plana sgecified hy table pnints B1=(xB1,YB1,0) and
B2:=(xB82,Y82,0), We can express points along CPT

nararetrically as:

[tXe + (1=-t)XT , tYec ¢ (1=-%t)YT , t2c ] (1)
whare t=f corresponds to PT gnd t=1 corresponds to C, Let
PT* pe the oerpendicular prolection of P onto then table

slane (and onte the |ine B81B2), ‘Points along B1B2 must

satisfy

y ¥ mx + b (2)
wlen m=m(XB1,XB82,YB1,YB2) and b=b(XB1,XB2,YB1,YB2),
Substituting the flcst and second components of (1) into (2)

and solving for t we get:

t=CmXT = YT + pl/[Yc = YT = m(Xc - XT)],
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This soecifles P from (1),
The final case of Iimportance Is shown in Figure 3-3¢
where the unknown point P Is assumed to Ile in a known

horlzantal plane z=h. In this case we find:

Xp = (h/Ze)(Xec = XT) + XT
Yo = (R/Zc)(Ye = YT) + YT
Zp = h

It Is often oossible to guess that a certain llne or
olane Is vertica! or horlzontal and check that the
assurption Is conslistent wlith the xknown set of prototypes.
Conslder, for examole, the proJectlon shown in Figure 3=4,
Suopose that our program has Identifled the body as a
RHOMROID and has determined the 3-space iocatlons of P1, P2,
and P3 by assuming that thay ile in the table plans. For
the class of obJects shown In Flgure 1-1, It follows that
alther plane P1P2P4 or plane P2P3P4 Is a vertical olane. To
ident!fy the vertical olane the program procecds as follows!
(1) It assumes that P4 |les In the vertical plane =yoclified
by P1 and P2, (2) It deteimines the 3-space location of P4
as described above, (3) It compares the resviting length of
odae P2P4 with the known edge lengths for the edoes of the
RHOMBOID prototype. (4) 1f a match occurs, the program
concludes that (its assumption about P1P2P4 was correct,

otherwlise (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) s

usually sufficient to tocate P4 correctiy.

CONSTRAINTS IN PROJECTIONS OF PLANAR-FACED SOLIDS

We hava presented a model of the pleture taking
orocess and described several ways In Wwhich 3=-D Informatlion
can be inferred for individual points, We now consider the
constralnts which the lgcation of some image points Impose
on the positions of others. From another point of view, we
are Interested in detearmining the amount of Information that
a single !Ilne drawlna orojection implies about tha shape and
position of the object vliewed. The discussion in thls
seetlan is not restricted to the set of objects in Fligure

1=1.

Introductory Examples:?

Consider cnce agaln the olanar-faced solld shown In
Fiaure 3-4 (we do not assume it s a RHOMBOID here).
Assure the rays to all of the visible corners have been
determined from monocular Information as described
nreviously, Also assume that points P1,P2,P3, and P4 are
known |In 3=space, , Since P1,P2, and P4 determine a plane

and pcint P6 presymabiy lies In this plane, we can deteérmine
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Pe as the intersectlon of Its ray and plane P1F2P4, A
similar argument holns for determining point PS5 from Its ray
and polnats ©2,°3, and P4, Finally, P4, PS5, and P6 speclily
the top face ,c. and polnt P7 can be located. For thls
simple example, the locatlons of a oarticular 4 points plus
all of the rays scecified the rest of the points unisuely,

As another varlation on the same theme, consider the
¢ nolnts P1, P2, P3, and P?7, Do the locations of these
mnoints in addition to al) the rays specify the visible
nortlon of the object uniguely? 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(t). The variable t can then be determined since the
value of P7 |s known. Th!s approach |s analogous to the
use of fictitious lo0p currents In electrical networks whigh
it solved for determina all tne actual currents ,

As a fina) example of the constraints imposed by the
assurption of planarlty, we aQain consider the solld 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 P7 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 s
sufficlent to speclfy the vislible portion of the obleet
uniouely, There Is clearly only one horlzontai plane oassing

through P7, Knowing this olane, the rays %o P4, PS5, and P6
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determine the 3-space locatlons of these points. There |s
only one vertical nlane passing through P4 and P6, thus the
roints on face a can be determined, Finally from coplanar
soints P?,P4, and P5, polnt P3 can be determined, Had P?
rot been located in 3-space, there would remain one
unspaclfled dearee of freedom. It Is posslble to convinge
onsself that this can be interpreted as elther not knowling
the slze of the oblects or not knowing Its position, The
shape of the oblect, however, would be specified, The
subseguent discussion Is an attempt to formalize and

qeneralize on these examples.

Constraintsi

Let us try to exo:icltiy state the constralnts
imslicit in Fiaure 3-4, These consist of the facts that
points P1,P2,Pd, anr P6 lie In plane a: ooints P2,P3,P4, and
PS Ile lT olane b, and polnts P4, P5,P6, and P7 l|ie In plane

c. Any plane, d,» can be expressed as

dix ¢+ d2y + d3z = ¢«

where polnt P=P(x,y,2) is any so!nt In the plane d. 11 we
diviae through by @ (a2 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 relatien
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ag a dot priduct we Qet

Kngwing the ray

where

know!na the unit vector

P, therefore,

determined and U!

Depj

deul

DeuUi

The "polinteplane

as

) = (01,02,03) = (dil/e,d2/¢,d3/a),

aigng which pgint P |ies Is equivalent t,

In tne direction of P, We represent

{(BIY(U1) whera P is a number to be

ls this unlt vector. Now,

(Pi)(DeUIy = 1 or

incldence constralnts” for Figure 3-4 can,

therefore, be wrltten as:

Ae )1
As U2
AeUd

As U6

Beu2
ReU3

BeU4

2l

a4

X6

ae
A3

z\é
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BeUS = A5

"
=

]
=

Ceud - )4
CelUS5 « \5 = @
Ceus = \6 = @

CelU?7 = 27 = &

These constralnts form a system of 12 simultaneous (Inmear

equations in 16 unknaowns
()\1...k?lAln‘21A3'H1DB21R31C11c2D8nd C3y, If the rank of
the system Is ¢ (r$12), ther. all of the unknowns can be

determired un to a scaie factor In terms of Kkai6er
carareters. This gscalae factor |s determined by knowing the
obiect size or the 3-space location of any corner, In
partlcular, knowlng k Independent polnt locations speclifiss
the vislible oportion of the solid uniguely. By Independent
points we mean simpiy that their ray cocrdinates can be
assioned arbitrarily with respect to the above constraints ,
Four points on the same face are an example of a set of
denenrdert polints,

The technjaue described above |s not restricted to
the exarpla of Flgure 3-4, So long as the only constraint Ts
cf the form that a point is reaulred to (le in & olane, thls
apnroach s acolicable. The eguations resulting from the
constraints will not necessarily be {independent, but well

knowr technigues (l.e. Gauss-Jordan Reduction) can b® used
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to getermine the rank of the system, We do not claim that
the opoint-plane ingidence relations necessarily exhaust a'l
the econstraints inferable from a projection. In Figure 3J=5
A, for example, =1;-» the planes corresponding to reglons 1
and 2 can Inters: t along only one |ine, 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=P4=P7
and this plus the ray to any polnt along the (ine soecifies
it unlauely. The facts that P6 and P7 are functions of P4
and PS5 could be added explicltiy at the expense of some
complication, In what follows, however,» we shall be

concernyd solely with the polnt-plane incidencs constraints,

Speclficatign of Trinedral Sollds:

Consider the oprpolectiyns Shown In Figure 3=-5, Fgqr
orojection 3-5a one can determine all the visible corners Tn
3espgac® using only the locations of corners P1,P2,P3, and P4
to sugment complete monocuiar Informatlion (the rays to all
visinie corners). The argument follows those alven
areviously. For Figure 3-5b, howeve-: 4 points are not
suificlent as counting sauation will show. Since there are
only 28 equatlons and 33 unknowns, at /east 5 oolnts must be
determined to specify the body unigueiy, In this section ws
consider a particular class of solids and give condltions

sufficlent to guarantee that a non-degenerate proJectlon of
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one of threse solids is speclflad oy the Ilocations of 4
indepangent opolnts, The class that we shall consider are
those sotids for which exactly 3 planes meet at each cerner,
We shall refer to these objects as "trinedral (trlilinear)
bodles™, By non-degenerate projectinon we mean only that
the topology seen does not change |f we move the oblect (or
egulvalently our eye) a small dlstance,

Let R=(R1,R2,...,Am) be the set of simole closed
reaions in a glven orsjection P, Let M pe the macoina from R
to the set of faces of the corresponding solld. In general,
M is into and many to one (e.g. Flgures 3-4, 3-5a, 3~5p,
and 3-5¢), We define the ™"face adjacency graph" for
proJection P, G(P) (or simoly G), to be the undirected graoh
with ®ach Ri€ek as a node of G and an edge between node Ri
and mrode RJ Iff (1) realon RI and region RJ] have a common
pounding line, L, in orojection P, and (2) L corresponds to
an edge between M(Ri) and M(Rj), The face adiacency draph
for prolJection 3-5a is given as Flgure 3-6a. We temoorarily
postpone the qguestlion of how G Is determined.

For G and any graph derived from it we define two
nodes to be "merqgpaple” If there are two or more edges
petween them which corresoond to non-collinear |ines In the
orojection . In Figure 3-6b node 1 and node (2,3) can be
merged to form the new node (1,2,3) In 3-6¢c. We say tnat
"graph G Is mergeable” if by adding & single edge between

some oelr of adJacent nodes it can be reduced by a ssauence
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of merges to a graph consisting of only a singie ncde (the
added edge |Is considered non-colllnear with evary Ilne In
Py, We mssure throuahout the rest of the discussion that
G(P) Is connected, that is, It has no disjoint subaraphs, If
this were not the case (see projection 3-7a and graph 3-7b)
the oprolection might be better Interprated as several
oblects rather than one.

We can now state the cornect!on between mergeability
of G and the scecification of a trlhedral body from its

projection as a

THEOREM: Given a ngn-degenerate orpjectign, P, of a
tritedrai solids, It G(P) |s mergeable then ali
visible vertices of the object can be located in 3=
srace by knowing the rays In space along which all
vig!bla points lie and the 3=space location of

exactiy 4 Independent polnts,

PROGF: First we prove that there are 4 oparticular pcints
sufficlent to snecify the object completely. The results of
the crevious section then (Imply that any 4 opoints will
suffice.

Agsume that G(P) is mergeable and consider the two
adlacent nodes between which the single |Ilnk is added,
Clearly, the face corresponding to elther of these nodes can

npe speclifled (atl its visible vertices determined) by
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Jocating exactly 3 Independent points on i*., Now the face
corrasrondina  to the adjacent node n be specifled by
{ocating oniy one additional imdependent polint on It as twe
af |ts vertlices are common to the one previously specified,
Ca!l the sucernode into which these two nodes are merged K,
the set of known faces, Since G Is mergeablie, either K
ineludes every node and al! the vislibie vertices have been
speci!fled, or there exlst two or more |inks between K and
some reralning unneraer node, [f more vertices remaln to pe
speclflied, the face corresponding to any one of those linked
to K by at least 2 edges can be s=peciflied without locating
any additional points as it must have at least 3 independen:
points (2 nonr-collinear eages) in common with those faces In
<, This process of specification Is guaranteed to continue
untl) KzR if G(P) |Is mergeable. Slnce 3 points are clearly
not sufficient (all polnts could actually be In the plane
determined by these 3 points and the objact only & osicture
itse!f), axact!y 4 points are reaulred,

To see that any 4 Independent points wliil specify
the obleet, we note chat the only set of constraints applied
above was that 3 s0ints on a face specify the rest. These,
howaver, are just the constraints Imposed by the point-plane
Ineinence equat!ons; thus the defect of this Ilnear system
(nurter of unknowns = rank of the coefficient matrix) must
ne 4. Any 4 Independent polnts ,therefore, ares sufficient

tor speciflcatlion and the theorem is proved.
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Figure 3-6a qives the face adjacency graoh G for
Fiqure 3-5a and Figures 3-6b, ¢+ ds» e, and f show one
poss!ble sequence of merges., From this seaquence we conélude
that graph G Is mergeable. This verifies our previous claim
that 4 points are sufficient to specify this object from its
orojection, Figure 3-Ba shows the face adlacency graoh for
the oproJection 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 sufficient
for speclfication can be selected in general.

