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This thesis 

CHAPTER 1 

lNTRnOUCTION 

deals with various asoects 

threq•dl~enslonai scene description comouter. 

~'tarford Artificial Intelligence ProJect 

e!"'vlronrrent and fa:liitles for this 

has 

work. 

oeocle at tne oroJect have been Investigating 

provided 

A number of 

the general 

oroclem of coordlnatlnQ oerceotual and motor orocesses under 

c~mouter control, 

Computer oerceotl~n can be 

1ata reduction orobie~. A matrix of 

thought of as a Iaroe 

digitized Intensity 

valu-.s is read l!"'to memorY by means of some lmaalng device. 

The aoal of analysis is a concise descrlotion of the scene 

vle~ed, Tne descrlotlon or lnteroretatlon Should 

corresoond aocroxlmately to the dascrlotion that a 

would give when oresented with the same scene. 

contain Rt least tne identity and location of eacn 

oerson 

It must 

obJect. 

Our work has iarqely oeen concerned with techniaues and 

nro;ra~s for generating such descriptions from a single 

vie~. The ~ro~rams are designed to ~unction as oart of a 

lar;~r Hand·Ey~ syste~. ~ Hand-~ye s~stem Is a oroblem 

solving systern with an eye (camera> for lnout and a hand 

lmar.lculator> for outc~t. The visual oortion of this system 

will be described briefly In tl'lls chacter and in 111ore detall 

In Chaoter 4, 

1 



r~"' .. rr" "a<; nriJi'l?.lly motivated t:l.Y an Interest In 

t • " r e <;e. H c ~ o f w o •; e r t s C 3 ~ J a.., d G u z,., an [ 12 , 13 J , A I though 

., a ~:, n f o u r t t' c '1 n i :: · J e s 'lr P s i m i I a r to those w h I c: h the)' have 

-!escri~Pd. our view cf mac~i.,e oerceotion as a process of 

signifleanti:Y 1eneratll'lg hvootheses is 

has been to understand how 

various con~trai.,ts and models can oe acol led 

lntercretatlnn of I ina drawing data. 

~.,~lysis and ~v.,t.nesis 8as~d on ~odels: 

Any syste"' caoable of lnteroretlng its lnout data 

.,ust in sene sense oe ~odei•hase1. The "1o1els orovide the 

~ifferP~~e oetween tne inout Information and the information 

Peocle seldo~ need to 

'let~.~ I ly SA~ t~e t>ack of an object wnich they recognize 

before "kno~lno" he~ It looks from behind. rroM a Durely 

math•~atic!'ll 

to crodu,.e a 

~ol.,t o' view, some sort of model 

tnrae-ai.,enslonal deserlotlon of 

oasee or a sln~le oersoectlve orojectlon. 

is reaulred 

the world 

Consloer a set of ~odals whlcn are acc:eotablt as 

l~out to a orejlct~r. T~ls ~•a"s that there e~lsts an 

~lnorith~ Ctha oreoletor) wnlcn takes the set of models as 

innut a~d Is caoaole of generating an~ oosslble sc:e"e 

co~orlse~ of Instances of tnese ~odels as output, T"e 

~artlcul~r scene Is soeclfled by a finite set of oarameters. 

2 
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Assurre ~or slmollcltY that each of 

(variables> Is discrete. 

these oarameters 

In this fra~e~ork the orocess of lnteroretlna a 

scene can be vle~e~ as tne oro~ess of finding values for t~e 

varlP.bl•s such that thA scene generated bY the credlctor 

matches t~e lnout scene. The complexity of the 

oreoleto,, of course, deoends on the nature of the models 

an~ our lntercretatlon of the word "matches" above. For the 

oartlcular scene descrlctlon sYstem that we have 

lm~lemented, the models are the structural desc:lotlons of 

the sol Ids shown In Figure 1-1. The variables to be 

sceclfle~ consist of the nu~ber of obJects oresent In the 

seen" (Jol), the Identity of the lth model <1SISMl, and the 6 

tran~latlonal .,.., rotational de'arees of freedom for the lth 

model ClSIS~l. The crob:em Is to assign values to these 

variables such that the ore11cted line drawlnQ Is identical 

with the oriolnal line drawing given as inout. 

The most direct way of lnteroretina the scene. alven 

that bounds on the oarameters are known, Is ~Y synthesis. 

We exnaustlvely assinn each oosslble value to each oarameter 

and ~heck for a ~atch between orsdlction and Input for each 

sue~ assl~nment crroure 1•2a), Soeclflcal ly, we bealn by 

assu~lno that th~re Is only R single obJect Present in the 

scene. ror el'lch mo~el we try all oosslble values of 

translation and rotation untl I either a match Is found or 

alI eosslbl I I ties have been exhausted. If a match occurs, 

4 
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~e a~~uwP thRt w~ have correctly Interpreted the scene, If 

no ~~tch is fovnd, we oroceed by assuming that there are two 

ob Jer:t"J oresent and we trY all cosslble oapameter values for 

ea~h oosslole oalr of model9. Continuing In this fachlon, 

that Is, a!isumlno 3, 4, , .. objects oresent, the orocess 

wi If evP.ntual ly ter!T1inate with a correct lnteroretatlon of 

tho! o;ce,e. 

Tnls aporoaeh to analysis 

rlasslfled as a model•drlv~n scheme. 

by synthesis can be 

Although the 

orocedure Is qrossly Inefficient. it can be made relatively 

insensitive to errors in the lnout, One only has to 

~eslnn the matcher <comparator> to tolerate some 

dlscrecancles between the prediction and Input. In contrast 

to this model•drlven or too•down accroach is the data-driven 

or oottom·uo aooroach. In data-driven analysis local 

oro~ertles of the lnou+ are used to bul ld a global 

interPretation of the scene. Although generallY more 

efficle,t than too-down anRIYsls. such crocto~r•s tend to be 

sensitive to I"'Oise. For examole, In a scene which is known 

to consist of only a sln~le obJect• one might Infer fro~ a 

trian~ular region that the obJect viewed !s a wedge. The 

oblect '"BY actullllv be a cube• however, with the triangular 

realon a result of noise In the lnout. Decisions based only 

on locRI evidence tend to be risk~ In general. 

It ~•em~ clear that a co~blnatlon of the 

modal·rlrlven and data•drlven aooroaches Is needed to 

6 



efficientlY orocess real world 

consists of 

scenes. The accroach 

hypothesis 
which we crocose a hevrlstic: 

<caremeter> and an algorithmic 

orAdlctor-comoarat~r. "A heuristic is a rule of thumb, 

strateQy, trick, slmoliflcatlon, or anY other device which 

drasticallY I imlts search for solutions In large problem 

soaces" ((5J oaoe 6). If the heuristic generator oroduces 

an Incorrect hypothesis due to an lnval id assumotlon or 

over-slwol lflcation, the credietor-comcarator can detect 

this error and reouest another hypothesis . 

The "hYoothesls and test" accroach Is a basic tool 

often used In solvln~ eomclex se~rch problems which arise in 

the field of artificial Intel llgence. The success or 

thls aooroach dePends o~ the cleverness of the hyoothesls 

oenerator. As Indicated in r1~ure l-2bo the heuristic 

oara'l'eter generator will generallY rAvlse Its parameter 

valu~s so as to reduce anY differences between its 

oreolction and the orlqlnai lnout. 

We view our model-based sc~ne de~crlctlon scheme as 

an attempt to heurlstlclt search the tree of oossiole 

nara~eter values. The segmentation orocedure described 

In Chapter 5 can be thoug~t of as a ~roup of heuristics 

desl~ned to determine H, In the oroces5 we also generate ~ 

oartlal descriPtions of the Individual bodies. These olus 

some heuristic ranoe estimates are 

oara~eter soeclf~lnq the Identity 

7 

used 

of 

to determine 

each object. 

the 
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addltloral aool !cation of a few matcnlng heuristics then 

oer"lt the ~ translati~nal and rotational de9rees of freedom 

to bq determined, If a fA I lure occurs during the final 

eo~carlson of the credlctlon with the lnout. or If a 

~a·a~eter cannot oe asslgne~ due to an earl ler Incorrect 

nara~eter asslonment. earl ler decisions can often be 

re·"•de. The heuristics are designed to 1 lmlt the search 

scace without e~cludln~ the correct answer. 

Ana1~sls of a Sl~cle Scene: 

Analysis of a scene consists 

abstractlno the Information In the 

of transforming and 

inout. The camera 

~onltor In figure l-3a dls~la~s a scene to be analyzed, Thls 

image is reed Into mem~r~ and stored as a 33Jx256 matrl~ of 

intensity values, 

crightness C0•15l 

Each element In the arraY reoresents the 

at a coint In the field of view. ~n 

edae•detector nrogram transforms rl;ure 1-3a into the set of 
edae oolnts shown in rl;ure 1·3b bY aoclylno a local 

araalent ooerator and thresholding at every ooint in the 

imaoe. (dge oolnts aopear where there Is a significant 

intensity gradient. The final stage of precrocesslnQ 

transforms figure 1-3b into the I lne drawln~ shown in Figure 

1-Jc. This Is accomnl lshed bY fitting straight 1 inas to the 

edQI oolnts, extending these lines to form corners, and 

ider.tlf~lng closed regions, Our scene description orogra~s 
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are deslgne~ to accect this I lne drawing as lnout, Thls 

thesis does not discuss oreorocesslnQ. ~evertheless, we are 

concarnen with the oual lty of output that a oreorocessor ls 

I lkely to Produce, 

lt Is assumed that the set of objects Is comoletely 

sceclfied. The scenes are reoulred to consist oF onlY one 

or ~ore of the ObJ~cts shnwn In figure 1-1. This oartlcular 

set of objects was cnosen for tne following reasons: 

Cl> 'There are en 0 u~h different RPPs t 0 build 

Interesting structures <with the "hand"), 

<2> N0 t all the oaralleleplneds are rectangular 

<e.Q, the R~O~HOJO), 

<3> Not all the obJects are oaralleleoloeds 

Ce.q, the wejqes), 

(4l Nnt al 1 of the obJects are convex Cthe LBEAM), 

Comolete structural ~escrlotlons referred to as orotot~oes 

or rrodels exist for tnese solids. We refer to a real 

world obJect as an "Instance of a orototypen, 

Our fixed size mojels are somewhat less general than 

the on8s describej bY Roberts. Whereas his "cube" model 

reoreser"ted all rectangular oaralleleoiotds. we need a 
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senarate orotot:vC'e fQr each physically different solid. The 

dic;crete size re<;trlctlo..,, however, crovldes an additional 

'Set "f constraints. T"1ese constraints can be aoclled to 

resolve amoluultles that arise due to oc:luslon and noise. 

Analysis of the I lne drawl no proceeds In several 

o;tao"s, '1e assume tnat the ca,.,era has in It I a I I )I been 

calll"rated Csee Cna 0 ter 3 and the 4coendlxl. Tne line 

dra.,.lnq In Fl~ure 1-3c is first seq11ented Into oleces 

corr~'soondlng to Individual bodies <Figure 1·3d). In casas 

where a body can be c~artlaliY) comoleted, the crogram dots 

tnis CF'lqure 1•3vl. 1, order to Identify and locate tne 

corresoo,dlng obJects in scace, featurP5 Inferred from the 

nroJ~ctlons of the individual bodies are ~atched against the 

stored orot~tynes. Ta check that resulting lntercretatlon ~f 

the s~ene is conslstert with the original data. the 

identItIes and I oca t Ions of a II the obJects are used to 

aenerate a orvdlctea 1 lne drawl no. Figure 1•3f sMows 

tnis oredictlon. F'inally, tne prediction and the original 

image <I lne dra~lnql are comcared. If, as In Figure 1•Ja, 

the two are ao~roxl~ately tne same, the orogram assumes that 

it has correetl~ Jnter~rP.t~d tht see"'' 

In r.ractice, the analysis Is considerably more 

dlff lcult. Actual ed~es art not seen because of ooor 

1 Ianting, In the above examole the I lnt V11•V12 was found 

oni) bY chance, Cften extra"eous I lnes result from sMadows 

and nol~t In thP video system. There is also the Inherent 

12 



arrblr-ulty In Inferring three•dl!'lenslonal information from a 

single vie~. These Issues are of particular concern fn 

this thesis, 

The remainder of t~is thesis Is divided l~to seve~ 

chaoters, Cnaoter 2 describes cast work related to ours. 

Ch~oter 3 considers the general croolem of determining 

tr.ree-rllnenslonal Info r ;nat i o ~, frcm one or ~'~ore 

two-oirr.ensional The major portion of this thesis, 

Chao~er~ 4• 5· and 6• describes a particular comouter vision 

syste~ that has been lnolemented, Chaoter 4 presents an 

overvle ... of this syste~ with emohasis on the scene 

nescriotion oroQrams, Chaoter 5 describes In detal I our 

oro~rams which Infer the structural relations In a scene. 

Chaoter 6 nresents the ~eciflc teehnlcues that we use for 

ob lect rPcognltion a~'~d hidden-line el imi.,atlon. In Chaoter 

7 the oerf~rmance of the scPne description oroQrams is 

exa!l'lneo on ~t number of examples. Finally, Chacter 8 

su~rr~rlzes the results of our worK and indicates areas we 

oeli~ve wort.,y of future Investigation, 

13 
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CHAPTER 2 

REL~HO WORK 

P!C 1uRE PROCESSING AND PAyyERN RECOG~lTION 

Rosenfel1 [3SJ divides the prJblems of picture 

orocessing Into tnree broad areas: encoding and 

aonroxlrratlon; filtering, restoration and enhancementl and 

oattern recognition and oleture description. In this 

sectlol" we consider only the last area. Detai Is and 

references Into the literature concerning the other two 

areas can be found in Posenfeld•s book. 

There has been an enormous amount of research In the 

area of two-dimensional oattern recognition ourlng the last 

15 :,ears. The brief descrlotlons that we shall present below 

are. therefore, unouestlonabl:v superficial. We Include 

therr. orlmarlly to contrast these Investigations with our 

own, 

Classical Pattern Reco~nltlon: 

Classical oattern rec 09nltl 0 n is c 0 ncerned with 

classifying ln~ut oatterns (pictures) Into picture classes. 

For a given olcture, P, a feature extractor• ~. ooerates on 

P to croduee a feature vector. x. tl'lat Is 
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)(=:'\(~). 

A decision function, D. Is then aoolled to x such that 

2: 0 ! f P f C1 

0 ( X ) 8 

< 0 if P f C2 

where C1 a~d C2 are the two oicture classes. The two 

oroblems Involved here are (1) How to choose~? and C2l How 

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

ln~eotnde,t, 

To date ~est oattern recognition research has been 

conc8rned with tne design of decision functions and has 

assu~ed that so~ehow the feature vectors have alreadY been 

obtained. The tyoe of data aval lable determines how D can 

be comouted, Four ~aJor forms which the data may take are: 

<1> f'(X I Cj, (3) Is known. that is, we know the 

conditional densitY functrons to within the 

soeclflcation of a set of oarameters ~. 

<2> o(x I Ci> Is knoWn• that Is, the conditional 

nensltY functions are soeclfled completely, 

<3) a set of training samoles. T, such that for 

eaeh tfT we know whether ttC1 or ttC2. 

15 



<4> a set o; unclassified training samples. 

Tnese technlaue~ nave been 

recognition <classification) of sucn 

characters. blood cells, and sceech. 

aoo I i ed t 0 tne 

things as printed 

Nagy (26] and Ho and 

Agrawala [16J cr&sent a mare adeauate su~marY of the results 

and research In t~ls area. 

Picture AnalYsis Using Linguistic Teehn1 0 ues: 

The technlaues descrl~~d in the orevious section are 

Ineffective In the analysis of highlY structured pictures. 

ror thesP pictures a descriPtion of the interrelations among 

the oarts Is reouired in addition to a categorization of the 

ori~ltlve comoonents. The wei I develooed technlaues for the 

S)ntactle analysis of formal lanouages orovide a powerful 

tool which can so~etlmes be effectivelY apol led, 

In formal language theorY sentences are composed of 

strlrgs of sy~bols. The two-dimensional relationships that 

exist between rlcture orl~atlves, on the other hand, are 

conslderabli MOre comolax than simole juxtaoosltion, ~uch 

wort< has been soent on aenera I I zing the net I on of 

eoncatenatlon so that lnterestln~ classes of oictures can 

sti I I be described as strings of o~l~atlves, Rec~ntly, so~e 

two-dimensional "web gra~mars" have also been investlgatad, 

Swain and ru (7J classify I ingulstic oattei-n 
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re~oonltlon technlaues Into those wnich are s~ntax-directed 

and those which are syntax-~ontrol led, A syntax-directed 

orocedure Is one that slmoly has the goal of producing~ 

synt~ctlc descrlotlon of the olcture. A sYntax-control ted 

orocedure actual IY uses so~e form of grammar to direct the 

analYsis. 

fne work of Shaw (36] Is an examole of the 

sy~tax-control led aooroacn. He has described a olcture 

descrlotlon lanquage, POL, The orlmatlves of POL can be any 

oattern having two distinguished oolnts. a "head" and a 

"tal 1". POL can describe any conc&tenatlon amonq the set of 

oriw.atlves, A class o~ olctures Is defined by ~eans of a 

restricted form of context-free qrammar. G. generatlnq 

sentences In POL. 

Given a oicture, o. a olcture oarsar (analyzer) uses 

<1> a soeclflcatlon of the grammar, G and 

<21 a recognizer for ••ch orlmatlve In G 

to determine If o~P<GI. The lmoortant s14e-effect of 

successful reeognltion Is the generation of D<o), a 

structural descrlotion of the olcture o. 

This tachni~ue Is advantageous because It ls 

ooal-dlrected (too-down, model•drlvenl. The grammar. G, 

directs the orlmatlve racopnlzers over p, Failures b~ the 

ori"ltlve recogniZer! can often be resolved bY contiKtual 

Information embedded i~ G. 

Shaw aool led his system to the analysis of SD&rk 
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Cther sYstems using the I ingulstlc 

~oor~ach ~ave been •col lad to character recognition, 

chrowosome analysis, and analYSis of mathematical notation, 

A recent survey article by Ml I ler ano Shaw [23J oresents a 

~ore co~nlete descrlctlon of S~aw's aporoach and references 

other relevant I lterature. 

THREE-nt~E~SIO~AL SCE~E DESCRIPTION 

In contr~st to the vast a~ount of research that has 

~one on In the area of t~c-di~enslonal oattern recognition, 

relatively I lttle ~as ~een done in the area of 

three-dimensional scene descrlotlon, The e~phasl5 of work ln 

each of these two areas has been total IY different excect 

for a number of com~on oreoroeessing tech~iaues. A 

forthco"ln~ book bY Duda and Hart [4] Is the first attemot 

that ~e know of to treat both of these toolcs under one 

cover. Pernaos these seoarate efforts wi I I merge when more 

is understood concerning the mechanization of oerceotlon. 

The scene descrlotion technlaues of ~oberts and Guzman 

described below are the ~aln ones that h3ve been reoorted on 

to date, 

18 



Clerc"otlon of 3-D Sollcts: floberts 

The Work of qaberts[33J Is a classic In the area of 
nar.nlne oarceotl~n. We shal I only describe his method for 

identlf~lng and locating obJects In soace. The system 

descrl~ed In his thesis did conslderaoly ~ore than this, 

inr.ludlng orecrocessln~ ana disolaY generation. 

Assune tnat an Instance of a oartlcular orototYce ls 

restln~ on the t~ble a~d bel~g viewed ~!th a camera. If the 

~odel vertices ~1. ~2. Vn are expressed uslna 

no~ogeneous coor~ir.ates as eolu~n vectors (see [33,1]), and 

if VJ' Is the Instance verte• corresnonding to VJ of the 

~odel, then tnere exists a 4~4 positioning matrix T which 

transl~tas and rot~tes the ~odal such that 

VJ' : T Vj J=l, 2 •••. n, 

rurt~er,.orll, If the camera has been orooer IY calibrated, we 

can 1atermlne a oro.lection Matrix P such that 

V .1' • = F V J' 

where t~o of the ncn-ho~ogeneous coordinates of VJ'' are the 

i~age eoor~lnates of t~e ooint corresoondlng to VJ' • The 

~atrlw M=~T. therefore. takes ~odal points Into lmaoe 

noints. If for a olven l~age model oair thert exists a 
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tr~~~for~atlon H, then the lmag~ could be a ~ro~ectlon of an 

lnstRnce of thP ~odel unrler the transfornatlon T=,1H, 

The qob~rts sYsten did a tcnologv match between t~e 

nroJ~ctlon ~oints anrl ~odel oolnts In order to rule out 

obvi~usly Incorrect mo1Pis and to set uo the vertex 

corr~soondence neces5ary to compute H. By means of a 

"sirrilarity tPst" It then nerlved for each ootential model 

t~~ ~e~t H t~king the model oolnts Into the Image oolnts cin 

th•l "lr;an souAre error sense), F'lnally, It chose the model 

~hi~~ minimized this error, The oosltlon and orientation 

of qn obJect could be determlnej UP to a deeth factor bY 

this "'1ethod, This final jewree of freedom was soecified bY 

as,-;ur· i nl,:l t~e ob.;ect to be suooorted bY the "ground•o lane" a 

l<no .. r distance belo" the c'!mera. r-1ethods for ha~"~dllng 

co·~cund obJects co~oosed of several nodel orl"atlves and 

tlartlally occluded <ecllosedl objects are found in his 

recort. 

ihe scenes ~hieh ~ooerts analYZed were alI autte 

s i ;.'J 1 e P.nd the line dri'\~ooings were Ideal In the sense that 

t~e:, n!\d no ~isslnq lines. We have attemcted to deslan 



ln nls M,s~ers thesis Guz~an (l2J described several 

'onroaches (the orogra~s PQLYHRIC~. TO. a~d DT' fer 

it:lentlf~lnQ ob.Jects ~resent In a scene, The line drawlrHI 

l•1nt..t, howe'ler, ''as restricted to noise-free orthogonal 

~r~~ectlons. More rece~tly (131 ~e has de~crlbed his wei I 

~~o~~ ~eqm~~tatlon orocerlure (thA oro~raM SiEl for isolatfnQ 

ti-le Individual oodles oresent in a visual scene, Tl'le Ideals 

caslcally to t~tke a line drawln~ suet- as the one In rl;ure 

2-la and seoarate It Into two carts RS in r1gur1 2•1b. Thls 

is accomol I shed by usl~g local evidence accumulated at tne 

Individual vertices to deterMine which clcsed regions of the 

scene should be idontlfle1 as belonging to the same bod~. 

