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r”;:elther the obJect is located, or there are no optlons remalnlng.--

ABSTRACT . -

Thls report describes a computer program that approaches perceptlon .
as-a problem~solving task. The: system uses information- about the appear-'f e
ances of objects; about their interrelationships, andabout available . - R
sensors to produce a plan for locating specified objects in 1mages ‘of: room'J R
scenes, The strategles produced allow for cost-effective proce551ng by
utilizing 'cheap' features in the early stages; reserving more complex T
operations for later in the process, when the. content has been sufflclently ARSRRE
restricted. : Ll - - - R

_ The general strategy paradlgm used by the system iz’ to acqulre 1mage
samples expected to belong. to: the target object; validate the hypothe51s
that the acquired samples do belong to the target; and finally to: bound
the image of the obJect by outllning 1t in'a dlsplay plcture.'

_ Sensors ‘used by the system lnclude a vidlcon w1th three color fllters S

and a master-scanned, 1aser—rangef1nder capable of producing 'a "range’’
image.” In addltlon, the range-finder messures the: reflect1v1ty at’ the

laser. wavelength at each post, producing ‘a’ gray-scale imagé in-: perfect
registration with the range image, . The prlmltlve attrlbutes ‘of brlghtness,
‘line, saturation;. helght and loéal surface orientation at spec1f1ed range 5{
locations can be computed’ from’ these: 1mages._ These attrlbutes represent '
the new data available to the’ system for- recognlzlng “and.. 1dent1fy1ng

obJects. .Object descriptlons are. provided initially by indicating the

object to the system; and- allow1ng the system to measure attributes, DR
Other: data,-such as’ typ1ca1 obgect relatlonshlps, are’ prOV1ded 1nteract1ve1y;,'”"
'by the user. : - S S i

_ ~ When requlred to locate an obgect the system computes a dlst1n~ ;g”7¥,;*,fjg
gulshlng features representatlon that' will serve to separate parts. of

‘the target from: those of.other: obJects. These ‘distinguishing features Q"-'
‘are combined into a: strategy represented ‘as a planning graph, . ThlS graph
contains optimal subgoals for achieving ‘the' ‘goal of-locating. “the" obgect
_An execution routine selects the. "best' subgoal, executes it, rates its.
“effect,  and. selects the next best goal contlnulng with the process unt11

Thls approach offers several contrlbutlons to perceptlon research By f;fi
‘capitalizing on the goal-directed aspects of the problem, ‘the system is .. o Lk
‘able to select relevant: information’ from a;nass of 1rre1evant data,”: The--ngf*
-system is able. to organize its: process1ng in such a way ds to optlmlze fg:a7°
‘the use of ‘sensor data, By generatlng strategles when needed, the progrmnj'
e-allows for the easy 1ntroductlon'of new. obgects and ‘new .sensors,  The . . |

”system allows for the Ioglcal introductlon of new 1n£ormatlon der1v1ng
':.algorlthms. - R . . . . : ) . RN A .
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*Cybhen gou found the ‘beach bag, gou racogn;zed fhe'éheafaé; '

Chapter 1 . IR . INTRODUCTION

_L__.T: _ t._é,i

A. Overviem

imaglna a not uncommon attuatton,- gou are’ -drlvang homa
: after a - pleasant day - at thB: beach., - ;Tha} air turns a Ilttla
chilly, and gou,sudden{g'udndar.uhethar:gou remamberad tc.brlng'
your: sueater Eack from :the:beaghf“‘Héppl!g;.houerh;;'Qd&'sfbp " :..
the "car, turn around; spy the beach’ bag, and--fécégniie.tha

smal | piece’ of green :cloth sticking out of  the top . as your . .

.

' aueater; and putﬂitcbn.;.ﬂ

:Léf _Qs Iook at thls 'snmpls SCEHaFID. 35 .ﬁ6fé déféiI.
First gour tnlt:al goal was to Iocate gour éﬁeétéf{_dééébhd;
gou kneu that If gour sueater uas |n the car. |f..§é§”h§§t
.ffukeig in the baach bag ' So, rather than uaste: tnmé:éééhcﬁiﬁg ::£ 
throughout’ the car, you first looked -for the beééﬁ:ubéQQ'iﬁfé_- PO

- became a subgoal for the solutian of the first. goal;"Fina{ig,_..'-

"'7merelg on the basis’ of a blt of green cloth. The: fact that tha'
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little piece of cloth was sufficient uas dus to ths limited
context ‘of the possible items in the beach bag. In.fhét
context, the green cloth dlstingu:shad the'éuaéfﬁF from all
other objects, and_' provrded a satasfactorg baals 'fbr=7
recognition. And, since there was -no great risk in'beihg:.

mistaken, that was sufficient.

In this thesis we -axplofs'an' approach .for gehera%ing_
perceptual strategies which capitaliza on the purposive aspects . -
of perception. In part?cﬁ;éf; Qe report . experimental rasults_“
Wwith a computer based system that relies heaViIg_on ‘a prfbri_
“-knouledge. to find =specif¥edj objects,aih rélétiVefg.bbmblex -i
ireai'uor?d-enVironménts; q'Ubjecis'éke shbuh -{u fHéﬂfég§fém"by'
using a cursor to indicate’ examplas ln a dlsplaged |héga;: The'ff

snd:cated"object- : ' then automatlcallg characterlzed by -

- histogramS"of:_focal-;surface attr:butss such Fag ;fhueﬂxénd e

-:~orientafionléndv-bg=spatfai relattonshlps among Sthe! surfaces.
The sustem can  use {his knouledge about=tha makeup of-tha',;

-current plctnrlal domain and knouledge cf |ts avasEable plcture  

.pPOCEBBlng techn:ques to automat:catlg formulate a strategg for

'flnding {he ob;ect. ::The. result:ng program i$ z'rdh  6h -]":':

"'representatlve scenes and should errors materlaluze, debuggedg'ﬂ

' Ulnteractivelg, o

S Tha sgstem IS ortented touard a verrf:catlon appruach to :
1.;9§ené' understandeng. It seeks partlcu#ar cbjects, ué?hgfaf;

fdésbrlptnon; “of tts, iarget,_ _ﬂost_=_ . ﬂf_' effpnthslé_éﬁéh§ '
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verifgihé”pf 'Eéfactiﬁé:hypoéﬁaséa.ihaff {hanapaa3pf'.the“}papé -
cuhreptlg'uhderﬂ-COnsideratfpn bafoaga. tb”fpai targst object.‘
This approach differs from the usual one uhera entitles in tha
scene  are first descrlbed and ldenttfrcataons are than mada

from the-descpiptioha.

Since it is often possible to rsf&ct: pr re}nfopca
hypo theses about object idénisficéifané'on tﬁé'bééis of local
attributes, the sgstem retles mnre on these, and !ess on gtobal
descriptions  such as shape or ' structured descrlptsons.
Instead, the sgstem is based on the premlse that in real scenes:;.
there exist easy uags of "aeexng" thlnga. Tha mang contextual.
relat;ons among real-uorld objects. togather unth muttssenscrg'
{! ey range ‘and cotor} data. suggast that a--pompipatfba?pf'
perceptual cues can: be-found that uou!d anable the ggéiéﬁ:tu‘
ea5|lgulocate and tdentlfg a. glven ObjECt-: F [ axampie, to-'
Eopata-”a tabiatop;,_ita,ps “usually, BUffICIBnt t'; find~ a
hppizontal _surface'Z-l/Z feat.: above tha fioor.-'slnce fhaaa;'
features dlsttngu:sh tables from othar ob;ects.- And, to fiﬁd'a_-aﬁ

telephane; it :s_ usuallg easier to first flnd tha tabla. and

‘then to  find fﬁa'téféppdﬁé; égfa~éma1| compact mass. of b!acksr
pdThfa:oh”tHéJtable.'|nstead of attemptlng the much hardar task
pf'fipdihg a telephone sofely on the bas:s-of its shape (the'
prihé?pal':baats- fn past ‘scene- analgsna sgstems) usnng no_-
contextual aids. Houaver. even uhen auch compl:cated featuraaf'
' aa'aﬁapEFare requ:red. PF tha -cuntext IS suztablg jimited;paf_.

simple “distinguishing measufe;_related__t_._that feature may | -
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euftice to reso!ve remaln:ng recognation amblgurtlee. Thue;___.
the rat:o of maxlmum helght to base surfece area is suffleient '
te dfstlngu15h the shape nf a telephone from that ef othee
black ob;ects normaltg found on a desk top (e.g., loose-lmaf

blnders). Thls approach to percaptcon is termed, "vtsien'bg_

distinguishing teatures.“

These exampte strategles are ad hnc and hlghtg context
dependent. We believe that the effeetlye—eee of. euch_domasn
specific knouledge 13_ essentlal for machine perception._ Uf'.
ceurse, the most successful exlstlng scensg. anaIQSts programs
also relg heavn!g on ad hoc heurrstlcs (seey: fur_example. -

L 1% S [T SU
Yakimovsky “and: ' Feldman or Be;csg ‘and”  Lisberman — Tha:

distinction betueen these pregrams and the approach ‘s advocats.
ties in: generality.  Programs based on a'targe'ameuﬁt'ef:éd hoc
knouledge were- thought to be "cheats" because the kﬁeﬁfedgefnée:
inflexibiy embedded: - Thus, ' minor madifjcattahs'bf the oﬁjgci

or -erivironment often necessitated major EepreghamMihg.'

A sgstem must instead “be eupplled with the hlghBP [eve!_.
‘ knouiedge and prublem solvang capabliitles needed to cheose for k
Itself the mest effectnve uag of flnd;ng ang object ineange
context. utxllzrng ail currentlg avaxlable knouledge abeut.the
uorld. Specnffcallg, the_computet must use |ts knoutedge to
setect. features of _ the: desired ob;ect that _erei both.
dnst:ngurshrng and eaeg::tef'seet - Ehe__utilitg__.nﬁ.zgych

% References are listed at the end of the thasis.

4
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"distinguishing features” is critically depeﬁdent on what is
knowun at the current stage of analysis. Hance. it is

unreasonable to preprogram these recognatron strateg!es. except

“in the simplest and most static¢ environments,

This  approach cIear]g requires a - fairig__ccmﬁtete"
description of most: items |ikely to be. found in the scene; 
Obviously, if the attributes’ being used ta distinguish tha
de9|red object from others are shared bg an unknoun ob;ect ther
sgstem is !eab!e to err. An attempt is mada to ctrcumvent thrs]
probtem bg check;ng other attrlbutes of the ob;ect ln order to
validate the hgpothesus that it tB the desnred UbjECt but thafu
basic problem is that ang tuo |tems that share 3 givan aat of_'
attrtbute values must have attrtbutes cutsnde that ‘set in order
-tq bs dlst;ngurshad._ Bg increasrng the set of measured-
attrabutea,', or by _lncreasung the reso!utlon : offffha 
measurements, ua.can |ncrease the total number of objeété—fﬁéf.'
can be . dlSt!ﬂgUIBhEd. Alternatlvalg, bg rastrlcting  iha_ 
context to & -smajt éet ~of - objects, ue ¢an__amprove fhg:
effectlveness of ”_a I}mitéd_: Sgt _ qf;__ccérseﬁ attr:pg{a.:. 

measurements.
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- B, Backuround ...

~Until . recently, . resesarch on .machina ;Zberéepfiohf has
concehtrated on ‘the exhaustlye-descbiption_uﬁ simpie geumafri&

environments appearing in a biack-and-uhi te tEIEVaSIQn 1maga .

The "blocks" world was 'nrfgihalig chosen to slmpllfg tha '

© problems of feature extiaction: and thus tu accelerata tha'“'

'_-development of hrgh Eevel perception programs.. Unfortunatelg.

it may also have :mpedad prugress bg dsvert:ng tnvestlgators to'- 
dufflcult but ‘less |mportant probiems attr:butabie to its verg
'sterttltg. First, the lack ‘bf' vartetg and ‘of meanlngful..
Gontextual - comstraints in {HiéTéfi¥fiCiéi uorld Ilmlted the'  R
extent to which perceptual strategles could capttallze on task' o
goals and expectations' ‘exhaustive descrlptrnns uera ;nvarlablg'f
sought. Horeovar, the unavallab|l1tg of attrlbutes Eika coior .
and” texture led to preoccupa&won ulth;shapa desqupttdﬂérégréﬁé
principal basis for recogh}tién,:uhich}: in turn; 3&?§éF;éa;é S
disproportionate amount of effort to the problem- df'exfraéfing o
per fect. line drauings of hdmdéeﬁeouﬁ bbjedté; viéued-QHdéE
homogeneous, shadouless iflumination. S EERS

The éd hoc;'ﬁriméfiig 16o{£oﬁ¥up. .feﬁﬁnfﬁueS'déyetﬁbedrzi'

.

under these constraints uere unsa{isfgihg bedausa’theg'nouid'bé'-
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'overuhelmed bg the irreievent detall found un vurtuailg eng :

other tgpe of scene. nghig tuned edge follouere“ffor example.

suffocate in a uorid Hlth texture. Horeover._ the elaborate

topuloglcal descrlptlons that cenvenientfg:characterlzed simple

polghedra are rnepproprnate for mang real-uor{d_ ob;ecte levgs,

trees, iakee}

eVen lf_theg couid be obta:ned uith reaeunable -

effort.,JT

The theens cunfronfe severel smportant perceptual issues,

such ae tnformat:on overtoad end generelstg of etrateglee. that-_.

arise ' ”“;:uor!d ecenee. - instead of e;mpltfging the_'

enviroﬁmehfi'our sgstem copee ulth the complex:tg uf real uerld
scenes by ceplta|12|ng upen thelr natural : redundancg of

descriptive featuree;ehd'contektue! constraints.

_We have chosen room scenes ds & rasearch:. domaln. because '

‘theg_ are... naturally . complex, - semantically . r|ch._: 'ﬁd
experimental ly convenient;;--ﬂang “of * the  lessons lnutieilg.zl
learned - in: this . domaln should. prove appllcable generallu toi- o
complex. scenes uWith adequate ‘semantic r:chneee¢ ;forgexampla'  S

the'-enalgeie'ofw.outdooraeeenes;rand;earth””PESeﬁree:eeteil¥te’"

imagerys

.:dep' ehjectlve :}si  to: ffhd | deesgneted objects fn'
uncluttered roome Eake . that ehoun |n FIQUPB. l uelng-.'
: br;ghtnese. color, and renge ae eensorg lnpute.'” The egetem.__ _i“'
.uiIE shouw its comprehenelon bg outlfnlng the .|ndicated object

>

ina displaged.image of the scene..
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Figure 1. A Simple Room Scens

Our::: - aystem 2 ig - roﬁéhlg - -partifianEd**ffintﬁ “'an
image-processing :SECtion--consisffng of:-a"set-'of primifiVé.
perceptual operators: (collectively- known' ‘as SIS} ‘ and 2
perceptual executive.. The executive knous about many kinds of
thingss. among them are perceptual properties of objects, their:
contextual relations, -the_roperating-.characteristiCSv'of'fhe
available primitive operators, and partial results generated EQ
an ongoing analysis. The task of the executive is to comblne
{Hesé.ﬁaﬁféus kin&s'éf rnformateon in order ta deflna tha next':
step ‘of analgs:s- that }é; to decade uhtch operator shou!d ba?

rext applned to which portlon of the scene. _ - __' : _.'. - L ;f
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C. Design Considerations

The above point of view suggestsd the folloning design

considerations and implementations for our parceptual system,

" 1. Perception as Problem Selving

Perception should be construsd as 3 .pr6b}em—sd|vfng 
process; the system must utilize ?t; knouledge of the current
real-uorld environment and of itszpuh-.percqptual'capabilitiés
to plan where and how to look for a specified object.
Specifically, the computer must use its knouledge to satect."
featu;es qf the ﬁasired object that are both distinguishing anq"
easy to Qee. The utility of such "dist!nguishiné features" is.
criticalfg'dependent on what is-knpun at the current stéga of
analgsié. Hence, it is wunreasonable to preprogram these
_recognition strategies, except in the simplest and  most sfétié_'
eﬁvjronments. Moreover, a system that can plan .its oun
strategy has.inherant general i ty; if‘should be able to fuhction{
in any environment fdr which its knouledge base and'perceptual-

primitives are adequate.

Our system contains a strategy géﬁEPating program uhich
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plans to a sufficient level of detail to begin execution. Fine

details are planned uhen required by the execution of a coarse

planning step.

18



Chapter 1 o . - . INTRODUCTION

2. Qeauential Degision Paradigm = .

It is usually unneceésarg to examine all features of an
object.to arrive. at a cohfident”recoghf{idn'hgpbfhééis. Sfmp!a '
.descriptive  attributes l{e.g., color, size) 'Fapiéfg [imit
consfderation to'a small subsst of the objects bbssibéé in a
“glven environmental context; Remaining'émbigﬁities caﬁ then be
resolved using distinguishing components of mors complax

| attributes (e.g., shape).

‘The systenm generates prédicatéé’uhidh”'chetk'EUffECEéht
local fgatures to either identify the surface in quéstion. dr
to reduce the set of possible ambiguous Objécts'{b_ the pqinf

~that a :smalt number'.of-:global. distingbishing'. teéfs 'dan

disambiguate,

EL..ﬁglgiéié'Sénggcg

The likelihood of finding suiﬁable surface attributes fof
dfétinguishkng .a giQéﬁ quegfw Encreas;s_uith_;thg numbar.u?
;independent © sensory  modaI}ties. Furthermora, sfﬁple“
discrimination in each of éévehal”Séﬁéohg modatitiééﬁgéhould be.

a ‘cheaper, more relfable alternative to usihg mare détéifed_

descriptions ‘in a single modality, It is SUbéténffaIIy easier
‘to interpret “a set “of brightness’ valuss observed through

several filters as a color, or a set,of range values a8 a

11-
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surface orientation, than ‘to interpret a  set 'ofvgfeg¥soa}a :

intensities as a shape or texture.

| Uur.orograos make use”of color iofohmafion.[represenfod.
ao‘ hoe .ond'saturatioo componeots}._ range._information_(from
| uhioh.is.extracted Hoight and focal surface oriantation},-an&-”:
" intensity data (greg-lovél data taken though a neutral-dansitg.

- filter),

4, Goal Directed Eeature Extraction

A key proolem ?n:peroeiﬁfng bg.distingufshingafeaturos is-o
..to extract tHo featubes. re{iéblg.. bno”_lésoon_that has been
Ieérned in .é.oecéde of visioo reseaoch .is that goodjfoature
extraction is guite difficult to perform adequafelg'oottomuuD |
for use by a knouledge-based interpretative process, HouéVer}&I
if the system is integrated so that recogoitioh'”otrétéo{eooare'.
based on knouwledge of which features are easy to extract. in a
“given context, then lou-level routines “could concentrate on |

. extracting those specific features.

Globat _ourface_features_:[jko:shapo. are the .Hérdesfzto:
IExtract because the surface must firsf be segmented . from the
1.rest of the _scene. Fortunatelg. ulth muEtlsensorg data,- in a
_.context that IS suffucsentlg restrlcted we can relg heavily. on
1oca| surface attrlbutes known to be both homogeneous over ths-:
goal ob;ect and dlstlngulshed from those of other nearby’
surfaces previously found or anticipated in the environment.

12
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The planner. uaes 1ts knouledge of the_ costs of the
- various avanlable perceptuai procedurss to arganrze its ssarch
to examlne cheap attrlbutas fyrst,_!atet resorting to more .

camp!ex and expenslve tests,

One probiem we, as well ds anyone eiss who iéfihfébésféd_
in Eost—effectiva planning,'muét,facq is the question of how. to
estimate the pertinent parameters weil” enough to altéu' uéifo"
- create effective stratagies.: While it is Usua!lg tha caée'thaf
any estimates are |likely to improve the system’s paﬁfﬁﬁﬁaﬁce
ovér the sstuat;on where there as no infprmatiqn- at all,
. cleaflg. tha better tha the system 5_knouledge. the better it
H:IF Hork, Hg currentlg model those prqcasseé.that';ara éjthef
siﬁple ;eﬁéﬁgh ”dr_ bounded wall enough to. ‘make: the model3 
meaningful. The modals do predlct the performance of many of
the system modules well enough that the system gets real

benafit from them.

13
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§.' Incremental Acquisition of Knowledde

" The substantial amount of ad hoc world knowledgs required
to plan perceptual strategies is mdét:réééoﬁabfg:aédﬁirédafﬁ'an-.
incremental fgshion._' Insufficient information  for. a: task i®s _“
.us.t..uaitg indicatéd_bg a _étr_étegg fa_i_lure, In this case, it ié_ R
genaraétg easy to ‘datermina_the, problem and. add. enoughﬂneu.'

'-facts to ai!uu'tha system to replan a. corract.qistinguiahing
'_ stréteggi ‘

Thé‘péFCEptuai‘sgs}ém s émbéﬁded in 1615 :(ApﬁéndiQZZ};

‘which gives the ~ user’ ¥UI1f'ihteractivé :éépabilifiééa'fdr :
‘examining the attributes of a point or a region and to é'dd.'or :

modify information in appropriate data structures.

14
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D. Perceptua[ Strategy -

Thé.uriting'of a .pércéptuai égptem to Iacafe. objepté in

Qéeneé :required the 'lmpfeméniéfiﬁﬁ“.of. certaiﬁ_ highwfeve}
'capagiiities. #irst. the sgéfem réﬁuired.tﬁe abilltg t§ iucéte'
single; [éolated sufaces 6f objects; Then, frﬁm knouﬁrsutfaces
.and known relationships .among objact parts, the system ﬁéédeﬁ
to be"ab!e tb. Ibcétg othar.ﬁérfé; Finally..ﬁé 'réﬁufréé fha_
iabilitg' to use inf&rmétioﬁ-.ébout.gone objéét .to':finﬁ.oiﬁer

objects. -

“The :5éérﬁh. fbr an' 65jeCf :procéeﬁs_:iﬁ: {hrea phésgs:
1acquisition, validation, and outlining fﬁr' boundfﬁgl. During -
a#quisition, the . multisensory . image - is. . eampled for
characteristic surface attributes of the desired objéct. If a
éémp[e satisfying all criteria is found, a sequence of top-down
validation tests determines whether the acquired sample does,
in fact, belong to the desired object o to another object with
;simi!ér'éuﬁfaée chagaéferiéffcs;' Tﬁe véi?datéd. object samples

:aﬁe used as starting poihts_fob an outlining routine.

15
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ih Acquisiti

The objective in- acquisition is to bapidlg:d?équafifg-
obviously irrelevant areas of . the scene so that.subsaquent-
processing-can concentrate on the most promising locations for
the goal ‘object. This objective is Eealized by sampling the
scene at 'a ”densitg détérmfﬁed bg the goa! obja;t's size,
max i mum range, and least favorable V|eufng orientation.
Attrlbutes of the gcal objact are tested at each sampla in-an_
order I;kglg to causs tha earllest dlsquailffcatlon- 6f
ifkeIeVanf boihfs.  The seiectaon of attributes suitable. for

achts:tlon is basad an: such cons:deratlons as'

(1) Criteriality--the attribute should invafiablg- be
associated with the ob)ect (e.g.. the fioor is always

horlzontat)

-2} Distinguishabilitg-utha'attributes'should'naf;aisoﬁbe-
characteristic of  other cb}ects expected © in that

context.

(3) Heasurabsl|tg-—the .attributa 'shuuld ' be reilablg'
o 'obta|ned from stmpie, Iocalzzed prccessnng uf ssnaorg_

data.

AcquTaition -canﬂ-aisoﬁ be  done indirecflg, a8 in the
example of locating the-te!ephuné by first locating. the table, .

~or in the case of finding objects Wwith.muitiple parts, - That

1B
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: is,.clues‘foﬁ locating the target object, ‘or for narrouing the
sgarch_spaceg.can be provided by some other- previously located
object with a knoun  relationship to the targst. Iq othgp 
mords, the -acquisition of some - part or object may itself

involve finding some other object or part.
ZL Yalidation

The. second phasa of fhe strategg scheme. valldatlon,
'ﬁrov:des sncreased confidence that the aCQU|red sampies belong
.to the target. This happens in tuo uays. Flrst,_.the'target
object may be ambiguous Wi th respect to other knoun objECﬁs. 
In this case, the systenm attempts Yo distinguish the target
from other members of this sat; 'Second, the system then tnieé
to raise its confidence that the acquired peints be}ong to ths
correct object by making other tests. This phase of validatiaon
is necessary for tuo reasons: First, acquisition attempts to
distinguish samples of the target from samples of other knowun
oﬁjects, ’but.' some attempt must be made to guard against
unknoun opjects.. Second,‘ siﬁce objects are characterized
rather coarsely, there may be points on some other, knoun
object ‘that are not reflected in the model, but that satisfy
‘the acquisition tests. Unexpected spurious points of this tupe |

are filtered out by this second validation stage,

Validation tests can also inciude more global features

17
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too costly to. test at. each'sahple{' 8.0 *giobal attributas
(sucﬁ as -size and shape)l of. the surface surfoundingftha
acquisition sample. . We rely on the consensus of several ciuds,

~individually tolerant;tests related to the surface-aftributes._'
rather than actually extracting 2 detailed description . of any
particular one. For example, the ratio of perimeter squared to
area, or the ratie of Iength‘ to wWidth, might suffice as
representations of shape. Many global attributéélofj é'éurféée

" can be grossly tested even without finding & detailed boundary.

For instance, a surface can be disqualified as too small merely

ég failing to find "a sufficient number of apﬁéopfiafélsaﬁpiés '

within a gross Windou centered on the acquisition sample. -

18



Chapter 1 | | - INTRODUCTION

3. VQ-!E' :
To complete its objective, the system muet_.fihalrg
display an outline of the object it has fuund.. Saveral
techniques can be used to determine this outline '}rom '
previousiy validated kernel points, The simplest is a region
grouth procese uhlch applres a predicate to nelghborlng polnte.
keeping those that pass and recurs1velg applgang tha predlcate‘

to theair neughbere.-:af';_u;;{ﬁy,:,quyg¢;;:h.;~&-

The sgstem can also utltaze hsgh Ievel knouladge abuut a
‘scene to rap:dlg obtaln approxlmate boundarsee uf located
objects ulthout exhaustsve Iou—[evel operatlons {such ae sdge
follouing or reglon grouing folloued bg Inne; fttting). ‘An
entltg in the scena 15 cnmp!etefg mapped unto a rigid object:_
modet by eupplg:ng the model s ;dentutg and a suff|C|ent ‘set. of

correspondences betueen modei po:nts and rmage polnte to

constrain posnt!on and ortentataon_{7Deta1Ied boundariee are
then obtalned bg pro;ecttng the model onto ffh ecene and

valadating the predlcted edges against lmage data.ne-ie:f ' L

13"
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E., Example
We will use the exanmple of finding the telephone in the .
image shouwn in Figure 2 to illustrate the process outlined
above. '

Figure 2. Image of Telephone on Table

In formulating its strategy, the system realizes that..
due to its small size, it is undasirable to search for the
telephone directly. Instead, 1t decides on an lindirect.

approach, and chooses to find the table first, To locate the
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table.'féfsearches the scene uith a'pkediéaté fﬁét re;ects all

points except those beionglng to a hor:zontal surface within a
given he:ght range.. In Figure 3 lsgé”]th.;:|nitiallg
acquired;tabfe bﬁ}nfé; Nthh after valldat!on, are: used as the
startingjpoinfé for an outlsnlng routlne.- Thls pﬁpgram scans -
outuard.fto find the: table g edges, uhich are “then used to
constraln ‘the locatlon of a pro;ected horlzontal féé}angie, as
shoun in Flgure G. The table nou provxdas a ulndou Figure
5. |n'uhsch ‘the telephone can be dlstlngunshed as a small

black regrun. Th acqu:red samples are shoun_ |n Flgure G

Finalty, “the . reglon correspondlng to the telephone is extracted

by a region - grouwing technique for - the final results :showm in

Figure 7.