Roughly, one mlight say that G wil. be mergeable If
those faces which are visiblie are not "too occluded” by
other visible faces. With a |ittle thought It Is clear
that |f hidden lines are not removed from the orojection of
a trihedral oblject (l,6@. it the cbject were actually a
wire basket), then 4 points would aiways be sufficient to
specify the obJect (G would b§ merqeable). it Is the
missing |inks (edges and vertices) between visiblie faces
that cause difficulties (Figure 3-50). Nevertheless, some
edaes can be occluded if enough others are present (Flaure
3-5a). Based upon additlonal assumptions of regularity Tt
may be possible to add totally occiuded 1inss to the
orojection and extend partially hldden ones so that enoueh
of the wire basket is oresent for 4 points to suffice. An
exarple of the case in point Is Flgure 3=5¢c where 5 polint

tocatlons are reguired for specification. It the dotted
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line |s added, however, (l,e. raglions 1 and 2 are assumed to
be part of the same face) then only 4 points are required,
We turn now to the aquestlon of determining G(P) from
a nrojJection. There Is |lttle oproblem in determining the
nodes of G for an arbitrary projection, Similarly, there Ts
no trouble in findlng out whether or not two regions (Rl and
Rjy In P share a common Iine L. Slince we do not want to
assure that we have already determined any mapping between
the prolection and a stored orototype, however, there Is a
oroblem In determining whether L corresponds to part of an
actual edge bhetween M(R!) and MI{RJ). While a few simple
meurlstic tests apollied to the proJection would undoubtably
aive reasonably reliable results, we shall consider a more
analytic approach below. This approach utitizes some
technioues developed by D.A. Huffman at U C Santa Cruz.
Huffman has catalopued the 13 distinct ways in whieh
a cocrner can appear ({n a non-deqenerate projection of a
trinedrat body (181, Flgure 3-9 gives this «catalogue along
with ar oxample of each of the entries. The notation
(followlng that of Huffman) Is that a + signifies a ™"convex
edae” and a - slognifies a "concave edge™. An edae labeied
with an arrow Impjlgs that the face to the right (when
look|ng toward the arrow) of the edge is visible while that
to the left of the arrow Is not visibple. He wuses this
catalogue In a labeling oprocedure. A projection must be

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

labellng the orolection. The orocess Is Initiated by
marking all exterior edges of the orojectlion with "arrows®
(in a clockwlise dlirection). Un-labeled edges are

subsequaently marked based on those edges already labeled and
the constraints Imposed by the catalogue. Flgure 318 shows
the cornlete labeling for a simnle projection. Any Ilne 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 "=" fjabeling would Imply
such 1lnks,

The notion of mergeability can be extended in a
stralght~forward manner so as to imply an upper bound on the
number of points needed to specify any trihedral object from
its prolJectirn, Suppose that G !s not mergeable, that is,
after adding an edgde between two adjacent nodes and merging
G as far as possible KZR, de must, therefore, speclfy at
least one more opolnt in 3-space for the oblect to be
determined, Let wus oleck thls point on a face
corresponding to a node adjacent to X and represent the
speclflecation of this opo0lnt by the addition of an edae
petween K and thls node. Now thas merging can proce®d as
pefore, 1t the merping oprocess again terminatas
preraturely (wlth K#R), we repeat the above oprocedure.
Flaure 3-8 1llustrates this Idea for the projection of

Fiaure 3-5b,
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Ffigure 3-10 . A Labeled Projection .
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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 seaguence of merges to a single node
(nucleusy. From the above argument it follows that if G is
N-mergeable, then th: object cen be specifled unlauely from
{3+N) Independent points in additiun to complete monocular
Information., This is consistent with our orevious result If

we Interpret wmergeabler to mean wl=mergeablen.

Apo|tcations?

The oractical! apsllcatlion of these j(deas for the
interoretation of 3-D scenes 1is falrly obvious. We have
shown that for the right type of orolection [If the actual
3-space locatlon of an appropriate set of object points can
pe found (Iln many cases only 4), then the rest of the oblect
points car be located from only monocular information. The
initial points may be located by any of the methods
descrlbecd earlier In this chapter. From another point of
views If all or some of the obJect points have been located
usine heurlstlc procedures, then we have a check on the

consistency of our assumptions.
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CHAPTER 4
VISION SYSTEM ORGANIZATON

In the !ntroduction we indicated that our oprograms
are part of a larger computer vislon system. This chaoter
considers the oraanization of that system., In addition, the
pasic structure and operation of the scene description
srograms |s oresented, Chapters 5 and 6 describe our scene

description techniaues In more detall,

SINGLE vs. MULTI OBJECT SCENES

There are two distinct scene description programs,
SIMPLE and COMPLEX. SIMPLE has the Jjob of describing
portlions of the scene In which there |s only a singlie body.
COMPLEX has the more d!fficult task of describlng oportionrs
of the scene In which there are severa! mutually=occluding
sodles. This division is motivated by our desire to treat
simple scenes simoly. For the set of solids shown in Figure
1-1, a single obJect can almost always be recognlzed from
its woutline» (see Figure 4=1).

The edge=follower program begins oy determining the
eutline enclosing a plob 1n the fiaid of view. A loecal
aradient operator Scans uoward (see Flgure 4-2) over the
diqitlized intensity matrix looking for a silgnificant

intensity discontinuity. when such a discontinuity s
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found (point A), the secann'ng |s interrupted and the program
enters trace mode, It tries to follow around the exterior
edaes of the blop keeping the sackground Intensity on one
side of the edne bhelng traced, This Jast requirement
keeps the edge-follower from taking the wrong path at a
ccrner 'Ike B8, The complete outline has opresumably been
traced when the Initial polnt traced is detected, LlInes are
subseguently fitted to the edge opolnts to oroduce the
outline,

The edge=fo|lower Infers the nature of the blob from
the complexity of its outline. Currently, the comolexity of
an outline |s determined by the number of Ilnes it contains,
1f the outllne Is simoly a triangle, the biob |s assumed to
be nolse and foraotter., 1f the number of Iines, N, exceeds
NMAX, the edge=follgower assumes that tne blob corresponds to
a aroup of objeacts: otherwise |t assumes that the blob is a
single obJect, NMAX is choesen so that Instances of our most
comp!ex prototype, the LBEAM, will be classifled oroperiy
(NMAX=9), If NSNMAX, the outline is oassed to SIMPLE for
analysls, If N>NMAX, additional preprocessing Is required.
Speciflcally, Interior e3ge polints must be detected, |lnes
must be fit to these points, these |!nes must be |inked to
the outline, reqions must be determined, and the background
must be lgentiflied. The resulting |ine drawlng is ocassed
to COMPLEX for analyslis, Grape [8] has been [nvestigating

the problem of producing accurate |ine drawings based on
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noisy edae data for some time.

The blob c'assification scheme that we have
described cans of course. fall, Both scenes In Figure 4=3
would resutt In nlob outlinss with 9 llnes. This does not
cause any oroblem, however, since the outline of Figure 4-3b
will not be recoanlized by SIMPLE., Such a fallure slignais the
sreprocessors to examine the intarlor of the outline and
subsequently pass the resulting line drawing to COMPLEX for

analysls.

INPUT FORMATS

Out!ine Representation!?

Outiines are represented Internally using the
assoclative structure of tne SAIL language (391, Although a
complete descriotion of thls language can not be presented
mere, & basic familjarity with SAIL s assoclative mechanism
is necessary for an understanding of the representation used
for outiines, |Ilne drawings, and prototyoes.

The baslc associative ejement In SAIL is the "ltem™,

Assoclations or trigles of the form A © 0 2 V (read "A of O
is Vo) exist where A, 0, and V are items. ltems may be
tyned, that Is, they may have a DATUM which |Is a roeal
numbers an lInteger, an array, 8 string, or a set, Sets

and the usual set operatlons of union, Intersection, and
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subtractlon also exist in SAlL. The ability to
selectively search the store of assoclations exists,
mnowever, the detalis of this apility are not cruclal to tne
reoresentation Issue at hand.

The Internal description of the outline of Floure

4=1p |s given as:

LINE e SCENE £ L1
LINE e SCENE = L2
LINE e SCENE = L6
POINT e SCENE = P1
POINT o SCENE = P6
ENDPOINT o L1 = P1
ENDPOINT o L1 £ P2
ENDPOINT o L6 = P&
ENDPOINT e L6 = P1

The |tems SCENE, LINE, POINT, ENDPOINT, and LJ (V]) mre
untyped ltems, that ig, they dg not have any associated

daturs. The PJ*'s are tyoed as real array items where the
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array for each point contalns (XJ,YJj), the Image coordinates

nf the pcint,

Como|ete Line Drawlngs:

The representation of complete |lne drawings Is

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

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

notation 4 & 0 {Vi, V24..,. Vn) for the actual set of
trioles A ® @ 3vi, Ae0 2v2, ... A €D ZVn. The associations

reoresenting orolection of Flgure 4-1d are:

HACKGROUND o SCENE = BACK

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

. INE @ SCENE I (L1, L2, ,,,L20)

KEGION ® SCENE = (R1,R2, .,. R6, BACK)

FNOPOINT o L1 2 (P1, P2)

ENDPOINT o L22 = (P19, P15)
ROUNDARY e R1 = (L1, L2, L9, L1D)

ROUNDARY o RACK = (L1,L2,L3,L4,L12,L13,L14,L15,
Li16,L17,L7.L8)

CORNER ® Rt = (P1,P2,P3,P9)
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CORNER e BACK = (PIIPZnPS;P4JP5vP1‘.‘:P110P12pP13-

P14,P7,P8)
Each of the polnts, |lines, and reglons of the scene are
resresented by itens, 31| ltems except the Pj’'s are untyped.

The real array attached to each Pj again locates the
corresponding point In Image coordinates. For each reglon of
the |lne drawlng there are a set of associations which
spec!fy the boundaries of the region. A set of associations
also soeclfy the corners of each region. For each |ine two
triples describe its end ooints. No dangling |lines, i.e,
those which border only a single region, are present In the
line drawing. The region-finder eliminates them during
oreprocessing. The redundancy In the BIUNDARY, CORNER, and
ENDPOINT associations (clearly the corners of a reglon =
union of the end points of all the boundaries) results in

programs that are ecasier to read and more efficlent at run

time.

Prototype Resresentatlion:t

As previgusly mentigned, =a separate nrototype s
kenst for each of the oblects in Figure 1-1. The prototyce

contains complete structural information (topology and
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aeoretry) about the corresponding sollid. The
renresentation of prototyoes differs only sliphtly from the
recresentation described for |ine drawings. For each model
the Item SCENE apove Is replaced by the ltem representing
the prototype (e.g. CUBE, WEDGE122, wetc.). Similarly,
the ltems POINT, LINE, and REGION are replaced by VERTEX,
EDGE, and FACE respectively. Obviousiys none of the
assoeclations mentioning the background, BACK, exlist for the
3-D rodels, For the WEDGE122 shown In Figure 4-4, the set of

assoclations are:

JERTEX e WEDGE122 = (v1, V2, .. V6)
£0GE o WEDGE122 = (E1, E2, ...E9)
FACE e WEDGE = (F1, F2, ...F5)

ENDPOINT ® E1 = (Vi, V2)

ENDPOINT o E9

{(vi,veé)

ROUNDARY o F1 (E1, E2, EI)

11

BOUNDARY o F5 (E1, E7, E4, E9}

CNRNER e FG (vi, v2, V4, Vo)
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The array attachec 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 assocliated
daturs In the 3-0 case, For an edge the datum Is a reai
number, the length of the edge. In the case of a face, the
datur s an array which specifles the unlt normal to the
face. A more thorough description of this 3-D world mode! Ts

alven In 301,

SINGLE 00Y RECOGNIZER=-"SIMPLE"

Historically, SIMPLE was the first scene description
orogram that we wrote. Our goal at that time was to see how
lfttle preprocessing we had to do In order to analyze single
oblect scenes. As indicated earller, our current motivation
for having a separate sinale body recognizer is efficlency.
Exceot for the fact that SIMPLE must infer Its features from
an outiine rather than a compjete line drawing, the
teechrlaues 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 remalnder of this thesis,
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COMPLEX SCENE ANALYZER="COMPLEX"

We have summarizad in the flowchart of ~-lgure 4e5
the overall oparation of COMPLEX,  COMPLEX consists of 3
basic parts, SEGMENT, RECOGNIZE, and HIDDEN. 1t a |lne
drawlng consists of more than a single obJect. COMPLEX
searents the |lne drawing Into parts corresponding to
individual bodies before attempting recognition. The
srocedure, SEGMENT, assumes only that the |ine drawing is a
srojection of a nplanar=-faced solld, that s, ¢ Is
independent of the set of orototypes In Flgure 1-1, The
cartlal body prolections are then matched against the stored
orototypes by the recoanizer, RECOGNIZE, This scheme,
first advocated by Guzman, has the desirable property that
recognition time increases only linearly with the complexity
of the scene (number of bodies present). It recognition
Is attempted without previously seamenting the scene into
modies [33), one has no Iidea which Ilnes or reglons to
compar® with a prototype, Chapter 5 describes SEGMENT Tn
detall, The genera| idea of segmentation Is a baslc one and
is also used In the computer analysis of connected Speech
£31,44].

RECOGNIZE !s desligned to make decisions based an
elther complete or incomplete |ine drawings of individual
oblects, Nevertheless, there are situations when an

incorplete [Ine drawing does not provide sufficlent data for
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recoanition, RECOGNIZE attemots to complete occluded lline
drawings In those cases where the missing lines are obvious,
The exarple In Chapter 1 Illustrates one such case, The
romalinina sltuations where completion s vobvious” are
described In Chapter 6, Completlon, as segmentation, Is
accorp!ished without reference to the stored prototypes,

The assumption that a lone obJect |s supoortéd by
the table ls certainiy a reasonable ane, In scenes
consisting of many podles, however, biocks may be supported
by other blocks in a varlsty of ways which are not easl|y
distinauished. For example, In Flgure 4=6 It Is not easy to
tell from 2=0 information whether Bodyl rests flat on Bodyv?2
or whether It leans on Body2. If we have no porior knowledge
about how the blocks are arranged, 1t would appear that the
best strategy for locating Image points in 3-soace Is to
apnly stereo or focus ranging for all points not clearly on
the table.