GuZifiii"'S aoor·H~cn Is i~terestlng because it does .,ell uslnQ 

onl~ a few slmole heuristics on extremely comolex scenes, 

These scenes m~y contain arbitrary clanar-faced sol ids. 

The following Is a somewhat siMDI I fled descrlctlon 

of now SEE would wOrK ~n tne I lne drawing of r1vure 2-1a, Jt 

bealns b~ setting un a QrAch where the nodes of the vraoh 

corresoon~ to re~ions In tne oroJeetlon, Links are set uo 

btt~een the n~1es based on the tYces of vertices ~here the 

rtQions ~eet, Fnr exa~Die, a FORK tyee vertex lmolles 3 

Jinks betwePn t~e faces CnDdes) meeting there as sho~n ln 

r1aure 2•1d. Slfllllarl~· an ARROW t~oe vertex ll!lolles 1 link 

CFigure 2•1e), and a TJrliJ\jT vertex crlgure 2•10 lmolles no 
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FORK ARROW T- JOINT 

(d) ( el ( f) 

Figure 2-1 • Guzman's Segmentation Scheme • 
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I Inks, T~jolnts generally occurs due to one bod~ occluding 

another, The resulting graoh Is then merged accordlna to 

the fol lowlno rule: 2 nodes are merged If there eKist 2 or 

~ore links between them, At the end of this merging the 

resulting nodes ccal led nuclei> consist of those faces that 

should belong to the same body. 

There are ~everal I lbertles that we have taken in 

the deserlotlon of Guzman's al~orlthm as well •s several 

detal Is and refinements that we have slmoiY omitted, 

~evertheless. the above eKamole does convey the Idea of hls 

aooroach, One problem with the approach Is that It Ts 

sensitive to certain forms of error, l,a,, ~ertaln I lnea if 

mlssln~ from the line dr~wlng cause difficulty. We shall 

describe an alternate segmentation algorithm In Chapter 5 

that does not have this oroblem, 

Recently Huffman [18] has attempted to formalize and 

extend some of Guzman's Ideas. The cart of this work that 

has been reported concerns the use of constraints In the 

intercretatlon of amblQuous and contradictory line drawings, 

Huff~an Is Interested In determining If a glvtn line drawing 

could be the oroJeetlon of any of a restricted class of 

olanar~faced sollas. We shall nave more to sa~ about hls 

technlaues In Chaote~ 3, 
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ROSOl PROJECTS 

Over the oast 5 Years several robot oroJects have 

~ro~~ uo at MIT's ProJect MAC, at the Stanford Research 

Institute, and hera at the Stanford Artificial Intel I lgence 

ProJect, A I I of these 

investigating the coordination of oerceotual and motor 

orocesses under comouter control. Both at HIT and at 

Stanford the maJor effort has been to devaloo ~and•Eye 

systems [24,6), At SRi the emohasls nas been on the visual 

control of a motorized vehicle [26J, A more recent effort 

at Stanford has also been concerned with the visual control 

of a vehicle, Although many of the oroolems that these three 

Qrouos face are similar. there has been surorlsingly I ittle 

duo I lcatlon of effort. Much exoerlence has been gained from 

taking alternate auoroachas to common orobla~s. 

Guzman's work described above de~elooad out of MIT's 

oroJect. Our own work, of ceruse. has been 

motivated by the Hand-Eye ~roject at Stanford. 

A recent thesis on the subJect of laarnlna bY 

Patrick Winston of MIT has several aspects In common with 

our ow" research. His motivation. however, was somewhat 

different fro~ ours. He has bean investlgatlna the 

lear~lng of structural dascrlotlons of 
. 

scenes bated on 

exa~oles, The scenes consist of slmole geometric solids. We 

shal I discuss the generation and u~• of struot~ral 



inform!!tlon about scenes In Chaetal's 4, 5, and 6, 

R[LATtD RESfARCH !N COMPUTER GRAPHICS 

Much of the work done recently In the area of 3•0 

comouter ~ra~hlcs Is oartlcularli relevant, Machine 

aerceotlon might aotiY be referred to as "Graphics Tn 

reverse", Whereas Qraohlcs Is concerned with the dlsotay 

of Images of chYslcal obJects, machine cercaotlon ls 

concerned with Inferring 3·0 structure from Images. In tach 

case• the oroblem of InternallY recreser1tlng a solid becomes 

i~oortart. A review of some of the data structures used to 

describe real world obJects Is given by GraY [18], The 

aonllcAtlon of hoMogeneous coordinates to simplify aeometrlc 

manleulatlon has recently been reviewed by ~huja and Coons 

[1]. finallY, we should mention tnt work of Warnock and 

others [42,34) at the Unvtrslty of Utah concerninG the 

efflelert generation of hlqh QU&IIty half•tOnt rtndtrlngt Of 

three-rllmenslonal solids, 

RELEVANT PSYCHOLOGICAL STUDIES 

Peocle can easl IY lntercrtt a lint drawlna aa a 

t~ree•dlmenslonal scene, lt sttmt reasonable. 

therefore. that os~choloalcal theor~ might su;aest a ••ans 

of ~echanlzlnQ tnis oroc•ss. Althouoh w• ~ave not found 
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Figure 2-2 • Maximum Simplicity and Good Continuation 



this accroach oartlculariY fruitful, It 

contrast some of our technlaues 

eountercarts, 

Is lnter~stlng to 

with their human 

~e bel lave tnat our general aooroach has some 

osvcholooleal basis. According to R,L, Greaory "••• we 

do not oercelve the world merely from the sensorY 

lniormatlon aval table at any given t!me, b~t rather we use i 

this Information to test hyootheses of what ties before us. 

Perceotton beeom•s a matter of suggesting and testing 

hyootheses,,,The continual searehln~ for the bast 

interoretatlon Is oood evld~nce for the general lmcortance 

of ftUQwentlno the limitations ~! t~e senses bY lmoortlna 

other knowledge" ([11J oo. 222-223>, What "other knowledge" 

oeo~le have avat !abl• or ~reelsely how t~ey generate and 

test hypotheses Is not well understood. 

Several vaaue Gestalt "laws of oroanlzatlo~" 

indicate some of the ways that oeoote organize or tnteraret 

visual data, For eMamole, the "law of maMimum slmollcity" 

savs that oeoole tend to lnteroret an ambiguous situation ln 

the sl~olest posslbte way. The drawing In Flaure 2P2a ls 

~ost often cercelvad as a three-dimensional wire cuba. 

Althouo~ the drawina of rtoure 2-2b Is also a oosslbte 

oroJectlon of a wire c~be, It Is most simply oarcelved as a 

olane figure. Closely related to this law Is the "taw 

of good continuation~. Figure and background tend to be 

oercftlved In a way which minimiZes the Interruptions of 
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straight or smoothly curvlnQ I lnes, The T·Jolnt In riQure 

2·2c Is oercelveo as one edge hiding another although thls 

lntercretatlon may be modified as In ri~Lre 2•2d due to 

other global Information. 

Many of the standard deoth cues have p~1al leis ln 

our scene deseriotion system. These include eclicslng of 

one obJect by another, oerscective, famll iar size, relative 

ucward location In the field of view. eonveraence, ar~d 

acco~odatlon, f~amoles and discussion of alI the orecadina 

issues can be found in an Interesting book bY Hochberg (17J. 
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CHAPTER 3 

O~TAlNlNG 3·0 I~FORMATION FR0~ 2·0 IMAGES 

ObJect recoQnltlon Is acco~ol is~ed bY matcMino 

features In the I lne drawing or~Ject'on aoainst features of 

the orototyce. SincE the cr~types are three-dimensional 

structures. comoarlson of qe~metrlc ~roperties can proceed 

onl~ after three-dimensional information has been inferred 

fro~ the two-1lmensi~nal lme~e. In this chacter we consider 

several ways In which this can be done. 

First we describe the oicture-taklng process and a 

~IMol If led camera ~ode I. 8ased on this model we briefly 

describe two methods lstereo ranolnQ and focus ranging) for 

determining the 3-soac~ location of individual points, 

These wethods are auite costly to apoly and motivate the 

heuristic methnds ~escrlbed next, These technioues 

clncludlno the wei 1 known "suooort hypothesis"> are used to 

determlnP thP. 3-soace location of IndiVIdual points based on 

various additional assu~otlons, The maJor oortion of thls 

chaoter, however, considers the constraints whic~ exist 

amona the oolnts in a oroJectlon of a olanar•faced solid, 
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T H E ~ I C T ll q E T A K I 'J : P R () C E S S 

fi'lure ·'-1 deolcts a first-order aporo)(lmatlon to 

the oicture taklnQ orocess, ror any oolnt PJ=<XJ,Yj,lJ) ln 

the r~al world there 15 a unlaue corresoondln; ooint 

PJ'=<XJ',YJ') In the Image. It Is not oosslble ln 

aeneral to determine a unl~ue oolnt In 3-soa~e corresoondino 

to a soeelflad oolnt in the Image although each picture 

noint does have an associated ray, These raYS can be 

1eterml~ec as functions of the x,y,z coordinates If the 

ea'"era Is InitiallY caiiDrated ... ltn resoect to the real 

world Ctablel, Our aooroaeh determines a 1-1 maoolng 

<colllneatlonl oetwean the Image olane and the olane of ti-le 

tao Ia teo and locates the ca'llera <lens center) C. We can 

e~nress the raY associated wlt~ sny ool~t PI oarametrlcl~ as 

qct>=tC+Cl-tlPT w~ere Pi Is the table ooint Into which PI 

~~'~ans. A f"ore detailed nescrlotlon of this calibration ls 

alva~ In the A~oandiA 

Th, ahove model Is val ld as long as the cam•ra Ts 

not woven. If t~e camera is moved to a new ocsltlon. oernaos 

to look sn~ewhere 0 revlously out of the fl•ld of view. then 

the sYstem would need to be reeai lbrated. 1~ a recent 

dissertation, Sobel [37] describes a ~etnod t~at ~lelds a 

camera calloratlon oarameterized by can, tilt, focus. and 

lens. T~ese oart~eters are read b~ the comouter from 

oote~tlo~eters attac~•~ to t~e camera. His calibration 
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aooroach yields a more accurate and consistent camera model 

th•n tne sl~ole one described \n tne Aooendlx. 

OBTAINING 3·SPACE PO!~T LOCATIONS 

stereo Ranglngl 

It Is ~el 1 known t.hat a oolnt v!ewed In two distinct 

oroJectlons can be located In soace bY triangulation If the 

e•meras have Initially been calibrated, ln Figure 3-2 o~lnt 

P ~~•t I le along RAYl based on (MAGEl and must lie alono 

RAY2 based on IM~CE2, Tne Intersection of the3e t~o raYs 

in soace soee:fles P=Cx,y,l), 

essentiallY two 

ranginQ Dr'lblem, the correlation 

carts to 

oroblem and 

stereo 

tl'le 

triangulation ~roblem. Tne correlation groblem consists of 
flndlnQ for a given oolnt In IHAGE1 the corresoondlng ooint 

in IMAGE2, The trlanQulatlon oroblem Is slmoiY the 

Qeometrlc oroblem of Intersecting two rays. Sobel [37] has 

reeently lnvestloated both of these oroblems. He has found 

I way to slmol I~Y tnt ···~en for • correlate oolnt 

considerably, He has also be•n aulte concerned with the 

ef;ects on trlanoulation of both noise In the data and 

imoerfectlons In the camera model. 

An alternate accroach to using two cameras. Is what 

we shal I cal I "lazy s~san stereo"• To obtain two distinct 

32 



' 

CAMERA I 

Figure 3-;' . Stereo Ranging 

33 

IMAGE 2 

\ 
\ 

\ 

' \ 
P2 

CAMERA 2 



"reJections we use a slna!& camera ann move tne obJect, 

Our work table has a :ar~e clreular section whicn can be 

rotated under cornouter control. Tl"lls was orlmarlly deslaned 

In order to add an additional daoree of freedom to the -arm 

and to mal<e i\vallable different views of the see,,, Slnce 

the disc can be cor~trolled aulte acc:uratel), it is also 

oosslble to rotate It only a few degrees and duel lcate 

narrow-angle stereo ranging. T~ls method has the advantaae 

of being aulte easy to varY the anale between the stereo 

~airs. To date this •ooroach has not received much serious 

atter""tlon, 

F"ocus Is another of 

three-dl~enslonal ln 1 ormatlon from a I ine 

oroJectlon, This ago roach has been investigated by 

Tenerbau~ [40] and ~I 11 be described only briefly below, 

The scheMe Is based on the slmole lens eauatlon: 

1/0 0 + 1/DI : 1/f , 

In tne eauatlo,, r is the fOcal length Of the lens. Do ls 

the obJect dls~ance, and ~I Is tn• Image distance. The focal 

le.,gth of tnf! lens Is assumed to be known. If one can 

deter~lne the lm~ae distance when a feature golnt Is ln 
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focus. then one can solve for Do, the depth of the point 

alonq Its ray. 

Focusing Is done under co"louter control bY actuallY 

movln~ the vidicon tube (l..,age plane) closer and farther 

fro~ the lens, A ootentlometer al tows the vidicon location 

to be read by the comouter, Tenenbau~ has develooed schemes 

to determine Whether a o~rtlcular feature Is In focus. ror 

verY accurate deeth calculations bY this method, It ma~ be 

ne~e!'lsarY to change to a longer lens, 

Suocort Hyoothesls: 

Suooort IIYoothesls, InitiallY described bY Roberts 

C33J, Is the first heuristic technlaue we shal I mention for 

inferring three- dimensional Information from a single view. 

Suooort hyoothesls assumes that an object Is not susoended 

in scaee, that Is, it Is suooorted eltner by the table or bY 

other obJects. lf we can determine. bY some means, Which 

ob.leet corners rest on the table, then the 3-soace location 

of these corners are soAelfled from the col I I neat ion, ln 

Floure 3-1 Identifying P1· as a "table oolnt" says that its 

actual coordinates can be found as: 

35 



The ho,..ogeneous 

'l'lultlolled ry 

reores~ntatlon 

the colllneatlon 

of Pl', 

matrix 

<Xl',Y1',1), 

A. The 

ls 

two 

non•homogenecus coor1i~ate~ of the resulting vector wit~ a z 

comoonent of zero Is the lncatlon of Pl In the )(,Y,l SYstem. 

The lmolementatlon of deeth finding using SUPPort h~oothesls 

both for obJects resting on the table and obJects suooorted 

bY other objects is considered further In the next section 

and In Chaoter 5. 

Locating oo1nts b~ suooort hYoothesls can be thought 

of In the followin~ way: each Image oolnt soeelfles a ray 

alono wnlcn the corresoondlng obJect point must I le. The 

Intersection of tnls raY with the known tabla olane <z=0l 

then determines the actual oolnt In soace. An Identical 

~rQuwent allows an~ image oolnt to be located If a olane in 

whlcn It I les Is known. The situation Is similar If we know 

~ I In• (Other than its raYl along which the obJect oolnt 

1 les. This oroblem is Just that of stereo triangulation. 

We have aonlled these methods extensive!~ In the 

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

Interest are the eases shown In Figure 3-3. ln Figure 3•3a 

table oolnt B=cx~.Y8,~> Is soeelfied and line BP Is known to 

oe vertical (I.e. nor,..,al to the olane z•G!I). lt follows tl'lat 
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P : INTERSECTION ( 88' , CPT ) 

where PT : A PI 

and 8' = XB, YB, 1,0 l, 

In r1gure 3-3b oolnt P I~ known to 1 le In the 

ve•t'c~l ~l~n~ ~oeclfien hy tftble onlnts Bl=<XB1,Y81,0) and 

~2=C~B?,YB2,~l. we can exoress oolnts along CPT 

~ara"etrlcally as: 

(tXc + C1·t>XT , tYc + (1•t)YT , t!c ] [1) 

where t=~ corresoonds to PT and t=l eorresconds to C, Let 

PT• be the otroendlcular oroJection of P onto then table 

a lane (and onto the I ina 8182), Points along B1B2 must 

satisfy 

) : ~- + b (2) 

wltn ~=mCXB1,XB2,YB1,YB2) and b=b(X81,XB2,YBt,YB2), 

Substltutln; t~e first and second comoonants of C1) Into C2) 

and solving for t we get: 

t:(mXT - yT + bJ/(Yc • YT • mCXc • XTJ], 



This soecifles P from <1>. 

The final case of imoortance Is shown in Figure 3·3c 

where th~ unknown Point P Is assumed to I Ia In a known 

horizontal olane z=h. In this ease we find: 

olane 

Xp : (h/lc)(Xc • XT) + XT 

Yo : (h/lc><Yc • YT) + YT 

lp = h 

It Is often oosslble to guess that a certain I lne or 

Is vertical or horizontal and check that the 

assu"otlon Is consistent with the known set of prototyoes. 

Consider. for e~ampJe, the oroJactlon shown In Figure 3-4, 

Suocose that our Prooram has Identified the bod~ as a 

RHOMPOIO and has determined the 3·scace locations of P1, P2, 

and P3 by assumlno that they I le in the table clana. For 

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

either plane P1P2P4 or plana P2P31'4 Is a vertical olane, To 

identify the vertical olane the orogram croce~ds as follows I 

l1l It assumes tl'lst P4 lies In the vertical plane -;;;,'.\r:lfiad 

by P 1 a n d P 2 , ( 2 > I t de t e 1 m I n e s the J • s ~·a c e I o c a t I o n o f P 4 

as described above, (31 It comoaras the rasvltlng length c,; 

odae P2P4 with the known edge lengths for the edoes of the 

RHO~BOlO orototyce. (4) If a match occurs, the orooram 

concludes that its assumotlon about P1P2P4 was correct. 

otherwise C5) It determines the location of P4 assumino that 
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olane P2P3P4 Is vertical. The difference between the 

oredlct!on of P4 In <2> and the oredlctlon of P4 In <5) Ts 

usual IY sufficient to locate P4 correctly. 

CONSTRAINTS IN PROJECTIONS Or PLANAR•FACED SOLIDS 

~A havR oresented a modal of the oletura taki~a 

orocess and described several waYS In which 3-D Information 

ean be Inferred for Individual colnts. We now consider the 

constraints which the location of some l~age ooints !moose 

on the oosltlons of others. From another colnt of view, we 

are Interested In determining t~e amount of Information that 

a single I lne drawlna oroJActlon lmol las about tha shaoa and 

oosltlon of the obJect viewed. The discussion In thls 

section Is not restrictAd to the set of obJects in Flau;e 

1·1. 

Introductory EMamoies: 

Flaure 

Consider once 

3-4 <we do 

again the olanar•faced sol ld shown ln 

not assume It is a RHOMBOID hare). 

~ssu~e the rays to alI of tne visible corntirS have been 

determined from monocular Information as described 

orevlously, Also assume that oolnts P1,P2,P3, and P4 are 

kno~n In 3-soace. Since P1,P2, and P4 determine a clane 

and oclnt P6 oresumabiY lias In this olane, we can determine 
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P~ AS thA Intersection of Its ray and olane P1P2P4, A 

~imllar anlument hOI!ls for determining point P5 from Its ray 

a~~ ool~ts P2,P3, a~d P4. Finally, P4, P5, and P6 soeclly 

t~e tot' face , c, and oo I nt P7 can be I ocated. For thls 

simoll eKamole, t~e locationS of a oartlcular 4 points CIUS 

alI of t~e rays sceclfied the rest of the ooints unlauely, 

•s another variation on the same theme, consider the 

4 nol~ts Pl, Pt', P3, and P7, Do t~e locations of tl'leee 

noints in addition to ft I I the raY1\ 5DIC I f)' tl"le vlslble 

nortlon of the object unlauely? The argument tnat they do 

follows from the orevlous one, In terms of the raY 

coordinate of P4, ca I I It t' we determine P5(t), P6 ( t) , and 

P7 ( t I. T~e variable t can then be determined since the 

value of P7 Is ~nown. This aooroach Is analogous to the 

use of 'lc:tltlous l;1oo currents In electrical networks which 

If solved for deter~l~a alI the actual currents • 

As a fln~l examcle of th~ constraints lmoosed by the 

assu~otlon of olanarlty, we aoaln consider the solid of 

F"loure 3-4. As before, all 
-

the rays to the corners are 

assu~ad to be ~nown. This time, however, the additional 

in;crmatlon Is the J-soaee location ~f only P/ and the facts 

that the olane of face a Is vertlc.al "hlle the plana of face 

c Is horizontal, AQaln we find that this Information ls 

sufficient to soeclfy the visible oortlon of tne obJect 

unioualy, There Is clearly onlY one horlzontai plane oa11l"g 

through P7, KnowlnQ this olane, tl'le raYs to P4, P5, and P6 
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deter~lne the 3-soace locations of these points. There Ts 

onl~ one vertical ~lane oasslng through P4 and P6, thul the 

~oints or face a can be determined, F'lnal I~ from coDianar 

~olnts P?,P4, and P5, oolnt P3 can be determined, Had P7 

rot been located in 3•soace. there would remain one 

unsoeclfled de~ree of freedom. It Is cosslble to convlnce 

o~eself th~t this can be lnteroreted as either not knowing 

the size of the obJect. or not knowing Its position, The 

shace of the obJect. however. would be specified, The 

subs~auent discussion Is an attemot to formalize and 

qenerallle on these examoles. 