Figure 3. Initially Acduired Table Points

21
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"'Fi'gu:re': g, '='-Hinddu':ﬂet'érlﬁinedz'bg T
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F. Outiine of the. Thesis

The remainder of “this thesis ls  divided into five
'éhapters, 'and thrae appendlces. Thasa_ aba-=6rieflg:outllnad

below as an aid tc the reader.:jLIi"f.ﬁ

The ;nteractlve sgstem ISlS JS dascrlbed |n sama'aetail.
in Chapter 2.. Thls sgstem uas developed as part of this .
research-to faC|l?féte_experjmentat}on uith’ v:sua{.strategeas.
We discuss hou iS5iS- aided in- the dgvelepment -of interactive
stfategias; ~and describe’ some. of. ;thase in' detail.. These

interactivé strategies uere. emulated in our craat:un of the

automatlc plannlng and: execution sgstem..

-ln:;Chapfér 3 :us'déscribé “sevéraf pEogréﬁ'vmodu!es that’
were deVeIoped afte&;'thair usafuiness Has 'lndacatad by the
manual strategree desbribed rn Chapter 2 : Theaa modules

includs programs fur ach|r|ng lntt|al ob;ect po;nts, programs

for ver:fglng the 1dantltg of thess_polnts. and programa for

then u9|ng thess p0|nts to Encate the boundaru of the object.

Lie descrrbe both tha actual operatxon of tha programs,_zand thou

He estlmate various parameters such aa tha expecte ;5cost of

exscution. and tha .rellabliatg of operation df the module.

»

These parameters are used bg the plannsng sgstem.
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The planning and execution system is described in Chapter B
4, The planner creates @ strategy whose operators consist of
"instances.cf'the-moduies'dascribeq in Chapter 3, This plan s
passed to the plan executor which. makes. @ cost affective
decvslon about which goal should be executed, and. exgcutes |t.
It then determines uhether the main goal uas satisfied. in the
course of exscuting the goal, and if not chooses the next goal
to be attacked. This sequence is continued untii the main goal
is saiisfied. o? no other options remaiﬁ. Alfhough fha plannar
Was deve&oped principaily for use by this systen, ué feel that
its applicabilijty exéends to other area§ of Artificial

Intelligence.

Chapter 5 describas several experiments with the'sgatem.
Ubjécts are indicated to. the system In several images, and it
then Iocates instances of these items in other images, He

dnscuss some arrors and omigsions, and their implications.

In Chapter B, we discuss the results ue. Were striving
foﬁ, and the resutts we actually achieved. We point - out the
strengths and ueaknesses of the approach and indicate where ua.
think it fits into an |ntegrated_v15ual sustem. We discuss our
contributions, and indicate possible future directiong for

researcn.

The appendices contain information and computations that,
-While germans to the work, seemed out of place in the main body

of the text. Appendix 1 contains the derivation of cost and
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confidence used in -thé.'eVaEuatibn'.of"saqUéntiaT detactor
strategies. . Appendix 2 provides a rather' complets description
of the ISIS  system functionsy it is  actuaIIg intéﬁ&éd as a’
manual for the égstem. © Appendix ‘3 explores the .ﬁéé"of

information gained from a failure to aid in future planning and

- . execution.
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LL ISIS AND INTERACTIVE STRATEGY GENERATION

A, Introduction

We have chosen as our objective {Hé' task - of finding
specified objects in relatively ‘complex real-worid scenes,
Ideally, one would like to program a cbmbuter' to find an
unfamiliar object @s one ubuld.instruét'a pérson,' bg pfdv}ding
@ crude description of the desired object. A 'taﬁlétdp; for
example, .ﬁight be described as a.'“hbrizoﬁtal;;buff¥colﬁred,

planar region, 2-1/2 feet above the floor." ' The computer could

demonstrate cbmprehensinn by ouffinihg inétances of fha

described object in a dispiéged image. The progrémher could

" then'refine the description empihicaiig to dorrééf' érrors in

- the computer's ihtebpretafébn.

 Communications on this level with a machine . is hampered
because the machine does not‘share_an_“understanding“-.uith the
human of basic descriptive concepts !ike. "horizontal," "buff,"

"abeve," and "planar." Such concepts. are often difficult te
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express in natural language, much less in conventional
programming languages; -primitive pictorial concepts are better

conveyed in terms of pictorial examples,

The difficulties incurred in the symbolic description of
‘pictorial’ concepts suggest a pragmatic approach to
représentation. Although we may not know, in general, hou to
describe shapes and textures, sﬁch concepts can 'often ba
aﬁeqyateig discriminatgd by simple feature extraction operators

when the context is suitably limited.

Representations of fhis_ sqrt .arq founded sofelg on
empiriciémé We have no theoretical undsrstanding. of perception
'ffém uhfch'thég can be deduced. Uqrﬁaim‘has therefore been to .
create ar in;eraﬁ:t‘ive system to facilitate the empirical design
 of scéné anafgéis p}ogréms; _Ihaisgstem a}Eous_ gn‘Expgriménter
 to désﬁfibe basie: perceptuéf.concepts_ to the cnmputer;ﬁsﬁng
pfctoriaf ekémpféé. The_examﬁies arg”degignateﬁ graphically by
éircfingnareés. of a ”disbiégéd sﬁene.uifﬁ a_cﬁrsdr. _Givenfaf.
pictorial ekample, .a repfesentgtfpn_ ban__ be empirically
éonstruétéd..bg : trgfng pictﬁrialu__dperatqrs in.. order  of
ihcreésihﬁ..ﬁdﬁb[exifg .untijz{fﬁe  éxémbje ta . sgfflciaﬁtig
distinguished from previously deternined representafiohs.
Pictorially. defined concepts constitute "a shared vocabulary
that can be used to:describe objects or"to”define ‘more comp lex
concepts.  This:paradigm is intended to elevate the user above
the details of handcoded algorithms, akloding him instead to

concentrate on the construction of descriptions and strategies.
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B. Defining Pictorial Repraesentations Interactively

1. Qvervieu of Sustem

_ The system consists basically of an image file, a library
of primitive feature extraction functions (sae Abpendix 2), a
means for applying selected primitive operatofs to graphicaliy
designated areas of a scene, a semantic data structure for.
accumulating concept définitions. and. an iconic dé{a struétura
. for retaining piptoriai examptas“of'tﬁose concepts. © Images are
stored in sample arrays, uitﬁ each éample~'character|zed by
ErightneGs measured through. rad, green,: blue, .and reutral
density filters and by a range measurement.  {Range is measured
by a time-of-flight ‘Iaser _Fange finder,) The - feature
extraction operators transform the -raw data into ‘mors .
 meaningfu| dimensions. such:  as hue, saturation, ‘and ~local™

surface orientation,

"chﬁic' regions are réﬁreéented as an explicit list of
picture samples and/or as a_ list of vertices describing a
‘closed polygonal boundary. A bounding rectangle enciosing the

region is also stored for each regiom, Efficient routinas
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exist for determining whether a given picture element is
contained within a bounded region, for obtaining a ast of
samples over a bounded region, and for fitting a boundary

around a set of samples {see Appendix 2}.

- The primitive functions and symbolic data structure
reside wWithin the interactive environment of INTERLISP on a
POP-18, The raw data arrays, and support routines for
graphics,"fiie handling, coordinate transformations and such
reside in a.oFUHTHAN environment accessible as . a  lower fork
through the TENEX operating system. The graphics harduare
" gonsists of a monochromatic ADAGE vector display with a "molse"
and & RAMTEK color display with trackball .

Briefly; the system’s rolo“can‘hs explained: as follous. .
To. describe concepts in terms of -the computer’s primiti?e.
functions, a human must know (or be abls- to  determine easily)
what those primitive functions.can distinguish. - Qur sgsteo
provfdos the trainer "uwith- tools to choose primitive functions:
enpiricaliy., The trainer can circre regions of . the displayed -
image and obtain. from the.systom-average:orf-extrame'numérica1'
values for local operators such os height, huei'oafuration,jand
ourface normal. -Thus. by applg:ng operators to examptes and
countaraxampfss of plctorlal concepts in the |mage. the tralner
- can d:scover dlrectfg uhlch operators provrde suffIC|ent

o ok e o e ok ek ik A U ek A S ke ek A e A B A e A

* The mouse and trackball both allow us fo manlpu!ata a cursor.
on the screen. MWe wuill use the term, mouse, to refer this
cursor. ‘
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discrimination. The traaner can trg out a proposad dsscrlptlon

bg requestang the sgatem to lndicate ali parts of the drap!aged'

scene that correspond to the dascrlptlcn.

Let us noul ellustrata. Hith porttuns of actual protocols.
how an -unvestigator mlght use the sgstam tu dﬂfan ptctorial
: concepts sn;.a_ simple -room scene such as Figure 1. (The

examples”bfééhﬁe”a 'sllght famillaritg uith LISP notatlon. but -

should be'!argaig self explanatorg.) B

2. Description of Objects by Plotorial Exampls

- The trainer’s immediéte ob}eqti%e in a new domain ig to
describe the principal surfaces of jnferest-(a.g.. wall, f!cor;
‘tabietop in a room scens). The objact uiiT: be to 'a[iﬁu fhe
sgséem to devaelop characterizations for tﬁé 6b}ébfs.fhéf can-bé
used to describe the surface characfabféties.'.%Hé:.user can
also interact With the system to provide relational data (such
as the TELEPHONE is on the TABLE). This process of intéracting
‘with the system is used to deQélop descriptions for use by the -

automatic portions of the sgsteh.

Using the cursor, the trainer ‘begins bg"ouffining the
tabletop surface in Figure 1, Tabletob 18 nou a égmbdlicallg
accessible - concept, defined : by pictorial example. * From the
defined region, the system seiects random samples (as shoun in

Figure 8}, and ' uses these for computing primitive features.
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Figure 8. Sample Points Used to Compute Table Properties

The traihef can oﬁtain. ihe valugs 6f thssé primitiQe féatﬁrés
by using.thé fuhctions fﬁ Appendig.Z; Fof inétance:l. _ -
(HEIGHT TABLETOP) -- user input shown capitalized
2.4 R machine responds Wi th .averégé.
' . heigh& of the encircfed surface,
shoun héﬁe in feef; | -
(HETGHTEXT TABLETOP)

(2,63 2,48} == (minimum height, maximum height)

(HUE TABLETOP}
31,5 . .. .. == average hus over - the.tabletop,-
expressed. as.. the . angle.. (in~

degrees) . measured: from pure red.
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araund the periphsry of a coior

triangle (see Appendix 2).

ihe Qaiﬁés of.these sﬁrface attriﬁutés ére.-céhputed.bg
applging. primitive operafﬁfs to ihe randomly éampléd image
points, The attribute values are converted into histograms of
probabilities. These histograms allon us to determine the
probabi ity that an object will have an attribute value within
.a giQen range. By examining these probabilities, it s
possible to determine exactly which tests are characteristic ﬁf
the object. Used in conjunction uith histograms for other

~objects, it is possible to make up distinguishing tests. -

3. Testing Descriptions

The'tﬁaineF Qéég.'tﬁé iﬁiofﬁatioﬁ éubpliéﬁ by .ihBIQQSfem'
to select ‘primitive functions that best distinguisﬁ_.ﬁhe .
| tabletop from other surfaces in the scens. .Tﬁé adeqUacg; of a -
‘set of primitive functions- can be tested emp:rically by
requesting the system to |ntensefg all pocnts :n the dispiaged'
lmage that satisfg a proposed dascruptton. . Hore spec:ficailg,
the descrtptlon_ is fcrmulatad as a LISP predrcate usang the
primitive nperators and the predicate functions in Appendtx 2.
“The routine FILTER applies this predicate to randomlg sampiad
points in the |mage. Al pclnts satisfglng the predicatg will

bé d:splagad and . retalned in 'order» to test . subsequent
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refinements to the description, To iflustrate, if the trainer
uishéd to . determine whether tabletops were adequately
distinguished by their color and height, he could regusst the
system to filter “pandom image pointes éécofding to the

predicats}

(AND (COLORP (HUEEXT. TABLETOP)
| (HUE X3 )
(LIMITP (HEIQHTEXT TABLETOP)
(HEIGHT X))

This.predicéfa iranslates rbughlg as: "Find all poiﬁts,'x,-aUch
that the hue and height of X are uithinltﬁa rangs of colors and
heights observed on the tabletop;" . When the " system applied
this predicate to the random image saﬁples d?sﬁiaged'_in Figure
S the display in Figure 10 was generated. ”Tha left half of
this displég.éhous..thé fbcafibn {n. tﬁefscehe of: those points
from the original sat havnng approprlate henght and hue. Thé
correspondfng.color coordinates of these seiected points aré
. displaged'in-the color triangle to the righ{;3 Note that ail of
" the selected polnts fall ulthln ‘the uedga delimltnng the range'
of hues observed in the tabletop exampte. Fsgure 19 shcus that
. not only dld the predlcate salect al ﬁf the p0|nts on the
.tabieiﬁﬁ; it also accepted some po:nts at table helght on the
buff éofored wall and broun door.' Thus, the deflnltlon
proposed tor the tabletop is not suff|C|entIg d:scrlmlnatlng to

sefect only the tabletop, and hust be augmented u:th a.

34



-Chapter II. - - v - 18IS AND INTERACTIVE STRATEGY GENERA?IDN

Figure 18. Random Samples with Hue and Height of Tabletop @ <
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constraihtf'bn cbidF_'§éfﬁﬁa¥i6h"br'fbh _surface orlentatlon.
Figure ll“sﬁdus the result of further fllterrng the pclnts of
correct hetght and coIor ulth a predtcate that allmlnatas those

Hith tmproper orientation,

Figure 11[ _TabEetbb;Samb!eé Further Distinggjéﬁed:bgaﬁfienfation

(LT CORIENTERY BT (et ),

Fagure 11 conf:rms that Coib_. he|ght. and:or:entatlon
comprise a descrlptron that dtsttn90|shes tabletop, at
least in thl$ partlcu[ar scene. The correspondung three clause
predlcate,E: :”.' : e S
3 (AND (CULDRP (HUEEXT TABLETDP) {HUE X1}
(LIHITP {HEIGHTEXT TABLETGP) (HEIGHT

X))
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(LINITP (ORIENTEXT TABLETGP} {ORIENT
X))} : BRI

exﬁressés the description fn procédurai.fufﬁ,' Thié expression
can ﬁou bé used as a predicate to locate tabletop points In
other images. It can also .apbear as a clause in more complex -
predlcates, such as prccedurss fur finding tabies or cbjects on

tables.

Since all of the primitive operators appearing in the
tabletop predicate accept a variety of arguments, the predicate
~can be used not only to filter image samples, but aiso to test.
uhether cbjects ‘or - regions qua1ifg as - - tabletops.  In
particular, the trainer can have the Egstem appty the predicate
to every surface descripf%on in thé data base, in order to.
. dafermine whether tabletop is adequate!g dist:nQU|shed from

' ob;ects that appeared in other scenes.,

In addition to usfng_extreme values of attb%butés-fof
descriptions, it is often useful, when more than a: fey objects.
must be dlsttngutshed from each other, to use descrlptlons that
are more restrictive. Many obJacts tend to have overlapplng
' ranges of attribute vélues. For axample. ths saturatlon over a
reglon of tabletop mag varg frnm 2 to 4 uh:le tha saturatlon

“of uall mag varg from .3 tu .5, Ubvuouslg, saturatlon aluna

mag not aluags be adequate tu dlstanUtsh tabletop samples from
uall samp!es. Thrs becomes a problem uhen He are trglng to

locate Eamples of ons ob;ect - or tha other in an image whers
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both may be. found. - A more promising approach is to refine the

description in such a way that only a part of the full.range of

attribute values for the object is used to locate initial

samples, and then use these initial samples as starting points.

for a region grouér. ‘Ubviduélg;"fhis would not describe all
the points.on the surface, but uodld'hdpeful1g match at !eaét a
feu (although, Wi thout correlated measurements, it -is'possibla
to inadvertantly - create descriptions made up of partial
attribute value ranges that failed to match any.point on the
surface). The regjon grouwer Would examine points adjacent to
these points collecting .those that had attribute wvalues within

the full range of allouable values for the object.

This partial attribute range is. then carsfully chosen so

aa to both distinguish the objéc} from other objects, and also

be characteristic of the object we are describing. MWe may then.

‘need to augment. the'deécbiption' bg' the éﬂditibn .of-bthar
attributes in  order . that _the description " be Ctiruly

_distinguishing.

‘Since the attr:bute valua functtons mentroned prevnnuslg

and in Appendtx 2 are hdt' adequate fob' determ|n:ng thasel

bért|a| attrlbutes ranges, He hava :ncluded the capabilttg to
display the  probability htstograms mentloned preV|oung.
One-dimensional hlstugrams a[lou us to e#amine' the comp!eta

épécfruh of .attrlbute vaEues for an 6bject. In addltlon. He

A 6én disﬁlag 'tuoééiméhsibhai h?atoérémé (scatter p!ots} .of.

038



Chapter I1 R 1S1S AND INTERACTIVE STRATEGY GENERATION

selected aftribute pairs - (e.g., hue vs. saturation)., " Points
in the histograms can be selected and Image points With
corresponding attribute vaiues can be displayed. The histogram
display functions also allow us to examine windous iﬁ the
picturé (in addition to single points}, and chsck them for
appropriate statistical distribﬁtions of attribute vélues.
This would be ussful for expérimenfing.uitﬁ certain- classes of
texture operators. By comparing hlstograms from tha object we
are describing with those from other objects, we have been able
to interactively dstermtne‘good.dust1ngu1sh|ng descriptions for

~all the objects in our scenss.

N
(v
-1
(7]

ion of rib

Instead of describing SQrfaces pictorially, * the trainer.
can first define common surface attributes, such as the eolor
"buff" and the orientation "horizontal," uwith which to describe
suf}aces symbolically., These attribute |abels can usual ly he
defined by a characteristic range of values for a single.
primiiive -aperator., The range' of values may be determined
empiricaily by applying the operator to pictorial examples of .
the attribute. Horizontal, for instance, mfght:bé"définéd as

any surface whose normal is within b5 degrees of the Z axis

(based on values of the ORIENT nperator ohta|ned when po:nttng,
at |mage samples on the fioor and tabietop). CAttribule tabels

may also bhe axten3|onallg defined in terms of the dbser#abla'
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properties of pictorially described objects, For example, buff
can be'defined for the system as the color of the tabletop:
NEWATTRIBUTE (BUFF) . - |
defined as: {HUEEXT TABLETOP)

Affribute descriptions are testéd'and Eéfinéd empirically
in ;He same manner as object descriptiens. For instance, the
definition of horizontal would be tested bQ' requesting the
system to intensify poinfé Fandomfg sampféd'fﬁ the image that

satisfied the predicatet
(HORIZONTAL X).

The .sgmboi HORIZONTAL svaluates to the ranga of
orientation (-5 5}. Hencé the . predicéte' will accept all
points, X, uith orientations in ﬁhis élloued range. Figure {2
“validates this definition of hofizontal, since: all intensified
points are on surfaces such as the floor, tabletop, and -
chairseat normally thought of as horizontal, Thisfdescfipftﬁp
is again preserved -in  procedural form as - the function

~definition of HORIZONTAL.

' 5, Sumbolic Uescription of Dbjects

Defined éffkfbutes can” be used sgmbo!icaiig to describe
" new ubjééts.:.Fur. exahpie..flbbr can nou beldeécribed to ths
" system in terms of buff and horizontal as follows:

NEWOBJECT (FLOOR) |
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Flgure 12, Hortzontal ImageTSamp]eS_ab

(DHIENTEXT FLUDR HORIZUNTAL}.
(BUFF FLUDR)
(HE[GHTEXT FLUDR ( B.l H 2})'

NENDBJECT fsrst estabtishes floor as an object in tha:
data base. The 'prlmstlve functlons then deposrt ‘their second

argument as ccrresponding propertgullst va!ues of ffoor. The

height: range ( B l B 2} uas determlned emplrlcaltg hg applying
the HEIGHT operator. to a few manuaily designated floor samples.
Since no pictorial example of floor is provided, anu attributes
not explicitly supplied are indeterminate. The function call,
(BBIGHT.FLUUR). for example, uwould return as its value the atom

UNBEF {standing for undefined).
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- The'description of a floor can be tested in the usual way
by éﬁﬁigfngfihé;"fd}f@uiH§ §Fédicaté:tﬁ%FéﬁdSﬁEQ ;samp1ad image
pomts: SRR TR PR SR A
| (ANDH. SRR L

| ‘HOBIZQNAL.Xff } -
CEUF X
©INITP  (HEIGHTEXT  FLOOR)  (HEIGHT

5 _..Thé.i_sa_’_cig..'f'_a.c"fql_‘jg:E‘é:s:u_l_'t.;-_'i.s_ d'isp'? a'gec_i in Ei'éure 13.

Figure 13, Floor Image Samples”
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B, Dgsgrigtion‘gi Complex Dbjects

We use the .representations deQeIdpad for aimple objects
and surfaces to form articulated dascrlptlons of complex
objects. . A chair, for examplae, mtght be described at the top
leve! as an object with two principal parts, seat and back, tn
. the spatial relationship (ABOVE BACK SEAT). The attributes of
sgat and back in correct spatial juxfaposftion.adequételg
' distinguish chairs from other office furniture (e.g.. tables),
and may do so mors effactlvelg than attrlbutes of parts such as
legs. At the next level of description the ' sub-objects, seat
and back, might be adequately desdfibed.iﬁ .terms of thgir
distinguishing—surface attributes. A seat, for instance, might
be characterized simply as a horfzon{al surface in az suitable
height rangs, perhaps with specified colors and l inear

dimensions.

Articulated descriptions can be developed emplrlcaflg |n'
tﬂe_ same uag as surface descriptions; the proposed chair
description, for example, might be tested by writing a program'
to find chairs, based on predicgtas which find the parts: e.g.,

{PROG (X Y} -
A (COND
{{SETQ X (SEATJ?
(COND:((SETD Y
{SCAN-ABOVE X (GUDTE BACK)J)
(RETURN (LIST X Y)Jl
(T (GO AI)))
63
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(T (RETURN. NIL}Y)

This éxamp!e LiSé function attempts to . find the chair by
first finding the seaf. and fhén !boking in a.uiﬁdoﬁ. above the
seat region for samples that look like the baék.. If it finds
both, it returns the two regions. If it finds sémp[ea that
Jook like the seat, but cannot find the béck above the seat, 1t
continues looking for the seat. Finally, if it cannot find
both regions, it returns NIL. For afficfencg'in séarching the
image, parts.iike the seat that have distingdishing.attriﬁutes
should be sought first, in order to narrou the seérch.rapidlg

to Iiketg areas of the scens.
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C. Interactive Strategies

It is not always possible to spe;ifg a simple predicate
that. ullI  select all image samples bg!qngfng .to a desired
object and to no others; in such_‘ casés, special lzed
ob}ect—finding programs may be nfedea fo.detarmina the éctuai

boundaries of an object in the image,

The interactive fsatures of our’ system' provide Unique
experimental capabilities for rapidly developing specializad
scene analysis procedures,  The system offers researchers the

following advantages:.

(1) Complete = compatibility with INTERLISP,
facilitating the development and integration of

special ized scene analysis algorithms.

{2} Symbolic access to a jarge ibrary of primitiQe
. feature egtraction{operaﬁors as ygll.as to a uide
.varietg 6f_ utility programs (e.g.; coorqinate
trénsformatiéﬁs, disp}ag roufiﬁes)_ undgrlgtng the

impleméntation of the top levael .system.

(3} * An extensible vocabulary of semantic corcepts: that

can be used to express'percéptuaI strategies.
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(4) Ani interactive graphics package specifically

deéigned for scens analysis experimentation.

" (8} An efficient and versatile icdnic data siructure
for regions and edges, complete with editing and:

display routines. B

The system has been used :gxtensiVBlg for constructing
sbéciélized programs that find and outiine the various objects
in a domain of uncluttered office scenes. In this work, the

“system's basic,repertoife of'primitive.dhehators ués’éuQﬁantad
to include -several higher-level functions, The following
exampies demonstrate the _usé_ of ISIS - for jnteraqtivaig'
génera{ing strategies - and teﬁhniqdes for  finding several
objects in‘_room scenes. Lafer;_chépters uill..déaqribe the
implementation  of p%ograﬁs to emulate__itheséu techniques

automaticaliy, -

L. Dmni__g_fgaﬁ_o‘_&md_agr—' ir Ec_o.gr_am

Dne“m?gﬁt assume frﬁm'preyiﬁué éxémﬁ]éé tﬁa{, to find the
door, the :sgs{em"héed"bnlg 'abptg' a suitable predicate to
extract door samples in the image, and then fit a boundary if
desired. Door samples}"houévér'“'éré“”nét always easily
distinguishéd from those of ofhér.objécfs on the basis of.local
attributes. This fact uas_established_empiricalIg bg_ciréiing

a door. in a. test imagse. and requesting” tHe system to seiect
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random image points that fell within the ranges of hue,
saturation, height, and surface orientation observed in that
region. (Brightness was considered too variable to use as a
criterion for acguisition.) Figure 14 shows  that hahg
irrelevant points met the criteria, including points on the
chair back, points in the picture hanging on the wall, and even
points on the portion of wall visible under the table. (The
saturation of wall points under the table is unusualtly high
bhecause incident light is reflected from the broun floors., The
saturation of some door points is reduced because of specular

reflection.}

Figure 14, Random Image Samples with Local Attributes of Door

The - vertical rectangle bounder {VRB) " 'is "'a highly

specialized program module that can utilize a priori knouie&ge
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to obtain an “approximate doqb boundary rapidly, wuithout
) recourse'td edge-fol lowing or regiﬁﬁlgrouing. 'Alti_SR] office
doors are known to be vertical,_rsctangular;‘ plane surfaces,
3.5 feet in uwidth, 7 faat high, and bounded befou by the floor
(height 8). The boundary of a door in an image fs thus
completely constrained given the world coordinates of a single
point on either. uerticalledga_ and - the surface orientation

measured on the door’s side of the edge .- The task of finding

the door thus reduces to that of obtaining the two pieces of
information, an edgé location and a surfade orientation

required bg the vertjcai rectangie bounder.