In the context of the Hand=Eve system, however., we
do have some “weak” information about the scenes, The tyoe
of structure which we olan to bulld or manipulate wiil
tynically consist of blocks sither resting on the zable or
resting on the top faces of other blocks., 1f 1eaning blocks
occur: this will ysyally indlcate 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 oblject is elther suoported by the table or on the
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horlzontal tep of another oblject, It this analysis s
successful, It concludes that its assumptions were valid,
1f somewhere In the analysis an oblject cannot be orenerly
pecognlzed, COMPLEX consliders the possipllity that the
support for the body was Improperly determined (l.e. it
rrhbably was leaning). COMPLEX then cells on stereo or focus
ranging to locate the corners of the ooject for subsequent
ve-recognition, The support relatlons can usually be
determired aqulte easlly |f the base edges of each obljest
have already bsen identifled. Technlauves for doing this are
describad In the next chapter.

After the suppcrt relations have been getermined,
the partlal projections can be analyzed in a straightforward
manner, Filrst, those blocks supported by the table are
recoanlzed and located in space, Then any oplect. BT,
sunported by an object on the table, Bj, is recegniZed by
assuring that Bl is suoported 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 potentlial
supDOrterg of a glven body and then to the pody itgeif.

Since the too objects arée generally the ieast
pccluded, 1t would pe better to recoonize the tor=-mcst
oblect first and proceed downward, The oproblem with thls
apnroach |s that COMPLEX has no geometric information about
the top oblect unless elther stereoc or focus ranging (both

eostly) is aoplied. Conseauentiy. COMPLEX orders the
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Individyal recognitions as described above.

After all of the bodles have been tentatively
identifled, COMFLEX agtivates the oredlictor=hidden |ine
elirminator, HIDDEN, The result |Is a Iline drawing that

indlcates 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
dramw!na and TV Intgnsity Image) to within some orespecified
tolerance, then COMPLEX accepts Its opreviously tentative
analysis, I!f <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 whiech COMPLEX generates.
the "hand" and assoclated orograms can determine the
aporopriate motions necessary to grasp and move any body
within reach. The scene description is aiso of interest to
the stratedy program which determines how to carry out a

agiven task,

THE HNAND-EYE SYSTEM

The block dlagram of Fligure 4-7 shows all of the
Hamg-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 PDP-1@ ¢Ime-sharing system [25]. "Message
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nersadures” provize a means of inter-module communication
w~ile the "glcbal world madel" serves to record data of
Intere3t to severa! syStem components, A description of
these features can ne found In [38]., The slze of the entire
system s on the order of 3@PK words, At the time of thils
writlna atl of the modules are complete or nearing
conzletion and an Initial system configuration exists.

The wuser specifies a task to the STRATEGIST module.
This preqram cetermines how to activate the modules In order
to ecarry oOut the task., The STRATEGIST., tnherefore, has the
anility to talk to and receive reauests from all of tne
other blocks in Fiaure 4-7. Suppose., for example., the task
were to Simply analyze a particular area of the field of
Vieas It the camera were not already calibrated, the
STOATEGIST would activate the CAMERA CALIBRATOR to read the
norertiometers Indica:iin) the camera oositlon and store the
acnrapriate camara model Im  tha GLOBAL WORLD MODEL., The
ACUG¥MODATING EDGE-FALLOWTR would then scan the specified
area ang determine «hat sort of blob it thinks |s oresent,
If only a singie object were present: the outliline of the
et ieet would be nassed to SIMPLE for analysis, If the
scane were determingd to consist of more than one object,
the Interior of the outline would be orocessed bY the
ACCGMMODATING EULGE-FOLLOWER and all the edqe-point data
nassed on to thre LINE DRAAING GENERATOR, This program woutd

eventually oproduce a line drawing and pass it on to COMPLE X
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for analysls,

The result of a suecessful scene descriptlon by
elther SIMPLE or COMPLEX Is that the ldentity and location
of each oblect oresent |In the scene Is stored In the
assoclative structure of the GLOBAL WORLD MODEL, If, for
exarple, the scene is determined to contain two cblects, say
a WEDGE122 and an LBEAM, the following assoclations would be

added:

INSTANCE ® WEDGE122 = OBUECT1

INSTANCE e LBEAM = 0BJECT2 .

The datums of the Items OBJECT1 and OBJECT2 are 4x4 arrays
that specl!fy the oosition of the corresponding object In
space. The EDGE VERIFIER can be actlivated by elther of the
scene description progranms to check that a predicted edge
actually exlsts In the TV Image, Simltarly, the stereo-focus
NEPTH FINDER can be called to verify a corner focation or at
anv time if monocu'ar cues become insufficient.

The opreciss interaction of the modules depends on
the state of the environment and the task which has been
spec|flied. For examples, It 1is possible that the LINE
DRAWING GENERATOR wil| need to call upon the EDGE VERIFIER,
The EDGE VERIFIER, in turns miant 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
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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 descrlbe programs that interoret
the structure In scenes, By thls we mean that the programs
determine certain binary reiations that exist bu.tween pairs
of bhodles., For example, the scene structure may simply be
wBodyl supoorts Rady2», Structural relations between bodles
can be getermired Indeoendent of the prototypes to which the
bodles correspond, As Iindicated in the orevious chapter,
RECOGNIZE uses the suyoport relations to identify and locate
the aoblects In the scene, We begin by considering the

seamentation of a |jine drawing into bodles.

A SEGMENTATION PROCEDURE

Proplems with a Region Based Approach:

We have sketched I!n Chapter 2 the technlaue
developed by Guzman for segmenting a scene Into bodies, If
our Dreprocessors were able to sroduce ideal! |ine drawings,
we coula simply Incorporate SEE (Guzman’s program) as opart
of COMPLEX, Exparience Indicates, however, that It s
unreasonable to expect such |ine drawings. Edges are often
missed due to poor lignhting and spurlous lines can result

from random nolse in the video system and shadows.
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The oproblems of missing and extra [ines can to some
extert be traded for one another. Parameters Iin  the
rreprocessor can usually be set sa that all the actual edges
apoear In the (Ine drawlng, 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 relected. some of the true edge (Ines are also

reiected, In practice, one must choose between analyzing
an Incomp.,ete Iing drawing or a |Ine drawing containling
spurious !lines. The former appears to be the more

tractable,

Givem an imcomplete |lne drawing, a reasonable
approach Is first to call ubpon a heuristic program referred
to as a »llne praposern, The line proproser has the job of
quessing |ines that are missing from the Ilne drawing, Sueh
a nrogram has been considered both by the MIT vision grouo
(2] and by Grape (9] here at Stanford, [f the resulting |ine
drawlng were guaranteed to be complete, a segmentation
procedure ilke Guzman’'s could then be apolied to it, We
have found, however, that no such guarantees can Dbe made,
The searentation algorithm described betow will work both on
complete and incomplete line drawings,

To motivate our aoproach consider applying SEE to
the line drawing of Figure 5=1. Such a |lne drawing s
comron when the prepgrocessor parameters are set to efiminate

noise |inmes., Because R3 corresponds to faces of 2 bodles,
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Figure 5-1 . A Scene with a Missing Line .



there s absolutely no correct way for SEE to partition the
set of reglons, In this case, It ncorrectly reports the
scene to be a single becy since all reglons get merged Into
a single node. 1t is clear that any scheme which attempts
to segment the scene by reglons will have this difficulty,
The segment:tion orocedure, SEGMENT, wempioyed by
COMPLEX first partivions the scene Into bodies by line. Thls
is accorplished, as in SEE, by combining bits of local
evidance accumulatad at the vertices. The |ine partition

is subseauentliy used by a reglon assignment procedure to

detect and sclit regians such as R3, The resulting set of
realons Is then partitioned bty body. 'n comparlison with
Guzran's scheame, this line based approach appears

considerasbly less sensitive to missing |ines.

The 1lines most often missed are the Interlor |inas,
that Is, those |ines which do not border the background.
This I|s because the contrast between an oblect and the
background |s usually greater than the contrast between
adlacent object faces. For our scenes consisting of white
blocks on a black cioth this is oarticulariy trus. Although
the procedure which we shall describe shortiy Is intended
orimarily to handle such cases, scenes with missing exterior
edaes willl often pe segmented correctiy as well, SEGMENT Ts
not currently eauioped to handle scenes contalning shadow
Jines. In the examples of Chapter 7 that were processed

without touch up,» sShadow edges were avolded by the wuse of
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dgiffuse Iighting, A later section of this chapter
describes sevaral more realistic orooosals for dealing with

spurlous |lines in the input.

Line Segmentatlign:

We sha|l now describe our approach in detailf, The
orocedura SEGMENT consists of a basic mechanism that
partitions the majority of the |lines by body. various
wgpeclal case technigues" are then applied to attemot to
assign the remaining [lines. Although a few of the
original lines may not aet classifled by SEGMENT, the
recoanizer for Individual bodles, RECOGNIZE, is prepared to
work from partial data.

SEGMENT pegins DY classifying the vertices In the
scene Into a number of categories similar to those descriped
sy Guzran, The vertex types are shown In Figure 5=2 ,
The motivation for this classificatlion will become clear as
the rest of the segmentation algorlithm is described. Very
roughly, those vertices labeled C00d<something> or Just
<something> Iindicate that some of the edges incldent at that
tyne of vertex shouid be assumed to pelong to the same body,
Those vertices lapeled 3ADCsomething> Indicate that the
edaes lIncident at that type of vertex should not be assumed
to belong o 4 single body. We descrlibe the vertex types as

follows:
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Arrow Vartlces: Three lines meeting at a polnt with one of
the angles gqreater than 182 dearees s classifled a
GOODARROW (ses Figure 5-2a) unless elther (1) one of the
realons of Imss than 180 degress |s the backaround (Flgure
5-2p) 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 |s labeled 3ADARRONW.

wyw (Fork) Vertices: Three |Ines meeting at a ooint with
al| of the angies less than (80 degrees |Is classifled a
cooDY if at least one of the |ines Is also the shaft of a
GOUDARROW vertex (Figure 5-2d). Otherwise:, the vertex s

classified BADY (Flgure S5=2e).

oL" vertices: A vertex where two Ilines meet is labeled
GooDL if the angle goreater than 1823 degrees is the
packground (Figure 5=-2f) or both of the incldent 1ines are
the "tops" of GN0OTs (see T Vertices below) (Figure 5-29),

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

wIn Vertices: A vertax where three |ines meet, two of
which are collinear is a T=joint, The collinear fines will

e referred to as T-toos and the non-collinear line is
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called the T-stem, The vertex Is labeled GOODT (Figure S5=21)
unless elther (1) the reglon iabeled R1 is the back@round
(Figure 5=21) or (2) the T-stem s the too of a KJOINT
(Figure 5-2k) or (3) the T=stem Is one of the non-collinear
|Ines of an Xjolnt (see X-.oints below) (Figure 5-21), In

these three cases vertex is labeled BAOT,

wK* vertlces: A vertax where 4 |Ines nmeet s labeled a
KJOINT |f two of the |lnes are collinear and the other two
are on the same side of the colllnear pair (Flgure S5e2m),

The eolllnear paler are referred to as the K-tops,

"X" vertices: % vertex where 4 {ines meet (s called an
Xx-lolnt 1If two of the |'nes are co|linear and the other two
are on oopcsite sidas of the collinear oalr (Figures 5e2n
and o)}, 1f elther of the nan=collinear |ines is the stem
of a T-Joint, then the vertex |s iabeled XTYPEL, otherwise

it Is labeled XTYPE2,

MULTI Vertices: A vertex where 4 or more |ines meet that 1s
jabeled "X" or "K” I3 labeled MULT! (Figure 5-2p). Some
I1ne drawing orojectlions with labeled vertices are shown Tn

Fiagure 5-3,
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After classlifying the vertlez. of the line drawing,
SEGMENT proceecs to set up an undirected graph based upon
this classification, Some vertices, BADARROWs, BADYs, BADLs,
HADTss and MULTls, generate no nodes in the qraph, Most
vertices, GOODARROWs,GOODYs, GOODTs, GOODLs, and XTYPE2's,
aenerate a single node in the grapn, Two of the vertex
tyoes, KJOINT’s and XTYPEls, generate “wg nodes In the
arao®,

SEGMENT assocliates a set of lines with each of trese
nodes, The table pbe|ow indicates tho contents of each node

set as a functlon of the corresponding vertex type.