Constraints: 

~et us try to exo~ icltiY state the constraints 

imnlicit In F'i~ure 3·4, T:1ese consist of the facts that 

coints P1,P2,P4, anr P6 lie In olane •• oolnts P2,P3,P4, and 

P5 lie 11'1 olane o, and oolnts P4, P5.P6, and P7 lie In olane 
I 

c. lny ola~e, d, can be e~eoressed as 

dlK + d2Y + d3Z : a 

where oolnt P:P(x,y,z) is any oo!nt In the plane d. If we 

divide through b~ a ca~~ for any face we can see as we are 

assu"lng here that the origll'l nf the coordinate s~stem ls 

located at the lens center, and exoress the above relation 
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as a dot prJd~ct ~e oat 

(;• p = 1 

~n 0 wlnq the rav ai 0 ~Q which o 0 1nt P I les Is taulvalent t 0 

~no~lnQ the unit ~ector In tne direction of P, We rtoresent 

PI, therefore, as Ci11llllll wnera ill Is a number to be 

rteterml,ed and Ul Is tl'lls unit vector. Now. 

D• U I • >.I : Cll. 

Tne "oalnt•olane Incidence constraints" for figure 3·4 can, 

therefore. be wr I tte,., as: 

A•lll • ).1: ~ 

A• U2 • \2 c (' 

•·u• >.4 = r. 

AeU6 • >.6 " r.. 

E!•u2 - ~2 = 0· 

A•Ul • ).3 : 21 

l:hU4 • ).4 : ~ 



B• U5 • )..5 : 0 

C•U4 • >,4 : Ill 

C•U5 • >.5 : (II 

C•U6 • )..6 : " 

C•U7 - )..7 = ~ 

These constraints form ~ s~stem of 12 simultaneous l !near 

eauatlons in 16 unknowns 

(Al•••~7.Al,A2,A3,Hl,B2,R3,Cl,C2,and C3), If the rank of 

the sYstem Is r (rS12), ther·. all of the unknowns can be 

deter~lred un to a scate factor In terms of k=16•r 

cara~eters. This scale factor Is determined bY knowing tne 

obiect size or tne 3•soaee location of ar.¥ corner. In 

oa~tlcular. knowing k lndeoendent ~oint locations soeclflas 

the visible oortfo~ of the solid unlauely. By lnaeoendent 

ooints we ~ean sl~oiY that their ray coordinates can be 

assigned arbltrarl ly with resoect to tne above constraints , 

Four points on the same face are an e~amole of a sat of 

denendent oolnts, 

The teehniaue described above Is not restricted to 

the e~a~ole of Fl~ure 3-4. So lo~g as the only constraint Ts 

of the form that a aoint Is reoutred to I !e In a olane, thls 

apnroach Is aeol tcable. The eauations resulting from t~e 

constraints will not necessar lly be Independent, but 111ell 

kn~•~ technlaues <i.e. Gauss-Jordan Reduction) can bl used 
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to OPtermlne the rank of the sYstem. We do not claim that 

the oolnt-olane Incidence relations necessarll~ exhaust a! 1 

the eonstralnts Inferable from a proJection. In Figure 3•5 

A, for elCamole, .,,,,.".the olanes eorresoondlnQ to reolons 1 

and 2 cal" lnten.' t aiOI"O only one lll"e, we ma~ conclude 

that a!"Y 3 oolnts in the sat <P~.P5,P6,P7> form a dependent 

~unset, That Is, two oolnts determine the line P4-~5·P6·P7 

and this olus the ray to any oolnt along the I lne soeclfies 

it ul"louttly. The facts that P6 and P7 are fu!"ctlons of P4 

and P5 could be added excl lcltly at the expense of some 

eomollcatlon, In what follows, t.owever. we shall be 

eonc•rnwd solely with the oolnt-olane Incidence constraints, 

Soeclflcatlon of Trihadral Solids: 

C0 nslder the or 0 Ject1 0 ns sh 0 wn In Figure J-5, F0r 

oroJectlon 3•5a one can determine alI the visible corn1r1 ln 

3•scace uslno only the locations of corners P1,P2,P3, and P4 

to augment comoiPte ~onoeuiar lnform&tlon Cthe ra~s to all 

vislt~le corners). 

nreviously, 

The argument follows those olven 

4 coints are not 

sufficient as counting eouatlon wl I I show, Since there a,e 

only 28 eauatlons and 33 unknowns. at least 5 oolnts •uat be 

determined to sPecify the bOd~ unlaue1y, In this 1eotlon we 

consider a oartlcular class of solids and olvl condltlons 

sufficient to oua~ante~ t~at. non•degener&te proJection of 
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one of t~es" SCll IdS l s soec If led oY the I ocat I ens of 41 

inneoenoent colnts. The class that we shall consider are 

thoSP Sol ids for which exactlY 3 olanes meet at each corner, 

~e shClll refer to these obJects as "trihedral Ctrillnearl 

hodles", By no~·de~enerate oroJactl~n we mean only that 

the tocology seen does not change If we move the obJect Cor 

eoulvalently our ayel a S!llall dlst11nce, 

Let R=<Rt,R2, .... ~rnl be the sat of si:nole closed 

realon~ In a given croJectlon P, ~at M be the macoing from R 

to the set of faces of the corresoonding sol ld. In oeneral, 

M is Into and many to one Ca,g. Figures 3-4, 3-5a, 3•5b, 

and 3·5cl. We define the "face adJacency araoh" f~r 

oroJ~ctlon P, G(P) Cor siMoiy G), to be the undirected graoh 

wltn ftaeh ~If~ as a node of G and an edge between node Ri 

and node qj If' <1> reCIIon Rl and reaion RJ have a common 

bOundi!'IO ll"e' L, in oroJectlon P, and <2> L corr•soonds to 

an edge between MCRi> and MCRJ>. The face adJacencY ara~h 

for oroJactlon 3-'5a is given as F"lg1.re 3•6a. We temoorarlly 

oostoone the ouestlon of how G Is determined. 

For G and any graoh derived from It we dafl"e t~o 

nodes to be "mer9eablt" If there are two or more edges 

oet~ooaen the"' whIch cor r esoond to non-co I I I near I I nes In the 

oroJectlon • l" rtgura 3•6b node 1 and node C2,3) can be 

merged to form the new node C1,2,3l In 3•6r.. ~~ sa~ tnat 

"araoh G Is meraeable" if hy adding a sinal• edge between 

some oalr of adJacent nodes It can be reduced by a seauence 
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of ~erges to a graPh conslstlnq of only a single n~de (the 

added edge Is considered non-collinear with ever~ line in 

Pl. We assuwe throu~hout the rest of the discussion that 

G<P> Is connected, that Is, It has no rllsjolnt subgraohs. If 

this were not the ca~e <see oroJectlon 3·7a and grach 3·7bl 

the croJectlon mlqht be better Interpreted as several 

oblects rather than one. 

We can now state the connect!on between mergeabl llty 

of G and t~e sceeificatlon of a trihedral body from its 

oroJectlon as a 

THEOREM: Given a n0 n-degenerate cr 0 ject1 0 n, P, 0 f a 

trlt-.erlral solid. If G<Pl Is meroeable then all 

visible vertices of the object can be located in 3· 

sr.aee by knowlnQ the rav~ In scace along which alI 

visible colnts I ie and the 3•space location of 

eKactly 4 lndeoendent colnts. 

PROOF: First we orove that there are 4 oartieular ocints 

sufficient to snecifv the object comoletely. The results of 

the r::revlous section then !moly that any 4 oolnts will 

suffice. 

Assul'le that G(P) Is mergeable and consider the two 

ad.lacent nodes between which the single I Ink is added. 

Clearly, tMe face ccrresoo~dlno to either of these nodes can 

be soeclfled (alI Its vl~ible vertices determined) bY 
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lo~atlng exactly 3 l~decen~e"t oolnts on ;~ 

corres~ondln~ to the adJacent node n 

Now the face 

be sceclfled bY 

locating only one additional lndecen1ent point on It as two 

af Its vertices are com~on to the one orevlously soeclfied. 

Cal I the suoernode into which these two nodes are merged K, 

the sAt nf known faces. Since G Is mer9eable, either K 

lncludA~ every node Rnrl AI I thA vlslbl~ vertices have been 

~oeclfled, or there eMI~t two or more I Inks between K and 

lf more vertices remain to be 

soeclfled, the f~ce corresoondlng to any one of those I InKed 

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

anv Rdditlonal oolnts as It must havA at least 3 lndeoenden~ 

oolnts (2 nor-collinear acsges> In common with those faces ln 

~. This orocess of soeeiflcatlon Is guaranteed to continue 

until K:R If G<P> Is rntr'Jiable. Since 3 golnts are clearly 

not suff lelent Call oolMts could aetuall~ be In the olane 

determined bY these 3 oolnts and the ooject onl~ a oicture 

it~elf>, exactly 4 ooints are reaulred, 

To ~ue tna t an> 4 I ndeoendent co i nts wl ! I soec If y 

the obJeet, we note that the only set of constraints aoglled 

~bov~ was that 3 ~olnts on a fac4 soeclfy the rest. These, 

nowe~er, are just the constraints lmoosed bY the point-olane 

lnr.l~enee eauat!ons, thus the defect of this linear s~stem 

Cnu~ber of unknowns- rank of the coefficient matriX) must 

ce 4. Any 4 lndeoendent oolnts ,therefore. art sufficient 

for soeclflcatlon And the t~eorem Is oroved, 
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Figure 3-6a gives the face adjacenc~ graoh G for 

Floure 3-5a and Fioures 3-6b, Ct d, e. and f show one 

oosslble seouence of merges. ~rom this seauence we conclude 

that grach G Is mergeable. This verifies our Previous claim 

that 4 points are sufficient to speclf~ this object from its 

crojectlon, Figure 3-8a snows the face adJacency Qrach for 

tho proJection of Figure 3•5b. It is not difficult to 

convince oneself that in this case G Is not mergeable, We 

sha II show later how a non-trivial set of pOints sufficient 

for specification can be se I acted In general. 

Roughly, one might say that G w IIi be meroeable i , 

those far:es which are visible are not "too occluded" by 

other visible faces. with a little thought It is clear 

that If hlddftn I lnes are not removed f~om the orojection of 

a trlhedr~l obJect (l,e. If the object were actually a 

wire basket), then 4 coints would always be sufficient to 

soeclfy the obJect CG would be mergeaclel. It Is the 

~lsslng links Cadges and vertices> between visible faces 

that causa difficulties (Figure 3-5o). ~ever~heless. some 

&does can be occluded if enough others are oresent (Fiaure 

3-Sa). Based uoon additional assumotlons of rtgularlt~ lt 

mav be oosslbte to acid totally occluded lines to tne 

orojectlon and a~etend oartlaiiY nldden ones so that enouan 

of the wire basket is oresent for 4 ootnts to suffice. An 

e~eamcle of the case in colnt Is Figure 3•5c where 5 colnt 

locations are reaulred for soaclfleatlon. 1 f the dotted 
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the Face Adjacency Graph for Figure 3-5b • 



1 I ne Is added, however, C I, e, regIons 1 and 2 are assul"leO to 

be oart of the same face> then only 4 points are reQuired. 

we turn now to the ouestlon of determining CCPl from 

a nroJectlon. There Is I lttle orobl~m in determining the 

nodes of C for an arbitrary oroJectlon, SiMilarly, there ls 

no trouble In finding out whether or not two regions CRI and 

RJ> In P share a common I lne L. Since we do not want to 

assuwe that we have already determined any maoplng betwee~ 

the proJection and a stored orototype, however, there Is a 

croblem In determining whether L corresponds to cart of an 

act~o~al edge hetween MCRil and M(RJ>. While a few slmole 

!'leur I st I e test!!! aoo 1 I e1 to the oroJeet I on wou I d undoubtab 1 y 

olve reasonably reliable results, we shall consider a more 

analYtic accroach below. This accroach uti I lzes some 

technloues develooed bY O.A. Huffman at U C Santa Cruz. 

~uffman has catalogued the 13 distinct ways In whleh 

a corner can aooear In a non-de~enerate oroJectlon of a 

trihedral bo~y [18J, tlgure 3-9 gives this catalogue alon~ 

with ar examole of each of the entries. The notation 

Cfolio"'lng that of Huffma!"'l Is that a+ signifies a "Convex 

edQt" a~d a • signifies a "cnncave edge". An edQe labeled 

wltn an arrow lmol les that the face to the right (when 

looking toward the arrow) of the edge Is visible whl le that 

to t~e left of the arrow Is not visible. He uses this 

catalogue In a labeling orocedure. A oroJection must be 

able to be croctriY labeled for It to correscond to a real 
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nroJectlon of a trihedral body, We s~al I also orocatd by 

labeling tho oroJoction. The process Is lrdtiated bY 

marking alI e~terlor edges of the oroJectlon with "arr~ws" 

Cln a clockwise direction>. Un-labeled edges are 

subseQuently marked based on those edges already laoeled and 

the con~tralnts ImPosed by the catalogue. r1oure 3•10 shows 

the coll'nlete label]ng for a slmole oroJectlon. Any line 1~ 

the ornJectlon labeled with an "arrow" would not imply an 

edae between the nodes corresoondlng to Its left and right 

realons In GCP) whereas a"+" or a"·" labeling would Imply 

such links, 

The not I on of mergeab I I i ty can be extended In a 

straight-forward manner so as to Imply an uooer bound on the 

number of oolnts needed to soeclfy any trihedral object from 

its oroJectl~n. Suocose that G Is not meroeable, that is, 

after adding an edge between two adJacent nodes and merolnq 

G a! far as oo~slble K~R. we must. therefore. soeclf~ at 

least one more 

~etermlned, 

eorresoondlng 

soeolfleatlon 

between K Bi"'d 

before, I f 

oolnt in 3-soaee 

Let us olek 

to a node adJacent 

of thls oolnt by 

this node. Now the 

for the obJect to be 

this ooint on a face 

to K and reoresent the 

the addition of an adoe 

merQing can oroceed as 

the merging process aQaln terminates 

ore"aturely <with K~q), we raoeat the above orocedure. 

Flaure 3-8 I I lustrates this Idea for the proJection of 

rlaure 3-5b, 
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rigure 3-10 • A Labeled Projection • 
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We can define GCP> to be N•mergeable If N Is tne 

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

reducible by a seauence of merges to a single node 

<nucleus,. fro"' the above argument it follows that If G ls 

N·mergeable, then t~1 object can be s~eclfled unlouely from 

(3+N) lndeoendent oolnts In additl~n to comolete monocular 

Information, This Is consistent with our orevious result lf 

We (~terpret "mergeableH tO mean nl•mergeable"• 

4ool lcationst 

The oractieal aool lcatlon of these Ideas for tne 

interoretatlon of 3·0 scenes Is fairly obvious. We have 

shown that for the right tyoe of oroJeetion If the actual 

J·soace location of an aooroorlate set of object ooints can 

be found (In many cases only 4), than the rest of the ObJect 

ooints ca,.. be located from only monocular inforMation. Tl'le 

initial points may be located bY any of the methods 

described earlier In this chaoter. F'rcm anothu oolnt of 

vIew, If a I I or sol'1e of the obJect oo i nts have been I ocated 

usinQ heuristic Procedures. then we have a check on the 

consistencY of our assu~otlons. 
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CHAPTER 4 

VISION SYSTEM ORGANllATON 

In the Introduction we indicated that our orograms 

are cart of a lar9er co~outer vision system. This chaoter 

considers th~ oraanizatlon of that system. ln a~dltion, the 

basic structure and ooeratlon of the scene descrlotlon 

oro~rams Is oresented, Chaoters 5 and 6 describe our scene 

descrlotlon technloues In more detail. 

SINGLE vs. MULTI OBJECT SCENES 

There are two distinct scene descrlotlon oroQrams, 

SIMPLE and COMPLEX. SIMPLE has the job of descrlbinq 

oortlons Of the scene In which there Is only a single bOdY. 

COMPLEX has the more difficult task of describing cortiors 

of the scene In Which there are sevual ~utually•occludll'la 

~odles. This dlvls1on is ruotivated bY our ~eslre to treat 

slmole scenes slmol~. For the set of sol Ids shown in figure 

1-1, a single obJect can a!~ost •lways be reco;nlzed from 

its ••outline" <see Figure 4-1). 

The edge•folloilller oroQra:"l'l beo;lil'l~ oY determining the 

outline encloslrtQ a blob In the flald of view. A local 

aradlent ooerator scans uoward (See Figure 4-2) over the 

dlaltized Intensity matrix lookln~ for a significant 

intensity discontinuitY. ~hen such a discontinuity ls 
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Figure 4-1 • Sceneo and Their Outlines • 
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Figura 4-2 • The Edge-foll~ Pinding a Block • 
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found <oolnt A), the searln:11Q Is lnterruoted and the orooram 

~nters trace mode, It tries to follow around the exterior 

edaes of the blOb keeolng the ~ackoround Intensity on one 

sl~e of the ed"e bnlno trac~d. T~ls last requirement 

keecs the edge-follower from taking the wrong oath at a 

ccrner :Ike 8, The comolete out I lr.e has oresumabl~ been 

tra~ed when the initial oolnt traced is detected, Lines are 

subseauentl~ fitted to the edge oolnts to oroduce the 

outline, 

The edge-folio""er Infers the nature of the blob from 

the cOrrt'llexlty of its outline. Currently, the comolexlty of 

an outline is determined bY the number of lines it contains. 

If the outline Is slmoiY a triangle, the blob Is assumed to 

be noise and for~otter. If the number of lines, N, exceeds 

~MA~. the edge-follower assumes that tne blob corresoonds to 

a arouo of obj~cts• otherwise It assumes that the blob Is a 

single obJect. NMAX Is chosen so that Instances of our ~ost 

comclelC r:~rotot)•oe, tne LBEAM, will bt classified orootriY 

(1\iMA~=O), If NS~M,H, the outline Is oassed to SIMPLE for 

anal~sls, If N>NMAX, additional oreorocesslng Is reaulred. 

Soeclflcally, Interior e1ge oolnts must be detected. lines 

must be fit to t~ese ooints. these I fnes ~ust bl I inked to 

the outline, reQions must bt determined, and the backGround 

must be Identified. Tne resultlna line drawing Is cassed 

to COMPLE~ for analysis, Grace [8] "•s bten Investigating 

the ~robltm of croducing accurate line drawings based on 
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... -----

noisY edqe data for some time. 

The blob c!asslflcatlon scheme that we have 

described can. of course. fall, Both scenes In F'laure 4•3 

would result In ~lob outl ln!s with 9 I lnes. This does not 

causa any oroble~, however, since the outline of F'lgure 4·3b 

will not be recoqnlzed bY SIMPLE. Such a failure signals the 

oreorocessors to examine the lnt8rlor of the outline and 

subseauently oa!s the resulting I Ina drawing to COMPL.EX for 

analYsis. 

INPuT FORMATS 

Out I Ina Raoresentationt 

Outlines are reoresentad Internally using the 

associative structure of tne SAIL. language [39], Althouah a 

comolete de$crlot1on of this language can not be oresented 

nere. a basic famlliarlt)' ~o~lth SAll.'s associative mechanism 

is necessary for an understandinG of tne raoresantation used 

for outlines, line drawings, and orototyoes. 

The basic associative element In SAIL Is the "Item", 

Associations or trlolas of the forM A • 0 : V <read "A of 0 

is V"l exist wnere A, O, and V are Items. Items may be 

tynea, that Is, they ~ay have a DATUM which Is a real 

numoar. an Integer, an arra)', a string. or a set. Sets 

and the usual set ooeratlons of union, Intersection, aftd 
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subtraetlon also exist In SAIL, The abi 1 lty to 

selectively search the store of associations exist:.;, 

l'lowever, tht~ details of this abll ity are not crucial to tne 

reorese~tatlon Issue at hand. 

The Internal descrlctlon of the outline of f"laure 

4•1b Is given as: 

The Items 

LINE • SCENE - L1 

LINE • SCENE - L2 

LINE • SCENE : L6 

POINT • SCENE E Pi 

POl~T • SCENE - P6 

ENDPOINT • L1 - Pi 

ENDPOINT • L1 - P2 

ENDPOINT • L6 _ 0 6 

E~DPOINT • L6 - Pi 

SCENE, LINE, POINT, 
. 

are ENOPO!~T, and LJ <YJ) 

untyced lte~s. that is, th~Y do not have anY associated 

datutrs. The PJ's are tyced as real array items where t~e 
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~rraY for each ooint contains tXJ,YJ), t~a lmaQa coordln4tas 

,.,f tt-e g.:.lnt, 

The reorese~tatlun of comolete line drawings Ts 

sligntly more Involved than the one for outl lnes, It Is best 

ores-.nted In terrns of an e~eamole, We sl'lall usa the sl'lorthand 

Mtatlon l • 0: 0'1• V2, ... Vnl for the actual sat of 

trloles l • 0 :v1, AeO !V2, A •o :vn. The associations 

reoresentlno oroJectlon of rJ~ure 4-1d are: 

HACKGROUN~ • S~ENE ; BACK 

r>OI'H • SCE.~E : (P1, P2, ,,,P15) 

• l~l • SCE~E E (Ll, L2, ,,,L2111l 

PE.CION • SC(~ 1 E: : (R1,R2, • I. R6, BACK) 

r~OPOINT e Ll ! <P1, P2) 

ENDPOINT e ~~~ E (P19, P15l 

140UNOARY • Rl : fL.l, L2, L9, LUI 

ROU~OARW • ~ACK - (L1,L2,L3,L4rl12,L13,L14,L15e 

L16,L17,L7,L8) 

COR~ER • q1 _ <P1,P2,P3,P9l 

67 



CORNER • BACK _ <P1,P2,P3,P4,P5,Pl~,P11,P12,P13, 

P14,P7,P8) 

Each of thf! colnts, lines, and regions of the scene are 

renrese~ted by lte~s. AI I Items exceot the Pj's are untYced. 