In the current :mage (Flgure 15). observe that the haight .
range above the tab!etop and belou the plcture rs occup;ed anly
by the door and tHe dtrectlg eilumnnated uali.. Thess objects
were obServed to dlffer marked!g |n saturatlon,_suggesting that -
a door edge cauld be Focated bg scannlng hor:zbntailg at this

dlBtlngUIBhed henght._seek:ng a saturatlon discontrnu:tu.

.The above con;ecture uas conf:rmed usth ‘some  brief
< exper;mentatlon: Flrst obtarned numarlcai . values of
saturatnon usnng the prlmlt[ve SAT E;Tﬁé¢ﬁ satﬁratlon uas
observed to be B B uhen pountnng at a door sample and 8.25 uhen
punntlng at a wuall  sample, f-H than scanned a pred:cata

% Assuming the detected edge has wor Id cood:nates (X, Y 2,
the door boundary is a vertical rectangle with two corners at
(X, Y, B) and (X, Y, 7) and tua other corners at the same
heights but 3.5 feet horizontaily displaced along. the knoun
plane of the door, )
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Figure 15.

Operation of Door-Finding Program
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ﬁfﬁhefspeC|f|ed helgh{ Fangeg

' H rlzon ai}g eacrcss the “imag
ump of 'at Ieast

2 (the scan Iocus uaa

,seeking a aaturataon
on aach

anuallg des;gnated by polntun fat su:table end pornts
to rlght scan, startlng on a

:'Js{de of theflnage} iThe left

..:._5___'door. sample successfulig termlnated at the:
' !'uhere tha requ:red saturat:o"'diécontanultg uas"f{rst datected.

ight door buundaru

Ne then scanned doun from the top along each_ﬁ
Hlth helght'_:;.: S

'SJ(HEIGHT HUUSE}

tl?¥fs|de edge of tha |mage, seeklng the flrst sampla
"]gss than - “that nf
. suitable horizontal
) 'uuoperatguﬁ of thfs phase of the

the: pictura-bottom. The tuo polnta found w

seekga'_'f

locus. on thch to_

determine a.

'ﬁ:fsaturation dfsccntsnultg.
| ”summarlzed in Flgu CH lS'azc}.

_door"flndlng progr?

’:ﬁThéi'uorld ccord:nates (X Y Z} of tha:ﬁresultlng adgeiv

o pount uere then obtalned US|ng the prlmltlve functton XYZ T_ﬁ_h‘;

Note -that 1n~f?jj R R

presentat}on superlmposed on: the orlglnal |mage.

the present scene the door axtenda above and to the Ieft of the_ .



'”.-.Ieft;edgq;qf tha uall : Unllke docrs, houevar, tha uldths cf_.':

o Chapter 1) RN Ilsis'"ANaf mTEhACT{vE--sThA‘TE_'c'::\i." G'EN:ERM.‘.'I'&JII\.[.. e
image.bdhdecs. Hence the “display mcdu!e nust: cllp the actuaf'::5ﬁvc4ﬁcczw
ccmputed boundary to co:nc1de utth the vEs:bIa portlon of the

Cdoara F:gura 15d ‘showus the resulting boundarg displag.' Tha_.

total® development time- for_ this 'strategg lncludsng severali fff.

“false starts baé-'abcu{”?cucihéuré. Strategles outtlned balcuczﬁFT3c"”
“for finding  the wall, pictire, table ‘and chan—--_ ,mvoivad_

: compéﬁable”effubt‘;.:ﬁ-a.:__W_-_.

Z; Some.lllustréfivc,ﬂbiecg Einéing'ﬁﬁtgtegié§__".

: [n th:s sactlcn.._ue brlefig out1|ne _severa[ addrtionaf-f”'”';
Ecbjcct flndlng etrateglas devatoped emplrlcallg qith_-our"

cgcfem,____
é.;_walla';__ R

: The' uafluffndfng"'sffatégg. 's; deveioped bg sllghtig e
? modifgang the docr flndang strategg._ ;A step decrease in”

.j}saturat:cn uhlle scannlng hor:zcntal!g Eaft to rlght marks tha-zg_c{:"

wall: sections_are not knoun a prlcrl._' Hence the .scan mustfﬂ=i-
. cdntinue'sééking'a step increase in saturatzcn that marks the :

: :rlght edga of the uall Given these tuo Iate:al extremes. andf;

'_'_th kncun vertlcal extent the VHB can :|nfer tha ccmpletgf.;.-

"cbcundarg of a sectlon uf uall.
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b.  Pictures .. - .

S|nce the helght and uldth of plctures ara both varlabia

;_"parameters,-the VRB-requ1res at Ieast one edge potnt on aiii33 3

_-four borders to compute the plctura boundarg. The _search forg'
,-_the border samples is conatralned bg ths fact that prctures'

" hang on walls., Hence the firat atep in plcture flnding i to}z

call the wall finder. The program next scans i horlzontailg'ig.”f-

at nominal picture helght from both the left and right ua[l'
edges, seekang dlscont:nu1t|es .:n hue zﬁﬁ saturat:on;l;fhe3§ :

discontinuities mark Ieft and rrght Véft?caf *p?ciﬁhéff

.borders respectlvelg (an extent check !B made to d:st:nguush?ﬁ'

these edge polnts from those on the uali door_ boundarg). Thaaf.

horizontal top and bottom plcture borders are. found bg scannlng .

;vert:calig doun from the top of the Image and up from table;Vg 3

' '3'h3|ght in betueen the prev:ouslg detected Iaterat axtrames of:.-_iT

t' pacture, 'seeklng color _dISCOHtIRUItIES... The picture_'

E fboundarg IB then a rectangls cnnsrstlng of tuo vertlcal Ilnes;

“through the X, Y} uorld coordtnates of the ieft and rlght edgé'g'

ﬂ.,'poants. extend:ng from the he:ght (Z coordtnate) of the bottom f“ S
| h "i?ede polnt to the hE|ght of tha top edgs pOInt and ths tuoff3:77:7”'nv'

S ok Tzontal Iines connectlng the topS' and bottoms qf-thasaiz'l”_jf” e

e,
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- Tablatop

' The tabletop boundary is found using GRON to extend a
region outuard :fﬁom:pbiﬁt;f3f0¢ateai on the téb?éfopifbgfiﬁézjtV
brgdicat‘e (TABLETOP X). * The predicate used Bg_-'”th'é}égi“cih
grouer is one composed of tests for pﬁints';haviﬁg.éttFibdféf

Qalueé'uithinfthé”ekifame”vélues'foﬁ'{éblefohqf-;j-'
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““B. Diseussion:

The initeractive styls of programning encouraged by ‘this
system is im marked contrast " to "éhe. ..auks;ard.ﬁ.es.s."L.l'.ét..r.a.l“lg.._' ol
éxpehiénCed:";in uritihg”.:ahd ) debugglng picture proceSSIng5  e
routines; strategies that are tr:v;al “to descrlbe ‘to a humar. . -

: programﬁer'iﬁvériabfg take . ueeks to translate |nto cude U5|ng :.~fn;_
-conventlonal pragrammlng sgstams, H fee! that h|gh 'Bve‘¥ : S
.graphic31  'ntaraCt'Un s aﬁf.?ﬁéalqﬂble. tool for daveioplng;ﬁ

scene analysis procedures..

‘L. Gepecality

The programs and representatlons d1scussed in thls thesls;f=';ff-'

. admuttedlg are ad hoc and hlghig contaxt dependent--‘t_-as for'. _53T5-'~'5'

'}:thls reason that theg are so effectlve.: These programs-areln3
.'based on & tgpe of domaln specuflc knou!edge that :|§'&ff¥{bU!ff“'
:to utlllze ina generat purpoae scene analgsss sgstem. but verg“ 

_ eaag for a person to aupplg |ntaract;veig..

B Such h:ghlg spec;allzed strateg;es can be crutucnzed for”
j‘thslr Iack of generalltg. The door findlng program can be made-

 't0 fall for :|n9tance. by pIaC|ng a tall object on ths tablaj_.r'

s



- domain, If- office scenes, there ‘Was heavg e retzance on-"

T Chabteﬁ--1'1”_‘""_"'" :.ISIS AND INTERACTWE-‘srRATEGY-- GENERAn'dN}'_: T

*f_and slightig ehiftlng the pount of viewt! the basic phllosophu-_'.” o
followed, * though, " is .not to compltcata ‘an T:strategg of .
" représentation Uhnecessarrig.' bg ‘anticipating” ail pDSSIbIBL

: cohtingeﬁcieé. ‘Should a- program actualtg fa:i. ue uouEd than

' trg to patch it by |nteractlvelg experimentlng uith addltlcna!
constraints. For exampie, “1f the door-~ flndlng program bacame'
fcbnfUaed"Bg'theL’édgé"'df a tabletcp DbjBCt ue 'could_eaailg-
“install an additional test that would check the vertical: ékfe.ﬁt“
of a discontinuity before calling the bﬁdnd}héf:mﬁéﬁlé;
. Afternati?a!u-”_ihe_ddpr: s?da' of the. dlscontanItg cadfd.ﬁé.;
;heckéd for préﬁer.hUe;' saturatlon, and surface or|entati§d;.
“As’a“‘final check, a mask can be used tc fnnd d:scontinuittes in  _: ; : '::
“the nmage that conflrm the bcundar:es pradlcted bg tha bounding:; |
: module. “1tis as hard to guess uh:ch reflnementa uill prova
'effect:ve sn uvarcomlng a bug as !t ity tc ant|c|pata uhlch bugs;_'; :?
ai mater:allze. An advantage of our snteractlve sgstem |B:'_;lef

PO .,

;'thaf="".'ailoﬁs: ref;nements tq be addsd emp:rncgllg--g@en-_.

'“contlngen0|es arlsa. '

. 2. Primitive Funqtioné ;__'

The abllrtg tb describe. conéepts' aﬂﬂ?-sffategiés;
flnteractlvelg ini a partlcular : domaan : dependsf  on  the =

'}avallabllltg_ of approprlata prIMItIVE functlons : fqr: fhéi”

: L S e
- multisensory features - {hue, sqrface ortentatron,- haight)'

' '55;
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L aobtainedafrOm_cofor and - tahgé.daté t§:ihcreéégj.fhe*iikéliﬁaod'

._Qf.findingléimpié;  diéfingufshjng_attribufaé for each object._

"_%:THeSe_ﬁ;feanpesﬁ_.iupu[d~ 6bvid05igfff5é :neffectual or:* S

;.distfhguish?ng 6bjécfs ih a'-blaék and:“uhlte outduor scene.
H':uhere obJects are distanU|shed prnnc:pallg bg attrlbutes such o
. as shape and texture as uell as by spatlal reiatnonsh:ps. Ne;"
._Zara current[g |mplement|ng some addltlﬂnai pr}mlt;ygyfqnptlonsf .
. which ulij hggtract_ra}gyant featurss for rgpréseﬁf}ngﬁéﬁéb65  X

_énd'textupes,

“TheHSCéﬁéA“énéigéis Iitéfétufa”abbﬁhdé' niih“deééﬁiptidhsjﬁ '

' G . 4-:-"wnm.;:-- _ SO
.:'of Iou levet operators (Hosenfefd provndes a: faar!g comp!ete =

: _I;st}._ Unfortunatelg rt s verg dsfflcuit tn ant:c:pats uhlchf_f3"'

.:_:_aet  of. cperators ulil provade adequate dISCPIM!natiOﬂ 7infé,n."

. gfven domaln., leen tha :nteractlve nature of the approach t .; B

_:rs more reasonable to start u|th a feu Ilke!g operaturs and let.'

o tha set grou u:th necessatg- i e., uhen the avallab!e operaturs”' 'L:'

- are’ unabie to dlst!nQU|sh examp!es of 3a :neu, concept frnml- L

ékampies. of prevaouslg def:ned concepts,_ﬁ then addltlonal-zl o

operators _. are lntf‘UdUCGd. Th abl i i tg tﬂ expep | ment | RN

: lnteractnvelg 13 an enormous hetp _ln salectrng ‘new operators

'_'and ult:matetg mag help to establ|sh a taxonomg of operatorff_ f]ﬂﬂ'

i capabtiltles._:"

. BB
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3;::nié;ingufsbing'Eegtures. 3"-g:;g:f ; ‘?f_

e uish to ‘emphasize that. our use of distinguishing
" features to. avoid detailed description should not be construed
as,fa_denigfation:=ofu o{her;uork:;on;jcomplex’rebbaSenfaflohé:
Assuredly, occasions uill abiss'uhéﬁ,'!ikefa person, ‘a méch?ﬁ;3
will have to rescrt to detalied descrlpttons in nrdéﬁ.{q
dlscrtmtnate among verg snmrlar objects. Uur maln.conténtibﬁ:'
e ié that in alt but verg compllcated scenes. it is usdatfg
poss1ble ' fo“' frnd relatlveig Stmpla . rapresentatlons ”fo;'
”dtstanUIéh objects from one anothsr.3 Tha advantages of a
::srmpla descrrptlon_ include economg.° flex:bilitg. and, most
important, the ability to find cumplex ob;acts {like treés)'for.
o uh:ch descr:ptlvelg adequate representatlons are sttll unknoun.'z

.S:nce .aII,.representatnons are lncomptete at soms level uf

dataily athere should not ba undue concarn “over using tha'{ T

;slmpiest representatlon “that provndes adequate duscrlmlnation;:

for'the current’ task,

.4, User Interface - .

S Durihg"the de9ign -bf the 'prséént _sgstem, cons:derabla.?'-:

o attentlon uas, pald ta.the: manumachlne anterface.. Hé uanted a. L

“';}sgstem that uas easg to Eearn and that uould encouraga paople. 

ot experement ulth a varletg of descr:ptlons and percaptual”” .

»

strateg:es._ The fol!oulng deS|gn featqres_contfibﬁfé.xfo fﬁe:' :f'

' operatlng ssmpIIC|tg uf the sgstem._”

-
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i

e to “any’ meanaﬂgfui argument.'--Fcc. tnstance. an_ ' :

Thé- brincipal bouécc-bf-the agstem resldes'~ih a;cf

handful of varsatnfa top—levai functions llstad 1n=

 Appendix 2. These functfons respond apprupriatelgf:

- Y image’ sample, the cursor. ‘a regiun. an object. and}

(2)

a'defined color are aEI Val!d arguments to HUE. :: o

Atl functtons : default rnteractlveig. ' {ff fhe;_

'experlmenter uses an unknaun concept to describe a S

" neu ob;ect. the, sgstem ulll request a defln:taong'

b {ln terms of the attrlbutes cf soma knoun objactf 2

- (3)

- or bg graphlcal axamplel bafore alloulng him to::

. contanue._ﬂ.

.r-

'RéqUeétsl for-finputfare stated concssetg, often:
{inithf“a :sihgis prompt character, : spara thaf7
33patience of expareenced users._ An lnexpar;encad.“-~ff 

Guser’ - can’ a!uags request an expluclt llét.'bf“

'.3=opt|ons bg respcnd:ng ulth ‘a "?“ f"

@

Tha: '595£ém ' ma:ntains a. contsnuutg :'tn :thé c'f;1

- man machlne ': dlalogue j;;nggj tnterprettng“-

underspecnf|ed commands in the context of racant 

~3Jprocesslng. For snstance. after request;ng tha"

| ’”sgstem ‘to f:nd I17  green reg:ons.,:thé_”."

"”5.'exper|menter need nnig enter the functlon {HEIGHTI

"f'areas of the scene.-= L

itg obta:n a dtstrlhutton of ha|ghts for ali;greenf5 L

r .
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“Chapter 117 % SIS AND INTERACTIVE STRATEGY GENERATION - .

Amenities such as these make it possible = for 'maﬁU f::'

visitors to use the system after'ohig:a'brief demdnstrafioh.f -

5. Ln&::mn_tglﬁm_a_th

Ke view our sgétam “as a pro{otgpa facility fdrf use in . -

developing spcialized scens-analysis programs in mahg_

application areas. Ths pouer of this facalrtg can, be BXpected __itV
to grou incrementally uith use. The more brimi tive operatoral_.'ﬁwﬁ
that have been programmed, the more. Iikefg ché' ig" to flnd._-;

distinguishing representations for | new semantlc attrlbutas.-

2Similtarly, as more semantacs ara deflned It baccmes easnar to-

. describe - hel - objects. Flnallg. -a iarge : repertolre of;_

: objact—fihdiﬁg“'strafegfes =-NI1| fraquenttg contaln usefu!
components of - new strategles.:i In the off;ce_: domasn.  §'
prev;oustg .dsvetoped uatl-flndlng program uas utilized l..é 7_ ”

'strategg for flndlng plcturas that ara constralned to hang on.

appropruate pr[mlt:va operators._semantacs. and procadures have"

'been accumuiated 'fo a domaln,_ programmrng ln _that domann-3"'

. bacomes easg.
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" LIL MODULES FOR QBJECT FINDING STRATEGIES

A. Overview .

.16  the preced;ng cﬁépter We dascribad ‘a ;schemata forL '
:IQCatiﬁg ob;ects _in- |mages.-- Nou ue 3aﬁg;'_:nterested :in'
.generatlng a sgstem that can. ‘use. thls schemata to.. flnd-objacté':

automatjcailgf- Thls sgstem should be successfui ln flnd:ng the'

| . ke e
'-target ObJECt most of the tlme. and should be cost effsctrva

in its use. of datectors. It is :mportant also. that the sgstem}"f- "

:'reta:n .the flex|b|E|tg requrrad tu allou fcr both tha easg:f

addltlon of ob;ects to Its data base and the extens;on 'of ltS'..

:'f'capabllltles through the additlon of nau sensors.': This ultl;  _ f '_Tf; :2.j 1'
.'fnot onlg prGV|de rnbustness (bg allou|ng the sgstem.a redundent;

'set of sensors to choose from] o but also aflou (relatlvetg1f7

'easg EKtEhSIDn tc other plctorlal dumalns.;f
- Cféatihé*é'piaﬁ‘t?]fihd*éhﬂbbjébt7is'anéfdgcqé-fdfutitihg- L

Sk The ob;ect betng sought will. often ‘be referred tow léffhé ﬂ;¢£..h_
“target object". or simplg the'“target " ' _ e

Ced
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g.af.pfogram_ to’aé¢ompl{sh:.fhe Péémé {ask;:: A guod programmef
L §égmeﬁfs :his  éoda--intOIMOduieé, aach of uhtch performa a
";spécifiﬁ; ‘joby ithus almpllfgrng lnterfacas “and  control
_struétUreé andﬂ-allou}ng-a straightfuruard'descr:ptibh udf the ..
.. expected resuits;,of-théf module, Fdr-:these-saMG reasons. e’
~.have created a sef of execution modules for use’ specnficallg bg 
...ob;ect:f:ndlng;.program.r Slmerfaed_ |nterfaCEs :a!!bu'fnr.
.. easy spebifiéation.of.arguments and-initiai-cbndifions*hequiré&
_ ;fgr-a_quuie~td ba ekecuted.~:The.aimpiifiedf'cohtrolfstuCtuEé. RRe
makes. it possible. for -a machlna to. generate programs based" on_[.'
- schemata such-‘as.the -one:ue. have. dESCPIbGd-“ Ths slmpiiflad .
,iaééebiptibné allou the sgstem to understand tha affscts of
.'axecutlng a module. These modules are made up from primstava
féafure extraction funct;ons. b331c -predlcates, and ‘a feu
h:gher !ave! programs {such as hava afreadg baen deacussed).

The. modutes are usuatlg more comp!ex than our pr:mltrvaj]fﬂ”ﬂ

“ffunctlons. get slmple enough not to be overig restrrcted ln: '!Q f.='”'

'f;.thelr appilcaballtg. L

Just as a’ programmar has: to be able’ to dBCIdB uhan -it 191

o appropr;ate to.. use ‘a certaln moduia._ ue also requrre the_; ERERRARE

"abnlxtg to dBCIdB uhlch of saveral modules i most appropraata:
.for a partlcular task.a The f:rst thlng that must be spec:f:ed:
:'is_ the: structura! embeddlng - requ;red t_f' estab!:sh tﬁé.
.'precondstaons for the module.- Then. uhen sevaral modu!es aré_:_.:i.”

| appllcable to a task, a “39 °f °h°°5'n9 among tha candtdates is ﬂ."' S

requsred
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- The f-etruetubél='eebedding'frequired' feﬁffth module leiff SR

L prcvaded bg planning modulee.g' These are rules epecnfglngs' e

' .sequences "f actions for fth soiutlon of a geal.' and are3

ekecuted‘“durlng'iplanning:'to' produee- combtnatlene of otherf L

.planning-and execution modules. Theg are 5|ma!ar to' macroe ln_-

a programmlng tanguage that are expanded to produce source code:f"'""'.

which is passed back ‘to the' :nput ecanner.- Theg usuallg result:.:
in:constructs. which either force ‘the executlcn of modules in“a;e
: particular,ordery or requnre the=_sgstem te eventuatlg seiect;

- the best order - fof"ekecuffehe' ﬁbéfzﬁexe5utron modules havef_

: bU||t-|n checks to ‘ensure" ang preccnd:ttons are sat;sf;ed.: Forf

;Hexample. a program ta operete on a parttcular set of pelnts'f BRI Y

il check for these pe:nts befere precead:ng..and fali |f theg3

‘are’ not ava1lable.'

Nhen the sgstem has the responslb:iltg to select the bast,.'.

'mcdule 'for execution.e'lt attempts to make a cost effect:vef
'decvsaon.n We use & probabtl:st:c model usth three parametere:

-:n order to faC|Intate these dECISiOHS. The flrst tuo" of these-

. plannfng parameters mode |- the afflcacg Df the module, the thl?d: LR

5n{est|mates |te cost expressed as’ ‘the expected processang tnme  St

'f.-PEQUIFEd to run - the modu!e.-.- :4=:VV"

Nhen a modu!e |s 'executed |t reports elther success nr3-

fatture upen compietlcn._- Thls report ls usuaiig based upenj  :

e some tnternai decus;en made by the module._and can be ‘in error.;]_ o

| The frrst tuo plannsng parameters. P(T) 5nd PEuITJ, provude uur”;'7'v

82



 Chapter 111  HODULES. FOR OBJECT FINDING STRATéclés..-.'- PR
' ﬁodé!”ofﬁtho”OUtoome of thé'ekecotion a¥“5'£6daié.'“'faé“iirét;:t' )
P(T). estimates_ the a-priori__takel;hood that tha._moduie urll

_ report success :h rto task., Ths second PfuiT) . estamates the

-.probahiiltg that tha module :s correct in reportlng sucooas. o

.That ls. the second parameter IS the llkellhood that tho modulei
"had a good outcome - given-that if:repOrtod'SUCCeés.-

ObVIousig. the notlon of successful .téomtnatiOno:and'é
good outcome are related to the - goal.: Foo_exomoie;: a.moduto_:'
which uses a predncate to filter the image toof sampiaso
oeiongihg to a particuiar"object; utll report success llf |t 

- findg ‘a sufficient number of samples satlsfylng the predlcatot
“An estimate of the probabllttg of thls is prov:ded bg tha fnrst:'

o parametery Houover._ some of “the. - samples seiecteo bg the
‘-poeoicaté'mag uolI’beldﬁé”to:otheoiobjects. Therefore, ua noedﬁo
“the second ‘parameter to estlmate “the Elkolrhood ; that a
'JSpffioientUnumbeb 0t the 2 accepted sampias usli be!ong to the”

" ‘desired objgct.ozf-

lhen a module repofts fallure. e . aséume that |t did, |

*!-endééd{'_féir;”énd it ig" not consndarod fobthér._ Thns T:"af

ugofut’simpltftoatlon “for our purposes,i but'it "does” overlooko o
tuo points: The flrst uas’ ralsed above-'somottmes the moduie"'
hés.ouooossfui_ even_uhen it reported fa:lure.. Hs' are maklngo':

“: thottimhlioit;;téﬁd_ otﬁbttstto} yassumpt(on ' that ooﬁﬁétfgtj'..