VERTEX TYPE WHICH OF THE INCIDENT LINES?
tetersaengs I T T A
GOOUARROW al! 3 lines

GOODY alt 3 Ilines

GoooL both lines

G000T both colilinear |Ines

XTYPE2 the 3 lines whigh form an "arrow"
KJOINT Node 1! the 2 colllnear [Ines

Node 2t the other 2 |lines
XTYPLCY Nodel: the 3 |ines which form
an "arrow"
Node 2: the collinear Iine not In
the set of Node 1 plus 2

"new | Ines” (see below)
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At an XTYPEL vertex SEGMENT (Interorets each of the
non=co! lInear edges as a double edge resulting from
alignment of two objects. The two "new !Iines" added to Node
2 in this case represent the 2 missing edges.,

Edges or |Inks between the nodes are based upon the
sets assoclated with the nodes, If NI and NJ are two
modes and their assoclated sets are S1 and SJ respectively,
then an edge exlgts between NI and NJj If and only it St n
SjzFHI, The set associated with a node Impiies that the
|Ines contalned In the set should belong to a single body.
1f a Iine 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 Iink 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 |llustrates 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
coliinear with one of the |ines of the other, SEGMENT
generates an additional node of the graoh for this case and
assoclate 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 mateched BADL heuristic can De qulite

useful (see Chapter 7).
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BADT vertices usually result from one body abuttirg
against another, As Indicated In Figure 5=5b, however.
BADTS can also result from a degenerate view of a single
ob.lect, Since distingulshing between thess two cases
apnears to be Important, SEGMENT examines each BADT after
the Inmitial labeling |s completed, !f, as in Figure 5=5b,
both T-tops mre alsg Incident at Levertices, the BADT s
ehanged to a GOODARROW,

The last special situation handled at this point ls
iltustrated In Flgure 5=5¢. SEGMENT attempts to remove
spurlous |inks resuiting from adJacent T-Jolnts, It a palr
of adjacent T-Jolnts sharing a common T-too are detected (Vi
ang V2), and the corresponding T-stems (L1 and L2) do not
bound a common reglon, SEGMENT deletes the common iline (L)
tror all the node sgts and updates the |inks botﬁoon the
nodes. 1f this were not done, only & single body wouid be
reportea for Flgure S=5¢,

SEGMENT apoiies a merQling orocedure to the graph set
up above to produce an initial description of which Iines
pelorg to which bsdles, This process |is similar to the
merglino process described in Chapter 3, In this case two
nodes of the graph will be merged |f there are one or more
Iinks connecting them, When two nodes are merged Into a
new noae, there |s assoclated with the resulting node a set
of lines, This set is the unlion of the sets associated with

the 2 merged nodes.
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ldeal|ly, 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
practice, however, this Is not the case. Conseaquentiy,
SEGMENT calls upon varlous spacial case heurlstics at thls

soint to merge unmeraed nodes and masslign unassigned |ines,

Fiqure 5-6a lllustrates a situatiaon where the procedure as
described above Is clearly inadnauate, The partially
oceluded wedae will be reported as two bodies, Guzman

handled thls 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,

Final nodes having associated sets of length 2 are
examineg at thls polnt, SEGMENT assumes that such nodes do
not correspond to separate bodles, If It cannot find
evidence for merging them with other nodes, they are Simply
deiated, The %two cases whera a merge occurs are Illustrated
in Floures S=6b and ¢. In Figure 5=6b, the BADL at P1 Ts
taken as evidence that tne node at P (whose associated set
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 L3I sharing a2 common T-top and borderina a common
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Figure 5-7 . Cases in which Additional Lines get Assigned to Bodies.
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resalon, R, are taken as evidence that the node assoclated
with the GOODL vertex, P, should be merged with the node
whose associated set contalns L3,

It Is not necessarily the case that every !Ine In
the oroject!on bejongs to a set associated with some node of
the graph whan the meralng has been completed. In Floure
S-~7a » for example, L1 is not a membér of any node set
pecause it Is Incident at 2 RADL vertices, SEGMENT nroceeds
to assign an unassigned line to a particular body, 8, If one
of the reglons which the Iline bounds has all of jts
classifled |ines beionalng to B. [In this case L1 gets
assioned to Body 2, Fiaure 5=7b lllustrates another omission
which SEGMENT can correct. The omitted iine, L1, Is put In
the node set eorresponding to Bodyl based or the matchina

T-jolnts at V1 and V2,

Realon Asglgnment:

Simply stated the reglon assignment oroblem !s!
alven a line drawing proJection and a classification of each
iine as to which body 't balands., classify the reglons as to
which bedy they belong. ( For the case of Guzman's
realon-based segmentation the |ine assignment orobiem is:
alven the regions ciassifled by body, classify the |ines by
pody.) This Information |s needed to set up the complete

descrliotion of each Individual body.
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Conslder the |ine drawing of Figure 5-8a, Assuming
that the |lnes have teen assigned to the aoprooriate bedles,
it Is stralgntforward to identlfy the bodies to whieh some
realans belong, Regions R1,R2, and R3 oelong to one body and
realans RS and R6 vdglong to the other body sinee all the
bounding |Ines fgor each of these reglons pvelong to a single
body. Reglon R4, however, Is more difficult to classify
since |ts boundaries balong to different bodies, L1 and L6
belo=q9 to one hody amd L2, L3, L4, and L5 belong to the
other bdody, The propiem Is exacerbated by missing |ines as
in Flgure S-8b, Althouah reglons R1,R2,R4, and R5 ce~ be
classifled In a strazightforward manner, R3 cannot, It should
be sollt into two parts and one part assoclated with eameh
body., Similar nroblems arises in Flgures 5-8¢ and d.

SEGMENT proceeds te assign the reglions to bodles
pased on a number of heuristics, If all of the bounding
lines of a reglon belong to a single body, SEGMENT concludes
that the reglon belonas to that body. For regions having
lines helongling to several bodles SEGMEMT needs to determine
if the reglon should be assigned to a single body or should
pe sollt into faces belonging to two bodies, For simplieity
it Is assumed that no reglon need be spllit Into parts
corresoconding to more than 2 bodles, A check is flirst made
to see¢ [(f ary corners Jabejed BADL have |ines from two
senarate bodies incident there (e,g9. tne points labeled "P»

in Flayres S=8b and d). Sueh a cormer is taken as evidence
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that one of the regions at the BADL should be spllt, The
realon that gets solit |s never the background, [f neither
of the reglons at the "bad" BADL is background, the region
which |s spllt Is the one corresponding to the angle greater
than 182 degrees (R2 in Figure 5-8d), [If the two Iines at
the BADL belong to bodies Bl and B2, one face is assiagned to
B1 anrd the other |s assigned to B2,

If no BAUL vertices of this variety are detected for
a reglon, SEGMENT assumes that the reglon should be assigned
to a single body and looks for evidence as to which onas,
1f one of the bound'ng fines of this region is the stem of a
T-lolnt (Flgure 5-8a), then SEGMENT assigns the reglon to
the body to which the T-stem Is assigned. Otherwise, 1 a
pounding 1ine of the reglon Is incident at a BADY where two
of tre |Ines have been assigned to one body and the third to
amother body (Figure S5=8c), SEGMENT assigns the reglon to
the body to which this third Iine belongs. In Figure 5-8a R4
aet assigned to Body 2 based on elther L2 or L5. In Figure
5-8¢ R gets asslgned to Body 2 based on either of the
jabeled BADYs,

At this polnt the tine segmantation orocedur® has
oresumably “partitioned" the set of |lines in the scene
accordinrg to body, Tho‘reglon assionment procedur® has
aens-ated a “opartition" among the reglons in the scene
accord!ng to body, Based on this Information it 1Is not

gifficult to come uo with a complete description of each
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Figure 5-9 . A Partial Line Drawing of a Single Body .
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(partialfy) visible body,

4"'1Cl

body {(see Fipure 5=9)

This

rerzgnlzer,

After sagmentation

Conslder

the scene of

Flaure

the descriotion for the oceluded

BODY e SCENE = BODY2
FACE e BODY2 = (R4,
LINE » BODY2 = (L1iZ2,
POINT e BODY2 = (PS5,
ENDPOINT ® L12 = (PS
ENDPOINT e 28 = (P}
BOUNDARY o R4 = (L12
BOUNDARY ® R5 = (L13
BQUNDARY @ R6 = (L1S
CORNER @ R4 = (P5, P
CORNER @ RS = (P10,
CORNER e R6 = (P12,
description s the Input
RECOGNIZE, accepts.
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Some Thoughts on Hand!ing Extraneous Lines:

Extransgus |ines may apoear In the |ine drawing due
to reflect!ons, nolse in the system, or as the result of one
obiect eestina a shadow on another, Figure 5-10 presents
sevaral examples, For the single bodies in Figure 5-18a and
Flaure 5-18b, It Is easy to convince oneseif that SEGMENT
assigns the |lnes to the bodles appropriately, that |Is, a
single body 1is renorted in each case. The difficulty,

mowever, i3S that the descriptions passed on to RECOGNIZE

will be bad because of additionai )ines and reglons, In
Flaure 5~10¢c the bodies wiil agaim be segmented properly
except for the extra iine and reglion R, In Flogure 5-12d

things are somewhat worse and the segmentation procedure
renorts only a single body. Figure 5-1Pe I|lustratss a
Iine drawing with both additional and missing Iines. It s
elear that arbitrarily meaningless |ine drawings can be
iragined.,

Althouah we have not considered the oroblem aof
extraneous |ines in the depth that we have considered the
propolem of missing [‘nes, a few ldeas about how such cases
mioht be handled s@em approprinte. A Iikely result of ¢the
sresence of an extra !Ine Is the generation of a triangular
realon ¢ R In Flgyras 5=12a, c» and d), While certainly not

atl trlangquliar reglons are shadow or nolse regions,

teiarguiar regions whare 2 of the corners are T-Joints as In
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Flaures 5-1Pa and c are highly suspect. The edge which s
not the top of elther T-Joint Is in each case the shadow
edae, In flgure 5-18b the MULT] vertex is a strong
indlcatlon that something wunusual Is happening. Often
MULT! vertices arise where an edges of one body hapoeéns to
intersoct an arrow or Y vertex of an occluding body. The
additioral Tejoint, however, olves a strong indication that
¢he connecting edge, E. Is proabably an extraneous one,

The above heuristics would undoubtediy be valuatle
in enhancing the usefulness of our segmentation nrocedvr;.
Line eilminating neyristics could easily be incorporated
into SEGMENT, Handling situations such as Flgure 5-10e,
howsver, may still be beyond the system’s graso. A more
mode |=directed aoproach will probably De necessary to handle
scones such as this, A number of additlional ldeas can be
found !n a recent reoort by Orban (29) describing & Shadow

elirinating oreprocessor for Guzman’s orogram SEE.

SUPPORT RELATICNS

The problem is to determine the <uoport olanes for
each of the bodles In the scene, As Indicated in Chapter 4,
know'!edge of the suosport oplanes for an oblect allows
RECOGNIZE to Ident!fy and locate the object from only a

single view, The relatively costly operations of focus or
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stereoc 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 paralte|l to 2=0, First, COMPLEX
determlines the base edges of each body In the scene. Next
a set of potentlal sunporters for each obJect |s determined
from a knowledge of the base edges and the geometry of the
original 1Image, Finally, during the recognition urocess for
an obJect (after al| the potential supporters of the oblJect
nave veen recoonized and posltlioned in space) COMPLEX
exarinds each eotentialhsuooorter so as to rule out those
whose potential sSunport olanes are not parallel to z=@ and

those which are not the tallest.

Base Edge Determinatign:

COMPLEX epploys a number of heuristics to determine
whicgh 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
apoiled te ellminate those |lnes which should not be
included, In the malority 'sf cases, the base edges wure
determirad after cheekIng only a few of these conditicns,

The relatively large number of rules are required to handje

the "exceptional" cases which oceur Infrequentiy,
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The

tests whlch COMPLEX applies to the Individual

bodies ar2 the following?

(1)

{(2)

(3)

(a)

(5

Eliminate all bgody |lnes that are not exterligr,
that is, they do not border on the background.
(For the proJectlion of Figure S=-11a we know the
base edges must be a subset of

(Blbpc.dp.'fngnhtl),.

Elilminate all |ines appearing vertical in the
image uniess the bottom point of the vertical
has 3 lines Incident at |t, (This rules out

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

In Fiqure 5=11b).

tEilminate |ines connected to the top of lines
eliminated in €(2); (Ellminates b and f in Figure

5=-11ia}’.

Eliminate 1ines at downward open L=type
vertices (ElIlminates b,cres and f in Figure

5-11a)

Eilminate Iines meeting at arrow or T=-type
vertices where the midale |ine so'nts downward,

(ElIminates ¢ and d in Flgure 5=11a and a and b
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(b)

(c)

(d)

Figure 5-11 . Examples of the ways in which Base Edges Appear.
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In Figure 5=11¢)

t6) 1t the Jgwest ppolnt pn the body IS an L-tyone
vertex, eliminate the !ine Incident there wWith
the larqest absolute sliopes, i.a, do not keep 2
poundaries of any visible face as base edges,

(EViminates (Ine a In Figure 5-114d)

(7) 1t elthaer of the outside lines at a T or an
arrow vertex has been eliminated, eliminate the
other outside line. (Eliminates line b In

Flaure S-114d)

Afver all of these tegt have been apniied, COMPLEX asggumeg
that the remainring (ines are the actual Dpdase Iines, While
thers are certainiy other ways to detact the base edges of
an ohject (see for example [43);, the above aporoach appsars

adeasate for all the scemas we have attempted to anaiyZe,

Potertial Supogrter Determinatign:

For each palr of bodles, Bodyl and Body2, COMPLEX
must determine If Body2 suoports Bodyl, It is relatively
gasy to snswer this guestion elther “NO" or "MAYBE™ based on
a si~gle view once the base edges of mll objects have Deen

lgentified, For one body to support another It must firest
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pe the case that the bodies are adjacent. SEGMENT checks
for this by searchlina for an edge in the |ine drawing that
pounds both n reajon of Bodyl (R1) and a region of Body2
(R2)., 1f such a Ilne exists and is (part of) a base edge of
Bodyl, COMPLEX records Body2 as a potential supporter of
Bodyl. The face of Body2 oroviding the support [s the face
corresoonding to reglon R2 in the original |ine drawlng. I
no such I(line exists, COMPLEX concludes that Body2 does not
supnort Bodyl, Since the existence of such a |ine only
srovides an Indication that Body2 might support Bodyl, all
such |lnes must be recorded for later confirmation or
relection. In Flgure S5=12a tne ootentlal support
Indicators are rapresented by the Ilttle links between the
aporoprlate reglons,