The real array attached to each PJ again locates the 

corresoondlng POint In Image coordinates. ror each region of 

the line drawlna there are a set of associations whleh 

soeclfy the boundaries of the region. A set of associations 

also soeclfy the corners of each region. ror each I lne two 

trloles describe its end O()lnts. No dangling lines, i.e. 

those fthlch border only a single re;lon, are aresent In the 

1 ine drawing, The region-finder eliminates them durin; 

oreorocessinQ, The redundancY In the B~UNOARY, CORNER, and 

ENDPOINT associations lclearly the corners of a region : 

union of the end ooints of alI the boundaries) results in 

orogra~s that are easier to read and more efficient at run 

time. 

As orevi 0 usly mentioned, a separate orototYoe ls 

keot for each of the obJects In r1oure 1-1. The orototyoe 

contains comalete structural Information ltopology and 
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Qeo~~try) about the corresoondlno solid, The 

renresentatlon of crototyoes differs only sl lghtly from the 

reoresentatlon described for line dra~lngs. for each model 

the Item SCENE Bbove Is reolaced bY the Item reoresenting 

the orototYoe Ce,g. CUBE, WEOGE122, etc.), Similarly, 

the Items POINT, LINE, and REGION are reolaced by VERTEX, 

EDGE, and rACE resoectlvely. Obviously, none of the 

associations mentioning the background, BACK, 8Mist for the 

3-D ~odels, For the WEDGE122 sho~n In figure 4-4, the set of 

associations are: 

IJERTEX • ~EOGE122: (Vl, V2, •.• V6l 

EDGE • WEOGE122: CEt. E2, ••• E9) 

F'ACE • WEDGE E (f1, f"2, ••• F'5l 

ENDPOtNT • Et E CV1 1 V2) 

ENDPOINT • E9 - CV1,V6) 

R::IUNOARV • rt- CE1, E2, £3) 

BOUNDARY • F'5 : CE1, E7, E4, E9l 

CORNE~ • F'1 E CV1, V2. V3l 

CORNER • r~ _ (V1., 1/2, V4, V6} 



The array attaehec to each vertex now contains t~e 

homooeneous coordinates of the vertex relatl~e to the center 

of ~ass of the obJect. Edges and faces also have associated 

datu~s In th~ 3-D case, for an edge the datum Is a real 

r~umber, the length of the edge, In the case of a face, t~e 

datuw Is an array which sceclflas the unit normal to the 

face. A more thorouQh descriotlon of this 3-0 world model Ts 

111ver~ In ::3!1lJ. 

SlNCl.£ 100Y RECOGNiiER•"Sl~PLE" 

Historically, SIMPLE was the first scene dascrlotlon 

orooram that we wrote. Our goal at that time was to see how 

I lttle oreorocesslng we had to do In order to analyze single 

ob.lect scenes. As Indicated earlier, our current lllotlvation 

for havl~g a saoarate sln~le bod~ recognizer is afficlenc~. 

Exceot for the fact tnat SIMPLE must infer Its features ;rom 

a~ out I Ina rather than a comoleta line drawing, the 

teenrloues that It uses are conceotual I~ the same as those 

used b~ COMPLEX, for this reason, we do not describe It ln 

anv oetal 1 I~ the remainder of this thesis, 
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COMPLEX SCENE ANALYlER•"COMPLEX" 

we have summarized In the flowchart of ~·lgura 4•5 

the overal 1 op8ratlon of COMPLEX. COMPLEX consists of 3 

basic oarts. SEGMEN!, RECOGNilE, and HIDDEN. If a I Ina 

dra~lng con!lsts of more than a sln~le obJect, COMPLEX 

seoments the I lne dra~lng Into oarts corresoondlng to 

individual bodies before attamotinq recognition, T~e 

orocedure• SEGMENT, assumes onl~ that the line drawing is a 

oroJectlon of a planar-faced solid, that Is, It fs 

indeoendent of the set of orototypas in Figure 1•1, The 

oartlal body proJections are then matched against the stored 

orototYces by the recoonlzer, RECOGNliE, T~is schema, 

first advocated by GuzmaM• has t~e desirable orooertY that 

re~oanltlon time Increases only linearly with the comolaxlty 

of the scene (number of bodies present>. If recognition 

Is atterctad without previously seomentlng the scene lnto 

bodies [33], one has no Idea which lines or rea•ons to 

eomoare with a crototyoe. Chapter 5 describes SEGHE~T ln 

detail, The general ldea of segmentation Is a basic one and 

is also used In th~ computer analysis of ~onnected speech 

[31.•4], 

RECOGNllE Is designed to make decisions based on 

e I the r c o mo I e t e o r i nco m g I e te I I n a d r a w I n g s o f I n d I v I d u a 1 

obJects, Nevertheless, there are situations when an 

incowplete I Ina drawina does not provide sufficient data for 
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rer.ognltlon, RECOGNiiE attemots to complete occluded line 

dra~inQs In those cases where the missing lines are obvlou•. 

The exa~ole In Chaoter 1 I I lustrates one such case, The 

remaining situations where comoletlon Is "obvious" -are 

described In Chaoter 6, Comoletlon, as segment~tion, ls 

accOI"DIIshed without reference to the stored prototypes, 

The assumotlon that a tone obJect Is suooorted by 

the table Is certainly a reasonable one, In scenes 

consisting of many bOdies, however, blocks may be suooorted 

by other blocks in a varl!!ty of ways which are not easily 

distln~ulshed, For examole, in rlgure 4·6 it Is not easy to 

tel I from 2•0 information whether Body1 rests flat on Body2 

or ~hether It leans on 8ody2, lf we have no orlor knowledae 

about how the blocks are arranged, It would aooear that the 

best strAtegy for locating l111aoe ooints In 3-soace Is to 

ao~IY stereo or focus ranging for at I ocints not clearly on 

the table. 

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

do hAve ~ome "weAk" information about the scenes, The ty~e 

of structure which we clan to build or Menioutate will 

t~~lcaiiY co~sist of blocKs either resting on the 'able or 

resting on the too faces of other blocks. If teanlno blocks 

occur. tl'lls will usually Indicate an error <e.g, a block 

,.,av have fat len out of the hand or a construction ,.,.y have 

tumble~>. COMPLEX trles to recognize the sce"e assumlnQ 

that eaeh obJect Is either suooorted by the table or on the 
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horlzontftl teo of Another obJect, If this analysis ls 

!!IUecessful, It concludes that Its assumotlons were valid, 

Jf somewhere In the ~~alysls an obJect cannot be orc~eriY 

recoonlzed. COMPLEX considers the oo~slbl llty that the 

suocort for the body was lmcrooeriY determined <I.e. it 

"r~bably was leanlna>. COMPLEX then c~l Is on stereo or focus 

ranging to locate the corners of the ooject 

re-recogr.ltlon, The sucoort relations 

for 

can 

SUbSeQuent 

usually be 

determlred aulte easl IY If the base edges of each obJeot 

have ~lready baen identified. Technlaues for doino this are 

descrlb~d In the neKt chaoter. 

After the suocort relations have been determined. 

the oartlal oroJections can be analyzed in a straightforward 

manner, First, those blocks suocorted bY the table are 

reeo~nlzed and located In soace, Then any ocJectr Bi, 

sunoorted bY an obJect on the table, Bj, Is recognized ov 

assulfing that 81 Is suocorted In clane z=h where h is the 

height of the too Cmaxl~u~ zl of BJ. COMPLEX oroceeas in 

this manner, aoolyf.,g RECOCNUE to all the ootentlal 

5 uooorter 5 of a qlven bodY and then to the oody Itself, 

S I nee the too obJects art genera II~ the 1 east 

occluded, lt would oe better to reeoonlze the too·~r.st 

oblect first and oroceed downward, The problem with thls 

aporoach Is that COMPLEX has no geometric Information about 

the too obJect unless either stereo or focus ranging (both 

eostl~) Is aoolied. ConseauentiY• COMPLEX orders t~e 
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Individual recognitions as aescrlbed above, 

After alI of the bodies have been tentatively 

identified, COMPLEX activates the oredlctor•hldden line 

eli"lnatoro HIODEN. The result Is a I Ina drawino that 

indicates how the hYootneslzed scene descrlotlon would 

aooear from the oolnt of view of the camera. If thls 

oreolcted line drawing matches the original lnout <line 

dra~lna and TV Intensity Image) to within some oresDeclfled 

tolerance, then COMPLEX aeceots Its previouslY tentative 

analYsis, If the two do not Match. It tries to detect and 

eorr~ct the Identity and/or location of those bodies that 

nave been ~ismetched. 

fro~ the scene descriotlon which COMPLEX generates. 

the "hAnd" and associated oroorams can determine t~e 

50oroorlate motions necessary to graso and move any body 

within reach. The scene descrlotlon Is also of Interest to 

the strategy orooram which d~termlnes now to carry out a 

aive,., task, 

THE HANO•EYE SYSTEM 

The block diagram of Flaure 4-7 shows alI of the 

l-lana•Eye sYste"' modu las. ror e lar I ty, many of the II nes 

indicating module Interactions have been omitted. Each of 

the boxes reoresents a separate "Job" as understood bY our 

modified POP-10 time·sharlnQ IYstem [25l. "Hessaoe 
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~,,:.,durPs" crovi-::1:! a meal'1s of inter-module co:nmur~lcatlon 