"“:'* He ulll defino a “good outcome“' of a module as thé[dosired- L
outcome, - : : R
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L PtaIFj; the_poooabiTitg of_é.good'oofoo¢o §fvéojfaiJufe:fof:{ﬁeo_ ”o:';;f*]17.'-"

 module, iS'zero N The second “and more serlous, po;nt |s'that'

Ceven’ uhen a module falis. somg useful |nformat|on about the'-_-'”
ok id ‘could be 'gaihéd from that fact. _ e thé modu[e 191.
" supposed to locate a certain feature '{ﬁ”thé'ihégé and fails,'; o
that- does not neoessartlg mearr. that the feature as. not present -

in the image, but it shouid perhaps. Iouer {he  a priori .
l'ikelihood of |té”boing there. Appendlx 3 examines a potentlaf
‘extension that uoufdz' allou .fﬁé' exploltatlon':7of .fallure_

information. -

- In some. cases. uhen the computatlon ls.:suff}ofeﬁéfg.uoiF:
f_bounded :_lt is possuble to make very. accurate ahd-ré]iabid_
_estlmates- of ihe parameters., In other oases (for exampla,j
reglon grouth) lt ls dlfflcutt to bound the 'computatxon, and

1'_50 estlmates mag . be: based on expected oomputatyona! houndaﬁ

'.fsuch as-the antlc;patad-saza-of'tha-final-éoeaiiﬁffﬁo casa ofo ;ﬂ.'fa'
E regton grouth); or on estlmates compifed from many runs of th3 ':'

omodule. .

o Ne uoutd now. Eike to descrtba spec:f:o féchthuoo for___ﬁf}oo.o_o,f_;'”'“
L accompllshlng each of the},}hog three mazn phases of ouﬁ;

;strategtes, acqunsrtlon.:vaiadatlon, and boundlng.-“,aomi}

J* Aithough Cthis Cis probablg ER reééohabfé:.aéoombtioﬁ ﬁhéno':' _
ﬁ appi:ed to the case  of a. detector rejecting - a--sample, for. =~

" higher level modules, it is. probablg g much better idea to

o allou. the execution of a ‘module; change . the: cumulative -
_.probability  of a good’ outoome, P(u} “and- reserve: ;udgement
‘abotit® success or’ faklure to a h:gher Ieve! of the program._

Bk
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Lo o e
The most strafghtforuard way of acqulrlng samples of éﬁa
object is to filter " random picture sampies with a prediééiéH ”
- which rejects any point® not matching {Ha“désiFé& 3bbfébt:' For _:'“
example, the sampled - scene may be filtered to retain ﬁﬁfgjthosa
samples  uithin a certain height' range characteristic’ of the
target. Alternativetg;"the“scene-can"Ee'sambféH”é1oh§: a focus
to: detect- distinguishing bbuhdarg‘-7diécbﬁtinUTtiesﬁl:.Tﬁesé_
- predicates are generated automatrca[lg from plctorna[ axamples.
~In-addition, it is - frequentlg posslble to restrlct tha 9earch
“area by the: uss of information about uther objects 'or parts.-'.
~ As mentioned; knouing the locatlon of the tabie can graatlg aid

in finding ob;ecta knoun: to" ba supported bg |t.
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'EQ:'Aequiredf_aahpleal:are:vaf{datedf.bg.fcheck}hg aaéitlehalh BTt
_;pcal'characferisticsithat dieiihgaiéh the. désifé& 3abjééf'fkbm."
othere_ ulth common acqu:sutlon attrsbutes.y These addit:onal'.
attrfbutes are examlned sequent:allg. reducnng the number of_:

'samplee ihat must be, exam;ned by’ successuve tests;z_ Tutal costlu“
|a mlnlmlzed hg deferrlng computatlonatlg expensrve procedures.;

Hhen the cost of plannlng the optxmal order exceeds -the knoun'f
cost of usung al[ remalntng attrfbutes,_samples are c!aSSIf:edh'

_ unth respect to poss:bie objects._ Thoee semples uhlch have af__ frftiffﬁe'-

-_._hlgh enough cIaSS|f|catfon probabliltg of bE|ng the d35|redh

. object are retalned. Samples a[ong a boundarg can ba further _
valldated by test:ng :th boundarg tength.'- strength d-"’:'

orlentatlon ue:ng SUItabIe masks.-' :

3. Eounding.ﬂgtboﬁs. _t:"u

The fsna! boundlng phase is acccmplrshed ln varlnus.hags.h
leen a su;tabie geometr:c medel of the Db]ECt and a pro;ectsvef“haf' S
* camera transform forr-range data) Ca procedure _can computef
'analgtucailg the best g!obal boundarg coneastent Hith detectedf

edge po:nte. “The' computed boundarg can be pro;ected ontu the.' '_ff£"ee*f§fFf;;L

fimage and val:dated usnng extent masks.as_ abGVGh' Procedural__--'
models ars’ avallabia for_ common -sUrface“.tgﬁes such.

hOriZOntaI_ “and vertrcat.”ractahgles. In - the absence of such

”85 =
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modeis, a region may be grown around . validated points;

neighbors of validated samples which pasé a. choSen.prédicaté

{often the acquisition predicéte) ara 'coltéctéd;' and their . o
neighbers, are then_.examinad.ra;ursivéig.;,Thafssf- df éccaptéd7

points‘ form a region, for which a cruda bdundarg  can bs

pbtained by computing a convex huil,

67
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~“B. Execution Modules for Locating Surfaces == =

.Host. of'fha ﬁxééhtfﬁn ﬁ6du5es dascr:bed here 'applg a f
preVIouslg created detector to a unndcu of the :mage. . in this 
section, e degcrtbe just the modu[es themsefves-“ a subsequent_: :.
section will be devo{ed to autnmatlc dstector generatlon. -
Houever, before we begin = the discussion, we will -reqUIre ‘some :

definitions and notation:

A Ydindow" s é'.subrégiﬁhlngf fﬁe 'imaée 'kfhe'iﬁifféit
windou is USuQI!Q the.ahtiré imagéi A detector (or .é' snmptexf~
‘detector"i is a. procedhré fthét checks uhether a sample 9 .
' a{fﬁibﬁfe‘”Qéfué:'{?aé””uffﬁih 'é. g;ven coﬁtigﬁdﬁs range uf 
atfﬁiﬁute'vaiueé;'~A cumposuta detector |s a’ COHJUNCtan ofl}:   "
'3|mple detectors.. A "predtcate '”is .the  ccrrespond!ng LISP;-_ :-f'
'program for a detector. A predscate returns T (trua) if-tha;.'

- value' is within lha'range,“and'NIL:{fa}se}_otherujsejp'

A datactor ulil ba rapraaented bg tha sgmbol ' D}- A _
: sequence 'bf'- detectors [l.e.. _-a_ compusnte . detectorl
oD e D >;'uili be ihdicated as D'{- The probabilitg fof:a TR

e o i i —— o . o T

% The :terms' detector and’ predlcata ‘will often  be “used

“H fg3f_..



“Chapter ITL° " ' MODULES FOR OBJECT FINDING STRATEGIES - .
randomly chosen sample being accepted by.0 is P(D ).: Na Wil

also represent - the Dr‘oﬁéb”if.g "o”f'-a- sampla ba:ng part of_'

gbject, O, as PI(0}. “As a snmpie exten3|on of thls notat|onr I

P(0,0 ) is tha probability that'a-eamp!e bcth beiangs to 0, and

_ . D e

is accepted by D . -
1f we have the probability,”p, of ‘an'event occurring and
the probability,- (L <pl, vof it: ndt:?oécurring.i'fﬁéﬁ tﬁé.
expected number of times the event aceurs in N'frfals "hasﬁaf.
binomial distribution. The expression'for'tha prcbablistg uf 
an event occurrtng preCIse[g i tlmes inN trlals ig juat
DL S S
P a CAN,ilp [1 = pl -, .

“vihere C(N, ) is ‘the binomial coefficient,.

-ttt e

|I(N-l}i

The prcbabiiltg of at Eeast K occurrences of the event can be

expressed_ as ‘the ‘sum of. thj; 1ndnv:dua£ prObabzlltaes. Pﬁ-'

‘through P, oF) ..
N P Nei

P - SUMICHN, np el -p] 1.
-2k Iﬂk

B9
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'Th|a can also be expressed as’ the complament uf the probabulutg
jof Iess than k occurrances.' 0r,_'5_ '
S k-l G Neb e
P 1 - SUH[C{N |)p El - p] Io
3k- _ =8 -
This latter 'fdrni is more easily ¢omputad for tha : smaH vaiues_ R
of k and large véluéé'Of N° that ue will tgpacallg daal With,
‘He. . can nou-describe- tha“'operation of tha ‘modulies and tha 

computatlon of their p[annlng parameters.:_-"
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L‘-..:.__u_.". .'_ o :

" Acquisition: modules have - the task: of - eeiectlng object

“points Nlth:n a Window possibly contalnlng eeveral objects. Ue
have iuo’ baeic technnquae for accemptlshung thle. ' He cenl"
fttter..the eet us;ng a predscate created eepec:al!g Zfer
"Vach|r|ng the target. or. uhen We have a starteng peant, ne can
scan across the image searching for po:nte matching the target.
FILTER-WINDOW is the maln ftlterrng routlne- it requlree‘the 
program, SANPLE HlNDON “to generate the set ef’eampiesi to be
filtered. In additicn. there is a set of. scanners tdr

- searching along specific tihe segmente,;
a. SAMPLE-UINDOW

' Foﬁ" a g:ven object. predtcted fmege, and detector for'

")'that ODJECt, :t is. poesub!e te compute the deneatg of eamples

requared to ensure [HIth reasenable probabllltg) hav:ng aj
' certa:n mlntmum number of eamptee uhlch are both on the DbjBCt.“
. and eccepted bg the detector. ue ut!f refer te th!e min:mum aet

L N (see Appendtx 1}. SAHPLE HlNDON cemputee the appreprlate'
2 . .

sanpling densitg.__ and samples'; tﬁe ' nihdou- accord:nglg.

'cuitectthg'N3 beihte altogethef, The probablfitg ef euccese IS' v
W T : _ . . '

1, eince the program aluags semplee the ulndou."A'geodtoutceﬁe_f-

for SAHPLE HINDUH is the event that at teast N eeﬁplee'.en:thez

.
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object, which are acceptabls to the;déféétbh{;are choéén.._fha'”"

actual number of éampleé'satisfgihg .tﬁiénbequffement fcrma a_ '

: binomEafJﬁrobab}|itgz“disthibattan*uhehg the' probabiiitg
gingle saﬁple-Jbeiﬁg'ysimUItahéouslgs“dn tha nb;ect,--U, and |

acceptable to the detector, O, _is_P{U,D ).-_ Tharefore,-the.

.ﬁrobabflit that at least N “goud" sampfés'arGIBBJQéféd:isf
Y _ o Bampiss are selecien

T
_— D D ' ” T
P = 1 - SUH (CN .i][P{U D }] [1 - P(D D }] N N
cooN e el _ ; R

o - <

In most cases, the value of this Epréésidnfisfapprokimétéig 1.

The cost of executing SAMPLE uxwuou-is.'essehfiairgithé .

cost of sampling any reg:on.: Afthough the INTERLISP randomjg

number generator must be called tulce (to compute X and Y} furj‘ *ﬁL:

' .sach po&nt. most of the tlme |s spent in sattfng up a grld over'
.'the reglon from .uhlch the poxnts _ulll be chosan._. Thts makeal
'the average execut:on time {about 1588 mtllrseconds) relatlvelg

:nsensntlve to the number of pOlnta se!acted._7
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b.  FILTER-WINDOW
- FILTER-WINDOK requires @ pred:cata (a.e., a detector). an

. object name, and a ulndou as rnput._ Ths N|ndou IB assumed to

"have been prev:oualg sampled at a den3|tg approprrate for-the _5.:5. S

‘detector and " the object.. - It applies the: detectur “to éééhgff

- sample.: in thé.vulhdau,“Iaddinb-angb*fhat”péssT to -é“sbéblalIQ:

created acquisition region for the object. This set of sémbf99 

satisfying the predicate is accassibfé td'othet rmdduféa'fof'~.ﬂ~

further processing.

8 FILTER NINDUH |s auccessful sf Jt accapts ang samptes
from the ulndou. It ‘has ‘a good outcoma i at !east one uf}
thuse samp!es belongs tc tha target object._ If NH is the tota!
o number of samples in- tha ulndou, and P(B R SH the probabllltg o
.that ang randomfg seiected sample u:li be. accepted by tha BN

“detector-:saqUthe,“D“; then the prubabilitg*uf selebting'at

least k samples is

| NS
S TR
P a i< SUMICIN ,II[P{D ]3 {1 - P(D ]l )
Lok in@ HJ =

“- Therefore. the probabltltg of FILTER WINDOW selecttng at ieast

- one sample is jUSt

N

I . n U
SR el [ =PI
21 S .
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‘n

1f we lst P{0|D) be the probability that a sample

n

Caccepted by the detector . sequence:D- "a_l"so_'l&el'bn'ge':"toj"b'b].éc"t o

{see Appendix 1), and fet m = N PI{D ] be the expected number of

samptes..ae|ected.-bgZ.FILTER-uiNauu.5_than.¢-rtheﬂrprobébititg{-f;}f}

“(ueighted by - the distribution of m) -tha{'ét feast k- of thazf“ )

. :samples salected by FlLTEH NINDOH urll a!so beiong to D ls R

S e k 1 ' R Tei
P ‘w § - SURICm, a}[P(D(D )] [1 - P(DlD )} S I
0i>k t-B _

'“”Again;'fhé”i{kelfhoﬁd of”atf%éééf”ohg sample belonging to O is.
n'. m ;

.._p  }:3= 13;:[1'-”Pfd]D')] .Ji
0,21 - _ R

We Oéenfﬁééé Té£p}eéé1oﬁé*ib compute tha fifst tuo planneng.'“
“parameters - for  FILTER-WINDO. ;'Tha' ftnas paranster,  the
e#pacted"cost Df app!glng th datactor tu H33 samp}es.’j§'3'

derlved in Append;x 1._

:  :£ .74 ..
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¢. Scanners

~'The~.scanning:pr0grahs3 e use: séaﬁch':ééqUEntfal'boihts._: -_'} 
-afcng a-’ line segment ‘i nith'a predicate;~-uhtilieftheET"a”pclnf ' |
satisfieaithé predicate {i.e., successful cémpletidn};”“br.tﬁe
“end of the segment is reached (ives, failure), .If  tﬁe.
'condltlon, Nthh is dafined bg a prad:caté, can ba satgéfied.

the program terminates. successfully, eIse.'unsuCCessfutig{

The priﬁarg use of the scanneréi:ié:toyfaﬁéfé.?éh abject
after first locating some other object. It*is.dften::fha'cééé
that given the location of some dbjécti:gbu' can iﬁfer {H$
_probable locatioh: of athers: The scanner, then.- unf[”ééafdﬁ,
s from the initial object in the ekpected dlrectlon uf fﬁe:téFéat
object, testing-poiﬁté' uifh'an:-appédpriafé predacate. until
. same- point is-acteptéd.- The pradtcates are: usuatlg destgned Sﬂ.f
< as.to- specifically accept punnts from the - target,' and reject}

points  from . the |n|t|al-ob;act,

Scanﬁfﬁg -phogFams ;n ouf repertoure '|nclude: SCAN UP _
.  SCAN DUHN SCAN RiGHT SCAN- LEFT and SCAN LINE.-_ Theg requ:re'

the names of tha fnittai'object and- the target obJect from:_';ﬂ
which: an approprlate pred:cate s manufactured (as’ descr|bed in

. a subsequent section}.  This pred}cate:is scanned sequantiallg_:'
Vétbng_fhéetfne. startlng With a. p0|nt (usuaifg tha center of -

'-Tméss}:in the acquisition.: reglon of the startlng Db]BCt. and.”

3.contsnutng until one of the termsnation cnndltlons is met.

7
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_ The. probability  of a: BUCCéésfui' 6§mpiéf}bﬁ" {§  th§ .
probability that one of the points on the scan finé  Wil paéé_
_the . datector, Dy in';thg'uorsiufcaééf'hitﬁ- hd:5kﬁéuiedgé*0f. s
. epatial reiationships,'this-5pfobéb1|itg_ié'just:PIbi:“fdr”éadh.}'gf:' :5'
sample. .On the'nthér?extréme,:uhénifhe3échired'objéCt;'d'r_iéu-
kﬁoﬁﬁ tb.ﬁe édjacanf. tbufhé:faréét'd5}56£;.02f (aﬁ§ffﬁé;é?aré;
" the sample must be takéh frcm-oé“of-theitudl;'?fhis DrobabiiifU .-'.
is precisely the sum, . | -
P.(D.'U']'-!'- P(D,0 )’
i 5 i
_.,Iﬁ_EEtueen.fﬁeééftué:é#théhes'ia'fheisituatféh_ eﬁcaBﬁ{§féa:?ér'ﬁ
objects such: as the chair, uhere the back is'éﬁnsthaiUEd”bg'the;'
-seat, but: samples:from thgt-épapéfseparafinéltha }éﬂq:éﬂh?aéeﬁ_
‘may béidhgq~touany}%of“ééVerai7'6fheb @b}ééfs;tf ff fﬁe;g§§tfdff
possible objects can be - |imited, then we have an  extension of
the iatter situation, where mofe than tWo objects are involved. :
: If the set of objects cahndf'be-iimftéd.'fheh:ug'ére ilaft:uitﬁ.l
Cthe former situation, wuhere all possibla objects must be
 §655{&3?9¢41" e R B e s T
" One:. other -.factozr.' < that :in.fll'.ier.lces.:"_- the bf"'o.ba.b'i'l itg'i._ _
'cateufationsaislfhat'fhé}ioﬁas'ffkéiihoPJSjbf_é'poihiﬁbéiangiﬁd -
- th qné;}bbje¢£ db'-énoiher'&fé-déﬂéilgf“nﬁtrﬁﬁﬁéféﬁt _éfonﬁ'{héf -
o dines As” {ﬁé?5¢an brocéédé;bUtQéfdy:onm the"s{éftfﬁg;béfﬁif

tcuardﬁxa'boihtljexheﬁteﬂ;té'belbngzzfq the targetf'région.”{hé; :

%
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'.'probébiiitg- of - t-hesa' points. be}anging- ) tha firét.':c.}bj.ec:"c- '. o
:decreases. and the probab|E|tg of them baiongang to the second S

(target) object increases. This suggests using a- uelghtung of

the relative likelihoods as a functlon of dlstanca from ‘the end =

polnts (uhlch is not presantig dona). ' '

" We wWill derive the" prohab|lttg fbrmﬁiéffcn::fﬁoﬁ thfs;
aéédffptTon.w .Ca1i the 'brobabllltg that 6hé?.6f 3 Bamp!es
examined bgifhézécéﬁﬁéfﬁ'uiI!'sUécééﬂ; Pk{..THé. probab;lttg of

th . _ o . .
the i sample_baing 'accept§d by ths_]predicatef had 1t bsen
randomly - selacted, will . be p e But, sin;e. the  process is

: i 2 hE - . ..

sequential, the fact that the i samp!e is benng 'tasted”meah97

that the precedlng samples falled,

Thérefore; the bhdbabiii{gzbf one_ nf"{hé éaﬁﬁiés passlng tha-
detector is just one m:nus the probabltitg that all k sampies ":ﬁf o
© fail to pass the dstector, or, '

k-

p -1-11 U.-p)

The probabilitg that the successful 'buféémajués also ai_

good one is }USt the probabailtg that the acceptsd pornt (thch._

e e e e ———

% - p . is . the rapresentatlon of the;"pﬁdbabil}tgL function

dlscussed abuver

7
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' baesed'thé'detectbr}'ie'é”eémpieﬁfrchrthé téhgét:ebjééf;'ﬂﬂ;.of”1

PO D).
The expected cost is the'per sample bosf_of' applg!nd:the
“detector, C, times the expected numbéb'uf.'samhies prbcéééad;;
-8 ) : o . n
The :expected number'of sehhles _is eoﬁhuted 'bg summ:ng the o
expected number of. tlmes ue uail examlne exactig i samptes, fore '

i from l to k. Th:s sum :e .'
L e Zp S p) w3 L Ep e e
. 2 .1 3 2 1

CE R e Je =p )yt
A AR

R,

. T T D C S R
c -cusun tp m (1-—p}}]+ktll (1-pl]]

 These: scanners._ as_"- descrlbed, . areﬁe re!atlvetg:""

uﬁeoph{sticated‘. It uould be preferable for a scanntng prugram

to contlnue checklng a certaxn number Gf samples past the flrstff :

successful one,;-an order to increase the Iikelahood of;éle

'__ccrrec{ iﬁentificatluny -
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o Chepter I1I .. HoDULES FOR OBJECT FINDING STRATEGIES -

Va}idatiun modﬁieé. are used - to lncrease the conf:denca i
that the |mpi|crt hgpoth35|s (that the acquired. . sampies belong
_ to theh target ob;ect) made bg the acquusstaon modu[e I8:
correct._ They gither attampt to.- dlsttngussh the - target from; 
other QbJGCtS shqr;ng'}the;acqulsit(on characteristica; ?6r'use 
thé'bemaining characteristics of the surface to increase tﬁé'

initial confidence.

a. DISTINGUISH .

UISTINGU!SH is the module that attempts to salact the
.sampfes belonging to the target from thosa that mag be!ong tu
' 'other simifar objects. For each polnt '?h_ the acquas:tlon
“region, DISTINGUISH ‘uses the measured set of propertaes from_ o

the point to classrfg it as belonglng to one cf the poss:b[a_:,- .

amb i guous objects). I the cIaas:fxcation I:kafthood for thdﬁ

targst is greater than sone cutoff probabllltg value, p {e.g..-: o
. . e S e

“8), ‘the 'éample"is'”rétainEG; :'Ofﬁéﬁuiée;"it: is rajectedf

. ’DISTINGUISH succeeds rf at” Eaast ‘one pornt from the aCQUISItlona

L set is ratalned._ It has a good outcume |f at Ieast ona sample'

from. the - retalned set belongs ”tq_'thé_ target. : The pounts"

. retalned bg UISTINGUISH comprnse ‘a neu - vatldatsd regt0n :-“ o
. assocnated urth the 'targat. uhlch !s avallabte for aubaaquent-
'processtng._ o ' B
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Tc“coﬁpute the probability cfféuccé55?6fﬁtﬁciJﬁcdﬁfa.'Qe' L

compute the likelihood. that it Wit succeed given. thai.thc s

samples it examings uers airaadg ECQUIPEd Let P{TIA} be the . ..

probability  that‘a single sampie " that uas_-aGQUlred. ui]i'bc7'
- accepted by the diétinguishing“ test. " He ubffé”the:'?orhﬁia tc;'r
take into account the possible’ contrlbutlons to tha prubabllltg

value of all the ob;ects in’ the "ambiguous sat, That ls, R

P(T{A} = SUMIP(T|A,0 IP(O |A)1,
0 i
}
uhere P(0 Iﬁ}'is.jdst the probability that ancfacQUicédnéambfé-

‘belorigs tchdbjéct 0 ;":chevéF;i c?ncé::the' hbcbabilftgndf
7 i e . » 9t

' success of “the dlStlﬂgUlBhlng test actuallg depends onlg on the”

‘ ObJBCtS -presant. and not on. tha fact that tha sqmplaa uara'.'

: acquared ue can reurlte tha equatson as .

P(T]A). = SUMIP(TIO PO JAIT.
R 0 | R

"i_: Nou._s:nce the c13891ftcat|on test is. structured so that rt isi

-verg unllkelg that a 'sample from obJect 'S utlt ba c!assif!ad |
o R _ 2. : . .

e aé:cbject,"ﬂ., e make the s;mplifglng assumptson that P(T]U }:.

TR T Lo 1

. {uhere O ic'fhe térget};fis:che}_and,E(T[U;F fdr;i&l-}jSﬁzero;ﬂ -

And ‘therefore, e
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P(TIAY = PO |AY .. Sl P P
AT Ly e A R

" for. éach_ samplie.  Now, - if m samples uere: a6qdired. the"
probabiiity of . the distihguishing test’ passing at least k of -
them will be w ' .

P =1 - SUN[C(m.:)[P(G IA]} 1 - P(U ]Al] Fe
'And in particular, ‘the probabllity of at ieast one sample bemg E o

selected wili be
P =1-< (1 -P(0 [A)] .
' 1

Since only samples uhose.'c}assification Itkefahood is

“greater than p are accepted,-‘this'cutoff probabnlatg 'is;a; '
‘o _ s RS

louer bound on the a priori'iikélihdodﬁthat3a sample acceptedf
by the test will also belong to the'fargef. The a pusteruor:fqi -2'.

probability will be the actual ctassaficatlon Ilkel:hood.

lf"n - mP(UliA} is the _ekpeéted' humbet ’uf :sambTas;
retalned bg the moduie, the a priori ilkefihood [averaged over

the dnatrubutlon of n}. that at !east k of them uil! belong_to

'the target is

kel - n-i -

P w1 -SUMCn,ilp (-p) ).

">k _ i=B . c c. .
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And," " the probability that “at least one will belong to the
target is ' ' | ‘ o

n

>1 ..

The ‘expected cost of éppI?Catidh "is the Eoét,.'C7z bf:_3'”
. _— L S .8 )
classifying a single sample times the expected humbef-df
samples tested. This number is qbfaihed_frquthq:modelﬂrdf'the:: i

appropriate acquisition process.

2
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bﬂ _YALIDATE.jZ

In o}der. to  increase 'confiﬁéncé-lin the acquas:tlon
hgpotheS|s, VALIDATE measures ang untested attrlbutes of the E
acquired .{and possibly dlSttHgUlShed) samples. The teste that
are performed generallg check uhether ths valuas: of Kthe  _ 1
sampie’s attrlbutes fall unthnn the allouabie range - of values
for the object, based on information in the .lmodgl._- A
*successful completion for VALIDATE occirs 1f at least one of
the samples it processes passes the tests appl[ed to it;-.A
good outcome occurs when. at Ieast one of thé samples paased is

also a point on the target. o

“For VAL!DATE to succesd, & sampfe uhlch uas pravuouslg:
acqu1red (usual!g by passtng some partfcu!ar set of tests} must _
pasg a fur ther set of- tests. The vatidatlon tests are dav:sed '
so that they Will pass any posnt from the target but verg fau'
from other objects.  We now must ‘compute: the: Itkellhoudj
P =P |D), that a sample which has already passed the sat -

moooooondlo Lo e SRR
| N T T "

of tests, D , will. pass another set, 0 (f{e.; ‘ the get
' ' n+l L

o ”{6 -t;:b?' ; :..;0'11;: This .ﬁboﬁébiiffg ié.éxpéhdéd..o§ér'{ﬁs .
con ML M2 e e

set of objects as o

10} = SUHEP(D- [0,.D JP(G"D )],

n+l 0 ntl. ) o

o T R R R
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Since the outcomes of the detectors depend only on the objects, =
and not on the outcomes of previous’ tests, ue.can'éfiminaté"the__-
dependency on D in the first term to get ... -

- P {0 ) =SUMIPIO O IPIC (D], -
N L

iy i e R T T
P(@ |D ) is avaifable from the acquisition model.. Therefore,

jore i sl ; AR & 3
oniy P{0 |0 ) need bs computed . Since the system. does not -
retain the correlated data required to compute P(D |0}, we -
.‘:éstfméte the probabiftg by usihg-th§ ﬁin;mqm_ﬂf.thefséti,t, f-"
oo gl

- Therefore,

P - SUH[[mm{P(U 0, v, PO ;0 m P{U [D 11.
‘m- O _ moj. oo bl SRR B
As We. hava seen prev&ouslg. sf n samp!es ara:hassedf tqithé??
:vaitdatton module for checklng.' the probablia{gzﬁf'é{:TEBésf K :
being accepted is- . L . e
* Of course, ' since the valldatlon tssts are das:gned to'paS$:_'

'-.ali;poiﬁfS'bn'the-target' P(D : 10‘ S
o - s el target '

:{184
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) k-1 . 4 P ’ n_' i L =
P . w1l -8UMHIC(n,i}P [1 =P 1.
>k 1wl - m m
u.Ahd;'of'éauééé..{Hé'pFébabiiitg of éf leésf uné”.befﬁg_acceﬁted_
'ie”" o Sl g L st .
P =1-0{1«P] .

21 m

‘The expected number of sampfes aécebtéd is q= P . The
n
“.proﬁabiﬁﬁtg that any particular 'samplsi_ accepted by the
‘validation test,  also balongs to the ' target is - P(0|D"} (see. .
Appendix- 1} Therefore, tha“prbbébihitgxbf'a“de&zodfcbmé léh:
_ . . moq _
CUProal e [ PEOID DT L
21 . T

- The' expected " cost:is " the  per SBmple'-cosiﬂ'df-'applgiﬁg'{hef
distinguishing tests times the expected number of samples to be
processed:  As above, the anticipated numbef_'of sanples Is” -

available from the models of the aCQUiéjtion:moduléa.

8% -
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" Once’ tnlt:al ahplea'haQe been achIred and valtdated B
Lfanother module is ca;led.fo.oofi:na the ob;ect in the amage.;-e
The region resulting from 'the'orooass of bouhding'is not onig |
the prtnCtpal output of the Iocation process, but also Is uead'
for any final dlstlngu:shing tests  (such as-,shape_ and:aiie"

evaluations) that stiil remain.

The  modules described belou are’ of'tuo general tgpes.

those that operate in an undsrected mode. and those that arei '
directed.: GROW-REGION, an undlrected module,: PBIIES.pleaPIIgf '~i' 
T on posnt attrlbutee to extend the boundartes of an acqu|9|t|on:i o..::;;;.:
regron_outuard 1o the boundarsee of the ob;ect.__ It.termlnatgsl. S
uﬁen' no-neu- samplea uith..the apbbopriateeoaffoioutesV'oaﬁ:be.."”