Although the set of ootentlal supporters often
agrees with what ceocle comeé Up with when asked to describe
the same scene, discrepancles do arise. Figure 5=12a
iliustrates one of these situations. when asked to describe
the suoport relations in this scene, most peoole say trat
Bodyd supports Booyl. COMPLEX, however, says that beslides
Body3, Body2 and Bodgyd4 are also ootential supporters of
Bodyl. One of these discrepancles Is aulte understandabise.
I¢ Body3 were not aulte so tall, It eould also be amblguous
to people whether Bodyl or Rody3 or both suoport Bodyl,
COMPLEX postpones such declslons untl| after both Body2 and

Body3 have been recognlized. 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 Ilnk indlcating that Body4 Is a opotential
suoporter of Bodyi Is nandled somewhat differentiy., One
would assume that people tend not to make this mlistake
pecause F1 and F2 are percelved as being vertical (compare
with F3 of Body2) and the *wo parts of Boiy4 are seen as
hidgen behlind Bodyl, Although COMPLEX could attempt to
“rule out Body4 as a suoporter of Bodyl based only on 2«0
informatlon, It seems more appropriate to also postpone this
declsion unti| after Body4 has been recognlized, At that
time transformed normals to Fi and F2 can be computed,
Since nelther face is horlzontal (l,e, parallel to 2z=0),
COMPLEY concludes that 3odvy4 does not Sucport Bodyl. Thls
rule Is only arplied where there is at I(east one opalr of
matched T-stems that Intersect a base edge of the supoorted
body. Since all of the T-stems of Body3 lIntersecting the
pase of Bodyl are unmatched, the tor of Body3 !s assumed to
ne invisible.,

The only special sudbport slituation about whieh
COMPLEX knows |s shown in Flqure 5-12b, The nXe vertex wlith
its vertical collinear seaments Indicates that Boay2

syoports Bodyl,
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OTHER STRUCTURAL RELATIONS

The previpus sections have described the derivation
and apolicatlon of a oparticular structural relation,
SUPPCRT, Some of the cther structural relations which might
also be considered are shown |in Figure 5-13. The simplest
of these is the OCCLUSION relationshlip, The chief Indicator
of OCCLUSION Is the T-vertex, In general, the pody Owning
the two colllnear T-tgos Is the occluder of the body whigh
owns the Tegtem, Occliuslon can also be incdicated by K, X,
MULTI, and BADY vertices. These may be thought of as
deaenerata T~Jjolnts,

OCCLUSION Is the only relation other tnan support
which Is currentiy belng uti|ized by COMPLEX., If no base
sgae of an obJect 1is visible (and the object will
consequently not pe recognized), COMPLEX suggests to the
STRATEGIST program that It would be aoprooriate to elther
rotate the scene through some large angle or to move those
eblects occluding the object Iin aguestion, Tre scens

analysls can subseauently he tried aoaln.
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i'igure 5-13 . Other Structural Relations .
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CHAPTER 6
RECOGNITION OF OBJECTS IN THE SCENE

Having determined the partlal projections
corresponding to individual objects and developed some
understandina of how the individual bodles In the scens are
arrangeds COMPLEX proceeds with the recognition ohase,
Recognlitlon eonsists of both Icentifying an oblJect with a
prototype and locatina the obJlect In space, We refer to the
routine which does this as RECOGNIZE, After all of the
bodies have beer processed, a opredicted line drawing Is
aenerated and compared wlth the input, A match Indicates
that the analysis has been successful. The remainder of this

chapter describes each of these processes In detail.

SIMPLE COMPLETION

Before recoonition s attemnted., the simple
conpletion routines try to complete oartial Iine drawings of
a single object (see Figure 6-1 i, A decislon 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
orojection It Ils presented be comolete, Its chances of
success are better when there |s no data missing,

There are three complation procedures, JOIN,
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Figure =1 . Cases in which the Completion Routines can be Applied .
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'ADDCORNER, and ADDLINE, JOIN handles cases similar to that
of Fligure 6-1a, It looks for a face, F, which two hanging
collinear Iines Indicate |Is incomplete. [t replaces these
two |ines (L1 and L2) by a single (Ine and updates the rest
of the assoclatlons to reflect this fact.

ADDCORNER handies cases such as Figures é-1ib and o,
It looks for a face that Is incomoiete due to two hanging
|inas (F of Fiaure 6=1b) which can be extended to ferm a
corner, It completes the face by adding thls new corner
and agealn updates the rest of the asscciations, “laure
6-1¢ |s handled by first comoleting F1 andg ther completing
F2. One must, of course., have limits on how far an edoe
mav De extended sg that nelther L1 and L2 nor L2 and L3 In
Fiaure 6-1e are extended to Infinity,

ADDLINE tries to find evidence that an entire |ine
has been missen. Although there are no danaling lines In
Floure 6-1d, something is definitely missing. ADDLINE adds a
line between P1 and 2 based on the BAOL at Pl and the ocalr
of parallel Ilnes lincident at these corners. Face F is
spiit Into two faces and the rest of tne data structure s
ucdated accordingly,

Since al! of our prototypes are trihedral, one® can
lealtimately apply a “Huffman Labeling™ to the (oartial)
orolection, 1t appears that In some cases this labeiing can
not only aetect that the prolection Is invalid (incomolete),

hut also indicate where a new |ine might be added. For
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exarpie, In Flgure 6=1d both of the lines meeting at the
vertex F1 must be labeled w+w, This Iindlcates that
somethina 1s wronq near tnis vertex, To date we have not

exolorea 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 drawlng projection, P, and
matching these mgalnst the oroperties of the 3=D stored
srototypes, If we define PROTOTYFES to be the set containing
all the prototype Iitems, we can repcresent this oprocess

scheratically as:

PROTOTYPES = T1(P) = S1 = T2(P) = ,., < Tn(P) » Sn ,

RECOGNIZE app|les a test, Tl, to the projection P, Based on
the outcome of this test It can say that P could eonly
corresoond to mempers of the sst S1 where S1 is a subset of
PROTOTYPES, Similariy, it applles subseauent tests to
further restrict the possitle Interpretations of projection
P. Hopefully, for some |, 1Si1&n, S| Is a singleton and the
oblect is ldentifie4. 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 Identiflied even if several |ines are missed
pecause of occlusion 3r noise. This type of procedure [s
apniled both by RECOGNIZE In the case of (oartlaliy)
complete line drawinas and by SIMPLE for outlines, The
speciflc tests, of course, differ In these two slituations,
The seguence of tests Is fixed and chosen roughly so as to
acoly the "cheapest® tests first., RECOGNIZE does not try to
find a true "least cost" sequence of tests.

The tests can be dlvided Into two basic classes,
tonologlcal tests and geometric tests. The topological
tests compare features which are proJective Invariants and
econsequently ean pe examined directly from the prolection,
The geometrlc tests match sueh things as lengths and ang|es
whieh are not oprolectively invariant. Three-dimensicna!
informatlon must be Inferred from the orojection before
matching of geometrical oroperties can be accomplished, The
tests thoemselves are extremely simple because there are not
very many prooertles which distingulsh the sollds of Figure
1-1. The order In which we describe the tests s the

order In which RECOGNIZE apo!ies them,
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Tanological Tests:

After the 3 comnlgglon routines have been aop|led,
RECCGNIZE checks to see how successful they ware, It assumes
that a oartlal prolection corresponding to a single oblect
is complete if It has no remaining danaling |ines as In
Filaure 6-1e, no interral BADLs as In Figure 6-1f, and no
face with less than 3 bounding jines as in Figure 6-10,

(1) For a compiete iine irawlng corresocending to a
single object one miaght think first of matching the I(ine
drawine (treated as an undirected planar graph) against the
edae structure of each model, While such an aporoach s
nossible for convex splids, gensral subgraph matching Is not
pasily implemented. RECOGNIZE, therefore., takes a siightly
gifferent approach. For each model there aret & tinite
(usually small) nurper of tocologically distinct views, For
each viaw we predetermine the number of faces and the number
of vertices that are visibie and assoclate this “orolectien
pair® with the correspording model, Flgure 6-2 shows the set
of glstinct nrojections of a wedge and thelr correspoonding
arojection palrs. Wwhen a complete 1ine drawing Ts
detected, the number of faces and number of vertices visible
are determined and matched agalinst the pairs stored with
eacn model, Wlth the exception of degenerate views, there
turrs out to be few oalrs common to mare than one

tonoloolcally distinct model.
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Figure 6-2 . The Projection Pairs for a Wedge .
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A

If the Iline drasing Is not complets then the face
tynes are used to cartitlon the set of opossible matches,
For example, If a triangular face s present, then the
nrojectlion could not possibly be a rectanguliar
parallellplped, Simiiariy, the wexistence of a hexagonal
face Inalcates an LBEAM,

The only topologlical property of an cutline Is its

number of edges.

Gaoretrlc Tests?

The tests In this c)ass depend on obtaining deoth
information, l.e., 3-soace locatlon of points, by one of the
methods described in Cnapter 3. Since corners can be located
subs-antie!ly faster by supcort hysothesis than by any other
method, RECOGNIZE tries to match base edge lengths and
anales first,

(2) RECOGMIZE finds the lengths of any base edges
which are elther totally or partially visible. For a
comoleta edge of (enath L. It rules out any mode| not having
at |east one edge, E, such that L-DELTALSIongth(E)<L+DELTAL
where DELTAL IS an acpreoriately chose tolerance. For an
incorplete (dangilina) base edge of length L . & potential
mode! must have at least one edges of length geater than
L=-DELTAL,

(3) 1f there is a visible corner where two base
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edaes nmeet, RECOGNIZE computes the angle, THETA, between
these ecges., A mode| is only accepted as a potential mateh
if one of Its faces has an angle w!thin DELTATHETA of thls
anale.

(4) Fur the scenes that RECOGNIZE considers., It Ts
usually possible to nealect operspective effects during
recognitlon, In particular, edges normal to the table teo
appear approximately vertical In the image. RECOGNIZE also
assures that a vertlical Iine in the image arises from an
edae normal to the table (thls may occasionally not be
true). It uses the technlaue described In Chaoter 3 to
getermine the actual length of such an edge, The lengths of
vertical edges are used to rule out cossible matches as in
(2).

(5) If RECOGNIZE s¢lll has not succeeded In
identifylng the nrojection » it will comoare the known adae
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 |ts
locatlon in space, The most obvious way to do this Is to
fing the locatlon of the center of mass of the object and

the angles that 3 known orthogonal axes in the Dbody make
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with the axes of the table system, The technigues
degcribed below provide a convenlent way to record and
compute these 6 numbers.

Conslider a prototype with |ts center of mass at the
origin of the taple system and an arbitrary orlentation,
Now Imagline an Instance of this prototype transiated and
rotated to some other location In soace. If we represent
the vertices of the unmoved prototyoe In homogeneous
coordintes as PJ=(XJ.YJ,2J,1) and those of the Instance as

Pi*s(XJ'»YJ'»2]J°41) then we can write

PJ’ =1 PJ
where
- -
[0} 4
T = R oYy
D2
200 1_].

The uoper right-hand corner of T |s a 3x3 rotation matrix,
R, and the flrst 3 comoonents of the fourth column describe
the transiation of the center of mass of the instance in the
table system, By finding the location and orientation of an
oblect we shall nhereafter mean finding the matrix T whiech
moves the matching orototyps to the oosition of  the
instance,

There are 6 parametsrs needed <to specify T,
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Therefore, knowing the locatlons of 3 corresnponding polnts

on the object and mgdel will allow T to be computed. The 6

parareters are DX, DY, DZ, and the 3 angles impliclt In R,
We now describe how RECOGNIZE determines 3

corrasponding polints ¢ the obJect and model.
Matching!

In Figqure 6=3 It is clear that a rigid body motien
can cause 8lther A‘,B’, and C’ or A", B'‘, and C‘* of the
nrototype In Flgure 6=3b to be aligned with A, B, and C of
the obJect In Flgure 6-3a. On the other rand, A, B, and C
witl not match A‘’¢, Ber’, and C’v* of the mode! in Figure
6=3¢. We refer to this propblem of finding corresponding
points as the wmatchina probleme,

RECOGNIZE matches an obJect to a orctotype Tn
ceveral steos. First |t locates 4 Independent (non-coplanar)
connected corners of the object. Next, It computes the
lengths cf the edaes connecting these 4 points. It then uses
these lengths to partition the set of model edges Into
supbsets which could correspond to each of the 3 oblect
edaes. Finally,RECOGNIZE selects trinles of model edges from
these subsets. The first triole having certain features Tn
common with the 3 oplect edqes is taken as the correct
match. we shall elapcrate on each of these points.

Although 3 points are sufficient to specify the
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Figure 6-4 . Example of a PEAK and a CHAIN .
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transform after a point correspondence has been set up, the
fourth point greatly faclilitates the matching process., The
points: P1,P2,P3, and P4, are selected such that the |ines
having them as end polnts form elther a "peak® as in Flgure
6-4a or a "chain" as In Flgure 6-4p, Usually these feur
noints have been |ocated during the Identification phase of
the recognition procAss, If not, RECOGNIZE proceeds to
iocate the remaining corners, The technigues desecribed In
Chaoter 3 for locatling a polnt based on assumptions about a
face are applicable now since the protntype corresponding ¢o
the oblJect Is known,

Having determined P1, P2, PJ, and P4, RECOGNIZE
computes the actual lengtns of the edges L1, L2, and L3 (see
Flaure 6=4), Assoclated with each LJ is a set SLJ where SLj
contalns those edges of the model that are within a
orespecified tolerance of the langth of LJ. As opossibple
matches to (L1,L2,L3) RECOGNIZE chooses (t1,t2,.t3) such that
tjeSLJ, If the 3 oblect Iines form a peak, then the 3
mode! eages must also form a oeak. Similarly, If the oblect
edaes form a chain then so must the modei edges.