w~tle the "glcbal .,arid model" serves to record data of 

~~~~rest to several syste~ comoonents. A deScription of 

t~e~e features can be foun~ In C38l, The size of the entl~e 

~yste~ Is on t~e order of 3~~K words, At the time of thls 

"'r it I nc1 a I I 0, 
co~~letlon and an 

The user 

the ~odules are comoletP or nearlnQ 

l,.,itlal s~stem confiQuratlon eMists. 

soeclfies a task to the STRATEGIST module. 

This oroQra~ oetermines how to activate the modules In order 

to carrY out t~e task. The STRATEGIST. therefore. has t~e 

a'Ji lltY to t<:tlk to and receive reouests from all of tne 

other blocks In Fiqure 4-7. Suooose, for examcle, the task 

were to 5l~oiY analyze a o~rtlcular area of the field of 

vio... If the camera were not alread)' calibrated, tl'le 

':>T"ATt:Gl5T "'ould activate th• CAMERA CALIBRATOR to read the 

oo!e~tlometers l~olcatln~ the camera oositlon and store the 

1cnr~orlata camera ~ojel lr~ the GLOBAL WORLD ~OOEL, The 

AC[Lv~ODATI~G ED:E-r~LLOW~R would then scan tht soeclfled 

ar•a and detPr~lne ~hat sort of blob it t~lnks Is oresent, 

If only a slnqle object were present. tne out I lne of the 

ct: iert ... oul::l be nasse::l tn SIMPLE for analysis. If the 

sc~~P ~ere determined to consist of more th~n one object. 

th~ Interior of tl"le outline would be crocessed bY the 

ACcowMOOATI~G E~~E-rCLLO~FR and all the edqe-~oint data 

nas~~d on to t~e Ll~E uRA~I~G CENERATO~. This cro;ram would 

e11<;-ntu~l ly oroduce a I ine drawing and oass it on to COMPL£X 
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for analYsis, 

The result of a successful scene descriotlon by 

either SIMPLE or COMPLEX Is that the Identity and location 

of each obJect oresent In the scene Is stored In the 

associative structure of the GLOBAL WORLD MODEL, If, for 

exa"ole, the scene is determined to contain two obJects, say 

a WEDGE122 and an LBEAM, the following associations would be 

added: 

INSTANCE • ~EOGE122 : OBJECT1 

INSTANCE • LBEAM : OBJECT2 • 

The datu~s of the Items 08JECT1 and OBJECT2 are 4~4 arrays 

that soeclfy t~e oosltlon of the corres~ondlng object ln 

scace. Tne EDGE VERIFIER can be activated bY either of the 

scene descrlctlon orogra~s to checK that a oredlct•d edoe 

actuall:; e~lsts In the TV Image, Similarly, the stereo~fo:;us 

rJEPTI-' FINDEq can be called to verify a corner locl\tion or at 

anv tl!'1e If monocular cues become Insufficient. 

The oreclse Interaction of the modules deoends on 

the state of the env\ronment and the tasK which has been 

soeelfled. For exa~ola. It is oossible that the LINE 

DRAWI~r. GENERATOR wi II need to call upon the EDGE VERIFIER, 

The EDGE VERIFIEH, in turn• mioht reaulre the CAMERA MOVER 

to c~ange to a l~n9er lens In order to see a oartlcular area 

~ore clearly, ConsiderablY more exoerlmentatlon needs to be 
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done before we have a clear understanding of how well t"• 
modules perfor~ as a syste~. 
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CHAPTER 5 

lNTERPRETATIO~ Or SCENE STRUCTURE 

In this chaoter we describe orograms that interoret 

the structure In scenes, By this we mean that the oroorams 

determine certain binary relations that exist b~tween paifs 

of bodies. ror examnle, the scene structure may simply be 

n86d~1 supoorts P~dy2". Structural relations between bodies 

can be determl~ed lndeoendent of the prototypes to which the 

bodies corresoond, As Indicated in the orevious chacter. 

RECOGNIZE uses the suocort relations to identify and locate 

the obJects In the scene, We begin by considering the 

seomentatlon of a I ine drawing into bodies. 

A SEGMENTATION PROCEDURE 

Problems with a Region 8ased Accroach: 

We have sketched In Chapter 2 the technlaue 

develooed by Cuz~an for saQmentlng a scene Into bodies, If 

our orenrocessors were able to oroduce ideal I Ina drawings, 

we coula slmoiY Incorporate SEE <Guzman's orogram) as ca;t 

of CUMPLEX. E~cerience Indicates, however, that It ls 

unreason~ble to exoect such I ina drawings. Edges are often 

missed due to ooor IIQhtlng and sourlous lines can result 

fr~~ random noise In the video syste~ and shadow~. 

82 



The oroble~s of missing and e•tra I lnes can to some 

e•t•~t be traded for one another. Parameters in t"e 

r'lreoroeessor ce.n usually be set so t"at all the actual edges 

aooear In the line drawing, Such sett; ngs, however, o;ten 

eausf' Pxtraneous I I nes to aooear as wei I. On the other hand, 

if one set the oreoroeessor oarameters so that alI noise 

I lnes are reJected, some of the true edge lines are also 

re lee ted, In oractice. one must choose between analyzing 

an lncomp;ete line drawing or a line drawing contalnlnQ 

spurious lines. The former aooears to be the -more 

tractable. 

Given an incomolete line drawing. a reasonable 

aooroaeh Is first to cal I uoon a heuristic Program referred 

to as a ttllne oroooser". The I tnt oroooser has the Job of 

ouesslng I ines that are missing fro~ the I Ina drawing, Such 

a nroQram has been considered both bY the MIT vision grouo 

C2J and by Grace (9J here at Stanford. If the resulting I lne 

dra~ln~ were quaranteed to be co~olete. a segmentation 

oroeedure i Ike Guz~an's could then be aoPI led to It, We 

have found, however, that no sue" guarantee can be made. 

T~e ~eQ"entatlon aiQorlthm described biiOW wll I work bat~ On 

eomclete an1 •ncomolete line drawings, 

To motivate our aooroach consider acplylna SEE to 

the line drawing of ~igure 5-1. Sucl'l a line clrawlng ls 

com~on ~nan the oreorocessor parameters are set to et Jmlnate 

noise I lnes. Because RJ corresoonds to faees of 2 bodies, 
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Rl 

L9 

Figure 5-1 • A Scene with a Missing Line • 
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there I~ absolutely no correct way for SEE to partition the 

set of regions, In this case, It Incorrectly raoorts tne 

seen!! to be a sIng 1 e bod~ s I nee alI regIons get merged l nto 

a sln~le node. It is clear that any sche~e which attempts 

to segment the scene bY reolons wl I I have this difficulty, 

The seQment;:tlon orocedure, SEGMENT, emoloyed t:IY 

COMPLEX first oartltlons the scene Into bodies bY line, Thls 

is accowol lshed. as In SEE, by combining bits of local 

evidence accumulat~d at the vertices. The 1 lne Partition 

is subseouentiY used bY a region assignment procedure to 

detect and sol It reQions sucn as R3, The result Ina set of 

realons Is then oartltloned bY body, !n comparison with 

Guz~an's scheme, this line based IPProacn aooears 

conslderebl)' less sensitive to missing I ines. 

The I il'les rnost often missed are the Interior lln•s, 

that Is, those I lnes whleh do not border the background. 

This Is because the contrast between an obJect and the 

baekQround Is usual IY greater than the contrast between 

adJacent ooJect faces. ror our scenes consisting of white 

~locks on a blac~ cloth this Is oartlcularly true. Although 

the orocedure which we !hal I describe short!~ Is intended 

orirr.:ully to handle such cases. scenes with ll'issirHI elCttrior 

edae! wl I I often bt segmented correctlv as ~ell, SEGMENT Ts 

not currently eauiooed to handle !cents containing shadow 

1 lnes. In the exa~oles of Chagter 7 that were orocessed 

without touch uo. shadow edges were avoided by the use of 
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diffuse llohtlng, A later section of this chaoter 

describes se>Jaral more realistic crocosals for dealing with 

sourlous lll'les In the lnout. 

Line Segmentat1 0 n: 

We sha 1 1 now describe our accroach In deta i 1. Tl'le 

orocedurs SEGMENT consists of a basic mechanism that 

oartltlons the ma.lorlty of the I I nes bY body, Various 

"soeclal case technioues" are then ao c I i e d to attemot to 

assign the remaining II ne~L Although a few of the 

original I I nes maY not (Jet classified bY SEGMENT, tl''le 

rer:o~nlzer for lnaivldual bodies. RECOGNli!Eo is orecared to 

work from oartlal data. 

SEGMENT beqlns OY ~lasslfying the vertices In t,e 

scene lr1to a number 'lf categories similar to those described 

:JY GuZIT'an, The vertex tYoes are shown In rigure 5•2 • 

The wotlvatlon for this classification wi I I become clear as 

the rest of the segmentation algorlth~ is described. Very 

roughly, those vertices labeled GOOO<somethlng> or J~st 

<so~ethlng> Indicate that some of the edges Incident at that 

tyoe of vertex should be assumed to belong to tne sa~e bod~. 

Those vertices labeled BA0<5omathlng> Indicate that t~e 

edaes l~clrlent at that type of vertex should not be •ssumed 

to belong ~o ~ slnqle body. We describe the verte~ tyces as 

follows: 
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Arro~ Vertices: Three lines meeting at a golnt witn one of 

the anqles 9reater t~an 180 dearees Is classified a 

GOOCARROW <see Figure 5·2a> unless either (1) one of the 

realons of l~ss than 180 degrees Is the backaround (rlau;e 

5·2b) or <2> the middle I lne or ~shaft" of the arrow Is the 

ton of a KJOINT (Figure 5•2c> (see K·vertlces below),In 

these two cases the vertex Is labeled dADARROW. 

»yn (Forkl Vertices: Three I lnes meeting at a ooint with 

ai 1 of the o.noles less thal"' 180 degrees Is classified a 

GOOOV If at least one Jf the lines Is also the shaft of a 

GOOOA~RO~ vertex <Figure 5-2d>. Otherwise. the vertex ls 

classified 8A0Y cFiaure 5•2e)• 

"L." vertices: A vertex where two lines meet Is labeled 

GOOOL If the ano11 oreater than 18~ deorees Is the 

oaekoround <Fioure 5•2f> or both of the incident -
I ines are 

Otherwise. tFI~ure 5•2n> the vertex is classified as a BlOL.. 

"T" Vertices: A vertex where three lines ~eet, two of 

whicl'l are coli inear is a T•jolnt, Tl''le collinear lints will 

oe referred to as T-toos and tl"'e non•collll'lear line is 

87 



Rl Rl 

A\ It\ 
GOODARROW 

(a! 

I 
BACKGROUN~ ~ 

GOODL 
If I 
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Figure 5-2 • The'Vertex Types • 
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called tne T-stem, me vertu Is labeled GOODT (F'Igure 5•2ll 

u"''less either <1> the region labeled Rl Is the backGround 

crigure 5-?.J> Jr <2> t~e T·stem Is tne too of a KJOJNT 

crloure 5-2kl or (3) the T•stem Is one of the non .. colllnear 

I lnes of an Xjolnt (see X·~olnts below) CF'IOure 5·21), In 

these three cases verte~ Is labeled BAuT. 

"K" Vertices: A vertex where 4 lines Meet Is labeled a 

KJOI"'T If two of the lines are coli inear and the other two 

are on the same side of the collinear galr (F'Itl\.lrl 5•2m), 

The col I lnaar ~air are referred to as the K•toos. 

"X" Vertices: ~ vertelC ~here 4 lines meet Is called an 

ll-lolnt If two of tne 1 !nes al'e co111neu and t1'11 other two 

are on ooceslte sides of the collinear calr <Figures 5·2n 

and o>, If eltner of the non•col linear lines Is the stem 

of a T•Jolnt, t~en the vertex Is labeled XTYPE1, otherwise 

it I!' labeled XTYPE2. 

MULTI Vertices: A vertex where 4 or more I lnes meet that ls 

labeled "X" or "K" Is labeled MULTI CFIQure 5·2o). Sollie 

1 Ina drawing croJectlons with labeled vertices art shown Tn 

F'laure 5-3, 
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GOOOARROW 

Figure 5·3 • Examples of the Vertex Types • 
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After classifying tne vertle~. of the line drawlna, 

SEGMENT oroceeds to set uo an undirected graoh bas•d uoon 

this classification, Some vertices, BA~ARROWs, BAOYs, BAD~s, 

~AUTs. and MULTls, ~enerate no nodes In the Qraph, Most 

vertices, GOOOARROWs,GOODYs, GOODTs, GOODLs, and XTYPE2's, 

Qenerate a single node in the graoh. Two of the verttK 

t;,oe'!. KJOINT's and XTYPEls, generl!'te ··~wa nodes In the 

SEGMENT associates a set of I lnes with each of t~eae 

nodes, The t~biP below Indicates tho contents of each node 

set as a function of the corresoondlng verttk t~oe. 

VERTEX TYPE 

.......... ' 

GOO<.lAIHIOiol 

GOODY 

GOOD~ 

GOOOT 

XTYPE2 

I<JOINl 

XTYP[l 

lol~lCH OF TH£ INCIDENT LINES? 

I • I I t I I I f I t I I I I I I I I I I I I I I I I I 

al I 3 I I nes 

a I I 3 I lnes 

both II nes 

both collinear lines 

the 3 I j.,es which form an "arrow" 

~ode 11 the 2 col I I near I IP'IIS 

Node 21 the other 2 lints 

Nodel: the 3 I lnes which form 

an "arrow" 

Noje 2: the co I II near 1 I"' not I" 
the set of Node 1 olus 2 

"new I lnes" Csee below) 
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At an XTYPE1 vertex SEGMENT 

~c~-co! I lnear edges as a 

lnterorets 

double edge 

each of 

resulting 

the 

from 

aljg~ment of two obJects, The two "new I I nes" added to Node 

2 jn this case recresent the 2 missing edges, 

Edges or I Inks between the nodes are based ucon t"• 

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

nodes and their associated sets are Sl and SJ resoectlvtl~. 

then an edge exists between Nl and NJ If and onl~ If Sl n 

SjtFHl, The set associated with a node Imp I les that the 

1 lnes contained In the set should btl on~ to a single body. 

If a line Is contained in two node sets, the I ines in both 

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

recorded by the I Ink between the nodes. The graoh set uc for 

the oroJectlon of Figure 5·1 Is shown In Figure 5•4. 

Several soeclal situations that demand attention are 

showl'l In F'lg~,:re 5·5 F'i~ure 5-Sa Illustrates a oalr of 

"matched BADLs", Two BADL.s are ca II ed matched If they are 

corners of the same re~lon and a I Ina of one of them ls 

col linear with one of the lines of the other, SEG~ENT 

oenerates an additional node of the graoh for this case and 

as~oclate with It the set of coli inear I ines. This node ls 

1 Inked to the rest of tMe QraDh as were the nodes resulti"Q 

fro~ the actual vertices In the scene. Althouqh the scene 

of Figure 5·5 would be correctlY oartitloned without thls 

addltlonel node, the m~tehed BADL heuristic can be Quite 

useful Csee ChaDter 7). 
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Figure 5-4 • The Graph Set Up for the Projection of Figure 5•1 • 
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(c) 

Figure 5-5 • Some Special Situations Handled by SEGMENT • 



BADT vertices usually result from one body abuttlrog 

aqalnst another, As lnrlleated In rlgure 5•5b, however, 

BADTs can also result from a degenerate view of a single 

ob.leet. Slnee dlstln~ulshlng between these two cases 

acnears to be lmoortant. Sf.G~ENT examines each BAOT after 

the Initial laballn<;~ Is comoleted, If, as In F'laure 5•5b, 

both T•tocs are also Incident at L•Yartlces, the BAOT Ts 

ehanaed to a GOOOARROW, 

The last soeeial situation handled at this oolnt ls 

i 11.-strated In F'laurs 5•5c. SEGMENT attempts to remove 

scurlous links resulting from adJacent T·Jolnts, If a calr 

of adJacent T-Jolnts sharing a common T·too are detected CV1 

and V2), and t~e corresoondlng T•stems (L1 and l2) do not 

bound a common rtolon, SEGME~T deletes the common line (~) 

fro" alI tne node sets and uo~ates the I Inks between the 

nodes. lf this were not done, onlY a single bodY would be 

reoorttd for F'lgure 5•5c, 

SEGMENT aool les ft merging crocedure to the graoh Itt 

uo a~ove to oroduce an Initial descrlotlon of which lints 

eelo~g to which bOdies, This orocess Is similar to the 

~erglno orocess described In Chaoter J, In this cast two 

nodes o' t~e graoh wll I be mtrQtd If there art one or more 

links connecting the~. When two nodes are merotd Into a 

new nooe. there Is ftssocl~ttd with the resultlna node a set 

of I lnes. This set is the union of the sets associated with 

t~e 2 merged n~des. 
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Ideally, when the merging terminates, each remaining 

node corresoonds to a separate body In the scene, and avery 

1 lne In the scene ls associated with a node sat, In 

oractlce. however• this Is not the case. Conseauently, 

SEGMENT ca I Is uoon varIous soec I a I case heurIstIcs at th l s 

ooint to ~erga unmerqed nodes and assign unassi~ned I lnea, 

FiQure 5•6a Illustrates a sltuatlol"l where the IHOcedura as 

described above Is clearlY inad~auate, The D&rtlal ly 

occluded wedge wl II be reoorted as two b~dles. Guzman 

handled this oroblem bY Initial IY adding extra I inks between 

non-adJacent regions based on "matching T•Jolnts", SEGMENT 

does • similar thlna but after the merging has been 

eomoleted, It looks for evidence that two final nodes should 

be coalesced, Jn rtaure 5-6a the matching T-Joints at V1 

and V2 l~ply that the two nodes corresoondlng to oieces o; 

the wedge should be co~blned, 

rtnal nodes having associated sets of length 2 are 

e~amlned at this oolnt, SEGMENT assumes that such nodes do 

not corresoond to secarate bodies. If It cannot find 

evidence for merging them with other nodes, they are slmoiY 

delated, The two cases wh~r• • marge occurs are 1 I lustrated 

in rtouras 5•6b and c. In rigure 5•6b, the BAOL at P1 is 

taken as evtdence that the node at P (Whose associated set 

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

associated set contains L3, In Flaura ;.6 c, the T•stems et 

L2 and L3 sharing a common T-too and borderlna a common 
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Figure 5-6 • Cases in which Additional Merging Occurs • 
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Figure 5 •7 • Cases in which Additional I.ines get Assigned to Bodies. 



reqlon, R, are taken as e~ldenea that the node associated 

with th~ GOODL verte~, P, should be merged with the node 

whos~ ~ssoclated set contains L3, 

It Is not necessarily the case that ever)' line ln 

the orojectlon baiOnOS to a set associated with some node of 

the graeh when the merolng has bltn comcleted, In Flau;e 

5·7a , for examcle, ~1 is not a member of any node set 

because It Is Incident at 2 BlDL vertices, SEGMENT aroctlds 

to assign an unassigned line to a particular body, B, If one 

of the regions wnicn tne line bounds has all of its 

classified I lnes belonalng to B, In this case L1 aets 

asslonad to Boo)' 2. rlaure 5•7b I I lustrates another omission 

which SEGMENT can correct.- The omitted line. L1, Is out ln 

the node set corresoondlna to BodY1 based or the matching 

T•.lolnts at V1 and V2, 

Re~lon Assignment: 

Slmoly stated the realon asslanment oroblem !sl 

Qlven • line drawing oroJectlon and a classification of each 

line as to which body It bAinnos. classify the regions a1 to 

which body they belong. ror the case of Guzman's 

realon•b8S8d segmentation the I lne assignment aroblem isl 

olven the regions classified by body, classify the 1 lnes bY 

body,) This Information Is needed to set uc the comclete 

descrlctlon of each lndlvlduel body, 

99 



L2 

R2 

Rt 

BOOVI 

(f'l) 

BODY2 

R 

BODY I 

lcl 

R4 R6 
L4 

Rl 

L 

2 

R2 

~I 

(d) 

Figure 5-8 • Examp·· .... of the Region Assignment Problem , 
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ConsldP.r the line drawing l)f f"lo•~re 5·8a, Assuming 

that the I lnes have ~een a!si;ned to the aooroorlate bodlet. 

it I~ stral~ntforward to Identify the oodles t~ which tome 

realons belong, ~~~ion! Rl,R2, and R3 oelong to one bod~ and 

re~lons R5 and R6 belong t~ the other b,dy since all the 

buundlng I lnes for each of these reolons belong to a single 

body, Region R4, nowe~er, Is ~ore difficult to classify 

slnee Its boundaries btlona to different bodies, L1 and L6 

belo~g to one hodr and L2. L3, L4, and L5 belona to the 

other body, The crooiem 15 exacerbated by missing I lnes as 

ln Figure 5·Bb, Altnouqh re~lons Rl,R2,R4, and R5 cr~ be 

classified In a straightforward manner. R3 cannot. It •hould 

be sol It Into two outs and one Dart sso;oclated with each 

bOdY• ~l'"llu r'lroblems ulses In rJ;ures 5·8c and d. 

SEGMENT croceeds to assign the regions to bodies 

cased on a nu~btr ~f heuristics, If all of the bounding 

I lnes of a region belong to a single body, SEGMENT concludes 

that the region belongs to that bod~. ror regions havlna 

1 lnes ~elongln~ to several bodies SEGH£~T needs to determine 

if th~ reolon should be assigned to a single bod~ or should 

bt sol It Into faces belo"glno to two bodies. ror slmollcity 

it Is assumed that no region need be sollt Into oarts 

eorrescondlnQ to more than 2 bodies, A check Is flrat made 

to see !f a~y corners labeled BADL have I lnea from two 

tenarate bodies lneide"t there (e,g, tne oolnts labeled "P" 

in rl,ures 5·@b and dl, Such a corner Is taken as evidence 
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that o~e of the reo ions at the BADL should be sol It, The 

reolon that gets solit Is never the background, If nelthe~ 

of the regions at the "bad" BADL Is background, the real~n 

which Is sol It Is the one corresoonding to the angle greater 

than 18~ degrees cR2 in Floure 5•8d), If the twa I lnes at 

the BADL belong to bodies Bl and 82, one face Is assigned to 

Bl a~d the other Is assigned to 82, 

If no BAOL vertleas of this variety are detected for 

a reolon, SEGMENT assumes that the region should be assigned 

to a single bodY and looks for evtd~nce as to which one, 

If one of the bound'no tines of this region Is the stem of a 

T-.lolnt CF"taure 5-8a), then SEGMENT assigns the realon to 

the body to which the T·stem Is assioned. Otherwise, If a 

bounding I ina of the real on Is Incident at a BAOY where two 

of t~e I lnes have been assigned to one body and the third to 

another body crioure 5•8c)• SEGMENT assigns the region to 

the body to which tnls third I Ina belongs, In F"loure 5•8a R4 

Get assigned to ~cdy 2 based on oither L2 or L5. In F"loure 

5-8c R gets asslgntd to Body 2 based on either of the 

labele1 BADYs, 

At this oolnt the I lne 

oresumably "oartltloned" the 

segmentation oracedure has 

set of I I nas l n the scene 

accordl~g to body, The reoton ass.tonment orocedure has 

aene•ated a "oartitlon" among the regions In the scene 

according to body, Basad on this Information It Is not 

difficult to come un ~lth a comotete descriotlon of each 

11!12 



Pll 

Pl2 

Pl5 L15 

R4 R6 

Ll9 
Pl3 

P7 

P14 

Figure 5-9 • A Partial Line Drawing of a Single Body • 
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Ccar~lal ly) visible body, 

4•1c. After seomentatlon the descrlctlon for the occluded 

bod)' c see F' I oure 5•9 > is 

BQDv • SCENE - BODY2 

F'4CE • B00Y2 - (R4 1 R5, R6)J 

LINE • B00Y2 - <L.12, 1.13, , , ,L2G!IJ 

POtNT • BODY2 : <P5, P111J, P11, P12, P13, 

P14, P7, P15) 

ENDPOlNT • L12 - (P5, P10) 

ENDPOINT • L2G!I : (Pl2o P15> 

BOUNDARY • R4 - <L12, L19, L18, 1.171 

BOUNDARY • R5 - <L13, 1.14, 1.18, L2"J 

BOU:~OARY • R6 - (L15, 1.16, L19, L20> 

CORNER • R4 - (P5, PU, P15 1 P14, P7) 

CORNEq • R5 - ( p 1121 , P11, P12, P15} 

CORNER • q6 - (P12, P15 1 P14, P13) 

descrlctlon 1s the lnout tnat the single body 

~·~~o~lzer, RECOGNIZE, acceots. 
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Sorne Thou,hts on Handling Extraneous Lines: 

Extrane 0 us llr"'es rnay aooear In the line drawing due 

to reflectl)ns, noise In the system, or as the result of one 

ob lect cestlnq a shadow on another, Figure 5-1~ oresents 

several examolts, For the single bodies in rlgure 5•10a and 

Flaure 5-10b, It Is easy to co~vlnce oneself that SEGMENT 

assigns the lines to the bodies acDroorlately, that Is, a 

sln;le body is reoorted In each case. The difficult~. 

however, Is that tne desc rIot Ions oassed on to RECOGNIZE 

will be bad because of additional lines and regions, tn 

F I aure 5•U'Ic the bOd i as w I II aga I, be segmented orootr I 'II 

axceot for the extra line and region R, In rlgure 5•1!d 

things are somewhat worse and the segmentation oroctdu;e 

re~orts only a sf,..gle body. Figure 5·1Be I I lustrates a 

line drawln~ with boH• additional and missing I lnes. It is 

elear that arbitrarily rneanlnoless line drawings ear• be 

irra~lned. 

Althouah we have not considered the oroblem of 

extraneous I lnes In the deoth that we have considered t~e 

oroolem of mlsslno 1 1 nes, a few Ideas about how such cases 

~laht be handled see~ aooroorlate. A I lkely result of t~e 

oresenee o~ an extra I lne Is the oeneratlon of a triangular 

realon C R In Figures 5•1:21a, c• and dl, While certainlY not 

al 1 trlan~ular regions are shadow or noise regions, 

tria~oular regions where 2 of the corners are T•Joints as ln 
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(a) (b) 

(c) (d) 

(I) 

Figure 5-10 • Same Scenes Containing Extraneous Lines • 
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rlaures 5·1~a and c are ~lahly susoect. The edge which ls 

~ot the too of eltner T-Jolnt Is In each case the shadow 

adot. In FIQur~ 5·1~b the HULT[ vertex Is a strong 

indication that something unusual Is hagoenlng. Often 

MULTI vertices arise where ~n edge of one bodY haDcens to 

lntersoct an arro~ or Y vertex of an occluding bod~. The 

additional T•Jolnt, however, alves a strong Indication that 

thP conntctlno edge, E. Is oroabably an extraneous one, 

The above heuristics would undoubtedl~ be valua~le 

in enhancing the usefulness of our ' seamentatlon orocedvre. 

L.lnt tllmlnatlnq neJPistics could easily be Incorporated 

into SEGMENT, Handling situations such as Flaure 5•10e, ; 

nowevar. may sti II be beyond the s~stem•s araSE~· 

~odtl•dlrecttd aooroach wl II orobabiY be necassar~ to handle 

scents such as this, A number of additional ldea!S can be 

found In a recent reoort by Orban [29] describinG a shadow 

eli~lnatlng oreorocessor for Guzman's Drogram SEE. 

SUPPORT RELATIO~S 

The oroblem is to determine the ~uooort olanes for 

eae~ ~f the bodies In the scent, As Indicated In Chaoter 4, 

kno~la~ae of the suooort olants for an obJect allows 

RECOGN llE to I dent I h and I oeate the obJect from en I~ a 

single view. The ~elativel~ costly eo•r•tlons of focus or 
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stereo ran~lnq aooear to Justify a fair amount of effort 

beino scent to Infer deeth from monocular cues. 

Unless evidence to the contrarY acoears. COMPLEX 

assu~es that the obJects are resting flat on too of one 

anotl'ler In olanes oarallel to z:lll, First. CCIMPLEX 

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

a set of ootentlal suooorters for each obJect Is determined 

fro~ a knowledae of the base edges and the geo~etrY of the 

original lf!lage. Finally. during the recognition urocess for 

an obJect <after alI the ootentlal suooorters of the obJect 

l'lave oeen recognized and oosltloned i~ soace) COMPLEX 

exa~ln~s each ~otentlal suooorter so as to rule out those 

whos~ ootentlal !'lur~oort olanes are not oarallel to z=l!l and 

those wh I en are not the ta I I est. 

Base E~ge Determlnatl 0 n: 

CO~PLEX emoloys a number of l'leurlstlcs to determine 

which I ines of a body corresoond to base edges. 

Initially, all the I ines of a bodY are considered as 

notf!rtlal base edQes. A seauence of tests Cflltersl Is then 

aonlled to eliminate those lines which should not be 

lneluded. In the maJority of cases, the base edges Mre 

determlnBd after c~ee~lng only a few of these conditlens. 

T~e relatively larae numb~r of rules are reaulred to handle 

the "e~cectlonal" cases which occur lnfreauently, 
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The tests which COMPLEX aoplles to tl'l·e IndiVIdual 

bo11es ars the following: 

Cll Eliminate all bodY lines tnat are n 0 t exter1 0 r, 

that Is, they do not border on the background. 

<For the oroJectlon of Figure 5•11a we know the 

base edges must be a subset of 

(a.b,c,d,e,f,g,n, 1)1. 

C2l Eliminate all lines aooear lng vertical in the 

Image ~nless the bottom oolnt of the vertical 

has 3 lines Incident at It, CThls rules out 

II nes a and Q In r I gure 5-lla but not I ina a 

In F"loure 5-llbl. 

(3) E.llmlnate ll,.,es connected to the top of lines 

ellml,ated In (2); cEIImlnates band f ,,., Floure 

5·11a l. 

!41 El lmlnat~ lines at downward ooen L•tyoe 

vertices (EII'IIInates b,c••• and f In F'lgure 

5•11a l 

C5l Eliminate I lnts meeting at arrow or T·tyoe 

vertices where the mldOie I l,e ~o'nts downward, 

<EI lmlnates c and a In rloure 5·11a and a and b 
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Figure 5•11 • Examples of the ways in which Base Edges Appear. 
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In Figure 5•11e) 

C6) If the 10 west o 0 1nt 0 n the bodY Is an ~-t~o• 

ve•tax. eliminate the line Incident there ~lth 

tne larQest absolute sloe•• l,a. do not keep 2 

noun~arles of anY visible face as base edges, 

Clll"'lr'lates line a In F'laure 5•11d) 

C7) If either of tl'le outside lines at aT or an 

arrow vertex hAS been el imlnated, eliminate the 

otl'ltr outside line. lEI lmlnates I lne b In 

F"loure 5·11dl 

lfter alI of these t•st have been &pol led, COHPLEX assumes 

that the remai~I~Q 1 lnes are the actual Dase lines, W~lle 

th@rt are eert~lnly other waYs to detect the base edoes of 

an o~Ject Cs~e 'or examole [43J,, the above accroach IODaa~s 

adecJate for alI the see~es we have atte~oted to analyZe, 

~ 0 te~tial Suoo 0 rter Determlnat1 0 n: 

F"or eaen oalr of bodies, Bodyl and Rody2, COMPLEX 

"~ust deter~lne If 8ody2 suocorts Bodrl. It Is relatively 

ea~~ to enswPr this ouestlon either "NO" or "MAYBE" based on 

a sl~gle view once the base edoes of alI obJects have bean 

Identified, F'or one body to SUDDort another It must first 
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be the cas~ tnet the oodles are adjacent. SEGMENT checks 

for this bY searchlnQ for an edge In the I lne drawing that 

bounds both o riQion of Bodyl IR1) and a region of Bod~2 

tR2), lf sur.h a 1 Ina e~lsts and Is <cart of) a base edge of 

Bod~l, COMP~EX re~ords 8odY2 as a ootentlal suooortar of 

~odv1, The face of 8odY2 crovldlng the succort Is the ;ace 

eorrflsoondlng to ~ecdon R2 In the original line drawing, %f 

no such 1 lne e~lsts, COMPLEX concludes that Body2 does not 

sunoort Body1, Since the e~lstence of such a I ina onlY 