: found. Dn the other hand the rectangle boundlng modules, VRBi

;and HRB both use suze and shape anformat:on about the objeotu_
'_:ln-queetlon_-to praduce,_teata for Iocatlng and Verlfglng the.eif:f'

fjboundarg;

.Tfhe"speCIf|cat|on of a: good outcoma férJ'iEé sédsa;ng,f;:*
modu!ee is rather trlckg. UbV|ouaIg, ue uant a good outcome to;.
be- the case uhare ‘the modu!e obtalns an accurate’ outllne of thaf“
target object.; The Icke!uhood of this is; verg hard fo predlct.
" since’ the procedure is relatlvalg global in scope, and lﬂVO[VES = BERN
'mang poor!g specsfaed facts about the uorld The] ob;ect could.

be ocoiuded by other ob;acts.’e It couldrbe orlented in such ae

6
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“way 48 to make ertain méaéuremehts*uhheiiébléf br*iffﬁeobldiséf'°i _ go
adjacent to a"simifar" object. . Hhét"fhié”ﬁééﬁs;nis that it is T

not productive ta'try and“madef'{he”xékerfﬁoa&'d¥*'§Eaduéing an

accurate boundary, but rathar base sstimates on the results of

“past trials, This rs'the*apbroach'uhiéh u;zrrbe*ueéa;¥ v1

Slmllar!g,_ue assume. that the bounding moduies are called*'
.after samples have been acquired and validated. Tharqfqra. the
modules 'are provided with samples. that have a cértafn'
“probability éf belonging to the target ob;ect.' Fob direcfed
“modules, ‘the predicted ”bbdndarg depehds-'uﬁ the 'target. 'fha~
“assumption is made that kaffhé*”righ{.SE}éét ' the predlcted. n
bouhdakg'5u?fl'3'mafcﬁ'ﬁfhéa3 actual boundarg {alluusng f or
occlusions), and will not match the boundarg*of other objects. 
‘Therefore, the probabifltg of success fcr these modules ia tha.
probabllatg ‘that the samples provndad balong tu _ths target.  '

_For the und;rected modulas ._theg (practlcailg) aluags succeed

' :s:nce they are on!g required to coliect samples until _thgg can

. frnd no more. Fur this reason, the probabllltg of squgsé fop.

fﬂ'these modu!es uull be one.ﬁ.

a8, GROW-REGION . . -

Thls mcdule obtalns _an DbJECt 8 outllne bg app[g;ng a.
” _pPedfCatB to samples ad;acent to the vai:dated samples, keeplng“f:  o

e e 0 ot i s e e S S . 0 A . i b e i P o A i i e o e o e P

% in this case, only GROW-REGION is undirected,
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 “ ang that pass the predicate., Théinéighbors-df“bétained'ééhpléé B

~are examnned_recursive]g.  Hhen no_more samplas: ara accapted

'__ihé_modu[e_ca[ls:ﬁﬁe}ISIS sgstem func?eon. BLIST. to generate F

:poupdarglfor_Fhex_region. The defauit boundarg routlne. uhtchf e

generates the convek'hullr of the reglon, ‘can be. overr:ddan to.

allow for experiméntation With other boundlng programs.f'A“ :
" guccessful ‘outcome for GROM- HEGIUN is the addltlon of ang n9u 

aamptes.

“_The- expected . cost, f :§h§:1 module s computed by
muittplgnng the cost for check;ng each sample t:més the number"
- of sampias Iakelg to be tested.“ike est|mate th:s number bg” 
compar:ng the alze of the startlng (acqunsttlon) reglon to thef
_ egpe;tgq 5|zg_ qf,ﬁhg pgunded~ reglun.; The program termuﬁataa;.”

6h|y after itfhas failéd to add ang more neu samples to thaa

o _régjph.-;This means that ali samples lmmedlately ad;acent to  -

| thé.bﬁﬁndéﬁg.of the reg|on. but not part of It must be-checkedﬂt

”"(éhd’?éjéctedf;"Tﬁerefbré. ue use ‘an estrmate of tha number of;'iw"-

 “éxterna1'pcfhté ‘checked in: tha cost calculatson.  Tha actual”

'bbmputatioh pérformed is to'subtract tha startlng region’ s area

" from the expected area  of ths fanal reg:on {to eSttmate_thﬁiﬁﬁf::_Z“V**“"”"

number of intsrnal_ polnts examlnedl & and add tﬁé'ekpeciéd'

.pebiméter of  the Eéglon {as. an estlmate ot the number of'_'“ S

external p0|nts checked). Thls number rs then lelded bg thef'

:f: 7=frequencg uath uhlch pnints are checkad (l e., the recsprocal

”'of the spacsng} tu' get the expec*ed numbar of p01nta checksd._

IP

This number muitlplsed by ‘the expacted cost per p0|nt givaa the'H;:5 ' el

.totat expected Cost';', }ff“”" S

o8
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b, VRB and HRB_

THe'VﬁB'hoﬁule is used to !ocate boundar:es for objects .
whose outlines ars VBrtlcal rectanglea (such aa a door) Tha -
process is eqU|vaIent to pPOJECtIﬂg tha ractangle onto tha_' 
;maga, and u31ng the rasutt!ng outi:ne to d:rsct the search for
the actual outline of the object. The module uées~'a-pradicata:.
Wwhich dletanU|shes the target ob;ect from others I:kefg to be .
‘adjacent to it to scan horazontallg for “an edge. _ The three._t:f
' dlmenssonal coordanates of thls po:nt ftx the edge ln space{

" 1f the size of. the rectangie is knuun.- tha Eocatlon of tha 
'paraEEel edge can ba computed. Hhen tha SIZB IB not kncun,
“another scan for ths paralle! edge is made. At thls ponnt lf'

" the he|ght of the quer edge and ths VErt;caI extent of the

.:rectang[e is knoun, the complete boundarg |s flxed._ Utherulsa.

“the . prcgram muat scan upuards and dounuards -ié} locata the.-.;

remalnung edges. After fnx:ng the rectangie, ang edges that

extend beyond the borders of the image are cllpped. : The fsna!
stage is to test the points on the hgpoth69|zed edgea to- ensure_
that they are not on!u focatad apprnprratalyr. but -also to-

- detect any occlusions.

The  cost of this module is the - sum 6f the costs of
scanning = to ' the edges of the region,: the - 609¥  ‘of the

pFojection, uand' the costs .of Cheéking the boundarg.- THs

scannlng costs are estrmated as SHK . Wwhere W is the-expecteﬁx
» . . .
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dimension péraltei to the QCan;'aed K. Tsffhe'ekpeeted"coet of ..

the edge teet. The number ' f scans requlred |e a functsen ef',,ef:

'”'the amount ef e prlnr: |nformat|on avarlable._ Pro;ect1on coete-_." .

are eesentnaflg fixed. F;nailg. the coat ef the boundarg teet]_

'te K t|mee the number ef pounts in the perumeter. aesumnng the
T : . :

: esame'edge'tesf?ie-ueedae

_ The HRB mcdu[e._.used te bound herlzental .rectangles, fe.:

e:mllar te the VRB modu!e, except that the rectangle nou hae an 

. extra degree of freedom, namelg the angular orlentat!en aroundL:-
.a nermal to the eurface.- Therefcre.. befcre the program can'
'fpreject the rectangle lnte the 1mage, |t must ellmlnate thisV 

| degree of freedom. lt can elther !ocate a po:nt on 'tue adges.;
:er estab!ush the. crientatron of the flrst edge {bg,

'Tlnstance, uelng an edge eperator thCh gave erlentatton;:

'nnformatlon en the oruglnai acqunsntlen of the edge).
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C. Automatic'Prédicafe Ganérétion: -“ RS

In the course of our uork e attempted to automate three"
.keg dBCISIDHS '|nvotvad in pIannlng a distanU|shlng featuraa_

trategy.'
(1} What -attributes should be uéedf'fuﬁ--ddQUIbfﬁﬁ
initial samples? T SR
(2) uhéf' attributes shaulq' be. uééd' fbﬁ}validétiﬁg.
those samplés?__ _ - . L L
(3) What attributes should be ‘used ‘for datsrmining
~ boundaries? f.n - | n S .

All three - decisions. lnvolvs dest;nguushlng a deaared'.:f-

surface in a context of other surfaces that may be prasent.-

'-3Acquss;tron involves: dsstlngulshlng a surface from other knoun-ﬂ_'
sur faces - “ina domain, - va!edatlon |nvulvas dlstanU|sh|ng 3-:_7'
“surface from other" surfaces knoun to satssfg the acqunsnt;onj

“rattributes, and: bouAding invelives: dlstingutsh:ng a surface frum:

al l> ‘surfaces that cuuid poss:blg be adjacent-tp- ;{f'fn the

imagé.:_-'.-"-' o

We récail'that objects are charécferize& by local suﬁfaéa:"

)
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attributes, SmenI%c-fproﬁértTés,'“éhdf.rératruns; ufth 'dihaE::'
objects. The local surface attributes that are. 'currehtig' u'a"éc'i..'

.as dasériptbrs'are:  brtghtness, color {separated lnto hue and
saturation: components), = and when range data ‘are avallable._;":
height- and local * surface: orientation '-(referred o aé.
"obientatioﬁ“}. Loca! propertles are’ stored as cumulative._

h h:stograms representlng the probabnlntg dens;tg functlons for"

tha ob;ect ] attr:bute values.:' These h|stagrams allou tha _,-'U
probability of an objéct having an attribute in a glvan range}”
io_bs compufed by- a.simplie subtract&on. These" -hlstcgrams may

be augmented by sgmbctac propertleS' ~such - as boundarg-.-“'x
descrspt;ons, SIZE and extent vaiues. sufface characterlstlca 
':(e gy horuzontal), and spatrai relat:ons (e g.,  ad;acent to.f

I above, or left of). The creatlon and modtftcatlon uf thasa '“ e

... descriptions are discussed belows

Acquas:tlon predacates ara generated bg ‘A heurlst|cl: flﬂa
"program called DACD (for Default AEDunsntlon) that attempts tnfsfi.
-fﬂ_satlsfg tuc s&mple reqU|rements.~ Flrst, the predlcates should:": -

' pass-a feu potnts on the desured DbjBCt uh;le axcludlng ail!.“ o

': -po1nts from other ob;ects.  Second thag ahou!d be:as’ cheap andf;r_f * "

'rel:able as possnble._ Naturaltg,. these requlrements are.'siﬂ"’

someuhat 'cuntraductorg; usuallg a detector that alluus muat_,”i""

'poanta on the target OhJECt to pass ulti also pass ‘some pointa 7 J:if_:f:.f..gfn.i
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- from other ebjécfsll'ff.the &eteetoFﬁie'ﬁéde 'ﬁeEe.ﬁeefEfEf{ve.: : =

it wsually betomee'”ﬁrohibitiﬁeig'exbeﬁeiQé;* Te resolve the

dlfffcuitg. the" program’ attempts tu generate compound detectors. L
that exclude ‘all samples from undesured objecte.' alloulng at
least a feu points on the desired object to pass.  Since this -

" is" not aluays possible, the program returns a  list of ény

" undesired objects that 'catht“ﬁe'eombleletg excluded, so that
these may be distinguished subsequent to filtering, '

The expected cost and confidence of epplgfng~ a.detectbr
ean be conputed for each objeet.‘ The conf:dence of én'ebjeet

‘given a detector is" loosely defined as the probabtlltg ‘that a

gample “accepted by the detector belongs :to the:-ob;ect :n;
queetiOn. The comp!ete derrvatlon is. conta!ned in Append|x 1

" Cost is def!ned as the expected cost {|n mltllsecende of
precessnng ‘time) of appllcetfon of the detector to the |mage.
‘Given a detector “a'set of pounts to be flltered “and’ the ;olnt

' probabllltg that a random polnt from the' eet uill both- be part'“
' iof the object and also’ accepted bg the detector tt is poselble:

“to  compute ‘ fhe"appbepriéte ' eamp!sng frequencg _ and {he .

”éntf&fpéféﬂ-’ceef..: This derivatnon fe.,afso_f'contained_-?n

Ahpehdig”ll;'f'-“

The qual:tg of a° detector is eva!uated usrng a heurlet?ce
.functlon,'D. of cost (Kl ‘and confidence (C) that refiects the- _':

= ﬁ??igﬁ-;prioritieS_ listed--abqui"- Tha :generatlcn 'uf Qood

T e e . o Al WA o e ek e Y o e i T S o 28 s o e

% The quality function, O, which we currentlg use. is jUBt C/K
the quotient of confidence and cost.

v %3
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._:cdmpouhd detéctors 'hog chohes"(%6E“cbmbiné{§kia1 .rsasonﬁl a.?
 problem |n heurrst|c sééréh._ The search prnceeds as follous.:
'::Flrst a good lnlt«al sat of sumple detectors |s' sefected. The; 
: candidate detector Hfth the best G |s then comblned Hlth others_".
to see if the combination |mprovas the O functlon.- Tha best:'

combination, in turn, is comblned Neth remalnlng candidates.'-"3

_ and 80 on. untll one of the folloulng termtnatnng conditlona is _']ﬂ.:"fl i

reached aither the _set of candidates isl exhaustad soma; -
comblnatuon exceeds a presat U threshold, or an effort bound ue[ S

T exceaded.

o Tuo hBUPlBtIC programs are usad to select candldaté}'.
; simple. datectors._ Tha flrst, PEAKS locates paak attrlbute;”-.
:;values for the object._ It examlnes the characterizatlun of the f
_pb;a;t_ (uhlch are probabllttg den5|tg curves and ui![ bef
;dfécussed-iatgq} for 3 peak prov:ﬁlng a certa|n' mnnlmum areau- 

_ underneath.: The funct:on uill then .narrow.. the peak |f It can.

o dd.'so ulthout _Stgnlf:cantig decreassng the araa.__ Vaiues off“ ,

 ‘“min:mum- acceptabte__ peak_ Sl;e { and Other : v#;.ab|es::ueref
emplrlcallg determined. thFc“ﬁhg_BKpgrlmentat;on  :Nith':iSIS'%'
- ;PEAKS' ”h'Ch f'”ds : .3‘“9|8 Déékgfdf ‘each - attr:bute curvaai.' R

'.OUtPUts @ :seﬁ 'of_‘5|mp!e detectors corresponding t';;fhez.' i)

attrlbutas ccn51dered.- 

': __Thé_;.second se!ectlon program._: HINRANGE gahehéteé.:

e dlBtanUIBhlng detectore bg iooklng fcr contlguous ranges of'

"7'attrsbute values uhlch m:nnm:ze the set-of ambxguous objects.f'a"" -
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- The program scans a rangs of an -attribute ' for the target
object, checking to see what other objects share ‘the range.

MINRANGE aiso returns a set of sfngie detectors.

‘The ' present  implamentation 6¢ ‘the*”ﬁeuhisfi¢f§réai§afa_
- generator creates only composite detectors from the initial ééf
;supplied by PEAKS and MINRANGE. 'The*”program  caﬁhbf gat
generate detectors that: are disjunctions (such’ ‘as night be |
‘required for locating a red and uhitezcﬁéckééeﬁ'“fabléc!dth}ibr
decision trees. Despite these limitatibné'Tdh?ch'ha"ékﬁéct to-
eliminate in the future), the 1detectprs generated. are quite:

'efféthVEf__' _.

To generafe these. composlte detectors. DACU selects the:
‘ current best (in terms of Q) detector ‘an the I:st and trres to
comblna |t uith alil" the 5|mple detecturs an tha .|n|ttal Ilst[.
tDetectors that uould v;oiate the dascriptlon gtven above (e.g.
which uould comblna tuo detectors i th the same attr|bute}. or;. -f'".
lthose in uhich the composute does not have a smalier ambnguntg“

 set than the parents are not conssdered. Nhen a candldate Ia :

'f:selected a composite detector is formed and retalned on!g if:
' nts vafue _of Q rs hugher than that of both parents. Bafora
addlng the new candrdate to the appropriata spot in tha !ist of

- detectors. a qunck check is made to sea sf it could ever be -

better than {ha  current bast detectur.  Th:s 'ié_ dona bg'
'3:computlng Q for a hypothetlca! detector ulth the same ccst. but. o

 .usth a confudence of 1.' If the Q of thla combnnataon |3 hlgher

S5
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_than the best Q so far, the neu candldate Ie keptyn Utheruiee;e

v it is dlscarded. -

A i R R e proper
.'tocation in. the. ehdered list. of: candldates After'ethekffhef.f
detector hae been treed ulth all the pesalble 3|ngle detectore.

_:t se marked as hav:ng been expanded, and DACD prnceede uith
the best_”(unexpanded} detector -the_; u' Ilst. CTE nu_.:.
candidates ._é'ﬁe._'fe.ta_'*.n.ed"__ DACA - c’on{inueé-nzth ‘the next best

_ detector on_the Tis{.e

Nhen there are no more candldates, or uhen a deiector is
generated with aQ above a certatn threshcld. the program'“
terminates. raturnrng the cumpiete ordered Tist o? deieetnﬁs:

generated..

“ﬁACQ;” epends -_considerabfe. tINE': attemptnng : m'noh] efgi
fimbreveﬁeefe te Its best candldates.:“ Therefore, a CPU tlmeefge”””
Timit uas prUV|ded to allou the ueer te decude hou much afforte" £
::"DACG shou[d expend.. If7 the time quantum provnded bg the. user
is exceeded “the progrem :nterrupts. prlnte the best candldate; :

" “and aske the user uhether |t should contlnue.. If the rep:g ,sj'.'i;f}:'f"
””NU or there te no replg uathun ten eeconde {equlvaient to ‘a NU.:::
.'rep!g] DACO termlnates utth the best so. far. .lf_ the useﬁe

Wishes to proceed DACQ ulll contlnue for another. quantum of?f- :
*”tame.e“ The pred|cates produced bg UACQ usthln ‘fh t:mei':
:constrelnts (currentlg about 18 seconds} are tgplcal!g the sameﬁ"

»

".ae those produced bg lettang |t run tc compietaon.' Also._the .
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defectors bhoduted ére usuallg as. gccd as.' or' better than. .
predicatas deflned manuallg bg sxpertenced users (oftan theg

are. the same).,. .

Nhen UACQ termnnatas, '{he beéf compound detectors ara
" converted to equ1va|ent LISP programe and comp:fed for use bu

acquISitinn modules.

2. Qggigﬂ of Valiga;jbg Bredicates:

Val;dat;on tgpacallg proceeds |n one of tuo uags. Eithér
':ths samp!e is classif:ed as beionglng to one of the membérs af
the amblguttg set, 'or further tests' are made tc rnéfeéééﬁfﬁé_'
confidence that the potnt is from the target.' In 3 tﬁe”¥ir§f
'éaéé. n;'pbedféate IS requlred- the actual measured attrlbute;f
"vaiues of the polnts are used. fi the second case. ths taat
usually involves measur|ng the remaentng characterlstlcs (r.e.,'
,_the_qnasmnot used for acqulsutlon},3and,ensurlng that theg fail

- into the range of allouable values for. the target.

 '_533;' Deslgg gi Egg Q mg r dlca o

The next step fh object frndtng after valldat:ng the_:i‘

.”EWECQUISItIDn samplas ié'f to 'extract thé; baundarg .'df' the.

surroundlng surface. l Boundlng a srngle» speC|f|c ob;ect -73'a .

9|gnsftcantig dtfferent task than global scene partitsonlng as.

g7




CChapter TIT°° ' 0" "0 MUDULES FOR QBJECT FINDING STRATEGIES

"ﬂéch{beézkéégfjﬂghgékiﬁu¢éggl;.”_. |
Ih'oﬁject -boundiﬁg; ézﬁegiéh 'fs.groun:;fFaﬁ”ééquisifioh 

isampies bg inc[udihg a!l cont:guous sampies that saiisz”éH S
appropr;ate boundlng predncate.:”'Specufxcallg._ the program,..
:'GROH,_ applnas the preducate tn..samples adjaCBHt -td"tﬁaf  gu:i
acquisition samples, If a sampie is accepted. its ﬁetghbors.} .
{either 4-adjacent or 8-adjacent) are added to.a list to bef
récursive!g.ekamihed.‘f.Uheh}nc fﬁhther aamples can’ be added ;
'GHON returns the resulting'néh region. -
H.Thé:i bOUndlng.. pféd;cates. afffér} 'fébﬁ acqu15|t|onﬂ

' pred1cates.|n tio tmportant uags. Flrst. the partlcuiar reglon :

.b3|ng bounded need onig be dlstlthIShEd from plctoriallg

' ad;acent ObJECtS. as upposed to ai! ObjECtS 'ln the scena.*
:"Second. regeon grouth requares predtcates capabfe cf collectlngy 

aii polnts on the Ob}BCt--:]'.

Slnce the predtcate must accept all pounts on: the object
'tﬁe task of generat:ng- an. lnitsal pred|cata ~1js' greatlg_:i
.'snmpllf:ed—-ua need onig create detectors based on the comp[ete:””
'range for all attrrbutes (a "fuli-range detector")..; There ls'f
‘re[attve[g little rlsk .ln u3|ng these ulde range.§etectcra.-
'”Slnce theg need only discr|m1nata objects ad;acent to the:: 

ach|red object Houever, Ef the sgstem has knculedga about _5

'”'; uh:ch objects cou!d be adjacent the predtcate can' be reflnedf

”'bg spec:ffcalig dlsalloulng pOInts from these ob;ects. r
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A major problem With the above approach . is  that the.

Eegioﬁ grouing bredicatea are applied uniformly to “atl points,

Often, it is known that the color {say) of a reg.'r.o'h is dark'af

at ‘the bottom than af the top. Such information should be used

to produce more selective predicates that ' raspcnd“di'ff'erz'éhtl"g' :

at different points in the regio_r_t.:_ Adaptive__ p:’*edicétes"'.uhi:éﬁ_:

L%Duld. _cén{;inuouslg change their. g_ﬁp__acta_g_ibh' of L:'ha{'ahdg”l_'c_t_ come .. - :

| ﬁégt.__ bésed on ‘what has recently ' been SB.BF‘_I_,'.__:_:IL.'::UU_Id. __ .a_.lso be

designed.
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£

~ D. Higher Level Planning Cpnsideratioﬁéu._'

“In'planning “a ‘strategy, We- "Wish to be éﬁlé*tdﬁ.uéé'oﬁéf
'object to fix the Focatlon of others.': To accomp!ash thisi .
“pequires an exfended set of planning modules. In ‘this. SBCtIDﬂ.%-.

He wish to ‘describs the concepts we have devetoped tow

faciiitate finding objects indirectly.

1. andﬁuihg-;

The whole phifoéophg of indirect éearcheé-{and;  fh:%aCt
- our whole approach) is to lfmlf the context in which ve: Ionk :“1fL
for the objéct; He pruvcde the lnfcrmatnon requlred for_thls"'
restriction by the use of "indous. " v In this sectlun,_'ue Ni|i:: 
' usa ulndou in tuo dlfferent uags. flfst, Pt can dsSIQnate soma}
area of the tmage under current consrderat:on- more often, 1f: :
HI|| ‘mean a sgmboltc data structure aSSOCIatEd thh an objact.'
The distinction nill usuaitg be: ubv:ous._ The tuo ccncepts ara; f
related in that a u;ndou into an rmage uill usuallg ba prov]ded 1

from a symbollc ulndou.”

A ulndou assocnated Nlth an ob;ect consists of a 'set of

'-'reiated ob;ects and lts relatlonshlps urth them._ These objects*_'..

otee



CChapter 111 " HODULES FOR OBJECT FINDING STRATEGIES =

o mau'ébhéiéé--offohea7that “gre bdﬁéidé&éd*fb“'ba'"fuﬁéfiaﬁallg“-
jreiated ‘and “thosa that ‘might be considered as . "fortuntouslg“'
related, - The first category includes ob;ects ‘that hdva ‘a bona
~fide ' ‘reldtionship  to - “first ‘object.  'Fdr axaﬁpré,
functionalig=relatéd'ohjact§' for ‘a table might 51hciudé'66$ksif
pfates; chalrs, and  telephones, ~ While, on" the “other hand,
~fortujtously  related objectS”zmight*’inb[udéﬁ ué119;?fdbofé;
‘pictures, and wastebaskets: ' These ére'3Ii'dbjecfs7thé£::mag 53
associated with tables, but usually are not thought of in the
same context. Their’ ‘importance here is that theg:_mag be.
| plctorxallg adjacant._ and théféfqrg_mag Ee_ imﬁ5rtén{} to'a:

Jstrategg |nvoIVJng tables;n__'

It is obvious that many obje&fsi'uhile“aséoé}éféd'”ﬁitﬁ‘;_
particular object, may hava”a'fairlg.ténuous 'betétfdhéhfp;:‘A;
telephon; mag xhavs'af fa:rlg ciose relatlonshlp to a table_  
{é.gvy we may "~ have & rule: Taiephones are’ a!uags on’ tab[es)
but a*fchairi:uhilé';hdbmallg agsociated with 'a ‘table  is much:
fess congtrained in ralationffd if.'énd:theré¥uré'Has {éTTDdSBf  
reiationship than a telephone. . )

.'Bééaﬁse.df ihfé;:ue aiioh1fbr méhg diffefént::u?ﬁdohé fdf.-r
an: object, aflzsépecified.-sgmbb1i5a|1g§:r e might  wish to
'1 dufferentnate along ang of tha Flnes sndlcatad._ For exampla.-:_:i
gsome uindous for table msght be the set of ubjecfs likelg to be

on the table. or the set of objects normalig found |n the samal _'-1:

':]’room ulth a table. or perhaps the sat of-ob}ects Nhlch mnght ba"

et
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  _pictofiailg_édjacéht_td‘tha fébls;; Each of" thase mlght hévéfé BERERR

. place in our _@Iénﬁingx In partncutar._each of thase:highfi'
ﬁeéﬁft:ih.'diffEreht méppangs antm n;ndous in the fmégefx-Thé_j.-”
5 p:ctorlallg ad;acent (sgmbolrc) iindou uould tgprca!lg result

|n an |mage u:ndou consisting of ali samples sone'. dlstance cut:'
from. the object, while a sgmbollc window consisting fbf'bbfeéfﬁzjg'
”.'BuppOfted_bg_an'que&t _might imptg an. image uindou 'uhicH'ohIg “
extended upuard from. the 'surface;- Relétidnsfsuch ag: ABOVE orL -"'

LEFT-0OF further constra:n the assoc:ated lmage u|ndou..-~ -

U In 'dfder.:{o .ﬁgéie¢f;'uséfut uindous.f.ﬁgnj nesa _éome. .
likeliboods on  ihter- ob;ect relatlonshtps.-: These Iskailhoodsﬂ
are ugsed to compute probabllltles for 1nd|rect' searches.'fiﬁ:.
. particular, the process of_l@qéting:'an:object :nd|rectlg haS:_'
_tuo .principal  phasé§; - Fifsf,f the.. reiated ob;ect muat be_:
H_focéted...then bQ  sdme othar procass (e.g.. _ scannlng ;
o filtéring} the ulndou in the |mage implled bg tha ObjECtS and f':'F
,hthelr relatlonshtp must be searched far the second ob;ect. If;: '.ﬁ'
Cue _assume _that we ulll flnd the related DbjBCt DH. ﬁith

‘probability - P{0 ) , and that. - given that ' object, the -
et ey R T e e e T T

qelatjbhship, 'R{ .ui£h':ihé_jtarget :dbjecfg' UT,;'hbldsjfuiih';.
'probab|||tg. P(R]U l thsn We ‘are in a pos:tlun to :dompdté the

% Of course this is: reatlg P(U [S ), uhara 5 is }{ha.étfategg_:
. R oo

"for locat:ng 0.