A simple procedure allminates such errors as Flgure
6-3a matehing Figure 6=-3c. RECOGNIZE proceeds as fillows!

"1) It determines v2 = PL - P2,

v3 = P3 - P2,
and Vi = P4 - P2 for a peak or

Vi = P4 - P3 for a chain.
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(2) 1t computes the dot product Vie (V2 x V3).

(3) If PJ* is the mode! polnt potentially matching
obJject point PJ then RICOGNIZE computes
v2’ = F1’ - P2°

v3+ = P3’ - P2’

and Vi‘ = P4’ - P2’ for a peak or

Vi‘ = P4’ = P3’ for a chain,

(4) Finally, it computes the dot product

Vi‘e (V2 x V3').

(S) For a mateh It reguires that the two dot products

have the same sign.

1f we ldengify P1, P2, P3, and P4 with A, B, C, and D Tn
Fiqure 6-3a, the object qives Vie(V2 x VI)<B whereas the
match implied by the model In Figure 6-3c glives Vi‘e(v2’ «x
v3°)>0, RECOGNIZE does not reculre that these two dot
oroducts are egual| because some of the object lines may be
nartially ocecluded.

These conditions are still inadeauate since points
Py, P2, P3, and P4 of Flgure 6-3¢c could match P1’, P2’y P3°
and P4+ of Figure 6=33, To rule out such mismatehss
RECOGNIZE recuires that the angles between corresoondng

|ines be the same,

131



So far we have naglected the fact that one or more
of the object |Iines may be partially occluded. RECOGNIZE
assures that [t can find a peak or a chain where not more
than one !lne of the three edges Is occluded. If L) s
partlial |y oceluded, then It puts into SLj oniy those model
adaes having lengths greater than that of LJj. If line LJ Tn
the orojection Is partially occluded and matches llne L)’ in
the rodel, RECOGNIZE sets up a "pseudo model point" to mateh
the occluded end of Lj. The point Is located ILJ|I down the
mode| ecge LJ',

Once 4 corresponding points are ldentified,
RECOGNI2E may use any 3 of them to compute the transform T,
It seems reasonable to chocse the 3 solnts which have the
longest two edges connecting them, This reflects the fact
that we pnresumably have greater confidence In long linas

than short ones,

Comoutlng tne Trapsfgorm:

Given 3 <corresponding points P1=P1', P2-P2’, and

P3-P3’ and the two assocl!ated vectors V2-V2’ and V3=V3' on

tne rode! and obJeect RECOGNIZE proceeds to compute T as
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Here R Is a 4x4 matrix specifylng 2 rotation and D specifies
a transiatlon, RECOGNIZE begins by setting up two
orthegonal coordinate systems centered at P2 and P2’, The
unit vectors Ul=v2xy3/1v2xVv3l, U2sv2/1Vv2|, and U3=U2xU1
specl!fy the axes of one system,  The second system s
specified by Ul°= V2 xV34/Iv2'xv3’l, y2r=v2‘/|iv2’'l, and U3'=

U2°xUl’. RECOGNIZE then computes

Re = R1 R2T ,
and d = [DX,D0Y,02) = v2 - Re ve',

1t follows that

2 1 2 @ ox|
R = Re " and 0 s|2 1 e Dv
[y 3 3 1 D2
J .
Lﬂ ¢ 2 1_ L g @ l_

Atthouah only 3 matched points are required to
specify tha transform, T, one might expect tnat |t would be
petter to estimate T based on more than 3 points. We have

not found It necessary to do this. If thls is done,
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however, ons must not neglect the fact that the upper left
Ix3 subratrix of T is reaulred to be a pure rotation matrix,
A parareter adjustment alaorithm coutld easlly be applled to
Dx, DY, D2, and the three angl!es Implicit in R® 30 as ¢to
minirize the cumulative error for aii the points being

matched.

SEQUENCING

The flowchart of Flgure 6=5 shows the algorithm we
are currentiy using to control the recognitlion of individual
bodles in the scene, Tris |s a more honest version of the
bottom half of Figure 4=5. As was mentioned earller,
RECOGNIZE |s generally apolied In a bottom=to-too manner,
The bodles r=2sting on the table are recognized before the
podies which they supoort, The complexity of the
fiowchart stems from the facts that (1) all of the potential
sucporters of a given body nesd to be recoonized before the
true sSuoporter can be determined (see Chaptsr 5) and (2)
wher recognition fails, COMPLEX needs to decide what to do
next. If an obJect cannot be matched with any mode| and [t
is resting on the table, COMPLEX reactivates RECOGNIZE after
relaxing the oparameters which contro! the smount of
geviation from a mode| which is tolerated. 1t the oblJect
still cannot be recognlized, COMPLEX gives up on it.

1f an obJject cannot be identified as any oprotutyse
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and |s supported by other objects, It may be elither teaning
on |ts supporter or the supporter Itself may have been
ineorrectiy Identified, If the identification of the
sunporter led to only one opossible prototyse, COMPLEX
assures that |t was correctly identifiaed and calls on the
sterec package to re-locate ths corners of the syppo-ted
oblect, If there were other possible prototypes which might
have matched the supporter, COMPLEX trles one of them and
continues with the recognition, The examples presented In

the nrext chanter will bring these jssues Into sharper foeus.

PREDICTION - THE HIDDEN LINE PROBLEM

After having recognized and located each of the
obleets In the scene, COMPLEX Is In a poslition to predict
how the scene should aopear In the Image. As mentioned In
Chapter 2, this oproblem has been investigated vrather
extersively In recent years by workers In the area of
computer Qraphics. A major goal of their reasearch has beesn
to find efficient algorlithms for soiving the so-called
"hidden |ine orobiem". For the extremely complex obJects
and scenes with which they deal, an efficient algorithm Ig a
necessity rather than a luxury. COMPLEX, on the other hand,
is currentiy not able to aralyze scenes of sSuch complexity
and conssauently is not as strictly constrained by the need

for efficiency. The algorithm HIDDEN described below s
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auite siwple, Although HIDDEN Is probably not practical for
scenes of more than about 28 simple obJects, it does satisfy
our ne<eds at oresent. After presenting a simpliflied
descriptlion of the operation of HIDDEN, we shall describe
some speed-us techninues which have been employed.

Figure 6-6 illustrates the assence of the hidden
Iine problem, Havipng determined to which model a particular
oblect In the scene corresoonds and the transform whieh
moves the model out (into its prooer position Iin the real
world, HIDDEN can predict whers each corner of the oblject
woula appear In the image, There exisis a 4x4 projection
matrix P (see the description of the Roberts system In
Chapter 2) such that multiplying the homogeneous
representation of a corner by P ylelds the coordinates of
the point In the image, The probl!em, of course, is tha*
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 oroblen is even worse for
concave bodies of groups of bodit3. In these cases only
oarts of a 3iven (Ine may be visible, The alqorithm below
orovides a method for determining whicn lines or parts of
|ines snould be nresent In the image fron a glven point of
vien, The method proceeds in two phases.

Nuring the flrst ohase HIDDEN removes |ines on "baek
faces" of indlvidual oolects. This technlaue is common to

many exlstinn hidden=-|ine algorithms. The idea Is that if a
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Figure 6-6 . The Hidden-Line Problem .

o



face of an oblJect Is totally hidden, then none of {ts
bounding edges should be displayed (predlcted). The
invisibllity of a face dus to the object hlding itself Is
ouite easy to determine from a comoarison of the face
normals Nf, with the "iine of sight”. The line of sight or
orincipal rays PR, is a vector through the iens center which
olarces the image plane at Its center, If PIC Is the center
of the Imags, A Is the cailineatlion matrix, and C Is the
lens center, then PR = (PIC)(A) - C. The condition for
total Invisibility of a face due to sslf-occlusion is

therefore:

Nfe PR 2 0 - F Is invisible

N ® PR ¢ @ - F is visibje

The norma' to gace F can pe gound as:

NE = onfo T
where nf is the normal stored wlth the oprotctype which
matches the odbJject under conslideration and T is the inverse
of the 4x4 homogeneous transfoem which correctly positions
the rode! In space. If all of our scenes consisted of only a
single convex polyhedron, then alt hidden 1ines would be

removed by this polnt, Figure 6-7a, however, shows a

141



Figure 6=7 . Eliminating Invisible Segments .
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Figure 6-7 . Eliminating Invisible Segments
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tynical Image after the oack face (ines have been removed,

We now describe phase 2 of the hidoen )ine removal
procedure. HIDDEN beqins by Identifying all polats Inm 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 omiy In the mina’'s eys of the
viewer, They cen be determined, however., by considering
all palrs of lines for Intersectlons,

After they have besn located, any little segment
{1ine between two points in the Image) Is elther totally
visible or totally invisible., To determine If a Iine ls
visible or not HIDDEN notes first that a |ine which Is not
enclosed in any of the otnher faces (e.9, L1, L2, and L3J)
must be visibla, A |ine enclosed In another region may be
visioie (e.3: L5 enclosed In F2) or may be invisible (e.q.
L4 enciosed In F1), To detarmine if a iine enclosed In one
or rvore faces |s visible, HIDDEN must consider the J-space
location of this line relative to each of the face olanes,
1t P Is a polnt on segment L, to check for visibllity

relative to face F we compute:

Nf ¢ P 2 2

)

L Is visible

Nf ¢ P ¢ @ - L s jhvisjdie
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1f the process described above Is carrled out correctly, a
oroper cdescrintion c¢f the scene viewed will eventually
result (Figure 6-7c).

The only problem with this descrintion 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 Iline. The result is the desired |ine
drawing (Figure 6=74d),

Although the procedure as described above will work,
some simple modlfications can greatly improve its
efficiercy, One of the most time consumina parts of the
orocedure |s tne determination of the crossover points
indicated In Flgure 6&=7b since each |ine must be compared
with every other |lne for a possible intersection. Rather
than do this directlys, HIDDEN actually tries to determine
the status (vislble or Invisible) of certaln |lines before
computira any intersectlons. For each object in the scene
it getermines an "enclos!ng Image box" based on the minimum
and maxIimum values of x and y of the corners of the obJlect
(see Flgure 6=8a). If |Ine L belongs to the orojection of a
convex oblect (It is easy to mark the convex prototypes) or
is a part of the nroJectléh of a concave object which Is not
hidoen by the oplect Itself, then It Is clearly visible Tf
it |s outside the Image boxes for ail the other objects in

the scene, Only the 5 lines shown In Figure 6-8b need be
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Figure 6-8 . A Speed-Up Technique .
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orocessed during phase 2 for the scene in Flgure 6-Ba, The
other (ines are known to be totally visible, Concave
oblects are noprocessed Iindividually according to the
orocedure of phase 2 after back lines have been removed but

pefore the scene s conslidered as a whole,

VERIFICATION AND DECISION

Veriflcatlion Is simply the orocess of determining
how wel! a oredicted |Iine drawino agrees with the original
innut. There are two Interpretations for *original
input" here, Flrst, the predicted tine drawlny should mateh
the oriainal line drawing from which It was derived. Thls
can he confirmed by checking that for each line of the
orealction there is a corresponding line in the orlginal
line drawirg, If such a correspondence cannot be set uo,
COMPLEX coneludes that either It has failed in its anaiysls
(deserlption) of the scene, or the original Iine drawing was
incorplete, that is, some lines were missing, Quite often
sueh missine llnes can be detected by a statistical
verification oocrator (42) mapplied to the Intensity data in
the vieinity of the oredicted edge, While such an operator
is too costly to apply everywhere in the original intensity
matrixs it |s reasonable to apply It selectively at this

stage of the analysis,
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COMP{EX proceads to confirm ar refute the
nynothesized scene description, [f al) of the predicted
iines car be matcheg to Iines In the orlginal tine drawing,
it assumes that the description {is correct, For any
nrecicted llne which cannot be matched with a |ine in the
arlginal llne drawing, It calls wupon the statistical
verification operator to check far the line (edge) in ths TV
data. After thls has been done, If a particular body has no
mors than N of it predicted edges unconfirmed (N Is
currently set oeaual to 3), COMPLEY assumes that the
descriotion for this body I8 correct, otherwise COMPLEX
assures that the body has been recognized Incorrect|y,
COMPLEX assumes that If a body cannot be verified, the body
itself and not Its pccluder has been incorrectly recognized.
Pgrritting N lineg te remain unconfirmed allows for a few
nopisy lines In the griginal |ine drawing or sSome [ines whigh
simply cannot be geen due to poor lighting conditions.