orovldes an Indication that Body2 miOht sUPPOrt 8ody1, alI 

such II nes 

re.lectlon, 

must· 'be 

In 

recorded for 

rlgure 5•12a 

later confirmation or 

tne ootantlal suocort 

Indicators are r~oresented bY the little 1 Inks between the 

aoorocrlate regions. 

Althouah the set of ootentlal suooorters often 

agrees with what ceocle come uo wit~ when asked to describe 

the sa~£ scone, discrecancles do arise. rigure 5·12a 

i 1 lust~atas one of these situations. ~hPn asked to describe 

the sucoort relations in this scene, most ceoole say t~at 

Bod~J suocorts 8ooyl. COMP~Ex, hoo~ever, says that btsldes 

Bod~3. 8odY2 and Bo;y4 are also potential suooorters of 

Bodyl, One of these dlscreoancles Is aulte understandable. 

lf BodYJ were not oulte so tall, It could also bt ambiguous 

to oeocle whether R~dYl or ~odyJ or both suooort Body1, 

COMPLEX costoones such decisions until after both 8ody2 and 

Body3 have bean recognized. At that time it knows the 
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Figure 5•12 • Support Relations 
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heig~t of the too of each block from the known size of 

nrototYoes and can make the orooer choice (the hlgnest), 

The link indicating tnat Body4 Is a ootential 

suooorter of BodYl Is handled somewhat differently, One 

would assume that oeoole tend not to make this mistake 

becausd r1 and r2 are perceived as being vertical (cOMDa;e 

with r3 of Body2l and the ~~o carts of BoJy4 are seen as 

hidden behind Bodyl, Although COMPLEX could attemot to 

·rule out Body4 as a suooorter of BodYl based only on 2•0 

Information, It seems More aooroorlate to also postoone this 

decision until after Body4 has been recognized, At that 

time transfor~ed normals to rt and r2 can be camouted, 

Since ,either face is horizontal <I.e, oarallel to z=0), 

C~~PLE~ concludes that 3odv4 does not sucoort Body1. Thls 

rule Is only at'olled where there Is at least one calr of 

matched T-ste~s that Intersect a base edge of the suooorted 

bojy. Since alI of the T•ste~s of Body3 Intersecting tne 

base nf Bodyl are unmatched, the toe of Body3 Is assumed to 

be lrwlslble, 

rhe only soeclal suooort situation about 

COMPLEX 4nows Is shown In Flqura 5•12b, The ~x. vertex 

its vertl,:al collinear seqments lndieates that 

suooorts Bod;,-1, 
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OTHE~ STRUCTUR~L RELATI~NS 

The orP.vlous sections nave described the derivation 

a!"'d ::\oollcatlon of a cartlcular structural relation. 

SUPPORT, So~• of the other str~ctural rela~lons which might 

al!o be considered are shown I~ rl;ure 5·13. The slmcleet 

of these Is the OCCLUSION relatlonshlo, The chief Indicator 

of OCCLUSION Is the T-vertex, In general, the body owning 

the two col I lnear T-toos Is the occluder of the body w~ich 

owns the T·stem, Occlusion can also be lnolcated by K, X, 

MULTI, and BAD¥ vertices. These may De thought of as 

deoenerate T•Jnlnts, 

OCCLUSIO~ Is the only relation other tnan suooort 

which Is currentl.v belno utiliZed bY COMPLEX, If no bale 

edoa of an nbJeet Is visible (and the obJect ~~~ 1 

conseQuently not be recognized), COMPLEX suggests to t~e 

ST~4TEG1~T oroqra~ that It would be aog~oorlate to either 

rotate 

ob lects 

thf scene through some Iaroe •nola or to ~~ve thole 

occludlno the obJect In auestlon. The scene 

ftnaiYsls can subseauentiY ~• tried aaaln. 
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BODYl Occludes BODY2 

BODY2 Behind BODYl 

BODY2 Behind BODYI 

BODY2 Right of BODYl 

BODY 1 Leans on BODY2 

BODY I~ 
BODYl .\.Juts BODY2 

;·igure 5-13 • Other Structural Relations • 
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CHAPTER 6 

RECOG~ITION OF OBJECTS IN THE SCENE 

determined the oartlal croJectlons 

eorresoo~dlng to individual objects and develocad some 

understundlna of now the Individual bodies In tnt scene -are 

arranged, COMPLEX oroceeds with the recognition chase, 

Recoanltlon consists of both Identifying an obJect with a 

orototYce and locatin~ tne obJect In scace, We refer to the 

routine which does this as RECOGNilE, After alI of the 

bodlts have bee~ orocessed. a oredlcted line drawlna ls 

Qenerated and eomoared with the lnout, A match Indicates 

that the analysis has been successful. The remainder of thls 

chaoter describes each of these orocesses In datal I. 

SIMPLE COMPLETION 

Befort recognition Is attemoted. the slmclt 

conolatlon routines trY to como late oartlal I Ina drawings of 
a single obJect (see rioure 6-1 i, A decision was made to 

be verY conservative about doing this, Partial oroJectlons 

are fixed UD only where It Is aulte clear that no mistake 

wl 11 result, Although RECOGNllE do•s not demand that the 

oroJec~lon It Ia oresente1 be comolete• Its chances of 
success are better when there Is no data missing, 

There are three como let ion orocedures, JOIN, 
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~jCDCORNER, and 

of Figure 6·1a, 

co I linear lines 

ADDLINE, JOIN handles cases simi Jar to that 

It looks for a face. r. Which two hanoi~a 

Indicate Is Incomplete. It reolaces these 

two lines <Ll a:"'d L2l by a single line and updates the rest 

of the associations to reflect this fact. 

ADDCORNER handles cases such as Fl~ures 6-lb and o. 

It looKs for a face that Is lncomolete due to two hanaina 

I lnes <F of Figure 6-lb) w~leh can be extended to form a 

corner, It co~oletes the face bY adding this new corner 

and again ucdates the rest of the associations. ~IQure 

6·1c Is handled by first comoletlng r1 and the~ comoletlna 

F2. One must, of course. have I lmlts on how far an edae 

mav ce extended so that neither L1 and L2 nor L2 and L3 ln 

Flaure 6•1e are extended to Infinity, 

ADDLI~E tries to find &vidence that an entire llne 

has been missed, Alt~ough there are no dana I Ina I ines ln 

Flaure 6-ld, something is 1efinltel~ missing. ADDLINE adds a 

I lne betwee~ Pl and ~2 based on the ~A~L at P1 and the calr 

of oa~allel llne5 Incident at these corners. race F is 

sol it Into two faces and the rest of tne data structure is 

u~dated accordinglY. 

S I nee a I I of our orototyoas are tr I nedra I, one can 

le~ltimately aooiY a "Huffman Label lng" to tne <cartlal> 

oroJectlon. It aDotars that In some cases this label Ina can 

not O"'ly aeteet that the groJactlon Is Invalid Cineomoletal, 

hut also Indicate wnere a new line ~lght be added, ror 
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exa~oie, In figure 

vertex Pl ~ust be 

6-ld both of the I lnes mtetlno at tht 

labeled n+n, This Indicates that 

somethln~ Is wronQ near tnls ver~ex, To date we have not 

exolorea this aooroaeh In any datal 1. 

lDENTirVING THE O~JECT AS AN INSTANCE OF A PROTOTYPE 

RECOGNilE ldentlfles or "names" an obJect bY 

extracting features from Its line drawing oroJectlon, P, and 

matching these against the orooertles of the 3•0 stored 

orototy 0 es, If we define PROTOTYPES to be the set containinG 

all the orototyoe ite111s, we can recresent this croce1s 

schewatlcally as: 

PROTOTYPES~ Tl(P) 4 Sl 4 T2(P) 4 , •• 4 Tr.(P) ~ Sn 

RECOG~IlE aoo1 les a test, Tl, to the orojectlon P, Based on 

the outcome of this test It can say that P could only 

corresoond to members of t~• set 51 where Sl Is a subset of 

PGOTOTYPES, Similar IY• It IODIIIs substauent tests to 

further restrlet the oosslble lnteroretatlons of oroJectlon 

P. Hooefully, for so111e 1, 1SISn, Si Is a singleton and the 

ob lect Is ldentlfifl1· If this Is not the cue, then the 

~ECOGNI~E reoorts onlY that the obJect viewed I~ one of the 

members of set Sn, 
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The set o; tests are chosen such that a oroJectlon 

can usually be Identified even if several lines are mlaaed 

because 

aori I I ed 

eomolete 

of occlusion Jr noise. 

both by RECOGN I iE In 

I lne drawlnas and bW 

T~ls tyoe of Drocedure ls 

the ca"Se of Coartlall~) 

SIMPLE for outlines, Tne 

specific tests. of course, differ In these two situation•. 

The seauence of tests Is fixed and cn~sen rough!~ so as to 

acoiY the "chaaoest" tests first. RECOGNIZE does not try to 

find a true "least cost" seauence of tests. 

The tests can be divided Into two 

tonoloQical tests and geometric tests. 

basic classes, 

The topological 

tests comoare features which are oroJactlve Invariants and 

eonseauently can be examined dlrectl~ from the proJection. 

The geometric tests match such things as lengths and anal•s 

which are not oroJecttvely Invariant. Threl•dlmanslonal 

in;ormatlon must be Inferred from the oroJectlon beto;e 

~atchlng of geometrical orooerties can be accomol ished, The 

tests themselves are e~trematy slmola because there are not 

ver~ many oro~artles which distinguish the sol Ids of Flaure 

1-1. The order In which we describe the tests Is the 

order In which RECO!:iNii!E aoolles them. 
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Tonolo91eal Te~t~: 

H. 1 
After the 3 eo~ol~tlon routines have been aoPI ad, 

q[cOGNl~E checks to see how successful they wert, lt assumes 

that a o3rtlal oroJectlon corresoondlng to a single obJect 

is comolete If It has no remaining danglir.g lines as 1n 

r1aure 6-le, no internal 8AOLs as In Figure o-1f, and no 

face with less than 3 boundln; I lnes as In Figure 6•1g, 

!U For a comolete line :irawlng eorresocndlna to a 

single object one might think first of match I no the I ine 

dra-ino (treated as an undirected oianar arach> against t~e 

ada a structure of each model, Wh I Ia such an aooroach l s 

oosslble for convex sol ids, general subaraoh matching Is not 

easl I~ imolamer.tad. RECOGNllE, therefore. takes a si iQhtly 

For each model there are a finite 

<usually small> nurrber of toooloolcaiiY distinct views, F'or 

each view ~• oredetermlne the number of faces ana the number 

of vertict! that are visible snd associate this ~oroJection 

oalr" with the correscordlng model, Figure 6-2 shows the set 

o~ alstlnct nrojectlons of a wtdat and their corresoondlna 

nrojectlon oalrs. When a como late I Ina drawing ls 

detected, thA nu~blr of facts and number of vertices visible 

are d•termlned and matched aaalnst t~t galrs stored with 

eaen ~OdPI, ~lth t~e exception of degenerate views, the~e 

out to be few oalrs common to mare than one 

to~o~~~lcal I~ distinct model. 
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Figure 6-2 • The Projection 
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If the I I nt> drao~ I ng Is not comp late then the ;ace 

t~nes are used to cartltlon th~ set of possible matche1. 

~or e~a~ole, If a triangular face Is oresent. then the 

nrojectlon could not oosslbly be a rectangular 

narallelloloed, Similarly, the tKistence of a hexagonal 

face lnolcates an LSEAM. 

The only toooloQical orOPirtY of an cut I Ina Is Its 

nul'lblr of edoes. 

Geolfetrlc Tt~sts: 

The tests In this c1ass deoend on obtainlno deoth 

Information, l,e, 3•soace location of points, bY one of the 

methods described In Cnaoter 3. Since corners can be located 

subs~antlal ly fa~ter bY suoport hyoothesis than bY any other 

~ethod, RECOGNIZE tries to match base edge lengths and 

ai"'QIIS first, 

<2l RECOG~lZE finds the lengths of any base tdoas 

whlcl'l are either totally or osrtlal ly visible. For a 

comoleh edge of ltnotl'l L, It rules out any model not havlno 

at least one edoe. E, such that L•OELTAL<Iength(()<L+DELTAL 

where DELTAL Is an aooroorlataly chose tolerance. For an 

I n~O"'D late <dAn!' II na) basi edoe of length L , a co tent i al 

model ~ust have at !east one edoe of length oeater than 

L-O~LTAL, 

(3) If there is a visible corner ~here t~o base 

124 



edaes weet, RECOGNIZE comcutes the angle, THETA, between 

these ecges. A model Is only accepted as a potential match 

if one of Its faces has an angle within DELTATHETA of thls 

anal e. 

C4l Fur the scenes that RECOGNllE considers. It ls 

usual IY possible to neglect oersoective effects durina 

recot,~nltlon, In oartlcular. edges normal to the table too 

aooear aooroiCimat.ely vertical In the image, RECOGNllE also 

assu~es that a vertical tine In the image arises from an 

edae normal to the table Cthls maY occasionally not be 

true>. It uses 

determine the actual 

the technloue described In C~aoter 3 to 

length of such an e~ge, The lengths of 

vertical edoes are used to rule out oossible matches as in 

( 2). 

<5> If ~ECOGNI~E stl I I has not succeeded ln 

identlf~lng the oro.lection , It wi II comoare the known edae 

lengths Incident at visible corners of the oroJection 

agai~st those Incident at corners In tne obJect ~odels, 

After decidin~ to which model a oartlcular obJect in 

thP scene corresoonds, RECOGNilE proceeds to determine Its 

location In soace. r~e most obvious way to do this Is to 

find the locfttlon of the center of mass of the obJect and 

the anoles that J known orthogonal axes In tht oody make 
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with the axes of the table system, The technlaues 

described below orovlde a convenient way to recorrl and 

comoute these 6 numbers. 

Consider a orototyoe with Its center of mass at the 

origin of the table system and an arbitrary orientation, 

~ow Imagine an Instance of this orototype translated and 

rotated to so~• other location In soace. If we reoresent 

the vertices of the unmoved crototyoe In homogeneous 

coor~lntes as PJ=CXJ~YJ,lJ,1) and those of the Instance as 

PJ'=tXJ',YJ',ZJ',1) then we can write 

where 

PJ' = T PJ 

T = R 

OX 

OY 

Oi 

a " " 1 

The uoo~r rl~ht-hand corner ofT Is a Jx3 rotation matrix, 

R, and the first 3 comoonents ~f the fourth colu~n describe 

the translation of the center of mass of the Instance In tnt 

table syste~~ By finding the location lnd orientation of an 

oblect we shall hereafter mea~ finding the matrix T which 

~oves the matchina orototyoe to the oosltlon of t~• 

i nstllnce 1 

There are 6 oarameters needed to soecif~ T I 
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Therefore, knowing the locations of 3 corresnondlng oolnts 

on tl'le obJect and mode I w I I I all ow T to be comc:iuted. The 6 

narall"eters are DX, DY, Dl, &l'ld the Jangles lmoliclt In R, 

We now describe now RECOGNIZE determines J 

corresoondlng colnts c: the obJect a,.,d model. 

Matching: 

In tl~ure 6·3 It Is clear that a rigid bod~ motion 

can cause either A',B', and c• or A", B", and C" of tl'le 

nrotot~ce In Figure 6•3b to be aiiQned with A. B. and C of 

the obJect In Figure 6•3a. On the other hand. A, B, and C 

will not :llatch A"'• 8•·•, and C"• of the model'" Figure 

6•3c. We refP.r to this c~oblem of finding corresoondlnQ 

c:ioints as the umatchln~ oroblemu, 

RECOGNIZE matches an obJect to a orctotyce Tn 

several steos. First lt locates 4 lndeoendent <non-coclanarl 

conn~cted corners of the obJect, Next, It comoutes tl'le 

lengths cf the ed~es connecting these 4 oolnts. It then uses 

thf3se lengths to oartition the set of model edges lnto 

suosets which could corresoond to each of the 3 obJect 

edoes. Final ly,RECOCNtlE selects trloles of model edges from 

these subsets. The first trlole having certain features Tn 

com~on ~lth the 3 ObJect ed~es is taken as the correct 

match. We shall elaborate on each of these oolnts. 

Although J ooints are sufficient to scecifY t~• 
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Fisure 6-3 • Matching an Object with its Prototype • 
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Figure 6-4 • Example of a PEAK and a CHAIN • 
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transform after a ooint corresoondence has been set uo, the 

fourth oolnt oreatly facl I ltates the matching process. The 

ooints. Pl,P2,P3, and P4, are selected such that the I ines 

having them as end colnts form either a "peak" as in Flau~e 

6-4a or a "chain" as In FIgure 6-4b. Usual I y these trur 

noints have been located d11rlng the Identification chase of 

the recognition oroc~ss. If not, RECOGNI~E croceeda to 

lor.ate the remaining corners, The technlaues described lr. 

Chaoter 3 for locatlnq a oolnt based on assumotlons about a 

face are aool lcable now since the orotntYoe corresoondlna to 

the obJect Is known. 

Having determined Pl, P2o P3o and P4, RECOGNIZE 

comcutes the actual le~gt~s of the edges Llo L2• and L3 (see 

Flaure 6•4), Associated with each LJ Is a set SLJ where SLJ 

contains those edaes of the model that are within a 

oresoeclfled tolerance of the length of LJ, As oosslble 

matches to <L1oL2,L3l RECOGNI~E chooses <tl,t2.t3) such that 

tJfSLJ, If the 3 obJect lines form a peak, then the 3 

"'odel edges "'ust also for:n a oeak. Similarly, If the ObJect 

edaes form a chain then so must the model edges, 

4 slmole oroeedure eliminates such errors as Flou~e 

6•Ja matchlnq Fi;ure 6•3c. RECOCNilt oroceeds es fl I lows: 

~1) It determines V2 = P1 ~ P2, 

and 

V3 = PJ ~ P2, 

V1 = P4 - P2 for a oaak or 

Vl • P4 • P3 for a chain. 
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<2> It co:noutes the dot product V1• <V2 )( V3). 

(3) I f PJ' is the model colnt potential I~ matcnll'lg 

obJect ooint PJ then RiCOCIII!2E comoutes 

V2' = r 1 • - P2' 

V3' = P3' - P2' 

and Vl' = P4' - P2' for a peak or 

V1' = P4' - P3' for a chain, 

( 4) F 1 na I 1 Y, it e 0 rnputes the dot pr 0 duct 

V1'•(V2' )( V3'). 

C5) For a ~atch It reguires that the two dot products 

nave the same sign, 

If "'e ldl!"'tlfy Pl, P2, P3, and P4 with A, 8, C, and D ln 

F'iaure 6·3a, the ob.iect qlves V1•CV2 x v:n<0 whereas t"'e 

"'ate"' implied by the model In Figure 6-3c gives V1'•CV2' " 

113.) >0. RECOGNI2E does not reaulre t~at these two dot 

oroducts are eaua1 because some of the object I lnes ma~ be 

nartlally nccluded. 

These conditions are st iII ll'ladeauate s I nee POints 

P1, P2, P3, and P4 of F'lgure 6•3e could match Pl', P2', P3' 

and P4• of Floure 6·3o, To rule out such mismatches 

RECOGNilE reoulres that the angles between corresoondno 

lines be the same, 
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So far we have ne~lect~d the fact that one or more 

of the object lines may oa cartl3lly occluded. RECOGNii!E 

assuwes that It can find 3 ceak or a cnain where not more 

than o"e llnP of the three edges Is occlo.~ded. If LJ ls 

oar t I a I I Y oce I uded • then It outs Into SLJ on I y those model 

ed'les navln~ lengths greahr tt-an that of LJ, If I ina LJ ln 

the croJectlon Is oartlal IY occluded and matches line LJ• in 

tne wodel, ~ECOG~I~E sets uc a "oseudo model colnt" to mat~h 

t..,e occluded e"d of Lj. The point Is located ILJI down U'le 

mode I ecge LJ •, 

Once "' oolnts are IdentIfied, 

R£COG~l!E may use any 3 of them to co~cute the transform T, 

It seems reasonable to choose the 3 colnts which have t~e 

longest two edges connecting them, This reflects the ;act 

that we oresumably have greater confidence In long lines 

than snort o~es, 

Given 3 c 0 rr8SDondlno points P1•P1', P2·P2', and 

P3-~3' and tne two associated vectors V2·V2' and V3•V3' on 

tne ~odel and obJect RECO~NI!£ orocetds to comoute T as 

T : D R , 
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Here R Is a 4M4 matriK soeclf~lng a rotation and 0 soeclfles 

a translation, RECOGNl~E begins bY setting UD two 

orthogonal coordinate systems centered at P2 and P2'. The 

unit vectors U1=V2~V3/IV2xV31, U2=V2/IV21. and U3•U2x~1 

sceclfy the axes of one system, Tne second system ls 

sceclfled by U1': V2'xV3'/IV2'xV3'1, U2'=V2'/IV2'1, and U3': 

U2'xU1'. RECOGN1£E then comcutas 

r t r t r r 
R1 = u1 u2 u3 P2 : u1' u2' u3' 

l l l l l J 

R• = R1 R2T , 

and d = rox,ov.D~l = v2 - R• V2'. 

It follows tl'lat 

1 ;a r.l ox 

R : and D : ~ 1 ~ OY 

.J ill 1 Dl 

0 Ill z 1 

Althouah only 3 matched oolnts ~re reaulred to 

sceclfY thR transform, To one might exoect tnat It would be 

better to estimate T based on more than 3 oolnts. We have 

not found It necessarY to do this. If this is done, 
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however, one must not neg!ect the fact that the uooer left 

3x3 suh~atrlx ofT is raoulred to be a cure rotation matrix. 

A cara~eter adjustment al~orlthm could easl I~ be aool led to 

ox, OV, D!, end the three ~noles lmollclt In R• so as to 

mlnlwlze the cumulative error for alI the oolnts belna 

matched, 

SEQUENCING 

The flowchart of rtgure 6•5 shows the afQOrlth~ WI 

are currently uslno to control the recognition of IndiVIdual 

bodies In the scene. T~ls Is a more honest version of the 

bottom half of ri~urt 4•5, As was mentioned ea~lltr• 

RECOGNIZE Is aeneral ly aool led In a bottom-to-too manner, 

The bodies r~~tinq on the table are recoQnlzed before the 

bodies which theY suooort. The eomolexlty of the 

f lowchert stems from the facts that (1) alI of the ootentlal 

suocorters of~ given body need to bl recoonlzed before the 

true suooorter can be determined Csee Chaoter 5) and C2> 

~her. recognition fal Is. CO~PLE~ needs to decide wnat to do 

next. If an obJect cannot be matched ~ith any model and Tt 

'• resting on the table, COMPLEX reactivates RECOGNIZE after 

relaxing the oarameters which control the amount of 

devlfttlon from a model ~hlch Is tolerated. If the obJect 

sti II cennot be recoonlzed, COMPLEX olves uo on ft. 

If a" obJect cannot be ldtntlfltd as an~ orot~t~oe 
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Figure 6-5 • Operation of COMPLEX 
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and I~ suooorted cy other obJects, It may be either leaning 

on Its supoorter or t~e suacorte~ Itself may have been 

ineorrectly Identified. tf the Identification of the 

sunoorter led to only one oosslble crototyoe, COMPLEX 

assu~es that It was correctly Identified and calls on the 

~tere~ package to re•locate the corners of the sucoorted 

ob.lect. If there were other possible orototypes which mlgnt 

nave matched the suooorter, COMPLEX tries one of them and 

continues with the recognition. The examples oresented Tn 

t~e next chaoter wl 1 I bring these Issues Into sharoer focus. 

PREOICTIOM · TH£ HIDDEN LINE PROBLEM 

After havina recognized and located each of the 

obltc~s In the scene, COMPLEX Is In a position to predict 

how the scene should aooea~ In the lmaoe. As mentioned ln 

Chaoter 2, this oroblem has been Investigated rather 

extensively In recent years by workers In the area of 

comouter oraohlcs. A maJor aoal of their reasaa~ch has bean 

to find efficient alqorlthms for solving the so·cal led 

"hidden line oroblem". For the extremely comalex obJects 

and scenes with which they deal, an efficient algorithm Is a 

nece~sltY rather than a luxury. COMPLEX, on tht other hand, 

is cvrrentli nnt able to anaiYZt scents of such comoltxity 

and conseouently Is not as strictly constrained bY the need 

for efficiency. Tne aloorltnm HIDDEN described btlow ls 
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~uite sl~cle, Although HIDDEN Is crobably not practical for 

scenes of more than about 20 slmcle obJects, It does satlsfy 

our n~9ds at oresent. After oresentlng a simol I fled 

descrlotlon of tne ooeratlon of HIDDEN, we shall describe 

some soeed•uo tec~nioues which have been emcloyed. 

tiO.Jre 6-6 j llustrates the I'ISSence Of the hidden 

I lne problem, Having determined to which model a oart.lcular 

ob.lect In t~e scene corresoonds and the transform which 

moves the model out Into its orooer oosltlon In the real 

world. HIDDEN can oredlct Where each corner of the obJect 

woula aocear In the image, There exists a 4x4 orojectlon 

~atrlx P Csee the descrlctlon of the Roberts system ln 

Chaoter 2) such that multioiYing the homogeneous 

reoresentatlon of a corner by P yields the coordinates of 

the oolnt In the iMaOe, The croblf'!m, of course, is tha• 

this orocess does not take Into account ~he fact that the 

obJect Is oollaue. In rlgure 6-6 lines a, bo and c should not 

actu~lly aooear in the iMage, The orot-le~ is even worse for 

concave bodies or grouos of bodl~~. In these cases only 

oarts of a 11ven I lne may be visible, T~e aiQOrithm below 

ornvlctes a method for determining whlcn lines or oarts of 

1 !nes s"ould bP oresent In the Image fro~ a given ooint of 

vie~. The method oroceeds In two chases. 

~urlng the first chase HIDDEN removes I lnes on "back 

fa~es" of Individual ooJects. This technlcue ls common to 

man~ exlstln~ hidden-line algorithms. The Idea Is that if a 
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Figure 6-6 • The Hidden-Line Problem • 
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face of an obJect Is totallY hidden, then none of its 

bounding edges should be dlsola~ed <cradlctad). The 

invlslbl llty uf a f~ce due to the object hiding Itself ls 

ouite easy to determine from a comParison of the face 

normal, Nf, with the "line of sl~ht". The line of sight or 

orincloal ray, PR, is a vector through the lens center Which 

olarces the Image clane at Its center, If PIC Is the center 

of the Image, A Is the cclllneatlon matrix, and C Is tJote 

lens center, then PR = <PIC)CA) - C. The condition for 

total lnvlslhl I lty of a face due to self-occlusion is 

therefore: 

N f • PR ~ ~ 

N f • I'R ( ill 

Nf = nf 
_, 

T 

.. r Is Invisible 

r Is vlslb1e 

where nf Is the normal stored with the orot~tvce Which 

matche~ the obJect under co"sldaratlon and T Is the Inverse 

of the 4x4 homogeneous transform which correctly oosltlons 

the !YOdel In sl'!ace. If a I I of our scenes consIsted of on I y a 

single convex ~olyhedron, then all hidden lines would be 

removed bY this oolnt, rloure 6•7a, however, shows a 



Figure 6-7 • Eliminating Invisible Segments • 



Figure 6-7 • Eliminating Invisible Segments 



t~nlcal lmagl! after the oack face lines have been f'tmoved. 

We now describe ohase 2 of the hidden I lne removal 

orocedure. HIDDEN be~ins by Identifying a1 I oolnts In the 

imaa~ whPrw I lnes cross. that Is, P1, P2, PJ, P4, P5, and P6 

in Figure 6•7b, Note that these oolnts do not exist In any 

internal data structure out only In the mind's eye of the 

vle•tr, The~ can be datermtned, however, bY coneldtrina 

all r~alrs of lines for Intersections. 

After they have been located. any little segment 

Cline between two ooints In the Image) Is either totally 

visible or totally invisible. To determine If a lint ls 

vlslblt or not HIOO~N notes first that a I lne which Is net 

enclosed In any of the ot~er faces (e.o, ~1. L2, and LJ) 

must be vlslbl~. A I ine enclosed In another region ma~ bt 

visible le,g. L5 enclosed In r2, or may be Invisible (e,Q. 

L4 enclosed In rl), To determine If a lint enclosed In one 

or wore far-es Is visible, HIDDEN must consider the J•soace 

location of this 1 ine relative to each of the face olanes, 

lf P Is a oolnt on segment L, to check for vlslbl I lty 

relative to facer we comoute: 

Nf • P ? 0 L Is visible 

Nf • P ( 111 • L 1 S j nv I I I b I e 
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If t~e process described a~ove Is carried out correct!~, a 

orocer dascrlntlon of tne scene viewed wi II eventually 

result (Figure 6·7c>. 

The onlY Problem with this 1escrlctlon is that some 

lines are broken uP Into sevt'lral coli inear segments. HIOOEN 

calls on a routine SPLICE which scans the scene for corners 

where two lines meet that are collinear. SPLICE replaces 

therr: with a slnQ~e I lne. The result is the desired line 

drawin9 <Figure 6-7dl, 

A I thouqh the crocedure as descr ibad above wi II work. 

some simple modifications can greatl~ improve its 

efficlenc~. One of the most time co~sumlnq oarts of the 

orocedure Is tne determination of the crossover points 

indicated In >i~ure 6•7b since each I ine ~ust be compared 

with avery other 1 Ina for a oosslble intersection. Rather 

than do this directly, 1-tlDOEN actually tries to determine 

the status (visible or Invisible) of certain lines before 

c~moutlr~ any Intersections. For each object in the scene 

it ~eter~lnes an "enclosln~ lmRge box" based on the minimum 

and maxlmu~ values of x andY of the corners of the obJect 

<sea Figure t:-•ea,. If line L belongs to the orojaction of a 

convex obJect (It is easY to mark tne convex orotot~pes, or 

Is a cart of the croJectlon of a concave object which Is not 

nl::loen by the otJect Itself, tnen it Is clearlY visible if 

it Is outside the lrnage boxes for all the other objects in 

the scene, Only tne 5 lines showl'l In rlgure 6·8b need oe 
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(a) 

'b) 

Flgure 6~8 . A Speed-Up Technique • 
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orocessed during onase 2 for the scentt In F"lgure 6-Ba, The 

other lines are known to be tot•ll~ visible, Concave 

ob.lects are nrocessed Individual IY according to the 

orocedure of chase 2 after back I lnes have been removed but 

before the scene Is considered as a whole. 

Verification Is slmoly the crocess of determining 

how !•ell a oredlcted line drAwlnQ agrees with the original 

innut. There are two lnteroretatlons for "orlglnal 

incut" here. rlrst. the predicted line drawln~ should match 

the original 1 lne drawing from which It was derived. Thls 

can he confirmed bY checking that for each I ina of the 

orealction there is a eorre~condino I lne In the original 

1 lne drawlnQ, If such a corresoondence cannot be set uo, 

COMPLEX co"'cludes that t>lther It has failed In its anaiysls 

<oeserlotlan) of the scene, or the orlolnal line drawing was 

lncOIT'olete. that is, sor.~e lines were mlsslnQ, Quite often 

such ~lsslnr lines can be detected b~ a statistical 

verification oo~rator (40] aocl led to t~e Intensity data in 

the vicinity of the oredlcted tdQe, while such an ooerator 

is too costly to aoolY everywhere In the original intensity 

matrix. It Is reasonable to aooly It selectively at thls 

stage of the analysis. 
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to confIrm or refute 