. . R _
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likelihood. of - findingEU'-'indireCtTgrfrbmiﬂﬂii- Hé"'aéédﬁe:tha': : '.@;f.lf

. T - . . R i :
indirect strétegg used to locate O from 0" works uith
: 'pfbb'abi'li:t'g, P(S fF't,'O ). This may be sSome exbecta{ion b'a'sed."dh'

I R ’ .

the operation of a scanning program, for instance, or wue uifl..
often choose to hold this probabllity fixed, and allow the  :'-.
Tikelihood of. the relatibnship.r:P(R]U=) o daminata {he

computation. Houever. for ok We  ses that ths [lkeiihécd of

Iocatlng tha target lndarectlg frcm 0 ig just.
o SR e

P(S |R,0 IP(RIO JP(OD ),

fﬁis..is:'tha prﬁbabiliﬁgj éf: succasafui completlon of :fhe;
sequence of eveﬁié,. tﬁéf .ié;‘ the: E|kellhood of raportlng:'
successg, The probabilttg ofa good nutcome, g:ven 'auccesa 13, 
just P(UTESIJ. But we can expard this to ngB '

_ P(S EU }PEG ¥y 4
P(U IS )= ;h-Aaa;——J—--';"

.:Né'uii! -not go :nto the compfeta detalls of the cdmbUtétibn.

 'here, but urll note that, in th:s context,_: o

. “§(0 j"
T. A
PO )= P(R,0: ) ke
T R S(NR) '




Cha'ptér-l_'u_-._ MODULES FOR OBJECT FINDING STRATEGIES .
That is,. the. probabllltg of a randomlg sa!edfeﬂf&réa*ﬁiﬁ:{ﬁar"

Hindow: speC|f|ed by -0, belongtng to  the target, is the
R R R SRR SN E RN R

" eobabi [ty of the target being in the windou. (i.e., P(R,0)),

e il TR B

times the ratio of éxpected sizes of the target.ahd the uindou. o

| &lhgghgmgp_fﬂ_!.mglm lndir .ir"gc_t' S___eér"t:h.-

e have ;ust seen one uag of dacndtng uhether to trg to_
focate an ob;ect dlrect!g or '[ndsrectlg. That is tu compute{
the relative costs and. Iikelihoods, ahd dedidé oh that b33|s.2
This is often the basis. for the decsafnn. but there arg otherf a
factors. -These factors usuailg.-relate_ td: a cqst-effé#fiQé
approson, but have becons mors h;a.:a;{{c: I
: In geneféi If He- are }nterested tn Iocattng a smé}T.tﬁr'is 5.
otheruiss dlfflcult _td see} object. and TE ue Oy khcu ZQH L
. relatlonsh:p exlsta betueen a Iarger obJect and tha targat,-uaf- 
Wil trg to locate the Iarger one. tn hope of be1ng abie tq use_
 "* to  focate the sma"arf"_“B.”’Fl--often 'du -thls uffﬁdﬁ£ _:
,fdiiduiﬁg'fhé'.plan‘bbmbléfé1ﬁ-ifb.{hé' eﬁd. The: ratlonale |sv
that the Iarge ohject ulll ilkelg be of ald in ths task and |tfx
't'es more northuhlle to jUSt go flnd |t than tu spend (uhat ua.
fexpect to - be) a great deal of tume p!annlng for flndlng ths
target. 1f He- find the farger objact then Ha - can concentrate;'

on focating the - target, but - if e faLE to fand;-the.largap‘; -'“”'

o186
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objéc{; then'ue.have likelg'spent'lgss time Iooking for it fhaﬁ :
ue would have spent thinking about what to do afteruard. An.
extension of thts heurlstic is “the iﬁea'of“cﬁdnéfhg to find a
related ob;ect because at is aéhécfé!ig;&istinguished: in the
scens, where the target is not. Typicaily, the most easlly )
distinguished objects are also the largest ones, but’ this 19?--' 
not aluays true. For example, it might be uisa.to !Ecate;thé
_table by finding the desk lamp, the brightest object in he

room,

Another Ssituation in uhich we wWould usually like to'-5
cutilize. an indirect search: is that” uhere e u:ii need to find a _:
set of ralated objects. This would ba tha case.- for example.'

when ue ‘were trying to. outline. the chanr.-i In-thus' casa; ua:'

-need" to locate: the: seat and~ back - (sayl, Srnce one: us[i

constrain the location of ‘the other, it makes sense ;to attempt

to “find one part TdiréCtPg;'-énHIUsa:;that~ to constrain the-

;locafion'of the ‘dther péﬁi;:;» o

| Tﬁé .ftnal antuatlon .uhere we. might choose an 1nd1rect
Hséérch is one uhere He had alreadg tocated some ob;ects. Thesa 
'uou!d then provnda tha ccntext for focatlng the target.. i?nﬁé'
had alreadg |dentsf|ed the door. for exampte. He uould probablg_ L
-.qhqose~to_!ook for-the uallaas.an adjapent-object,- aven though

it .uas easy enough to find the wali directly, =

L1085




. Chapter IV .. PLAN GENERATION AND EXECUTION. .

A. Intboduction

' -;Thé.'difficuitg fa0|ng artaf1cuat :ntelllgence problem .' -
.zsblvérS' haé\;{paditionaljg besn  to- generate ang plan _?dh:'
performlng a -desired task; since | tha chorces for auivnng théz
_probiem: uere general!g IFMIth, tha cho:ce of. uhlch eubgoal toi

trg next has not been a-dafficult-daCt3|on._ Tha pfannar to be3'
'descrabed hers ganerates a: Btrategg for [ocat:ng an: ob;ect in

‘an :mage. but then, more |mportant[g, nrganlzes tha plan 86 as{.::":"'
“to knou in which order to attack tha subgoais.- The problem at.

':ang posnt in execution is to knou uhat to do next.,. An examplef-f

. Mof a snmple plan for flndtng a chalr IS shoun in Fsgure 18 M

ulll dascrlbe the genaratlcn of thls plan in deta:[ belou. f

The planner f:rst etaborates @ goal 1nto theasuﬁgoafg:_"
requtred for :ts solutlon. These subgoals are: elébﬁfa{ed'{hj:--x---
'turn until no more remaln._ The result is an AND OR p!annlng' L

graph ulth t:p nodas that ara executabi& subgoals.- .Next. the'.-

7186
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ACOWIRE
SEAT

ACQUIAE-
INDIRECT.
BACK

ACQUIRE-
DIRECT
BACK

"

Figure 16, Diagram of a Pian for Finding a Chair
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o Chapter IV . PLAN GENERATION AND EXECUTION
scorer organizes. the - graph so that the executor can’ find the i
best terminal node to begin evaluating: © The plan eke.cu'tdt;-.'_‘ L

executes the ‘best subgoal and - then (:u*cspaiga'tei:;.'t!-'ue;.:.'..s'i'u::'t:asa.iafj or.

failure of the goal through ths original - plan.. The'sr:;b.ﬁér.-__”'

reorganizes the plan based 6n the outcome of the-__ .sub'goa'! . an&; LT

execution cont_inues until the top goatl i ther '3ui:c'eeas .m".

fails,
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. Chapter TV | ©PLAN GENERATION AND EXECUTION

©Bi Planmer

Me begin with a few definitions and descriptions of
strategies, plans, and ‘elements 6f plans.. Although nmany of -
these definitions have- appaéred:prayibﬁslggf e :Ehc!hdé tHéﬁ 

here for completeness.

S

© Boal - 'a representation of some state to be = . -

“achieved. A" goal - is' aither ‘dirsctly .
realizable ~(i.e., executable), ‘or is an .

“intermediate "goal, which 'is' satisfisd by .

‘satisfying its subgoals. An executable goal

‘I's"a terminal goal.

| THE'fdhﬁa?” pf é-:Q§§;:is5'a_|;§th the first
' ;: eiémght . of gpjchi.is.fQBuéfjg;Lthe activity
reprasented by the  goal . fe.g., FIND,
. _f;YALiDATEi,_ Thg.sé;pndzgléﬁentfjs usUaIIQ'{hé"_ 
| object for which the goal is being xecuted.

{Succeédihg_ejemehts T?f-ang}y usu§}fg't6hféih'f
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‘Chapter IV' . PLAN GENERATION AND EXECUTION

information pertinent to the._'geeI;@ For
example, _ - ' -
(FILTER-WINDOW * DOOR™

DOOR: AF

{(HEIGHT. (6: .- 8}}

{(SAT (7. 121}

ie a tuypical goal.  The adtivftge'is f.
FILTER-HINDOW, the object is DOOR; - thé'nag{_
element is the L]SP predlcate to be “used |new RE
filtering, and tha “last element Vs the
iriternal’ representaticn fef that predlcate.-
The"feet.'fhd'fefehehté ‘are Particular o

“ FILTER-MINDOM:.

SUbgeat List - a list of eubgoate preceded by an"

: ;:operator from {he set AND, *AND ORy, - or. T.:; o
:::Th';:operator |nd|cates hou soiut:on of theef*
':”subgoale relates to solut|un ff the goal _
.:AND and *ANU umplg that aII the subgoals mustff
: be achieved to satrsfg-the_goai-: oR lmpliee”

| that achleV|ng any - ene"ef'{he_'subgoals u:ll;'
euffice,- *AND- reqUJree that the :subgoals be? B

w a¢ﬁ15993:|n the-given-sequence. T isa dummge_'.'.'
: -operator uhlch is used when there is onlg enei 
| -7subgoa[ and means that satssfg|ng the subgoaf:.
;”*ts equlvalent to satlsfglng the goal Thze ;e?:

R operatoh is used prrmars!g to “minimize the. 8

" complexity of '"fhEl Bubgoal 0 iasts.' some-f'ﬁ_
example subgoal lists arez .



" Chapter IV "

(AND'[FiND:SEAT}(FIND‘BACK})'”
{(%AND (ACDUIRE DOOR) (GROW DODR}I. and

 {OR (ACQUIRE-DIRECT PICTURE}"
(ACOUIRE- -INDIRECT P}CTURE))

"The -first-éxample='iS‘{hé'-subgdal fist for =
“(FIND CHAIR); the ‘second for (BOUND DUUR)} - -
the third for- (ACQUIRE PICTURE). -

Node - (or goal 'node] is a list cdnsistihg of the

._PEan

g satlsfgtng iheﬁ lnlt:al goal._f Ih rts most . .-

':_Igeneral :form,_thg_ pianhls an AND OR graph* o

goal the subgoal list for the goal. a set of

- parameter iists'foﬁ'ecoring’purposasi'ahd'ths

paranté=uf tha-gdal.”'For oxampls,

({ACOUIRE DUOR} S .
(OR (ACQUIRE-DIRECT.DOOR) * -
(ACQUIRE-INDIRECT DOOR)} :
- (1.9} (. 95) (,855) (S@0ed.) (SSSBB }I
((BDUND DGDR)J)

" could be the'=goax“'*hodé-ﬁfor*i the goal
- (ACQUIRE DOOR}, which, in turn, is a subgoal
for (BOUND DOOR). o -

5- the set of goai nodea’ generatad or'

'f_ainCeqhe subgdalé; mag'pd;ntﬁtq_ one ancther-f

__thfdugh“their: oun subgoal fists, Thé'gréph :

_ étbucture_appears'uhén'a goal has ' some other .

. geal for a SUbQQQ*f.“h1Ch ?in turn . has the -

B Y

'PLAN GENERATION AND' EXECUTION .




. Chapter IV. . ' PLAN GENERATION AND EXECUTION .

first»aﬁ,_nne'df  if9*§ub§dafs.-(éithough hut'.f'.
-ﬁetéésérilg. as dlrect descendant)._ For
'example,:(as shoun ln F:gure 16) to* find.tﬁé_ A
seat of.a chalr. it mlght ba possible,fb'l |
f_i;-_st find- the 'back-ﬁan'q. use that - to localize
the - seat. . Houever, f@'ifind;?fhE' baék; ii.
: might'aiso;beﬁpossibleﬁtd'firét“fih&'{Hé”saatii;”
_ and t%en.lbcaifze- the back.-_ Th;s type of

reasonlng results in pians ulth toops."

: Hodute - a moduie is a program or a. statémént uSed 
in: satasfglng a goai. Ha have tuo tgpes o{ﬂ
' :modules. ' plannlng modules : and executlonb 
modules;. Plannlng modules are - the programs_x'
.,ufekéédféd f:1n '{h” | course - of p!annlng a.
' sfﬁé£égy{ - Theg ﬂ usuallg result ih_j' _. :
.eahﬁiha{ioﬁs of -other modules. _ Executlon:i:.':
".mdduieéf ”éfe_ fun _:dﬁrgng,,th':_fcoqrsa. of:”
L ekecuting'fhé Qtréfégg, éhd}aﬁé.usdallg iﬁagéfa
'pr00855|ng programs of some sort. A'ﬁédufei 
'  mau have varsous functlons aSSOC|ated Nlthi:" .
t such as CDS?FN (uhlch computes the-cost
I uf executlon of the modulel. and PTFN (uh:ch:- - ' '
'"computee  {hé' probab1litg of success}.__fh” .
H”'addltton, the modute mag a!su have 339001afed-
functlons - used f decudtng __uhether 3' 
:prevrous!g generated goal : equlvalent or:: -
'ralated to the current ona. '

B (T AR



CChapter iV 'PLAN GENERATION ‘AND EKECUTIONf"'.
Cost - in the context of planninék'fﬁé"ﬁéé{;féézthé:
estimated time that would be spent trying to -
“satisfy a goal. " In the ‘case of bounded N
‘processes (such as fifterlng, the cost can bqf;
estinated rather closelg. For less bounded”:
processes (such as region grouth), - the cost .
is approximated ffGW: paéﬁ_ éxpebién;e' énqh:
_“uhatBQer  _rg¥qyant. }nformatioﬁ; : ﬁag_ ﬁa;
.aQaiiabts'(for exémplgl the expe¢tedL_si£e'nf._

_the_region_to_bg_grqun).."

Confldence - in the context of plann:ng. conf;denceh_'".
is the probabtlltg that the executcon of the_-_
goal uill have_ a  good- outcome. Thls s
_composed;.'of E_tgu‘_'path; - P(IET) thg:_f.
_ prcbabjfitg:of_é gdbd ou§§omé gsyen that tha” u
-_'nddai.sud;ééds}i”.aﬁd:'?(TI;:_théz a. prlorlif'
S probability ﬁf;success qf}thé.éoaf, In caseg!_ 
where the process ffsl well | mo&eféd‘ &Ha;
_est:mates are reiatrvatg good- uhare thare s

.. no good model -th', estrmates : are based[ﬂ'.

_ largeig on past experfence. _ Cdnfldence,-qf
. course, js alHGUS_PBF”EE”,IrB;aﬁd 8.8,
“Score - - the séb?é*bf a noda ‘ia the VéEUéf”bf”a '
" function uhich computea 5'3 - cdstr ff§dref -
normal ized by confidence. th current score -

function is cost divided by Corfidencs.
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- % That

Chaptep_lv,g.;3'g

2. Plan Elaborator . 5 ; y

To create a plah,_the

nnntlal goal (the "top goal"; uhsch is tgpucallg to

objeqt,_e.g., FLND(TABLE{IJ

solution ..

way.

goal is ‘executable, and

confidence) for' later use in scoring.

and has no subgoals, it is marked for

“As ‘goals

their names are added to ah "instance

as a global * "note-pad"

discovered about objects

initial entries " into  the -

'.‘grbbai:g'haiﬁ¥aiﬁéd'1isf:6f'prc£6{g§eé.

' chéif:-éeat is nottced for

'plannlng. the name is Iooked up on the Itst of prototgpes..

'.gener:c lnformatlon contalned

'then_'added ‘t6 .fHé':|nstance

Pthofgﬁéﬁ”cdﬁéisfé'bf “such generai

‘betusen the object and other -

'created '{ocatjhg; ithat

ava;labla_iiq;3fhé ptanner - dgrlng'

s, it "elaborates

114

plan eiaborator (PE)

if 8o computes parameters

“thvolving aep*asjects:
to 'méintaln
BUring-ekecutlon
iR tanes.
the flrst
ln the prototgpe

Ilst._-

ubject.

elabotatlon.. '

PLAN GENERATION AND EXECUTION = -

expands theg

flnd some'

into thg gubgoals:rEQU|redi foF Pts

The subgoals are recurSIvelg elaborated in the same1 L

I+ the PE cannot generate subgoals,'lt checks whether thé

(cost and-

I'¢ itis not exacutable.,

later deletion.'

are examlned bg the PE t

ltst"’_ ThlS'flst is-used!

up- o- date lnformatloh

of the plan.. fhéf 

Iiét are taken frum a

For example, uhen the-_

tlme rn :fhéﬁ courss of:

The.'

Data:_contalned~f|n the

ihfdhmafion"as'hélatibhé-

objects. or ‘even’ prev:ous plans

: _Thls_ lnformat:on ig
and:'duriﬁg-

e

on the’ soEutaon of a goal..

descrlpt:on :sf:_-



Chapter IV, - o . PLAN GENERATION AND EXECUTION
- execution is‘updéted. bg_ekebuted"modu!éé;7;F6r°fekample; fhé'
chair-.seatrprototgpe ~could centain’ the information that the.
‘chair seat i below the chair back. Durihg'éxeédfiéﬁ'6f'é“piaﬁ
to. find the chair seat..thevécquistion modufg (dtseusééd'béloul
would save any  acquired chair seat samples on thé*ihé{anée_-
ilst,.uﬁich ‘would then be. available to the validatibnﬁﬁoduip
. for further procassiﬁg (é.g.,.tof‘a'prugbam'for BUt{fﬁiﬁé'tHE

chair}. .- .

Before generatlng tha subguata of a goal _ fﬁé-éiasorat§r 
checks to see |f ang specnal modules exlst for satlsfg!ng tha_
‘goal “¥ér that partlcular ab;ect.: This altous tha user to'

 provide advice to the p]anner about certarn goais._ For
Instance. the plannar could bs |nstructed to aluags look'fob-
th teiephone on  the tabletop.”. lf no specnal routinas ara'
availablg. the planner looks for routines assoc;ated ulth tha'

activity ahdfthat*aré ganerallg useful for all objects._ B

| For example, to eEaborate the goat {ACGUIRE TABLE}. thBJ'.
”planﬁer mlght be |nstructed to use a horlzontal ptana f:nder,"
.5|nce the tabletcp is a hor:zontal plane. _ Alternatlvetg, if_"
1 there Was no’ |nformat:on assoc;ated ulth TABLE the elaboratnr'
_ uould Iook :nto generat purpuse rout:nes pertlnent to ACQU[HE. 
.'The graph |n _Fagura 15 prov;des anather axampta._ There is a
 'modu!e for FIND thch sags to f|nd an object. find itq pgrts.

S Therefore. to frnd tha charr a pian :s generated for.ffndlng'

”'sts ma;or parts. tha saat and tha back._;-
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._In'generat;;'severalfplannlng' modulee mag be aeeocnated“'
-nith a .given. actiﬁitg;” ln drdér to select the expane}on=:

L modutes approprtate to a partccular goa[ “the planner appllee a

o predlcate functuon ‘assoctated ulth ‘each " to 'the~ goal in

que5t|en.~.lf .ft,returneﬁ a true'va!uegr the”planner -adde the;
~module to its list of appiicable modules. Special cases of the d
. predicate function can cause the. medule aluays to ' be' selected
{to provide defaults) or can cause the module to be se!eeted-bga
goals speC|fted expl:cutlg. Thls predscate allous ue to have
several modu!ee. eaeh an expert :n 8 relatlvelg narrou domaln,-.

and each selectable on the ba319 of that domaln. Fer example.f'

' .35500|ated Hlth the actrv:tg, ACOU!RE ceuld be a program fori"

Iocattng horlzontai planes. ' Thae pregram uould have a.:
"predtcate that ueuld return 'true uhen applred te a horlzontal'
Dbject, _ o | o | |

: Befobe a'-nenjg genera{edi.gdat ie-added 'te {he-f!ie{-e?- .
goals. to be elabora{ed"a' check is made to see- ifa”ii haef
“'alreadg been generated. or !f ang equ:vaient suhgeais have been:_:

"generated (the .subgeai must have ‘a epec:a! funct:on te allou":e'--f"

the planner to decude thrs} In elther event tlee notj' e

nnecessed- further.' and the subgoal Ilet of the goal berng L
T:expanded '}5' modlfted to po;nt te :fh prevaous geal Theﬁ
:'planner Nl|i aEso check fer related subgeale {that can eucceed._ :d N
deor fall based on- other goais that are not dlrecttg related:

ddfl.e.. not parente or chfldren}. For example. the planner magf R I

o generate_ a strategg uhlch lncludee multlple f:;ter.subgeale“

e



Chapter 1V." . . © . PLAN GENERATION AND EXECUTION
._.Hherel 038_ filtéru predicate:subsuméS*'anb(ﬁéf?f_fo”*tﬁe Ie§3 -
. .restrictive prédfcafa;faifsgfo..turnfgp the“déaired':bbféét; i£ 
“_is'éﬁahanteed:that*the mote restrictive ons also ﬁifl‘not (uhen
- executed on .the same set of samples). Therefore; if  the less
‘ restrictive.filter is seiected and exaodféd#'itsﬁ”bhécoméycc&id .
.. imply - the outcome of.  the refated; restrictive ™ £iltar, Tﬁé'.
;.:planner. maintains an: explicit list ‘of related 'subgoals, for - .- . -

this tuype of situation.-

3 scorer

After a pién has been éféboréted, the hextfsfebfffs to
decide which eubgoal to attempt, QF. in general, tosdéétdé nhat1' '

. to.do. . next., - The::choice'depshQS-'dn; h'5 I0¢aI sxpenee uf

--executing: the goaly: the more global” expense due to ths fact;

'*;,that’;some*gba!s~:mag'*be easler after other goa!s have been

- executed,: and the Eikellhood of: correct results after the'goai; ' ;5;

has been executed.

Ha compute a score fur a node uhlch allnus us to maka a
'setectton from proposed alternatlves for sattsfglng tha goal; 

Thls score function will be cost’ normal ized bg confrdence,.urth__ o

'-gathe result ‘that high ' confidence, " qu cost goals ulfi hava a.

'.~;sma{ler scora ‘than low: conf:dence. hlgh cost goaia,- and madium :

"confldence, medlum cost goals ul!l faEI someuhere in betueen.
."Béfbra'dis¢0éaihg thé tedhniquesnof sdebing'a- plan, we

uz




Chapter IV . PLAN GENERATION AND EXECUTION -
.digreés”.briéflu'fur*~afbbGVieu of*piéﬁ::é#éCUfiohlf *?he'pjéﬁ:z
_executor recenves a’ completelg acbréd*hlah.- It starta ‘at tha-'

_top node of the - plan. and: proceeds dourikard’ through tha plan.f ':f  f“
: .a[uags selecting the best branchi(on tha:ba5|s of score) untsl.
'.“if_,feaches  a.terminal: node. - Thls executabie goal |s then:

- évatuatad, _.if;the éubgual fau[e. the rasult is propagated.j.
r.backQafds':through the:fpféh{w Houeveraf'if:the “node" aucceads.f  
then the confidence of the node iSrprobaéatéd.back},: That !5,;:
all nodes dependent upon"tha'.succeésfulnndda have their a7'
prlorl confldence altered to reflect the success of tha nade.-
When - the propagatson_ ceases;.~:f tha_ “top goal has not beenﬁ_
saiisfiéd. the"updated-plén:ié régbbhea and. éxecg§fbn proceeds 

Cas aboves .

' 'The oﬁtpuf. cf:tha'pfan: slaborator is a plannang graph..'
-.'Thié . representatlon gf_,tha strategg,_ atthcugh usuallg;  L
o hoh-raéntrant- ‘may,: in. genera! haVe-Ioops.a Nh;ie the.prgb|emﬂ}_ "?
o of backlng up costs and; confldance through a trea structure ;si:_'"
Cquite sumple.; the same problem - ‘|n a graph u:th Ioops' is notf'
-qunte 50 atralghtforuard We ulll flret descrlbe the techniqua*;_.f f.3'”:'”

"for a tree, and then shou hou we’ generallze rt to a graph.

nﬁaThé:-scor:né.process uses a. ralaxatcon technlqua.. APT  :'f?
;._goals in. the. plan are put on a. Ilat to ba exam:ned. g For éé6h;
;_one rn turn. the scora 8 computed {|f p095|ble).. lf tha score'zﬁ
;of a node changes frcm the Iast vafue.'lts parents are put oni"

: the I:st to have a neu score caEcuiated.r The process conttnuea-..- B
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Qﬁfilv{he”séoré97 éféb?ffzé.:'ff-é hodér.haéné'éCGFQ.. |t meana

‘that some uay (presumah!g) ‘exists to satlsfg that goalu -:f-.

Since.the écores for terminal (executahfe} nodas do not.
change during the scoring process. the onfg thlngs that naed be
considerd are the intermediate’nodes. MWe begin’ Bg dascribing_
how scores are passed from a subnode to iféz immediafﬁ

predecessor,

S As mentsoned prev1ouslg, thera are four poss:ble tgpes.of

| lntermedlate nodes. *AND, AND, OR, and 4. The T noda passas_

atl of |ts-scorang parameteﬁs to its parents, and usl[ not ba_

- discussed furtheri: . Slnce the ®AND © and AND ncdes require al!ﬂ

the  subgoals to be satisfied, a_scqre for th|s type: of noda can

only be ﬁomputed i £ scores for élltthé'immediéfé s&bgcé{éﬂhévé'

~ been camputed. Houever. an DR node meraig requnres that one of 

the subgoals be satnsfled. This maans that even if only ons of .:
the subgoale can bs scored, the OR node 'caH fbé*sé§fed{”f _j_;
Effect;Velg.. any’ unscnred node. :9' cohsidehed“'fu' have-.éﬁf”.'i N

'.infinffé scﬁre. The _scores of AND or *AND nodes ulth ang 

unscored subgaais is also lnfunlte. Unscored subgoais of UH{

B nodes can ba i;gnored and the score computad on the basls of ='
the ones aIPEadg scored. In pract;ce, uhat occurs is _that an'_

|n|trat score :3 determinad for some subgoa!s.- uhsch al lous

"’cther*'subgdals to “recaive scoras. These subgdél&'“ih*iubhf_
:  _propagate their SCDrES' back, and the'3ph6¢éss cunttnues tof']

comp!at:on. At the and of the process. ang nodes uhnch havan t

“11e
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fé¢aiyéd' scores  are dééme& impaésibfea {0 'sé{iéfg,:.aﬁ6'ar§.
de’lefed from ths pfan. In oper*atmn. tha actual parameters_.
that are backed up are cost and conftdence. and the score'cf_

the node is computed from them dlrectlg. -

MWe ulif use. the;;sgmbq}_s _tq_ sténdffur_”56bte,[ ijoﬁ L

. conf:dence. and K for cost. We will also use T for the. . . .
' Koo

successful. execution of a. node, T for. the’ sequencef of -

‘successful executions of nodes 1 through R;HT for GBSUCcéséfuI

execution of a node. {i{e.. failura}.'and'T for. the. sequencg of

- unsuccessfui executlons of nades 1 through k. Thus,=SI:¢;s_thaﬁ.
.. score of  the i . node, K the anticipated cost;, and- C  the
Lo, e = T T DRI R

" tonfidence. T iéhfhé'Feﬁrééeﬁfétioh’ﬁf'TSUCEéésfﬁifcdmpiétioh,:'
SN P R S ek ek

f_Qf_nodé‘iy '_.:

The Tébﬁfiﬁéﬁce' }s_ the a prrorl JOInt probabllltg uf ".