Although tne primary ogoa! of verification Is to
confirr a hypothes!s inferred from the orliginal Inout data,
thare are occasions whan there Is simply Insufficient data
from which to oensrate a good hypothesis. In these cases
verification oerformgs 2 major function Iin the recognition
nrocess. 'wo such examnies ara shown In Flgure 6&-9. In
flqure 6-9a assyme that COMPLEX has recognized Bodyl as an
RPP114, From the little blit of Body2 which 1Is visible

assyre that RECIGNIZE can determine only that the body Ts
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BOOY2 ~—~a
BODY! b, )

{a)

Figure 6-9 . Ambiguous Scenes Resulting from Insufficient Data .
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elther an RPP112 or an RPP114, 1f COMPLEX guesses "RPP114"
and makes a oprediction based on this, it would find that
this guess s Incons!stent with the original 1Input. The
dotted saction oredicted to the right of Bodyl does not
exist. It must, therafore, be a RPP112, Humans, knowing
the orototypes which make up the environment, would
orasumably perform a simllar sort of analysis. In contrast
to the situation In Figure 6-%9a where the Insufflecient data
results from occlusion, In Figure 6-9b the Insufficient data
arises from an iIncomplete |ine drawing, Assume that Bodyl
has been determined to te elther an RPP122 or an RPP124, A
nynothes!s that the body was an RPP124 could be confirmed or
relected after prediction by checking In the Tv data for the

edaes Indicated ty 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 exampl/es have
peer chosen to lljustrate and ciarify some of the ideas
presantea In the previous chapters. Three of the examples
are presented In detail. A numper of other examoles are
exarlined more briefly, in each case to clarify a particular
feature of COMPLEX. Finally, we Indlcate a few cases where

COMPLEX Is known to fall,

GENERATION OF EXAMPLES

The |ine dra~ing projections in this chaotér all
originated with real scenes. The scenes consisted of
flat=-white palnted wooden blocks on a black c¢loth
backaround, A TV camera viewed the scenes froma neight of
about 2% inches apove the table too through either a 25mm or
a 52 mm lens, Approximately 6 bits of Intensity information
were oObtalned by combining four senarate 4 pit segments of
the total dymamic range of the camera. The Intensity matrix
was then orocessed by an edge-follower orogram written by
Manfred Hueckel [15) to orduce an ordered t'ist of edae
soints (ses Flaure 1-3b). The more powerful accommodating

edae-fol lower developed by Pinale and Tenenbaum [43) was not
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avallable at the time that these examples were generated,

A proaram written by G, Grape was used to
transform the ecge=point data Iinto a Ilne drawing.
Unforturately, this program Is not yet able to deal with
very complex scenes by Itself. Afthough a few of the Iline
dranlnogs in this section were ocenerated automatically: most

of the interesting cases have had to be "touched uo-.

Elther sourlous |ines were deleted or some missing Iines
were added, 1n thgse cases where no addition or removal of
| Ines was reauireds It was still necessary to manual ly

adlust a set of 9 parameters which control the line-fitting
orocess, It appears that In the near future an (Improved
verston of Grape’s orogram will be capable of hand! ing most
scsnes of interest with no human intervention,

The photographs Included in this section were all
taken directly from our Information International Ine.
displays. The fiim used was Kodak TRI-X with an exposure of

1/6 second at f8.

SFEVERAL EXAMPLES IN DETAIL

SCENE R3.CRN

Figure 7-1a Is one of the Iline drawings generated

witnout any touch ua. The scere consists of an RPP122 and a

CUHE in front of it, The intensity distributions were such
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Figure 7-1 . Scene R3.CRN .

Note: GOODA = GOODARROW
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that In 2 cases reglons that actually correspond to 2 faces
arise. From the vertex labellng 1Iin Flgure 7-1b the
motivation for the BADL tyoce vertex becomes clear. BADLs
qenerally result from T-Jolnts where one of the collinear
gearents |Is missina (P2, P8, or P18), from an arrow vertex
(P14), or from a "Y" type vertex. Althogugh both Iines
meeting at point P14 pelong to the same budy, the |Ines
meeting at P8 do not, There is a good chance, hewever, that
the I|lnes at P14 wl|| be assigned to the proper body based
on the vertlces at thelr other ends or based on one of the
special case heuristics, It Is also quite probable that the
bodies can be recoanlzed even |f these lines are missing
fror the opartial body prolectlons, Figure 7-1¢c shows the
arash thet SEGMENT sets up based on the labeling of Flgure
7=-1b., As mentloned earlier., neglecting the speclal case
meurlstics, the dis|sint supnraphs of Flgure 7-1c correspoond
to the indlvidual bodies |In the scene. Figure 7-1d shows
these Irdividual hodies before any processing by the Iine
completion _ routines and Figure 7-le shows them after
completion, The only simpla completlion routine required for
this scene was ACDCORNER, Note that in extending llnes
P14-P15 and P9-P12 3DDCORNER checks the distance of the
intersection point from ea-h of the exlisting object corners,
1f this distance Is less than a prespeclfied tolerance, the
corrasponding corner is substituted for the new polnt.

Each bloeck Is recognized In an ldentical manner
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since both of them are supported by the table. The 3
lowest corners of cach are ldent!fied 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 Ile on edges normal to the table since |ines P11-P15
and NEWP2<P6 are vertical In the image., The projection pairs
tNumber of Faces, Number of Vertlices) imply in each case
that the corresponding prototype must be a paraltlelepiped.
The lengths cf the 3 edges connecting tne 4 points menticaed
above are tnen syufficlant ta soeclfy the orototyre.
Afthouvh the original |ine drawing was incompliete, each of
the resulting Individual body orojections |s complete,
This Is, of course, not generally the case as the next
exarple will show,

The Iine crawing of Figure 7-1f results after
locatinrg each ob5Ject In space and opredicting how the
whygcnathesized" scene would acoear from the camera’s polnt of
view. The determination of the <tramsform that oproperly
posltions the apoarogriate mode! In space proceeds exactly as
described In the previous chapter based on the 4 opoints
{forrlng a *"ceak") just mentioned, As show in Figure 7-1g,
the areglction and image flt qulite well except for the 3
lines missing from the origlinal |ine drawing. Most orobably
these Iines could be found by explicitly looking for them in
the TV image w' th the sensitive verification ooerator.

Even If they could not be detected, enough of the |ines
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match so that COMPLEX accepts the hypothesized scene

descrintion,

SCENE P3,CRN

Flgure 7=2a shows a scene s|ightly more complex than
the previous one, The scene actually consists of 3 blocks,
an LBEAM, a WEDGE122, and a RPP112, Again some of the Iines
senarating faces of different bodles are missing due to the
ltohting conditions, [m addltion, several lines are
gisplaced from thelr "ideal” positlons, In particular, the
T-iolnt at P21 has its tops bent in such a way that It TIs
almost an arrow. SEGMENT classifies this vertex orooerly, as
shown In Flgure 7-2b, by telerating a small deviation from
colllinearity (approx, 30 degrees) for the 2 tops of a
T-Jolint. The Ifttie segment at P23 is a|so not In Its oraper
positlion since the corner finder in the Grape program merged
with P17 the T-Joint where this segment originally
intersected llne P17-P19, The result Is a MULTI ( Figure
7=2b), In this particular case, It makes no difference
since both |lnes meetina at P23 will be omitted from the
ingivigual bogy descrintlions (see below).

Several things are worth noting in Figures 7-2b, ¢,
and d. In Fgure 7-2¢c we note that two uniabeled nodes have
been created based on "matching BADLs".If the one resulting

from P1 and P14 had not been created, the two edges meeting
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Note:

Figure 7-2 . Scene P3.CRN

GOODA= GOODARROW
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PZ.CRN .

Figure 7-¢
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at P15 would not have bsen jdentiflied as part of the wedae
due to the MULTI at P17. The node corresponding to the
GOODL at P23 |s dlscarded since after all the merping and
speclal case heurlistics have been appllied, It stilt has an
assoclated set contalining only 2 lines, SEGMENT correctly
assures that thls ncde does mot correspond to a separate
bcdys and that the partial proJection to which these two
\ines should be assoclated can be analyzed without thenm.

The comoietion routines add many of the missing
lines for the Individual ovjects. As Indicated in Flgures
7-2d and e, procedure JOIN modlfles the WEDGEL12Z replacing
{ines P17-P19 and P5-P6 by |lne P17-P6 and |ines P1-P15 and
P13=-P14 by lire P13-P15, ADDCORNER also flixes up the fiower
feft-hand corner of the RPP112. ADDLINE adds Iines between
P18 and P22 for the LBEAM and between P2 and P11 for the
RPP112. The result of the modifications is that both the
WEDGE122 and the RPP112 prolections are complete, Althouah
mueh of the LBEAM Is missing, tne visiole edge lengths turn
aut to be sufficient for identification and nositioning.
Racognltion Is aga'n straightforward since all three objects
are determined tc rest on the table.

The prediction oaged on the hyoothesized scene
description |Is shown In Figure 7-2f and again with the
original iine drawlna in Flgurs 7-29, The discrepancles
between the opredicted |lnes and the criginal ones that are

apnarent in this example arise from several factors. Flrst
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and srobrobably mpost [mportant, the orlginal (ine drawling is
mot 2n ideal perspective orolection of the scene but rather
a operspective orojection modified by the noise In the
orialnal data and the peculiarities of the opreprocessors.
Anv transformation derlived from only part of the data (a few
local features) wili, In general, not agree exactly with the
rest of the data, Some of the errors undoubted|y arise from
our slmolifled model of the oplecture taking orocess,
Fimally, the author‘s ablility as a carpenter Is subject to
auestion, Conseaguentiy, some of the do-lt-yourself blocks do
not exactly match the speclficatlions of the prototypes.
Since these errors have not Interfered with the operation of
COMPLEX, not much effort has as yet been spent on preclisely
locating and removing thelr sources. The actual error s

usually (ess than 2,15 'mches.

SCENE R9,CRN

In contrast to the previous two exampies where al|l
the nlocks rest on tne table this example, Figure 7-3a,
illustrate the comolications arlsing from other forms of
sunport,

The only interesting opoints to be observed In the
labeling of Filaure 7-3b are the BADYs at P5 and P13. It Ts
relatively clear why one wants to think of BADYS as a

dJeaererate T-joints, [f the too block at the BADY were movad
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Figure 7-3 . Scene RO.CRN .

Note: GOODA = GOODARROW
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siightly: one or both of the BADYs would become T=joints,
In Figure 7-3d we can see that SEGMENT has omltted the |lne
between P12 and P13, It Is not assoclated with any node of
the graph in Flgure 7-3¢c, and none of the special case
neurlstics cause It to be assianed to a body. This oresents
no oroblem, however, since enough of tne RPP112 is visible
witnout It., For simpglicity we shall refer to bodies by thelr
proper names even thouah they have not yet been ident!fied
py the proaram,

Recognition, as Indicated eariier, proceeds In a
pottom=to-tor fashion. To bealn wlth COMPLEX might declde
to analyze elther the RPP114 or the RPP122 which are both

resting on the table, Assume that i1t examines the RPP114

tfirst. 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 recognlzed. The

next body orocessed, therefore, must be the RPP122 restimg
on the table, After RECOGNIZE ldentifies and locates 1t Tn
3-space, the plane of Its too face can be used as the
suoport olane for tne RPP112. RECOGNIZE can then identify
and locate this body. Mow knowing the poslitions of the
RPP114, the RPP122, and the RPP112, CIOMPLEX can determine
that the true supoort for the RPP124 is provided by the
RPP114, Tris last body Is then ldentified and located 1n
space.

The predliztion Is shown In Flgure 7-3f and with the
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orliginal Input superimpoosed Iin Flaure 7-39. In this case

the two line drawings match qulite well,

COMMENTS ON OTHER INTLRESTING EXAMPLES

The scene of Figure 7-4a, VIEW3.CRN, [llustrates how
the constralnt of known model slze can bs used In
recognition, From the visible portion of the bottem bloeck
RECGGNIZE can only determine that It is either a RPP112 or a
RPP114 (It |Is actually an RPP112), COMPLEX proceeds by
hynothasizina that it |s a RPP114, Tnls allows the supoort
nlane of the top object to be datermined and Its base edae
jengths to be computed. These lenaths, howsver, do not
correspond to any of the lengths of edges of models whieh
tonclooically matech the too object. Such a faiture by
RECOGNIZE 3lgnals COMPLEX that it should try the other
rossible prototyoa. the RPP114, as the |dentity of the
supporting oblect. Aith this hypothesis the analysis,
oredlction and veriflication proceed without difficulty,

Scene 05,CRN shown in Flgure 7=4p Is a slishtiy more
comglex scene lllustrating one of the unfortunate situations
that arlise In oractice. Whlle In tneory deaenerate views
oceur only from singie polints of view, the difficulty that
the oreprocessors have in detecting extremely narrow reglons

eauses cegenerate |ine drawings of objects to be produced
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Figure 7-4 . Other Interesting Examples
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Figure 7-4 . Other Interesting Examples .
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over a relatively large range of viewlng angles (perhaps 28
dearees or more). This means that 05.CRN Iis not atyplcal.
The necessity of interpreting the T-Jolnts at P1, P8, and Pé6
as "degenerate arrows" while interpreting those at P7 and
p17 as BADTs motivates one of the scecial case heurlstics
mentloned earller in the description of our segmentation
srocedure. During the opredlctlon ophase one must be
careful not to predict a face that would ideally be visible
but !s Invisible due toc a "oseudo deqenaracy” (1,e. the face
determined by P6-P7-P17), Thils Is accomplished simply by
interpreting as visible only those faces of an obJect whose
normal dotted Into the iline of slght in less than some smal|
neqative vajue pather than zero.