~~~otheslzed scene descrlotion. If all of the credlctld 

line<; r:ar t>e ,.,.,tcheo to lines In the original line drawing, 

It as5ume~ that the description Is correct. F"or any 

nreclcted line >Jhlct> cannot be matched with a I he in the 

''HI gIn~ I line drawirq~, It cal Is ucon the ;tatistlcal 

verification ocerator to check for the I ine Cadge) In the TV 

data. After this has been done, If a oartlcular body has no 

MOre than N of it oredlcted edges unconfirmed CN ls 

current I~ set aaual to 3), COMPLEx assumes that the 

descrlotlon for this body Is correct, otherwise COMPLEX 

assuwes that the body nas bean recognized Incorrectly, 

CC~PLEX as!umes that If a body cannot be verified. the body 

Itself and not Its occluder has been incorrectly recognized. 

tJerwlttlng ~ lin11s to remain ul'lc'Ql'lflrmed allows for a few 

.,ois~ lines In the orighal I ine drawing or some lines which 

simoiY cannot be seen due to coor I ightlng conditions. 

Although the criMary goal of verification Is to 

~oMflr~ a hyoothesls inferred from the orlalnal lnout data. 

~here are occasions when there Is slmcl~ Insufficient data 

fro" which to generate a good hyaothesls. [ n these cases 

ve;lfleat!on oerfOri'IS l maJor function In the recognition 

orocess, lwo such examoles arA sho~o~n In Flaure 6•9, In 

rra~o~re 6-Qa llSSUI'Ie tnat r.OMPLEX has ~ecoanlzed Body1 as an 

RPP114, Fro,., the I itt It bit of Bod~2 which Is visible 

!SSIJII'e that REC:lGNli!E can determine onl~ that the bOdaf ls 
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Figure 6-9 • Ambiguous Scenes Resulting from Insufficient Data • 
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either an RPP112 or an RPP114, If COMPLEX guesses "RPP114" 

and makes a ored]ctlon based on this, It would find that 

this guess Is lncunslstent with the original inout. Tne 

dottPd section oredlcted to the right of Bod~1 does not 

exist, It must, therefore, be a RPP112, Humans, knowlnQ 

the nrototyoes which make UP the environment. would 

oresumabiy oerform a similar sort of anal~sls. In contrast 

to the situation In rlgure 6-9a where the Insufficient data 

re~ults from occlusion. In Figure 6-9b the Insufficient data 

arises from an incomolete I Ina drawing, Assume that Bodyl 

has bean determined to te either an RPP122 or an ~PP12~. A 

nynothesls that the body was an RPP124 could be confirmed or 

reJected after oredictlon b~ checklno In the TV data for the 

edaes indlcate1 by dotted I ines, 
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CHAPTER 7 

SYSTEM PERFORMANCE 

In thIs ch:tctor we exam I '•B the performance of 

COMPLEX by means of a number of examoles. The examcles have 

beer. chosen to Illustrate and clarify some of the Ideas 

oresentea In the orevlous chacters. Three of the examoles 

are oresented In detai I. A number of other examples are 

exawlned more briefly, In each case to clarify a oart;cular 

feature of COMPLEX. Flnall>'• we Indicate a few cases where 

COMPLEX Is known to fai I, 

GE~ERATION Of EXAMPLES 

The I lne dra~ing oroJectlons in this chaoter al 1 

oriolnated with real scenes, The scenes consisted of 

flat-white calnted wooden blocks on a black cloth 

backnround, A TV camera viewed t~e seenes from a nelght of 

about ?~ inches above tne table too through either a 25mm or 

a 52 '""' ler'ls, Aooroxl~ately 6 bits of ln<;er'lslty information 

were obtained by combining four seoarate 4 cit seg~ents of 

the total dynamic range of the cttmera. The Intensity matrix 

was then orocessed by an edge•fol lo~er orogra~ written bY 

Manfred Hueckel (15J to crduce an ordered list of edoe 

ooints Csee Figure 1·3bl. The more oowerfui accomll1odatlna 

edae•fol lower dev&looed by Plngle and Tenenbau~ (4~) was not 
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available ~t the tl·r.e tl'at tnese examples were generated, 

A oro~ra~ written bY G, Grace was used to 

transfor!TI the eage·ooint data Into a line drawing, 

Unforturately, this oro;ra~ Is not ~et able to deal with 

ver~ co~olex scenes bY lt~elf. Although a few of the 1 ine 

dra~lngs I~ this section were ~enerated automat leal (y, most 

of the interestlnQ cases have had to be "touched UD"· 

Elthf'r scurlous lines ~o~ere deleted or some missing lines 

were added, ln those cases where no addition or removal of 

lines was reoiJlred• it was still necessary to manually 

adlust a set of 9 canameters which control the line-flttlnQ 

orocess, It acoears that In tne near future an ImProved 

11 e r s I on of Grace ' s oro g r a,., w I I I be c a cab I e of hand I I n g most 

~canes of Interest witn no human interYentlon. 

The cnotoQraohs Included in tt,ls section were all 

taken directly from our Information International Inc. 

dlsclays, The film use:i was Kodak TRl-X with an elloosure of 

1/B second at fB, 

SEVE~AL EXA~PLES !~ DETAIL 

figure 7-la Is one of the I Ina drawings generated 

wltnout Rn~ touc~ uo, T~& see~• consists of an RPP122 and a 

CUHE in front of it, The lnten!lt~ distributions ware such 
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Figure 7-1 . Scene R3.CRN . 

Note~ GOOD A: GOOD ARROW 
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(e) (f) 

(g) 

Figure 7 1 - · Seen R • ,.CilN 
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that In 2 cases reqlons that actual IY correspond to 2 faces 

arise. From the vertex label lno In Figure 7-lb the 

~otlvatlon for the BAOL tyee vertex becomes clear. BAO~s 

Qeneral IY result from T-Jolnts where one of the col I inear 

seo~Ants Is ~lsslno CP2, PB, or P1~>, from an arrow vertex 

cPl'~>• or from a "Y" tYoe vertex. Although both I ines 

~eetlng at oolnt P14 belong to the same bc..dy, the I inas 

meeting at P8 do not. There Is a good chance. however, that 

the I lnes at P14 wl II be assigned to the orooer body based 

on the vertices at their other ends or based on one of the 

soeclal case heuristics. It Is also aulte orobable that the 

bodies can be recognized even If th~se I lnes are mlsslnq 

frow the oartlal body oroJectlons, Figure 7-lc shows the 

erao~ thFt SEGME~T sets up based on the label lng of Fiou~e 

7-lb, As r~ent I of'led ear I i er, neg I eet i nq the scee I a I case 

neurlstles• thA 1is.Joint sucnraohs of f"I·Jure 7-lc corresoono 

to the i~dlvidual bodies in the scene. Figure 7-ld shows 

these ll"divldual oodies before any processing by the line 

eomotetion .... r.ou,t_ines al'ld Figure 7-1e shows tne,., after 

eomoletton, The onlY st~ole comoletlon ro~tine reaulred for 

this scene was ~DDCOR·'lEQ, Note that In utending lines 

P14·P15 and P9-P12 ADDCOR~ER chec~s the distance of t~e 

Intersection ool~t fro~ ea~h of the existing object corners. 

If this distance Is less than a oresoeelfied tolerance. t~e 

corresoonding corner is substituted for the new oolnt. 

Eaeh block is reco~nlzed In an Identical ~anner 
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sincP. ~oth of the~ are supported bY the table. Tne 3 

lowest corners of each are Identified as base ooints and a;e 

located In 3-scace using the lmage•table col I ineatlon. 

Points P15 and P6 are located In 3-scaee bY assuming that 

the~ lie on edges nor111a1 to the table since lines P11•P15 

anc NEWP2-P6 are vertical In the Image, The projection cal;s 

C~u~bar of Faces, ~umber of Vertices) Imply In each case 

that the corresoonding orototyoe must be a oaral leleoloed, 

The lengths ef t~e 3 edges connecting tne 4 ooints mentlo~ed 

above are tnen sufficient to soeclfy the orototy~e. 

Although the 

the resulting 

This Is, of 

original line drawing w11s incomolete. each of 

Individual body crojectlons Is complete. 

course, not generally the case as the next 

exarro I e w I I I show, 

The I lne drawln~ of Figure 7-1f results after 

lor.atlng each o~Ject In scace and oredictlng how the 

·~vc~theslzed" scene ~ould aacear from tne camera's oolnt of 

vie~. The ~~tAr~ination of tne transform that orooer IY 

aosltlons thA ao~rooriate ~ode! In soace proceeds exactly as 

cescrlbea In the crevlous chapter based on the 4 ooints 

<for~lng a "ceak~l just mentioned, As show In Figure 7-lo, 

the orealctlon and i~aqe fit aulte ~elI e~cept for the 3 

1 ines "'lsslng frorr. tnt original line drawing. Most orobabiY 

these I lnes coul:3 tle found by e~ol lcltly looking for them in 

the TV image w'tn tne sensitive verification ooerator. 

Even If they could not be detected, enouoh of the I ines 
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ma tct'l so that COMPLEX acceots the hygotheslzed scene 

de!tcrlotion, 

SCENE PJ,CRN 

r1oure 7•2a shows 5 scene slightly more co~ple~ than 

the previous one, The scene actually consists of 3 blocks, 

an LBEAH, a WEDG£122. and a RPP112, Again some of the lines 

seoaratJng faces Of different bOdieS are missing due to the 

1 IQhtlng conditions. In addition, several I lnes are 

olsolaced from their "ideal" oosltlons, In oartlcular, the 

T•.lolnt at P~1 has lts toos bent In such a way that It ls 

almost an arro~. SEGMENT classifies this vertex orooerly, as 

sh~~n In Figure 7-2b, by tolerating a smal I devlatlo~ from 

col 1 lnearitY <aoorox, 30 degrees) for the 2 tops of a 

T-.lolnt, The little stQment at P23 Is also not In Its orooer 

oosltlon since the corner finder In the Grape orooram merged 

with P17 tl'le T-Jolnt where this segment originally 

lntersected line P17-P19, The result Is a MULTI (Figure 

7•2b), In this oartlcular case, It makes no difference 

since both I lnes meeting at P23 wi I I be omitted from the 

indivld~al bOdY des 0 rlotlons <see below). 

Several thinos are ~orth noting in Figures 7-2b, c, 

and d. In Fgure 7-2c we note that two unlabeled nodes have 

been created based on "matching BAOLs",lf the one resulting 

from P1 end P14 had not been created. the two edges meeting 
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(a) 

(b) 

- (c) 

Figure 7-2 . Scene ~.CRN 

Note: GOODA: r.ooDARROW 
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Figure 7-.:: . Scene P;.CRN . 
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(f) 

Figure 1- r(' ~j.~ . •. 2 , Sc. 
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at P15 would not have been Identified as part of the wedae 

due to the MULTI at P17. The node corresponding to t~e 

GOODL at P23 Is discarded since after alI the merging and 

special case heuristics nave been aoolied, It still nas an 

associated set contalnln~ only 2 I ines. SEGMENT correctly 

assu"es that this node does not corresp~nd to a seoarate 

bod~, and that the c~rtlel proJection to which these two 

! ines should be associate~ can be analyzed without them. 

The comoletion rnutlnes add many of the ~lsslnQ 

lines :or the Individual oojects. As Indicated in Figures 

7·2d and e. orocedure JOIN modifies the WEDGE122 reolaclnQ 

1 lnes P17-P19 end Ps-P6 by line P17·P6 and I ines P1-P15 and 

P13•P14 by II ne P1.3•P15, e.DDCOR"'E'! a I so fIxes uo the I ower 

left•hand corner of the RPP112. ADDLI~E adds I lnes between 

PlB and P22 for the L3£4~ and between P2 and Pll for the 

RPP112. The result of the ~odiflcatlons is that both the 

WEDGF.122 and the RPP112 croJectlons are comolete, Althouqh 

much of the LBEA~ Is ~lssln~, tne vtsiole edge te~gths turn 

out to be sufficient for identlflcat,on and oositionlng, 

Recognition Is again straightforward since alI three objects 

are aetermlned to rest on the table, 

The oredlctlon ~~sed on 

descriDtlon Is shown In Figure 

original line dra~ln~ in Figure 

the 

7-2f 

7-29. 

hyoothesized scene 

and again with t~e 

The discreoanclas 

oet~een the oradlctad ll~es and the ori~lnal ones that are 

aonarent In this examole arise fro~ several factors. rlrst 
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and orobrobably most imoortant. the original line drawing ls 

not en Ideal c~rsoective oroJectlon of the scene but rather 

a oer~ceetlve croJection modified by the noise In t~e 

ori~lnl'll data and the oeeullarltlas of the orecrocessors. 

Anv transformation derived from only cart of the data <a few 

local features) will, In t;~eneral, not aljrae eKactly with the 

rest of the dAta, Some of the errors undoubted!~ arise from 

our slrrollfletj model of the olctura taklno orocess. 

FinallY, the author's abilitY as a caroentar Is subject to 

nuestlon, Conseouently, so~e of the do-lt-yourself blocks do 

not a~<aetly match the sceclflcatlons of the orotot~oes. 

Since these errors have nat Interfered with the ooeratlon of 

COMPLEY, not Much effort has as yet been scent on oreclsafy 

locating and removing their sources. The actual error is 

usuallv less than e!,l5 inches. 

SCENE ~9,CR~ 

In contrast to the orevlous two e~<amoles where alI 

the ~loc~s rest on tne table this ···~ole. rigure 7•3a. 

i II~Jstrate tl"le co,.,cllcatlons arising from other forms of 

sunoort. 

The o~ly interesti"g oolnts to be observed In t~e 

labeling of F'luure 7•3b are the E!ADYs at P5 and P13. It ls 

relatl~ely clear w~y one wants to think of BAOYs as a 

~eoe~erate T•jolnts. If the too block at the BADY ~era moved 
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(g) 

Figure 7-3 . Scene ·-c ...• f.t&: 

1 1. 
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slig~tl~, o~e or both of the BADYs would become T•Jolnts. 