. success and @’ 'good outccme" from the node. Ne expand this tof:  v'?':':"
:Hépfééehf conf:denca the product 'of t factors:ﬂfthéml{f
'probablstg of a good outcome from tha node. g:ven the suﬁcess:

.J_,of the node. and ‘the’ probabilety of success nf the node.. }f Hei:-"'

: g,?!et:d:_hgprgsenj}afgoad qqtﬁgmefffqm:ﬁhaﬁi-j;nng..then'ua;haye

' [ : A AR

.3.C; §”P(d |T fP(T:f.'TThué;:ueJééea fﬁéf'éohffdeﬁéé;ﬁs]éfdsffthef .
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product of the tuo plann:ng parameters dascrlbed in Chaptar 3

We Wil also note that” the a posterlorl probabilntg of a good

e . th _ ' ff o
outcome from the |  node is zero |f it-failed, and Pla JT.) i¢
i1
it succeeded.
As mentioned above, the score of 5  node will be cost

normalized by confidence, that is § = K/C. In the course of
searching for the best path. through the graph, e 'hiil'attémﬁt
to minim?zé'{his functfnn at each node. ln order to'bomputé;
the score of lntermedlata nodes, costs and cunfldances must be'
backed-up from subnodes to thesr superiors..u

a.. Scoring_an:UR-noda -
We: beg:n the dISCUSSion ulth ‘the OR node in chure 17.
We assume" that the subncdea are ordered by - |ncrea5|ng accra.
The backed-up parameters uitl be dependant on the order, and lt*'
can bs shoun that this part;cular ordering ultl result in.é-

minimum score fnr the node.

For. an OR node fb"have a goad outcome.{ oné-'of fhé

subnodes must have a ‘good outcome. Therafore, we can urate tha-.

confidence as the _sum of the probablllttes of a good outcome

from ‘each nOdeaf That |9.-' X

L e Pl Ty Pla, T LT £ Pl T LT
OR . 1 1 202 1 S R
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$eve + P, T, T ),

. _.DI",

n. i1
€ = SUMIPla, T, T 1.
oRr j=l 1 i ;

S %r=C
PTog) =PTY)

(PTG (CpRITRLRE T COPIT IR e

“lg"'g'g"‘-.{,_._q: H

: .'-'Cf C i Cn

~
~

" Figure 17. Backed-up Planning Paranaters for an OR Node

 Expanding this formula gives =
P

o n el gell
€= SMPla fT . T 1T OPT 1
“OR: . b=l i _

0 e have in Pla, T, T ._11'.-'a."con{e>i"t_ sensitive measure of
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cpnfiﬂenCe. That is, 1t fs'a.¢onfideh§é'maaéﬁré that¥take§.fHé SRR fhb..
past history of the parent node into agcount. Since we do not. .
make use of failure infqrmationj_td'aﬁjugf Iiké!iﬁ@ddéi in our
rcuﬁrént sgstem; uB mﬁst make _thg  néékenjn§ _§3sumpiiqh 5?

i-1

independence between T and T , and . also assume that o is-'

i : . EEE i
: il _ : -
dependent only on T.. not on T . He can now reurite the
i T
formula as
N _i-l :
C = SUMIP{a | TIP(T IP(T N
OR  iw] i i i =

or

Cooen o _i=1
C = SUMIC P(T }1 .
R el @

'?.And;.thérefohé'

el
C = SUMIC -1 (1 - PE(T))Y

The expected cost of the node is the sun of the expected
" costs of each of the individual subnodes, Ghich is just the
"'costfof“thé *hbdé:fimés'théf'bﬁﬁbébififg'bf:EXé@ﬁfihg 3if;1 Thé'
" probability of execliting a nods is  the probability that all
*preceding nodes fail. fhéféfbge}"ue" éan5uF§fézatﬁé"ekﬁéC{éd:

eastof the made asi U U g
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T =l
UK e SUH[K P(T Y
UR: _|-1 j_.. :
Mith® the same éésdmﬁtiéné”df ‘ihééhah&éﬁéé'aa“'abGQe.“fﬁéféan
irite the cost formula as - o
K = SUMIK _11 (1~ P(T }J]
OR  i=l i j=l1 - i

The probability of _success of the OR' node ' is jdsti

1 - P(T }, that is, the probability that they do nat all fail. .

This is reuritten

CPIT Y al - II (1 S PIT .
OR i=l i Iy

The score is computed from Tth backed up ccst and _"
_tohfideﬁéé. It.is apparent houever. that thrs cost funct:on;
allous a vefg expensnve subnode tc puII the score of thgvghoiai-"
noda doun, even though it mag be- Eikalg that lt u:ll néQéf:ba_'.'
executed. Since the ' score of a node shouid refiact thé bésff: Lo
that can: be expacted from lt. ua deflna the score tc be tha‘
m[ngmgm.-scqre of,;a  set of subsequences of the Bequance nfi  f.  Q'.“'

' éupgoalé-; 'Thaf is.[ We can 'computa the score for tha uhqfafﬁ

' .? SEqUéhce, then for that subsequence utthout tha fast goal thén:_

'; u:thout the Iast tuo subgoals.- and 50 on. Ne then tgkesfhe""
'_ _m:nzmum of thase scores ta ba tha score of the noda._ _Bﬂf.ihié;.

| def;n:t;on 1mpites that tha score of an GR nude ulll a]gggé'bg”f'
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the score of the first angoai In the sequence. Théréféré{'fﬁe.?ff'  ;'Q;ﬁju
first-aubgdal in  the sequence utll repraesent the node. . As'a c

. result, ths: p!annlng parametere fur the nods baccma'jg

CP(T )} = P(T)
OR  1-

Therefore. with this partfcular sbo?a functron; 'tﬁé."béét
' strategy for choosang an optlon ::s to seiect the ons ulth the]
lowest score, For plann:ng purposes, ths paramefers of onlg:
‘that node. are used. It is tmportant fu note that thls result.
is strictly due"to fﬁe cholce of “scora’ functlcn. f The more:'
general results derived uould be reqU|red 1f a dtfferent sccre»_"”i

function was chosen, =
b. Scoring an AND nods

© He assume that the subnodes of an AND node have bean_ _:.

"'ordered by. K /(1 -C ). as thrs can ba ahoun ta result_ in'a
V ; . L

: minimUm”scbre'fOP the nbde. A *AND node is a}raadg ordered. 303 '
fhe'fdrmuléé der ived. for an AND node ulil applg equallg -toﬂé“

*AND node. The AND rode is shoun in anura 18
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G TG
i=1
CPT e T T ﬂTﬂ_

i=%

&

. . . . : K-
CLPITY Kyl (CP(To), Ky) - (C PIT LK) AND

";'.n._ -;—-1.1 . .
"*EK s P(T)"""
=1 |‘I

SA-3805-35.

~ Figure 18, Backed-up Pla'nnin'g'P‘:arametéEs'forF a'_rg."ANb:_"o'r- *AND Node

o

. The confldence |n th|s casa is the probabltttg that ali

- the subgoats u:li have a good outcome, or _':

"C aPlx, T) =Pla [TIP(T),
AND- L L

With our assumptions af independence, we have . _o:oo l_lf-

P(o{ IT)nI}F’(cx IT)

|-1_'q i

‘and:. .

P{T }om II P(T D
o lnl e
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Therefore,:

Coon. : n.
C = IT Pla |T LD P(T)
AND  i=l  § i iml i

or

C = ITPla [T IP(T }],
ANOD  i=1 i i i

And, therefore,

C «i{1c ,
AND =l i
1t a subnode” Bf:'an‘ AND :node  fails, we terminats
execution. Therefore, the expected cost of a single subnode in .
the sequence is the cost' of the node times the probabifity of
executing’ it.  This  probability is 'the probability of all
preceding nodes succeeding. The cost, therefore, is '
K = SUMIK P(T )1,
AND  iel i -

Cor,

SR n. .. i-i  _:.“
K e SUMIK T PHUT )R
CUAND il b el
The probability of success of the nods is’ .
S BT e e s
PT Oy eTEPOTY L
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The new 'score is computed from these backed-up values. . .
‘. Scoring a Plan

With = these techniques = for computing thé_ score: of
individual nodes based on their subnodes, We can drscuss an’
algorithm for computing the score of a . complete plan, Tha- -

algorithm is:
1 Set the scores of all intermediate nodes to.
infinity (all tip nodes have  already recelved:
a scorel; S i
"2 Place all goals on the.ist;, CHECK;
AT, CHECK i§ émpr;:éth‘uifh'scbred ﬁiaﬁfi ~f'f
.. & Set CURHENT to the. first goal on, EHECK andg_. o
'__remova it from the llstof : '
5 1f cuhnENT da;a'{ip'node; go to step 33 -
B If CURRENT cannot be scored ., then go to step . -
7 Compute fhe score for CUHRENT._'if ;it_I9'

.'dnfferent from the pravuoua value. “then add -

% An AND tgpe node. can be scored iff atl of its subgoals .
have non-infinite scores. An OR node can. be scored lf any e
of its subgoals has a non-infinite score.h-vj_u '

izaﬁ'
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the parents of CURRENT ‘to’ CHECK (therefore, if*f o
the: scors ~of a nods: changes;“ua';rnsuhe thgtf"
Pts parents ulll ba recons:dered ' a§ thaif'

sccres mlght change also}'
8 Go to step 3.~

Ne can eee that the- effect of thus atgorithm on_ a plan
.uith a traa structure (hee, o !oops) ie stralghtforuard._ Thé
.; algortthm has tha affect of startlng at the tlp nodas. and
;‘1'propagat|ng the scores upuard in the. tree. Ang tip node is
.removad from CHECK as_soon as |t becomas CURRENT and ut1I  f'..
never be put back. An tntermedlate node usth onfg tip ncdsa
for subgoais, H!ll Izkeu!se ba scorad its parents adaéd to-
check if the score: changad and it ulll bhe deieted from CHECK'
never to reappear (9|nce none of its subgoals scores can evar
change}. - Eventuafig atl’ the nodes-ong' level up from- the trp.
nodés utll.be 'scorea'énd removéd.frbm CHEECK. Conceptua!fu,]
this process contlnues to the next !eval and so on up the tree.
Al though the order of _scoring may pe'arhltrarg, the - number °f 
times a goal is Iookedxat;-(in a trée)'ie bounded by tHgfiaféfj

:numﬁérnofzinterﬁédiate:égbgbatsi}t'haéy: ;.

- The process of séﬁfihg a plan nftﬁ loops, houévsﬁ; (such
ﬁ'abitha'bne“in'Figuﬁe*IB}'ls mcﬁéfécmp!iéétéd The exrstence of
.2iI66p in. the=:pléh ﬁééhs that some node “depends 'upon thg V
”solutlon of anothe riode’ for |ta so!utaon. but the Sacahafﬁédé§ 

also depends Upon the’ first-for-1ts soluticn. This Ts'a result -
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of piahning-tb gainf-nnformatton, as: oppcsed to creating piana Sl R e

uhere executlon cf. a stap causes some. change in the worlde

o An.extremelg s;mple plan uith a Ioup is shoun..ih.ngdré
19, In this case, there is no uag for the top goal to- succeed
since it requires itseif as a subgoal. - Houever,: in -Flgure 28,
the plan has an OR node with a subgoat fhat can ba-.exeduted as f
an alternative to.ihém'Iﬁbb. Thns executable subnode in the
loop is necessary in ahdéf for the pian to be - executab!e. ff.
is ‘clear that the structure formlng tha subnode of the UR nodef  E

shoun  in’ Figure 21 is |mmater|al ﬁa Iong as jf -|9 aq_ 
fékééutaﬁfé gﬁEh6de. Thls Ioop ulth an executabia Bubhaﬂé ési'

"ﬁpart of it will be termed an executable Ioop.:_

SA-SBDS 58 : .

'Figuré'lé. Simple Plan Hith Loop

Nou. Iet ug - def:ne é#eéufabié'subﬁo&e “more. prEC|a§Ig.as 3
IT e|thsr.;a t:p node' an. UR noda ulth at least ona executable;.
_:_supnqu- an AND (*ANU Tl node ulth onlg executable aubnodea;'
 ;;0f;} éh- executable .Ipop;- jfhef_prccgssnjqff'sccrlng a pEan}'
convergea |f : L B
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© ... SA-3805-B7..... . .

.F!gureﬂza; ‘Exacutable Plén'uith'Lobp”=.

. sA-3805-59

~ Figure 21. Plan Hith Arbitfarg Executable Subnqde .

. a)- the score. of OR ‘nodes is non-increasing; -

;and.

' b).forfeach'loop'in the'pfan, theré.is' UH node

in . the loop, such that the OR node  is an

executable subnode.

o

: :_:.-131"_ o
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The effect of b. 6f' coubse.-is' to ensure that the Ibob'i9: '
executable. Tha effect of ais to clamp the score at a maximum

provided by the executabla subnnde._ If us look at Frgure 26

for exampie, ue see that the maxnmum .score of the DR nods 133_ f.f:.

fixed by its executab!e subnoder' This means that |f'th|s-score'

is propagated backgaround.the(]pop.'and feeds into ths' UR'ndde__'

again, it Will have no'effect (since the score, ‘which Is the

effective cost, ‘st go up as the [loop is “traversed): ThrsJ:ﬁ':

clamping effect prsvents lnfinlte Fooplng in the algorlthm.

In thé case .uhere the plarn. has a Iobb' uhich'-ié:nbff
uéxecufébie. ' thE'“-ﬂé{ngftﬁﬁ-' étfll : ‘ferm?natesi~ (foh6ﬁf7.
canverging} " In Figure 19f3fﬁé¢ AND nodes - éahﬁat:-be*ééoéédfi
since thalr subnodes do not alt have scorss, Theg ‘are removed .

from CHECK ‘uithout addvng ang neu nodes to the Irst.. Aftar a:_'

| single. pass through CHECK is emptg,_ the algorrtth '

tarm?nates;-'but-”fﬁé* score of. tha plan 'is: stlll :nflnlte.f

¥ndscat|ng that there is no uag to ever satnsfg tha top goal. o
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fﬂi faila and contintes the propagatlon upuard.. A subgoal ‘of an’ OR]

Chapter IV.© PLAN GENERATION AND EXECUTION -

l"'Affér “plan ‘scoring ’3§"c06piéte{”'{he“fekééutibh'pﬁégram
© selects tﬁe'bést exECUtébla"subﬁoal;T'and*évéfdatééJ:{f;'IThé
success or*”faiIuré“isfp%obagafed”:ﬁbuérdéztd:ailfﬁbéﬁéﬁfé;'aﬁd
any related subgoals are deait uith also. [f the _atrétegg has
not succeeded or 'failgd at this point;_thé?piéﬁﬁéﬁ bajis the
scorer to rescore -the net and then continues with the nekt

. goal,

To do this, the executor starts'at the top goal ~of the

net, and proceeds downuards through the subgoals. wheraver'

there is an optlon, it chooses thq subgoa{ ulth the. iouestl
score.  khen it fi"#?._a-_ﬂpde"HﬁEf¢= tﬁe. best subgoal is
exécﬁtable. it passés .that suﬁgbal {o an eva!uatton functncn._
This function executes the subgoai and propagatee the succags
‘or failure backﬁards. It keeps track of subgoa!s thaf:heFe{I” =

executed, along-uith their outcomes on g speglal_llst.

The'propagatfon'?defaiEUre ia stralghtforuard. if ang_f

_:subgoai ‘of an AND or *AND’ goat falfs, then the gna} |tself a!so

node that fails " is merely removed_ from the |ist  6? éﬁbﬁﬁéfs;

Hhen 'ang-subgoél list s reducéd"fo a: stngie :sﬁbgoal, fh?'

"dpebaturl'isi FEplaCEa'- Wwith - the s operator : uhibh"éiuags :“

' propagates the outcome of the subgoal dlrectlg upmard. Uhen'é.

'“'subgoal succeeds. ‘ifs'a. priorl confrdencd value.'C,'ls réplaq967
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bg-the.a'posfericri confidence, either C?P(T]{i;ég;;P(lfff);'ce';

a value computed by thé moduie. The cost is set tc zero. P(T)

_ _;_to one, and. the parametere cf lte predecessore are adjuated tc

reflect the outcome._,nff: the: frret .subgual of an AND ncde

succeeds. then the ccnfldence of the node becomes

[II c I/P(T .
fal i 1

. th : S
After the k node succeeds, the confidence is

[II C I/I01 P(T )]. '
el f=l 1

' The'remaihing cost after success of the k- node ls-

: n.. g..: -1 R
CSUMTIK CET PUT 3L
i=l_(-l_'-1::_- i Jﬁk-l-l_. j_ :
‘Since. the ccnfrdence _’ieﬁ:increaelng. c.hﬁ"'ih?””coelf_
N decreasnng. the acora of the node decreases.' Thue means. that3
'ffthe subgoais of the node uiil be executed in order ae iong asf
”Ttheg are successful The fanal confldence of.a: successful ANDf-

:_npde is,
m © sz P(T n
' -l i |=1 i

',_ff'e subgoal of an.. DR node succeede, then the OR node'f:.r.

136




.'_ affected bg the Iast step,_ executlon contlnues Nlth the_next_3

" Chapter 1V ' o PLAN GENERATION AND Exscunom

itself succeeds with a posteriori confidence, VIGE (ur a_'
value computed by the ““module). This ig propagated back anng-
Wwith the cost (which is zero) and P(T) (which ra'ona} to the

parents of the OR node, @ '

After propagating the éﬁtboﬁe'of a'goaf  the executor
'checks the  list of related " goals tb_aea If any - other actlon _"”.'
- needs-to be taken. Sirce in many cases the outcoms of one goal
can determine theioutcume-"of'éﬁOther;'thfé_ié* the abphﬁhbiata'_

cpoint at-uhich-to check,

If the outcome of a aubgoat does not prupagate to. the top
| goal, tha net has a neu acore computed for lt in the sama uag:'

.. as. uas_ done :nltiallg, starttng uuth ths :sat_ uf subgoals '

gcal,
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) bft informatlon avallable. the Executor could use budgetarg :

L wmE L e

. Chapter IV.. . " PLAN GENERATION AND EXECUTION. .

C. Conclusiong: =

Ue have descrlbed an art:frcuai lntellsgence plannlng and;:~ 5
executlon program that is. abla to maka cost effective dsc1slons. 

about uhat to do naxt _nn executang a plan. He ' have descr|bed o
in some detail the: effects of" a- partlculér score funct?un 
{i.e., K/C). Ancther poss:blfltg uhich couid be exp!ored is to. -
treat an OR rode as if ‘there’ were a d:screte cost confldence _
“function .assoc;ated unth tii' That }é;: consndaring aach '

- subgcal there s - a certaln rel:abllitg to be expected for ar'
“certain cost. We can 'cuns:der these cost vs._ ratlabllltg':'
véluéé'as points ‘on a curve, and the compiete set prov:des a

-cost-conf:dence functron.; The functlon can- then 'be propagatad_i1 ”.
upward instead of making 3 dec19|un about uhat the ‘score’ ahould? - f;ff{ j}fi.J:..

'.'ba at the local: node Ievei. Thls uag, the paramaters can be 5 .

'baésed ub to the executor uhlch could. then decnda (uslng_g-?

o varaetg of crlteraa) Just uhat should ba dcne. Hlth' thié-kihd.

consuderatlons (hou much resourca !S avarlable to expand for'

the Job] or canslderatlons about requ:red rei;abllltg.._
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CChapter V. o DeERIMENTS

¥ EXPERIMENTS -

A. Introduction .- .

CIn thls chaptar e u|ll discuss eome experlmenta uath tha
”:sgstam. Thess sxperlments Wsre’ daalgned to |Ilustrate a numbar

" of lmportant pointa: the overal! operatlon of the sgstem en’ a _
"'varnetg of scenes, the optluns the sgstem has at varlous stages
of executton, the results obtained from tha executlon of plan

: ateps. and the effecte of unexpected objects on the plan."

Beforé dlscuss:ng the;- exampies, We: uould . like" b,--v”

. .estabi|sh the context ln uh:ch tha exper;ments uere performed.

We began with a dlscu5510n of: the eQU|pment used and tha data_
'avallable from |t.' After descrlbing the prlmftive operatorsi
'and objact represention, ‘ue ulll be rn a posutlon to dlscuss”

the experiments.'
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* Chapter v R _' P ;.__.._:ExPEHInENTST_:._];-'3*5._:-'_--'37-'-"-
1o E.G.QJ.D.EL@.DI :

jThe- set. of |mages maklng up a eemple{effpie{bre.ere}l-
obtalned from tHo different dBV|cea. A set of - fbﬁﬁ teleeieidh_

images » taken through' red, green, blus and. neutrai densltgy

fllters provide information rEQUtred to compute brlghtnees, hue'f:-:f:'
and saturation. The neutral densntg {i.e., black_ end uhute)ee H
television imege ofla scene is shoun in Figure 22-5{'_ Thss set’

is complemented by “a range finder image of”the _same scene.::..
This range picture..cdnSis{ing Df'ﬁeasuﬁemehtS'of the dlstancef

from the range ftndar center to each e[ementof the _smage; and"
aseoc:ated calibratlen matr:ces,_ aE!oue the sgstem to comeute .
'the X Y z (t.e., uortd) coordlnates of each pOInt 1n the |mage._. .wei3
" From’ these coordlnates, the sgstem obtalns henght (Z} and Iocalz- |
:surface orlentatlon. ' : .

The range finder. isg'a scanned devnce uh:ch measures the'r‘

phase dtfference betueen the reflectlon “of a modulated Iaser 3

“heam and - a refereénce’ beam. Th;s prOV|des the ttme of- fllghte

-nunformatlon requnred to compute the dlstance to the reflectlng“-.“"il -
"'czpo|nt.- F1gure 22—b shous e range p:cture dlsptaged so;that' .

" near polnts appear darker, and Wore distant ones, Iighteﬁ;f._'*

Ih additien to computing réngé}"thee :nstument atso '.
't.meésures the amplrtude ‘of"fh ref!ected sngnal._ After af””

T = T L A ke s i o e oy e ek Tt T e or ok

% Also referred to a8 "br:ghtness 'nmagee.
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.:”?J:PBfIBCtIVItU uf tha polnf at :he iaser uaveiength

.: 5 f¥22~c}.

T ;reglstratlon

_ Chapter V T ExeRRIbENTS

(saa thure

,,The, amplltude::plcture can bs treated aa another:

‘f{;ibr:ghtness ;(l.e.. iTVi' p1cture,. but ona : u:th Hélgnlficant :

-,-advantages -over normal:

tetevnslon lmages.
"th tha 'ranga7'; . e

' lmages.are not;psrfectig regtstered s:nce theg are taken.fromf.g;7f 

Uffli;tuo sllghttg differsnt vueus of the scens).- There are also no;ﬂ'-'

Z'f; shadous BIHCB th

V“fa_”;iaser ampirtude plctuhe.:f}'jfil“’

_L_tansmittlng

eca:vingxuptrcs
same. In add:taon. the dgnam:c range of the Iaser sgstem |s-?

5much better than that of the teIeV|s|on sgstem. Consequenttg.'f:'

=ﬂ'5;the black and uh:te teiev:suon ptcture uas repkaced Hith tha}?

separata opttcat sgstems emploged 'befjtﬁ§;3_”J3;“

' ’f;telsv:snon and ranga plctures jrequlre 'that Images b_

?yfregqstered. Thls . :s accompllshed g transformtng fh..; j

'.”Vfiejéfﬁéfﬁh_' cturaf:nto the coordunate sgstem of : the range ;7

°|n anure 22 d] usrng tha associatedf

taksng tha p:;turas. 

xinstruments. uh:ch IS dcne :bafore th

. pictures " are taken

ai]ous the _sgstem to computa tha X Y 27”.

o s ot sk s e ke g Y T it k. 0 TS R A B ik bk

S 3 Thls normal!zatlnn, and another for Lambartsan ref!ectlon
are descr|bed in a forthcomang paper bg Nntzan and Duda
% He-Ne at .8328 micrcna. ST _—_ . |

e



CChapter V. . EXPERIMENTS
coordinates of every image point in the rangs arrag, and tha
picture coordinates of each point in the scene. Thesa -

transformations are used later to CDmputefuindéus'iﬁ_tha image.

"We would prefer that the images be perfeéttg'régiétefad,a
" but as we 'SEe'in“‘Figure 22-d}, this'is”'hdf'the':bése. The
‘centers of the tuo optical 'sgétems ars éeparafad3.bg aféhteen-
" in some’ paraiiax discrepancies, ~ In addition; the areas vteued o
by the tuq;dgvices_ao not exactly overl}p.J_The_uhita ~atrip oh:
the rigﬁt'side'of ihe _ image is tﬁat part of tha. scena §i§ib|a"
to the rangeftnder. but not tu the camara._ Ne un!l conflne our.
'at£ent;on to the over!apped area. and therefnre have both range.
and br:ghtness information avalfabfe.i In addlt:on, since ue.
are 'geneFaIEg interested in sybfacés.- rather than iéﬁ!ated 
pb;nts;f §§ra1Iaanerrors'ahd sfight;.mieregietrafibha 'Bo'nﬁi;_

. bother the program..

)

inﬁf'he remaindEr of this chapter. .ekahpteé uill be

|llustrated USIng ampiltude plctures.- These are 'mdré distfhétf'
.'and eaS|er 'fo‘ |nterpret (ln black and - uhtte) théﬁ"tha;
teleV191on pactures. Posnts in the smage ulll be. lndtcéféd ag
small= llght or dark - {depending on the hackground) squares.i:

" Regions’ ulll be shoun as’ stronglg outlsned areas in the tmage..

_.._-_—-_--.;...'-_-.-—-..-.—.}---.—.—-..._..._«.q——-..............