Filgure 7-4c illustrates on of the oproblens that
arises In the analysis of scenes wheare obJjects aout. The
{ine drawing of Q1.CRY was generated without any touch wo.
The Identiflcation and location of the objects proceed
without difflculty, The problem is that a small error 1In
the predicted position of elther of tne objects drastlcally
chanq?2s the tooololy of the predlicted |ine drawing, For
this example, the two obJects are oredicted to appear
separated by ahout 1/1F of an inch, Althouqh the error
does not cause enough lines to be mismatched so that the
correct hypotheslis is rejected in tnis cases one mignt
consider "forcing aputment” during recognltion if such a

ralatlionship was detected curing structural analysis, Prime
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in1icators of abutment are the BADY, KJOINT, and X-joint
tyne vertices. Winston considers the determination of thls
structural ralationshio further In (431,

Fiaure 7=-49, CL2.CRN, illustrates another oroblem
caused py abutment, Each object In the scene |s recodnized
auite simply aftar segmentation and oartial compietion.
The bproblem arlses from the fact tnat RECOGNI!ZE as it
currently exlists has no concept of the volume of space
occucliec by an objegt. Consequently, a small error In tne
calculated positlon of the cube can cause edges P3-P25 and
P2-P2% to be ophyslcally located Inside (behind the front
face of) the RPP122, The resulting opredigtion will have
these two edoes misging. [dea!ly. one should detect pody
intersections and correct them by modifying the transforms
assoclated with the offending bodies. For expediency,
mowever, we have si-ply modified the criteria for detérming
[Ki a llne segment is visible. HIDDEN says that a line

surroungaed by one op morn faces Is visible If Its midooint

Is In front of or within a soecifled small distance behing
all syrrounding faces,

CL2.CRN also litustrates anothaear propiem that
arises, For the RPP112 partlally occluded by the wedge,

orly A small seamgnt, P12-P23, of one of Its base edges In
visitle, Tris edee olus edge P19-P22 are extended byv
ADDCORNER to form a new corner at thelr intersection. Since

t~e ecn"putes location of the RPP112 depends qulite direct!y
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on the locatlon of this new corner, any error In the input
data corresponding to P1¢-P23 may lead to relatively large
errors between the predicted and orlginal |ine drawings, [t
may at times bacome necessary to get a close-up view of the
two edges hafore a predicted corner locatlon |s estimated.
In this example, it was necessary to relax the matching
torerances bpefore the obJect could be identified as an
RPP112,

Q4,CRN shown in Flgure 7-4e is ine first of two
"jearing” @axarples. The line drawlna nere was agaln
sroduced wlthout touch-up. It turns out that for this
partlcular leaning examole, both objects get recognized
correctly without reasorting 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 P3. Both bodles
are then assumed (incorrectly) to be resting on the table,
The vertlcallty of edge P6=P7 Is used to locate corner Pe in
I-space, Assumina tre top face of the wedge to be horiZontal
(which turned out tc be truel. RECOGNIZ2E ther determines tine
location of corner P3, Corners PS5, P?7, P&, and P3 are
sufficlent to soeclfy the "too object" as 2 WEDGEL124 and
allow It te bpe positloned properly in scace. From the
srall portion of the bottom object which is visiole, 1t is
only possible to determine that it |s either an RPP112 or an

RPP114, Assuming that It is an RPP114, PREDJICT generates a
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|ine drawing with part of the RPR114 sticking out behind the
WEDGE 124, Since tnls predictlon does not match the
original llne drawina, the description set up for the bottom
pody |s delatea aind It Is re-lo ntified as an RPP112,
This time the prediction matches the origlinal |ine drawling
angd the hypothesized descrilption is acceoted.

In example LEAN,CRN of Flgure 7-4f we have a
slightly dlifferent sltuation of one object Ileaning on
another, Fer the wedaoe, edges P2-P3 and P3-P4 are
igentified as base ecges, and conseguently the wedge s
assured to be supportel on the top face of the lower object.
Based cn this assumntion, however, the wedge cannot bpe
igentified with any prototype because the predicted base
edae lernths do not match any adJjacent palir of model 23does.
COMPLEX currently exlits with a "Fallure In Recognltion”
message typed out when tnls sltuation occurs. When the
nearly complete stereo~focus depth package becomes
avallabie, COMPLEX will chegk such situations for base
noints with different 2z coordinates to detect leaning
configurations,

Scene R2,CRN shown In Flgure 7=4g is Ilike the
nrevious example in the sense that althcuzn COMPLEX does not
exactiv fall to describe tnhe scene, it does not completely
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 olays such as Important role in our
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one-eyed reconstruction scheme, COMPLEX currentiy detects
such cases and indlcates that alther the scene should be
rotated on the laZy susan or the occluding object(s) should
ne bohysically moved, Using stereo or focus rangina,
mowever, one would not have to glve up In these situatlons,
The scene T1,.CRN snown in Figure 7-4n is tne final
exarncle we shall mentlion In thls segtion. The Interesting
feature of this examnle Is the fact that tne two linss that
are mlssing are part of the exterlor boundary. As
described previously, COvMPLEX was designed under the
assutption that exterjor 1imes would usualiy be present,
Althnuah segmentation will oftea fall It this Is not the

cases T1,CRN is apalyzed successfully.

COMMENTS ON SOME SYSTEM FAILURES

In this sectlon we conslder situations whaere COMPLEX
fails, These fallures occdr because of insufficient cata or
rad heyristics. Such heurlstics rule out the correct answer
in the process of limiting the search sopace. Clearly, Tf
the Imput Illine drawing |Is complete and COMPLEX cannot
identify an obJect correctly, we would say that the ogrogran
was falled, 1f the line drawing Is incomplete, however, it
is not clear whether to assign the cause of failure to
COMPLEX or to the poor Input,

T2,CRN shown In Figure 7-4t is ldentical to T1,CRN
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of *tigure 7-4n exceot for a singie missing internal edge,
A problem arlses In Flaqure 7-4]1 because the «ym vertex of
the front onject gets labled BADY because noner of its |ines
cecnrect to arrow vertices. This causes the front oblect
to e Identifled as two separate bodlies. Altﬁough we could
naye moglifled the heuristics of SEGMENT to handle thls case,
we have chosen not to do so. We snall consider this a
situation where our local heuristles are Iinadeauate for
seanentation, The responsipliity for this fallure,
system or lnput, is laft for the reader to assign,

The scene of Figure 7-4] 1Is an example of a
gsituatior tnat Is possible although wunlikely, The two
hnidden bodies are Interpreted as halves of the same body and
are rerged by the Seamenter. Sinmce thls long body matches
none of the oprotyoes, a recognitlion fallure eccurs. In a
future creincarnation COMPLEX woulg cgresumably have the

apility to unmake incorrect merges such as this,
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CHAPTER 8
CONCLUSION

rESULTS OF THIS THESIS

The orincipal result of our research is a heuristiec
orogram, COMPLEX, capable of Interpreting line drawings as a
three-dimanslonal scene, The only previous three-dimensional
scene descrliptlon system comparable to COMPLEX Is the one
described by Roberts, Guzman’s recognition nsroarams did not
eperate on real data nor were they concerned with the
sroblem of locatlng an object In space, COMPLEX Is able to
deal wlith consliderably more complex scenes than was the
Roberts system, COMPLEX allows objects to be supported by
one another as wel] as by the table. The most distinctive
feature of CIMPLEX, nhowever, Is its abllity to interpret a
scene tased on Imperfect data. In additlion to tolerating
inaccuracies In Its inout, COMPLEX can analyze degenerate
viens of objects,» oblects which apcear partially occiuded,
and |lne drawings !n which edges are totally missing. The
ootertlal to cope wlith these situations is a conseguence of
the baslec organlzation of the program. COMPLEX uses its lire
drawlina input and a known set of models to suagest and test
hymotheses, We bpejleve tnat thls approach to machlne
perception wli! prove to be a fruitful one.

We have also opresented some opreliminary results
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concerning the coastralints In prolections of planar-faced
sollds, These results begin to answsr the question "How mueh
does a single vyiew of an oblJect Imply about the shape and
position of the ohlect viewed"? More Importantly, however,
they Indicate the power of external constraints In the

interpretation of Inherently amblguous |ine drewing data,

SUGGESTIONS FOR FUTURE WORK

The ldeas which we presented in Chapter 3 only beglin
to answer the auestion of how oprior knowledg9e or
environrental constraints can be utillized to ald in the
interpretation of two-dimengional data. To be more
spec!flec, It would be Interesting to characterize the class
of trinedral prolections for which 4 polints completely
speci!fy the visible obJect, One might also wish to look gat
classes of ob jects (not necessarily ¢trihedral) and
nrojections that are speclfied by N independent points,
It would be worthwhlle to consider in more detall the
possibliity of guessina (adding) llines or !ine segments to
the prolection as mentliored previously, Finally, constraints
other than tne point plane Incldence constralnts should be
investigated In considerably more detall.

In the area of desianing a more reilable vision
system, we have already indlcated the need for an

oraanization which integrates better the advantages of both

176



the model drlven and data driven approaches, Portions of
COMPLEX are sti|l too data-driven to be effective In
analyzlng very noisy scenes. We also need to come to a
clearer understanding of the most effective way to uti|lze
both monocular and binouclar depth cues. Many new problems
worthy of Investigation will undoubtedly become apparent as
more experience Igs accumuiated concerning the complete
Hand-Eve system,

Whils oprobably not effecting the rellability of the
vislon system, |t would be deslrable to be able to "learn”
new structural descriptions of models and/of declision
machanlsms for distinguishing between them. Both of these
thimas are assumed to be known a priorl in our current
imoiementatlon,

In the anaysls of extremely complex scenes It wiltl
undoubted|y be the case that more than a single view s
renuired for complete sceéene description. People, when
confronted with a fairly complex scene: walk around and
analyze the scene from several different points of view, As
far as we know. no ome has as vet conslidered the probiem of
efflciently analyzing a second (wlde angle) view of a scene
pasea or a partial analysls of a previous view,

Finally:, we myst keep in mind that the probiem which
we haye teen considering Is to produce a complete scene
description of a given Iine drawing, I[f only a partial

interpretation of the |ine drawing were required, the
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analysls would undoubtedly be aqulte different, For
exarnle, |f the guestion were "Are there any wedges in the
scene?"{ ona might be able to do better than analyzing the
entire scene and then checklng If anmy wedges have been
identified, Task dependant partial interpretation of

nlctures appears to be another area worthy of further study.
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APPENDIX !
A SIMPLE CAMFRA MODEL

Image=Teble Top Cgordinates:

Our approach |s to flnd a pacoing from the Ipage
coordinates to the nlane of the tebie top. The result of
this Is that any point In the Image that corresponds to to a
real world point actually Iying on the table top (i.e. P31’
in Flgure 3=1) will be mapped Iinto Its correct 3-soace
location (l,e, P1) in the table plane, Those points that da
not correspond to points on the taole (i.e, P2') will nbe
mapped into tne point on the table intaercepted by a ray
passing through the camera center (also called the lens
center or caenter of projection) and the point In the Image
(l.e, P2T),

Without getting engrossed in the detalls of the
orojective geometry Involved, let us say a |ittle more about
¢nis mappina. We see from Flgure 3-1 that what we have Is
simoly a proJective transformation of one 2 dimensional
spac® Into another wlth the camera cénter as the center of
orojectlen., 1f we represent oolnts In each olane wusing
3-dimensional homogdeneous 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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where V'’ s(imade x' coorafrate, image y’' coordinate, 1) and
V =(Wwx,wy ,w), ty the Fyndamental Theorem of Projective
Georetry there exists a wunique transformation mappling 4
noints in ¢cne rlane Into 4 points In another plane providing
that na 3 of the orliginal points are collinear., thus 4
noints are suffliclent to soecify T,

Prlor to our analysis of a scene, these points are
lala out on the table and A |3 datermined. Conseauently, for
anv polrt in the (maae we can compute its "corresponding"

s0irt or the table,

The Leng Center and How To Flna 1t

We can determine C(Xec,Yc,2e), the |ens ceonter
iocatlor, falrily simoly by the arrangement shown In Flgure
A-1. Here we assume that we know the Jlocations of
calibration points P? ana P1 in the taple (X,Y,2) systenm,
Known!na A and where P2 anc¢ Pl appear in the image (not
ghomwr), we can determine P27 and P1T respcectively. Knowing 2
polnts alona each of these rays we know the rays and can
conseguently determine C, their intersection. A prabliem
arises In proctice frem the fact that due to measurement
errors for the 4 points F3,PL,P3T,ana P17, the two rays do

not intersect but mareily zorme close. The way that we shall
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C(Xe, Y, Z¢)

Figure A-1 .

Arrangement for Determining the Lens Center
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oroceed |Is to assume that the rays do not Iintersect and
determine that point In 3=-space where the perpendicular
distance betwaen them is a minimum, We shall call this point
the "bast Intersection” of two (possibly) skew rays.

We deflne L@ to be the ray from C through P2 and
corresoondinaly L1 te be the ray from C through P1. We

rapresent LA and L1 parametricaliy as:

L2ty = P3T + (PR-PBT)t

Li(t’) = P1Y + (P1=-PiT)¢’

where If P@<t<i then the corregponding point ig betwesn PJT
ani PJ, (Note: We are dealing with vector sauations hers,)

Let us cefline!

vg s P2-P2T
Vi z P1=-PT

dPT = P1T.PQT,

We want to find valyes t=td and t'=¢t@" such that O(t,t’) =
:Lmt)-Lx(t')Jt ls minimlized. Setting 3D/3t=p and 30/8t¢’'ap
vieids the following set of eguations to be solved for tP

ang t@’:

\w:lz =V@eVl e VOedPT

-vaevt  pve)? X -V1edPT

182



We wlll then take Ppest =1/2[LA2(t3)+L1(t@")1]. This procedure
alves a good estimate of the camera locations; the slze of D
aives a measure of the error. If petter accuracy Is needed
one could do several such calculations of C and then take an
average, The auestion cf determinina an accurate and
conslistent model of the camera system constitutes a large

sortlon cf a recent dissertatior by Sobel[371].
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