In rigure 7·3d we can see that SEGMENT has omitted the I lne 

bet~een P12 and Pt3. It Is not associated with any node of 

the graph In Figure 7-3c, and none of the soecial case 

~eurlstlcs cause It to be assl~ned to a bodY. This oresents 

no croblem, however, since enough of tne RPP112 is visible 

wltnout It, ror simcllcity we shall refer to bodies by their 

orooer names even thou9h they have not yet been Identified 

oy the proor~,. 

Recognition, as Indicated ear ller. oroceeds 11'1 a 

bottom•to•to~ fas~ion. To beoln with COMPLEX might decide 

to analyze either the RPP114 or the ~PP122 which are both 

resting on the table, Assume that It examines the RPP114 

fl~st. CO~PLEX then triP-S to recognize the RPP124 on too 

of the RPfllloi but falls since not all the potential 

suooorters of the RPP124 nave yet been recognized. The 

next body or~cessed, therefore, must be the RPP122 resting 

on the tAble, After RECOG'lll£ Identifies and locates it in 

3-softce, the olane of Its too face can be used as t~e 

suooort olane for tne RPP112. RECOGNiit can then Identify 

and locate this bOdY. Now knowing the oosltions of the 

RPP114o the RPP122o and thP. RPP112, CJMPLEX can determine 

tt'lat the 

RPP114, 

soace. 

true suooort for the RPP124 Is crovided by tne 

T~ls last body Is then Identified and located ln 

The credlction Is !hewn In rlgure 7-3f anj wltn tne 
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origin'! I lnout suoerlmoosed In Figure 7-Jg, In this case 

the two I lne drawlnQs m•tch aulte wei I, 

CDMMfNTS ON OTHER INTERESTING EXAMPLES 

The !cene of rloure 7·4a, v1Ew3,CR~, I I lustratas how 

the constraint of known ~odtl size can bt used Tn 

rec:o<Hii t I on, rrom t~e visible cortion of the bottom block 

RECOGNI~E can only d~termlne that It Is either a RPP112 or a 

RPP114 (It I! actually a:-~ RPP112l, COMPLEX Pl'aceeds by 

hynot.h~slzlnQ that it Is a RPP114. Tnls allows the suooort 

nlan~ of the too obJect to be determined and Its base tdQe 

length! to be comouted. These I enqtns I however' do not 

eorresoond to anY of the lengths of edges of models which 

to~oloolcally matcn t'le too object. Such a failure bY 

RECOGNI~r ~lgnals COMPLEX that It should trY the other 

~ossicle orototyoa. the RPP114, as the Identity of the 

suooorting obJect• ~lth this hyoothesls the analysis, 

oredlction and verification orocaed without difficulty, 

eomcle~ ~cane II lustrating one of the unfortunate situations 

tt"tat arise In oractiea. Whl Ia In tneory deQentratt views 

oc~ur o~ly from single oolnt! of view, the difficulty that 

the orecroctssors have in detecting extremely narrow reglons 

causes oegenerate I ine drawings of obJects to bt nroduced 
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Figure 7-4 • Other Interesting Examples 
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Figure 7-4 0 • ther Intereating Examples . 



over a relatively larQe range of viewing angles <oerhaos 20 

deorees or more), This means that 05,CRN Is not atYolcal, 

The ~ecesslty of lnteroretlnq the T-Jolnts at P1, PB, and P6 

as "de~enerate arrows" whl le l~terorAtlng those at P7 a~d 

P17 a~ BADTs motivates one of the scecial case heuristics 

mentioned earl ler In the descrlotlon of our seQmentatlon 

oroc~dure. During the oredlctlon chase one must be 

careful not to oredict a face that would ideal Is be visible 

but Is Invisible due to a "oseudo de~eneracy" <I.e. the face 

determined bY P6·P7-P17l, This Is AccomplI shed simply bY 

interoretln~ as ~lslble only those faces of a~ obJect whose 

nor~al dotted Into the I lne of sight i~ less than some smal I 

neaatlve value rather than zero. 

Figure 7•4c i I lustrates on of the oroble~s that 

arises In the analYsis of scenes where objects aout. T~e 

1 ine drawln~ of Q1.CR~ was ~enerated wlt~out any touch uo. 

The ldentiflcatlo~ and location of the objects oroceed 

without difficulty, The oroblem is that a smal I error in 

the oredictP.d oosltlon of either of t~e objects d~astlcal IY 

chan~ss thP. to~ology of the oredlcted I ine drawin~. for 

this BMamole, the two obJects are oredicted to aooear 

seoarated by a~out 111r. of an Inch, AlthouQh the error 

does not cause enough I ines to be ~ismatched so that t~e 

correct h~oothesls is reJected in t~ls case. one mignt 

consld~r "forclnQ abut~ent" durin~ recognition If such a 

relatl~~shlo was detected during structural analysis, Prime 
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in11cators of atut~ent ~re tne BAOY, KJOlNT, and X•Jolnt 

t¥~8 ~ertlces. Winston considers the deter~lnatlon of tnls 

~tructural rel~tlonshlo further In (43), 

figure 7·4d, CL2.CRN, I I lustrate~ another croblem 

caused bY abutment, Each obJect In the ~cene Is recoGnized 

~uite sl~oiY after segmentation and oartlal comcletion. 

The oroblem arises fro~ the fact tnat RECOC~llt as it 

c~rrPntly e•lsts nas no conceot o~ the volume of scaee 

o c c u o I e d by an o b .I e c t • Cons eo u ant I y, a s '!Ia I I a r r or I n the 

calcul~ted oosltlon of the cube can cause edges P3•P25 and 

P2-P?5 to t-e o.,Ysleally located Inside (behind th• front 

fa~e of) the RPP122. The resulting credlctlon _,I I have 

tl'lese two edoes m'ssln~. Ideally, one should detect body 

intersections and correct them bY modifying the transforms 

assoclatPd wit., the offending bodies. ror expediencY• 

~cwever, we have sl~oiY modified the criteria for deter~lnc 

if 111 line s-o~e.,t Is visible. HIDDEN says that a line 

surrouncPd by one ~r ~or~ faces Is visible If Its mldoolnt 

Is In front of or within a scecifled s~al I distance behind 

&I I ~urroundlnQ faces, 

C L. 2 • r. R \ a I so I I I IJ Strate S an o t hI r Dr 0 D I 8 m t hIt 

~rises, for tne GPP112 oartlally occluded b)' the wedge, 

or;l) 11 s~all Sl!~r"lent, P1~-P23, of one of Its base edoes ln 

vis II:' If>. T~ls ed9e olus edge P19-?22 are extended bY 

lDDCO~~[R tn for~ a new corner at t~elr intersection. Since 

t~e c~~cute~ location of t~e RPP112 deoends gulte directly 
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on the location of this new corner, any error In the lnout 

data corresoondlnQ to P1~·P23 may lead to relatively large 

errors betwePn the cre,lcted and original I lne drawings, It 

may at times bAcome necessarY to ~eta close-uc view of the 

two edges before a oredlcted corner location Is estimated. 

In this examcle, it was necessary to relax the matchlno 

tolerances ~afore the object could be 

RPP112 I 

04,CRN shown i 1'1 Figure 7·4e is 

Identified as an 

~he first of two 

"lear if"()" exarroles. The I i ne drawin'J :1ere was aaain 

oroduced without touch-uo. It turns 0 L' t t~at for this 

oartlcuiar leai"II'IQ examole, both obJects oet recognized 

correctly without resorting to stereo ranging. Tne 

exnlanatlon Is lnterestin~. Only edQe P5-P7 Is ldentif1ed 

as a base edae of the wed~P.l e~ge PJ-P7 is ruled out because 

of the downwara ool.,ting arrow vertex at P3, Both bodies 

are t~en a!su~ed <l~correctly) to be resting on the tabla. 

The verticality of ed~e P6•P7 Is used to locate corner P6 in 

3•sc~ce. AssumlnQ t~e too face of the wedge to be horizontkl 

(~hicn turned out to ne true), RECOGNI~E then determines ~"e 

lor.atlo~ of corner P3, Cor~ers P5, P7, Po, and P3 are 

!u,flclent to soeclfy the "toe obJect" as a ~EJG£124 and 

A.llo" It teo oe oositlo,.,ed grooeriY In scace, F"rom tl'le 

s~al I cortlon of the botto~ obJect which i~ visible, It is 

onl~ oosslble to deter~ine that It Is either an RPP112 or ~n 

RPP114, Assu~l"g that It Is an RPP114, PREDICT generates a 
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I Ina drawing ~lth cart of the RPR114 st1cklng out benlnd the 

~o~EIJCf 124, 

origin~~ I 

Sl~ce tnls credletlon does not match the 

Ina dra~ln':l. tne descr lptlon set UD for the bottom 

ood) Is deleted 1nd It Is re-lo ntlfied as an ~PP112. 

This tlrre tt-,e orectlctlon MRtches tt'le original line drawing 

and the "'yoothesized d~sc:rlotlon Is acceoted. 

In ex111mo1e l.EAN,CRN of Figure 7-4f we have a 

sllo"ltl;y dlfferP.nt situation of one object leaning on 

1\nother. rc-r thP. ~•d~e, edges P2-P3 and P3-P4 are 

ICientlfiPd as base edges. and eonseouently the wedge Ts 

assu~e~ to be suooort~j on the too face ~f the lower object. 

~ased en this assu~otlcn. howe~er. the wedae cannot be 

identified with any crototyoe because the oredlcted base 

edoe lenoths d~ not mate~ ,ny adJacent pair of model ldaes. 

C(1HPL£X currently eKit~ with a "Failure In lhcoonltion" 

messRge tyee~ out wnen tnls situation occurs. When tt'le 

nearlY CO"'IOiete stereo• focus cacka~e becomes 

all~ liable, COMPLEX wi II check such situations for base 

noints with different z coordinates to detect laanlnQ 

~::onf IQuratlons, 

5cene R?,C~:<'IJ shown In Figure 7-4g is like the 

nrevlous eMa~ole in t~e sense that alth~~:n ~OMPLE~ does not 

eKacttv fall to desc~lbe tne scene, It does not comcletely 

suecPad either, In this examole none of the base edges 

of the occluded RPP112 are visible. Since the location of 

the base of an cb.Ject ola)ls such as lrnoortent role in our 
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one•BYBd reconstruction scheme, CO~PLEX currently detects 

sur.h cases and indicates that either the scene should be 

rotated on the lazy susan or the occluding obJectCs) should 

oe ohYsical IY moved, Using stereo or focus ranoina, 

~owever, one would not have to give up In these ~ltuatlons. 

The scene Tl,CRN snown In Figure 7-4h is tne final 

exarrcle we shall mer'ltlon In this section. The lr~terestlna 

feature of this examole Is the fact that t~e two I 1nes that 

are missing are 0 art of the exter lor boundary. As 

described previously, CO~PLEX was designed under the 

assull'otlon that 6xterior I ines would usually be present, 

Altnouoh segmentation will often fall It this Is not tl'le 

case. T1,CPN Is analyzed successfully, 

COM~ENTS ON SO~E SYSTEM FAILURES 

In this section we consider situations where COMPLEX 

fail~. These failures occJr because of lns~o~fflcle!'1t data or 

~ad heuristics. Such heuristics rule out the correct answer 

In the orocess of I i~iting the search soace. Clearly, if 

the lncut I lne drawing Is co~plete and COMPLEX C&l'1not 

identify an obJect correct!~, we would say that the oroora~ 

~'.a~ failed. If the line drawing Is incomolete. however, it 

is nnt clear whether to assign the cause of failure to 

COI-1PLEX or to the coor IF1out. 

T2,CRN shown In figure 7·41 is Identical to Tl,C~"' 
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of ~ i'lLre 7-4!"1 e)(ceot for a single missing internal edge, 

A nroble~ arises In Fioure 7·41 because the "Y" vertex of 

t~e front onject gets labled BAOY because nonA of its lines 

ecn~~ct to arrow vertices. This causes the front obJect 

to t1e Identified as two seoarate bodies. Although we could 

~ave ~oolfled the ~eurlstics of SE~MENT to handle this case, 

we have chosen not to do so. We snal I consider this a 

situ~tlon where our local heuristics are lnadeouate for 

saorrentation, The resoor~slblllty for this failure. 

s y s t em o r 1,, out , I s I e f t f o r the r e ad e r to a s s I g n • 

The scene of Figure 7-4J Is an examole of a 

'iltul!ltio,., tnat Is oossibie although unlikely, The two 

~ldden bojles are lnteroreted as halves of tne same body and 

are ~erged bY the se~~enter. Since this long body matches 

none of the orotyoes, a recognition failure occurs. ln a 

future reincarnatlo~ CO~PLEX would ~resumabiY have the 

abi ilty to unm;:.~o· !,correct merges such as this. 
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RESULTS OF THIS THEsis 

CHAPTER 8 

CONCLUSION 

The orlncloal result of our research is a heuristic 

nro:;ram, COMPLEX, caoable of lnteror~"tlng line drawings as a 

three-dl~anslonal scene. The only previous three-dimensional 

scene descrlotlon system comoarable to COMPLEX Is the one 

described by Roberts, Guzm~n's recognition proarams did not 

ooerate on real data nor were they concerned with the 

oroblem of locating an object In soace, COMPLEX is able to 

deal wtth considerably ~ore eomolex scenes than was the 

Roberts system, CO~PLEX allows objects to be suooorted bY 

one another as well as tlY t"e table. The most distinctive 

feature of C•JMPLEX, l'lo,..ever, Is Its abli ity to intetr 0 ret a 

scene tased on l~oerfect data. In addition to toleratlna 

i naccurae i es In Its I nout, COMPLEX can ana I yze degenerate 

vle~s of objects• obJects whlcl'l aocear cartlal I~ occluded, 

and tine drawings In which edges are totally missing, The 

oote~tlal to cooe wltn these situations is a conseauence of 

the baste organization af the orogram. COMPLEX uses its 1 i~a 

arawln~ lnout and a known set of models to su~oest and test 

n~nothAses, We believe tnat this aooroach to macl'll1'1e 

oerceotlon wl I I crove to be a fruitful one. 

We have also ore5ented some ere I lminary results 
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eo~cernlng the constraints In proJections of clanar-facad 

solids, These results begin to answer the ouestlon "How mueh 

does a single view of a~ obJect Imply about the shaoe and 

oosltlon of the obJect viewed"? More Importantly, howave~. 

t~e~ Indicate the oower of external constraints In the 

interoretatlon of Inherently a~blouous I ina drawing data, 

SUGGESTIONS rOR FUTURE ~ORK 

The Ideas which we presented In Chaotar J only begln 

to answer the auestlon of how orlpr knowledge or 

envlronorental constraints can ba utilized to aid In the 

Interpretation of two-dimensional data. To bl more 

,oeclflc, It would be Interesting to characterize the class 

of trihedral proJections for which 4 points completely 

soeclfy the visible obJect, One might also wish to look at 

classes of obJects (not necessarily trihedral) and 

oroj~ctlons that are soeclflad bY ~ independent oolnts. 

It ~aould be worthwhile to consider in more detail tna 

nosslbltity of ouesstno Caddlng) lines or :Ina u·amants to 

the PraJe~tlon as mentlone1 orevlously, Finally, constraints 

other than the ooint plane Incidence constraints should be 

lnvestlgatPd In considerably more datal 1. 

In the area of deslqnlng a more ratlabla vision 

system, we have alreAdY Indicated the need for an 

oraanlzatlon which integrates better tnt advantages of both 
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the model driven and data driven aoproaches, Portions of 

C:OMPLEX ue stIll too data-drIven to be ef feet I ve 1 n 

anal~Zino very noisy scenes. We also need to come to a 

clearer understanding of the most effective way to uti 1 lze 

both monocular and blnouclar depth cues. Many new problems 

worthy of lnvestl~:;~ation will undoubtedly become apoarent as 

mora e~perlence Is Bccumulated concerning the complete 

Hand-EYe sYstem, 

While ProbablY not effeetlno the rellabi llty of the 

vision sYstem. It would be desirable to be able to "learn" 

new structural descrlotlons of models and/or decision 

mechanisms for distinguishing between them. Both of these 

thin~s are assumed to be known a priori in our current 

lmolementatlon, 

In the anaysls of extremely coMplex scenes It wl I 1 

undoubteoly be the case that more t~an a single view is 

renuired for comolete scene descrlotlon. Peoole, when 

confronted ~lth a fairly comolex scene. walk around and 

analyze the scene fro~ several different points of view, As 

far as ~e know, no one has as yet considered the problem of 

efficiently analyzin~:;~ a second <wide anqle) view of a sce~e 

oas-.o or a cartlal anal~sls of a orevious view. 

Finally, we must keto In rnlnd that the oroblem which 

we hBya ~aen conslderlng Is to oroduee a comolate see~e 

descrl~tlon of a given line drawing, [f onl~ a cartlal 

interoretatlon of the llna drawing were reaulred, the 
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analysis would undoubted!~ be aulte dlffere"t, ror 

e•a~ole, If the auestiJn were "Are there an~ wedges In the 

~cene?"~ one ~loht be able to do better than anal~zlng the 

entire scene and then checking If an~ wedges have been 

Identified, Task dependent partial intercretatlon of 
nlcturPs aopears to be another areA wort~~ of further study, 
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4PPfNDix l 

A SIMPLE CAMFRA MODEL 

Image-Table Ton Coordinates: 

nur aooroach Is to find a matoi~g from the lmaae 

coordinates to the olane of the ttbie too. The res~lt of 
this Is that any oolnt In thr l~age that corresponds to to a 

real world oolnt actually lying on the table too <i.e, Pl' 

in FIgure 3•1 > w I I I be maopad into Its correct 3-scace 

location <l,e, Pl> In the table plane, Those oolnts that do 

not correspond to Points on the taole I i.e, P2'> wi I I be 

maooP.d Into the ooint on the table intercepted by a raY 

o a s s I tHl t h r o ugh t h e c am e r a c e n t e r C a I so c a I I e d t h a I e n s 

center or center of oroJectionl and the oolnt In the Image 

<I.e, P2T), 

Without getting engrossed In the detai Is of the 

oroJectlve geol'letrY Involved, let us say a little mora about 

this ~aoplng. ~e see from Figure 3-1 that what we have ls 

slmoiY a croJectlve t~ansformatlon of one 2 dimensional 

scace Into another with the camera canter as the canter of 

oroJactlon. lf we recresent oolnts In each olane using 

3-dl~enslonal homoge~eous coordinates, than we can recresant 

the transformation from the Image system to the tabla too 

system bY a single 3~3 matrix A such that: 
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v = /1 v. 

"'"erP. v· ::( l..,aof' x coorClf,..ate. Image v' coordinate, 1> and 

v =<wx,wy ,wl, My tne Fyndamental Theorem of Projective 

Geo~etry tnere e•lsts a unlaue transformation mapping 4 

oolnts ,,.. cne ~l~ne l~to 4 ool~ts In another olane orovidlnq 

that no 3 of the or I:;~ Ina I oolnts are col linear. tnus 4 

nolnts are sufflcl~nt to soeclfy T, 

Prior to our analysis of a scene. tnese points are 

lalo out on the table and A Is determined. Constouently, for 

~nv ool,..t In the IMaoe we can comoute 

ooir.t or the table, 

The Len 5 Ce~ter and ~ow To Find ltl 

its "correscondlno" 

~e can determine CCXc.Yc,ic), the lens ctnter 

ioeatlor, fairly slmciY by t~a arranQtMent snown In Floyre 

A-1. Here we assume tnat we know the locations of 

eall"ratlon oolnts P~ and Pl In the table cx.V,Z> system. 

Kno~lnQ A and ~here P~ and Pl aooear In the Image (not 

s~o•r>, we can det•r..,lne P~T and P1T rescectlvely. Knowing 2 

ooints alon~ each of the~• rays we ~now the ra~s and can 

cOI'Iseauently dPterl"ine c, their Intersection. A orobltm 

aris~s In ornctice fro~ the ract that due to mtasur•~•"t 

errors for the 4 oOil'lts Pa,Pl,PaT.and P1T, the two raYs do 

I'IOt intersect but ~~relY :o~• close, The way that we shal I 
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Figure A-1 . Arrangement for Determining the Lens Center 
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oroc~ed Is to assu~e t~at t~e ra~s do not Intersect and 

determl~e tnat ooint In 3•soact w~trt the perotndlcular 

distance between the"' is a minimum, lolt shall call this point 

the "best Intersection" of two <oosslbl~> skew ra~s. 

We define L0 to be thl r•~ from C through PI and 

corresoondlnQIY Ll to be the ra~ from C t~rough P1, Wa 

LBCt) • P2JT + CP0•PiiJT)t 

L1Ct'> • P1T + CP1•P1T)t' 

where If B~t!1 then the corrasoondlno oolnt Is between PJT 

.. n1 PJ, O~ote: 'l'l't are de:~lln1 wtth vector aauatlons hera,) 

Latus csaftne: 

Y1 a P1-P1T 

dPT a P1T•PQIT, 

we ~ant to fin~ values t•t~ and t'•tB' such that Dtt.t') • 

:L0Ct>•L1<t'>l~ Is "'lnlmtzed. Settlna 80/lt•l and 80/lt'•liJ 

wlaldl t~e fol lowlna set of eauatlons to be solved for tl 

and tl!': 

[ ::.] = [ 
ve. dPT] 

·Y1tdPT 
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We wl I I then take Pbest =1/2(L~(t0>+~1(t~'lJ. This orocedure 

alves a good estl~ate of the camera locatio~; the size of D 

alves a measure of the error. If oetter acc~racY Is needed 

one could do several such calculations of C and then take an 

average, The auestlon of determlnlnq an accurate and 

consistent modal of the camera syste~ constitutes a large 

nortlon of a recent dissertatlor bY Socei[37J. 
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