% Even wheh the program filters po:nt safs._there are general[g
_several points related from ‘any given surface.! By loading at”
_‘these, the ‘averageé characteristics = of ‘the’ polnt set. tand to
_-c[:mate. and al:ght d;screpancues utl! tend to 'cancel.,

RV




o Chapter Voo EXPERIMENTS

“a. ‘DefebtdFé':

. The dstegtoré used in thesé.é&péhimehts afé_ iﬁqicafeﬁ'fﬁ].z
__:Table I the attribqteqﬁ_mgasuréd-_IpclpdéL bEightﬁess;_fhué;.n :
| saturatuon,_helght and local surfaée orieﬁtafioh; o Tha tabfe 

_ glves the average cost Hin mtlilseconds} of measurung the valua 

for a singlg- sample . A detector ig 5|mplg a predlcate that
'dEtermihes nhether a” maasured attribute vaiue iles- Nithin a

':speC|f|ed interval. The detactor returns . true {T) uhen'thaf:

'valua is ulthln the I:mtts. false (NIL] otherulse.

: D'eta'ctor-_ Lo Co'st-_ L
BGHT {brightness) . - 76 .
HUE R %)
SAT. {saturation) - 95 o
.. RANGE-. - - 88
"HEIGHT - -_:;-.; 11e
ORIENT . - o5
EDGEP (edge op) Rt/ R R

| --_TébiezI.;fAvailéblg'Ue{ébfoFs_f_]_ff:;

' Cost IS normalig daflned as the expected executlon tlme:

,'_' requrred to take: the measurement. For these exampies.' Ve have -E_..'7'i'

ok A sampia generalig lmptles a: s:ngie bdrhf'f although forv. :
' computlng oriantataon. :t utll maan a smail patch of polnts.-
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' Chapter V. - . C eXeRRINENTS
used cost values for ranée derived attributeé' {hat-.abe fér.'*" k
belou actual current costs. TaKing a range finder plcture Ia a
Iengthg proceas._ Before tha measurement at a posnt iB taken.

tha Iaser is al!oued to sattie for a haif second.- Therefore.‘“'
taklng a 128 by 128 range picturs’ means that over two houra rs"
spent uautang to take data. In addntlon. the measurment tima

. is proportional tg strength of  the sngnal return (to |mprove '

the sngnal-to-nouse ratio of the devicel, EgSU{ting in a totélj

time for 2 range picture . between . ‘three and five = hours, -
Obviousiy, if this remalned the casa, no sensrbia sgstam uould

use range. except as a fast resort. Houever. snnce ua expect

the whole’ process {uhich is stEll exper;mentall tn be greatlg
'rmproved He electsd to compute cost -as the averaga time tur_'
take the range measurement (not rnc!udlng sattllng trmél:piba:.'

the tlme requestad for any assacsated computatlon.g'

The confidence- of a -detector s :bdﬁpuféa .}Fﬁﬁ Eha

. éftribute value hlstograms for each ob;act as.. descr [ bed En_f;jéﬁ-ﬁ" " L
Appendlx I. The sgstem chooses batuaen competang aiternatlves__ S

| on the basas of the score cumputed from cost and conf:dence as

- descr:bed ln Chapter Iv.
b.':Primi{iya:Dpeéatprs;

: To appfg detactors to -an lmaga, the sgstem has a numbar _.-.-T

primitive programs avallabfe._ Thess - are iisted in Table_

L3

II. cqtegoci;ed_,bg ‘fungtiong:' Brsefig. : agstem can use
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o Chapter V. EXPERIMENTS.

':Accu}ciffocs't';...yal}déficn 3 t Bound;ng
FILTER-MINDOW  VALIDATE HRB"
SCAN-UP .. © oo DISTINGUISH - - VRB -

SCAN-DOWN L :GRDN REGIDN

. Tab;e“ll; ’Progrém Primitives

'  FILTER NINDUN and SCAN for aCQUlslt[on.: FerER-uimpou'ega@ines .
a sat of posnts in a ulndou of the PfCﬁQrér.éhd;cféfUEﬁézalf;;c
“those " that -are accepted by - a. particular -datector. SCAN .
IFEQUIFBS a prev;ouslg located object for a startlng polnt. “and
sequentiallg examlnes points on a_!lna-segment. 'searchlng;fob'-

tha target object.

To vefrfg?acqussitibn;- the égéfem' uses DISTINGUISH R

"-..VALIDATE ‘DISTINGUISH - classlfles each pount as beionglng tc

.one of the obJects that mlght be ambsguous ulth respect to the
.. acqunsntron detector.; If- a point is class:fned as tha targetf-
'ObjBCt Wi th sufftc:ent I|kei|hond (current!g the classufscatlon.

Iakefthood must bc greater than 8) = tha pclnt is ratalned
: ctherglsex it”'ié 3dcléféd frcm the‘ sat,3_ VALIDATEc checksc.'c:f:?
.-Eémafnihg”-fi;c; unchecked} attrlbutes ta éﬁﬁﬁccff{hai'theib ;
';cva!ues fall Hlthln range for the’ ob;ect.,  ’*'”” : -_ -
-_"""E;"'IE;;;"S;Eé??&é&iéf"?ﬁff';;;tem can.'usa " SCAN-UP - or

SCAN DOWN. 0 e . R o

SRS




CChapter v . e EHPERIHENTS
After the object has been: tncated. the agstem can compute L

L ats outl:ns 1n a var}etg of ways. Tha hor:zonta! or vertacal“f-”

o rectangia boundars (HRB “and- YRB) are- uaefui for appropriatelg

_ shapaduobJBCtSi Thess programa scan for ‘an edga cf ‘the ob;ect  
- lusing the edge uparator) pradlct and ‘locate the perpendlcufari:f'
" edges, and then . Iocata he Iast-'edge 'of'“ the 'bouhdarg;
AlternatiValg, the sgstem mag elect to use GROM- REGIUN to
extend the |n!t|allg acqunred poants to the.boundarg._ and'then'

' ' o o : _ L h .T'_*
. generate_the_boundarg-nith'the convex: hull routine, HULL .

3.. BRelationships

In  these experlments, théJ system knous aﬁout':é emél{ '

number of ob;ect retat:onshlps.‘ Thesa |nc!ude._ ABDVE BELUN '

BEHIND. iN FHDNT DF SUPPUHTS SUPPDRTEU—BY AND ADJACENT ;“.

Assocrated utth tha relatfonshlps zébe” tha !Ikﬂ}ih00d5. 

L that the relation holds. A tgpical reiatlonshlp _:s TELEPHGNE '

| :SUPPDRTED BY TABLE Nou if TELEFHDNE s in” the scene. the{r
:'probab:trtg that it s supported bg TABLE is supplied hg tha.5' :'

';Ilke!!hood on the refatronshlp. ol

-.-......_.-......—...__......--—.-.-....-——.-_-—..-_..._-..._..‘.—-.-—

% The use of HULL, while not afuags approprlate is motlvated by .
the fact that most of the ob;ects in our experimental wortd are . -
. convex, ‘and" HULL provides " a sumple. cheap uag of generat:ng -
thls outline (see Appendsx 2)._ _ :

.'** BEHIND SUPPDRTS and SUPPURTEU BY Implg ADJACENT
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o These :rslatioﬁsq'sébVé_fﬁD  bafticdrﬁr “ﬁu%bogegi'fn oup -
ISUStem.. Firat. theg':aré.'usédit6  decide 'Tff'éHTnﬁbjédf'ié' '
. ptctorlallg adjacent to: another: Thai*lé;_ uhather." iﬁsfﬁéi;
__image,. the objects are: adjacent.--Thié3is useful” for' SCAN and-
_ GHUN both of . which normailg “want - to “know’ uhat Bb}ééfsjéﬁai"t

adjacent to. the one’ theg are- lnterasted iny.

Relatlons are also used to computs u|ndous for éhﬂﬁb}éct'
;DFOVIded by ‘another object. ‘Fﬁfl'example. after fthd{ﬁg:fhé: ;;ff;'
. table, a window consisting 6f-a'vo!umefOffépédé?ébdﬁé:tﬁéfiaﬁlé; SR
cén-ba computed. Thi§  windowu fhén-cohsfhaih$:thé_ locatlon of;_
objects likely to be on thé:iabié'top;~ beh.fhis; ulndou. tha.t
system also computes the set of ob;ects Iakalg to ba ln tha

Wwindow. For example. the urndou assocnated usth the tahla top'
'contalns atl ob;ects Ilkelg to be on the tab!e top; plus_such'

'plctorlatlg adjacent thtngs as the uall.  --'-7“

These relataons are qUItB srmpia, and de5|gnad to prov:de;a; _::

e useful informatscn from-a scene-urth-a certaln norma!" vEeusng'ﬁj B

: W_'poantnan..flf .the scene uere vneued from another angle. thegﬁ

. Mould not be. suffic:ent., There |s no conceptuai reason for not.:f. L
,_usxng a. modsl Nh:ch cou!d--ba gaometr:cai!g transformed to'

. account ﬁor'-ang vneu|ng angle.: Houever. th:s ‘?'ag more;
.cdﬁﬁlkﬁafedv. and uouid hava been _faj_ dtvers:on, ulthoutﬂ[-

L eignfffcantig changlng the essence of our uork.
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.:faﬁfav III: it9£é 'é_ fe” of the objects knoun tSIfH§1 1';;“ L
sgéfém' when ‘these examples . uere run.. ;Thei attrabuta Va!ues-:_ =
isted represent’ the extremes of those values, for each ob;act.: ﬂ',.'*

The sgstem actualEg makes rts cho;ce of detectors based Un_ﬁi'
'f:hlstograms of attribute valuas for each object.3 Relations and "  :

associated tikelihoods are’ aiso [:sted for each ob;ect.:'
o Thessi-object characterszatlons _uere' QEnErafed- in an.
interactive session Hith t_Ii sgstem._ The 'dbjeth'SNere'f“- L

indicated tq_ the sgstem (:n varlous :imageS) bg manuallg“ :_” L

:'outisnsng them “én the dasplag. The sgstem then measurad the-'
'attrlbutes of tha -rndlcated ' reglons, 'aﬁd : computed ‘the
correspondlng hlstograms. Aftgr comput|ng. these htatograms,?_;f7:
; the-sgstem -fnterrograted-theLﬁéér about ralated oh;ecta, and:'

stored ali’ reIat|onsh:pe SDBCIfIBd. -:7;}
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. *SEAT”  L

Object . .
_TABLETOP . .-

TELEPHONE

CPICTURE LR
i o HUE: 15,9 85.8
SAT: .15 .398. f.
CHEIGHT: 35.8.67.8 . ..
ORIENT: 82.8 92.8 .

CUBGHT: 7 to 12
. HUE: 118.8 to 145_3:,-
SAT: .42 to 47 - -

. BACKL

UBACK2

Table Ifl}'“

--;.Descriptidn_j@,

- BGHT:. 18 to 26 -

HUE: 26.8 to 58.8

. SAT:. .23 t0..32. . .
HEIGHT: 26.8°27.6 .
GRIENT: ~7.8.t0.5.5 -

BGHT: & to 8
HUE:. 72.8.125.8 .

SAT: .15 to.22 -
HEIGHT 5.8 to 6.8
ORIENT:

BGHT. 7 22"

HEIGHT 14,8 15, 8.

SAT: .4 to .45 .
HEIGHT: 18.8 to 28 8

L DRIENT 75:8 to 88 B

UBGHT: 8 to 14 -

. HUE: 75.8 to 248.8
GAT: .24 to .31 .

. HEIGHT: 18.8 to 28.8
 DRIENT: 608.8 98.8.

' -;Relatlons

'SUPPORTS TELEPHUNE 5_:

SUPPORTS. BOOK - .4

(IN-FRONT-OF WALL - 1.8

| SUPPDRTEU 8Y TABLETUPl :

1.8

_”IN FHUNT DF uALL Le o
-28. to 5. eff'f” o

'.{IN FRONT-OF WALL 1. 5
. ABOVE TABLETOP. 1.8

"”*BéLau"BACki”'fé“?' '

BELOW BACKZ' .6

_ '{IN -FRONT-OF HALL 1 BfV_*:'
ORIENT: -15. to 18. 9':"

-BGHT 6 to 9

U ABOVE SEAT 1.e
HUE: 115.8 to 138. G

IN-FRONT-OF WALL 1.8

L.ABOVE SEAT 1.8 R
IN FRDNT DF NALL 1 8

Parfiéi'Liét-éf.Objéc{é_' S
Vi 148;:-:fﬂ '




Chapter V. L S EXPERIVENTS

B, Operation With Unknoun Ot ject -

‘In this first example, 'the system Is requested to locate.
: the.ta[ephona-the-scana - shoun in Figure 22-c .At=3thf9 bdlnt;

the system has' no knowledge of notebooks. .

: A.;Plaﬁ is ;computed:fforl'findihgf tﬁe.“féiébhbne. that:
. contains -élternatives-ratn=sevaral'potnia;-'fTheiprahj éan be -
summarized_as-?ollous.:'  ' ' : _' S _ 3
. Find the ' télephone by ach|r|ng. véffﬂétiﬁg; and ": .f;;ﬂ
boundtng the teiephone' ' _ S :

ACQUlre {hé: tEIEPhone byu diFebff.bE indirect
o means; s . . S SD TR :

~Acquire . the: fe‘&bﬁonéf'directiyiibu'fitterihgfv
and drstlngurshfng: o - e
Acquire the tEFEphone indirectly by finding . ™ BRI
the tabfetop, windowing and’ fiitering within: = R

the windou;

" Find the tabletop bg acqulrtng, vaitdatlng. '
and bound;ng the. tabletop--' : 3

_ Acqu:re the tabietop eear

Hhen the plan is scored tha ‘best score IB pPOVIded bg'

;:'the path. through “AcQu:re the. talephone lndsrectlg“ to “AchIre-'

';:j.ths tabletop dtrectlg" to “Sample ths scene at a: dsnsltg cf 81_ -

LR
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Cand Filter the scens uith the predicate: (HEIGHT 27.8 28.0) .
and. dlstanU|sh thg. tabla fob. frdm.'objecfs{. uall;lbooks;.'
telephona, and tapehofder.- Thts is' a reasonable bfan['éihcé -
it is expllcrtlg recogn12|ng the : relatlve._'siééé  aﬁd'
“distinguishabilities “of the: tabletob'énd" he - taiephone; In
- addition, the detector for tabletop is: taklng advantage uf it§ -
main character:stlcs. that |t-ga a cullectlon of:polntaﬂ at af":

particular haight.-w- .4

. InFigure 23, the system has sampled the ‘scens at the

. prescribed 'déﬁai{g;.:'Tﬁeéé'-sampie§=7afe~{fifféréd  uiih.:{hl.':
indlcated he|ght datector. resultang in the set of polnts shoun 

in Figure 26, The: program has a!so selected a number of points°:

' from uther objects. These objects uere knoun tc be ambrgunuéi

u:th respeqt fq_ the detector. and an approprlata step to  -'iL} '
VdLSt:ngussh-them from the tablaiop uas tnctuded :n tha p!an.' 

. After dtstlngulshlng tha tabletop puints from tha :mposters ]
_.(u3tng (AND (ORIENT ~5 8 5 8) {BGHT 19 24}1} 'é shoun lnfi
.Flgura 25 the sgstem progrssses to tha houndxng bhaae of thef"

_-strategg for iocat:ng the tabiatop. ;;¢ f¢i‘ﬁf'f~-5”

Thza step provndes a chorce batuean uslng tha HRB program}j
.'_ur regaon grou;ng. The Iskallhood of etther uorklng correctlg L
'3_:s faurlg [arge (close tc 1 BJ. unth the reglon grouer stnghtlg_f:3

"'fmore Enkelg to auccesd._ The reat ch0|ce here depends 'on tha7.il""

o expected cost._*!

% This detector, wuhich. is a snmptlfied repsesantatton of .a LISP:’_
© program, requrras the HEIGHT of a poant to be batuaen 27 and 281
inches. ' . SR . : o

-;_1sa.f
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Figure 24. Points at Height of Table Top
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.Figure 25, Veritied Table Tbb-Poiﬁfs_“

Due{to the.uork .tnvolved ln the.HRB program,_
opts for reglon 'groutng. A reglon o
boundarg;gf_the iﬁltral set of posnts
to the egﬁécted regtoh-:an suze, the egsts'

extra uork to Iocate tha boundarg

':The resuits of applg:ng

”ulndou' iéﬁ computed from the “boundarg uf the DbjECt thatf"

phovides the constraant (ln thls case. the tabietopl. the*--
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‘Figure ZSim TabIe'T6p“0ufiiﬁé'.

-d:rectlon :n uhlch the ulndnu extends.-the spac:ng betueen the;

reglon and the ulndou, .and the: extent ff_the uindou. 4t6;5f'

ﬁahfiédlér;'for locating the télephbné; é”uihdoﬁ. is computed"

upuard From the tabletop. unth a spacrng of zero (snnce the tuo.Z '
“DbjECtB are-adjacent}.: and extendrng approxtmatetg six rnches -

HéﬁdQét{he:'{ab1é{dp; The ulndou 3' pro;ectlon in the 'xmage:féf_ L:'

fcomputed bg flndlng the X Y Z coordinates uf the u1ndbuf”'

vertlces. and then comput:ng the:r prc;ectrons ih_ithe lmage.

The ﬁegioﬁfbfi the scene so deflned Cis shoun -in?kaﬁﬂFézé?;:“'
bQéE]éi&an_ tha deflning reg:on to emphas:ze théVdeﬁivéiiSﬁﬁ -

C Another |mp0rtant plece of 1nformat|on IS the set ﬁ?“oﬁjeé{;f---h-
.:that might be found within tha u|ndou. This set iSfcoﬁﬁgtéafgf_ -'”

:piannihg time. and consrsts of afl “dther ob;ects havnng ths:?-'
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Figure 27. Projected Windou for Telephone

same  relationship” ”to:7:“fabtéiﬁﬁ' a8 '{eieﬁhbne?"(i:é;'

sUPPahTEDLBv):j

Py

“The next step in the plan is to filter the new window. for .

télephoneupdintSa _'Théluindoaf{s ‘sampled, as shounf iﬁ_Ffﬁuré'

28, and filtered selecting afl"pOinfg_paSSEng jthe'bbightnésé;

detector (BGHT 4 7) a5 shoun (in white) in Figure 29, Based on
its current knouledge of abjects in the snvironment, the system
has mistaken points fron the notebook as telephone. In the
éoﬁrsé_éfl?a{fdatiqnf §h¢ 5951¢5miB uﬁébl? té.dé#éEtthé_éFbﬁf{ f= .
and rstaine all the acquire points. It doss notice that the

“area covered by "the points is greater than the size of a

ﬁgiépﬁoﬁe. and splits the region, treating the tuo. reu regions
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Sampiedfuinduﬁ:for;Téléphqne :

Figure 28,

Initial Telephone AéqUiéLtiqnquiﬁts ijthrrohsﬁ

Figure 23.
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Figure 38, RégidhseIﬂéﬁtifTéd'as-félépHohé"

as if tﬁeg'ue+e “ééeh paésibre*feeéphahgs;g, In Figure 38 the; -

systenm grous the reg;ons, and ftn:shes by lndentlfglng_ them-as'”f

telephnne.

AEthough tha result was | |hbdfﬁéét;_:t reaf!g uas 'ndf'an'j ”

error, The sgstem produced the best plan fcr the avaliable :

infbrmatibﬁt_ Therefore. to |mprove tha results, tha sgstem ;

needs addltlonal knouledge about notebooks.’*The"first step in

'teachang the sgstam about .notebooka e to lndlcate ﬁthe regloh._y

of the lmage: occup:ed bg the nutebook

supply - {Hén"approprnate' ratationshrps,

Chéfab{effze the notebook."exactlg as uas orlganaltg zdone for_:

the initial set of objects,

156



o needs, and onlg that informatlon needs to be addad.

3;_ Ch’aptér.\’ .. . . _ . - . E}(PER[HENTS g =

Nou. armed utth a fresh descript:on of a notebook. the ;

system IS agaln requested to Iccate tha telephune.

fTha plan is

.vartuaitg hé' same. as befora (the maln d:fference in the

. overall plan is to make the dlrect achIstIon of _the teiaphune

aven less attractfva. suncs nou the detactnr for telaphone must

check’ mora thrngs, thua requuring aven Ionger axecution times},

The plan |s executed up to the potnt uhere_tha _ulnduu providad:'

bg the tabletuprls created and samplad.

' ThIB tume, the sgstam rs auare that nutebouks ara Ilkaig]_
to be |n the ulndou,uand generatss tha acquiaitlon_predtcate.J:

(AND (BGHT &' 7)- (ORIENT 6.8 908.8)), to guard agalnst makrng} 

another mlatake.- S:nce the notebook example it has sean had a

horizontai surface oruentatton._ tha datector fpr:te!ephone.:

,-requires po;nts : to be off the :hurazontal._ Th}a féét,

effectavalg ellmrnates ali but pOinta on tha talephone as ahoun'

in Flgure 31.; The final resuit is agaln" o produca.:

the ccrrect telephone outllne ;n Flgura 32

4

The error commttted bg the sgstem

the task. - Lhat

rnsuff|0|ent tD

-sgsfém;f'tt

knauiedgs is verg |mportant to a “an 1ntel||gen

‘allows the sgstem '[tself to demonstrate what -|nformat|nn |t=_
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Carrect i'g 'A“c:q'u.i red Tel ep"honé' F;"o'i'ﬁ't's.__
Correct Tel ephone Outline

Figure 32,

Figure 31,
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The system s incrementally modifiable due to the fact _

that it generates plans as nesded. This allous it to take full

advantage of new information. It makes the assimilation of new

information into  its strategies: a. natural - and autcmatiq :

operation,

0f - course, We must realize the sgstem's,'knouledge'of:
notebooks comes from a single Qxampte, a'b!aﬁk notebook with
horizontal -surfacs. [f the .sgstem Were again réquasied'fﬁl
locate.  the ‘telephone.- in a. scena  containtng . the notebook

standing up, it would probably repéat;lts.aarlier'm}étake._.;q:-
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C. Locating Several Other Objects '’

Ly -Chair-

. In this - example, the system 'is requested to ' locate ‘the
chair in:the image in Figure 33.. This meahsrfinding' thé-séé£'
and the back of the chair. The plan (which is similar- to.fhéf _ 
diagrammed in Figure 16} allous the program to decide uhfch :
part to look for first. Once one part is located, an indirect .

strategy can be used for finding the other part.

" Figure 33. Scens for Locating Chair
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.The egetem dectdes to flnd “the seat .ftret. Tﬁa. 
d:fference in- scores (38288 fcr flndlng the seat 45388 for the
back) lmpilcltfg represente a number ef dlfferences betueen the . -
: ob;ecte.cf Slnce. ﬂthe]_seat e'-a hcrlzcntal _:eurface. its
appearance doee not change much as & reeuit ef a change in thec_~
orlentatlon of the chair. . But' the appearance cf “the back
changes dramatlcallg urth crrentetlon (from hackl te back2).
Equally ae lmportant. hcuever,"le the fact that the eeet is

more easn!g dsetlngu1shed from nther ebjects ln the domaln than-;_

the eack._'_--"'

' Tﬁe;cééqQ}eyﬁjcn'pHese beg|ns bg samplsng the ‘scene as
shoun. in Figure 34, These sampiee are flftered uath a height
datector, (HEIGHT 14. B 15 B). The raeultang pclnts are shoun :

in F:gure 35. .;T'e.f eet ef acqulred pcantsi’ furtherc.

daet:ngurehed from uatl ulth the detector. (HUE 118 8 148 8,

uhlch_requlres the. hue to be _blue green. the kncunirrange_fcc :

the chaiﬁﬁeeéfl[*The resuitlng set of points._shoun in ngure_?
36, is grenn eut te produce the bcundarg |nd|cated ;n Figure

37.

Nou, the egstem must decade hou to Iccateil . It

l hae three alternatavee-' ?fc look fcr the back“darectlg;

(Hlfh a score ef 45388), seccnd. to generate an apprupraate_'

Windon and F:Iter it 3{score of 38889)- thlrd, tc scan upuarde
from, the seat to trg and. ftnd the back (ulth a ecore ef 34888]. f_.. .

The third alternatlve,“ requ:rlng the least- ucrk :-IB selected. o
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fChaﬁter v

Figure 34.

Scene Sampled for Chair Seat

_ Samples at Height of Chair Seat.

Figdfé.3$;
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'Chapter'v

o

|guﬁe

‘Validated Chair Seat Sampies

:3sf 

F

‘Outiine of Chair'Seét

Figure 37. _-
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The scan is cheaper because the program kncus axactlg uhere tha'
back shouid be (in halght). AiE :t necd do is tc check a point
at the apprbprlate hanght abcve each boundary po:nt for-the:
seat. if} it matches the character!strcs of the back ft

kept, o{béruise the pornt is re;ected that scanltarmtnétéd.
and the pornt abcve the next boundarg pblnt !s exam1ned. fhc-

resul ts are shcun in Flgure 38. In thls examp!e. the scans are.

shoun as ;f they tasted mang pclnts - thls !s.for_r{!ustratlve-

purposes,;i_}]_f'

After acqu:rlng and ver}fging;the chazr back ;points, the

boundarg |s groun outuard and ‘a ccnvex hull !s fltted to it.

As can be seen in Flgure 38 thls' boundarg is nct pracise.

since it includes area cutside the chalr back. Asg mentloned
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Figh:e.ss;f'thér-oufié5é5”¢f:chai¢7seafféﬁayaaék

previousfg;f boundarg could ba made more prec;se,f'but for

mast purposes. the convex hull program qulckiy generafea quste

satisfactorg boundartes.

Thié“ekambré”réqﬁibédathe;fégstem:foffiha'an; object uith

parts, and:a!loued lt to choose the order.: Itfihose'

the least

expensrver  most :rellabie approach. - Houever,;gﬁéd

s fif§t:-7'

attempts falied, tt mtght'then have etected to trg to ﬂfind'fhe 

back dxrecttg.i in ang sntuatron ulth optlons, the .sgéfeﬁ Hith

trg the most prom|55ngvone'?;rsﬁ If that shouldﬂfa it éah.-

fail back soma of tha more d:fflcult approaches.r :h.
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We . ulit ‘use thure 48 to lilustrate a fau 'more object

finding strategtes.:_ In the f|rst stratagg,;_fﬁg :
required to Iocate the plcture. It knous uhat fﬁé pic{ureH
looks Ilke {l.e.,“,fts- surface attrlbutes} and rts general

height., Tha helght crlterson is - uaeful for constralntng the

Eocation.qf the p;cturs fas shoun bg the acqu;red samp!es in

Figure 41), but to extract :t from tha uail tha 3system is"

reguired to use hue and ”saturat:on |nformation.;..The samp les

retalned from the ”'n'f'él aCQUIsitIOH 9et are gr”gn' out to

produce the boundarg shonn in Figure;42.-

:thure 48. Scene With Several Db}ects: "T”””
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‘Chapter V

'.t'ur'e .

nate Height of P

ic

‘Samples at Approxi

Figure 41,

_:'B'ouh'c'l_arg of Picture

Figut§ 42?
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Nexf*? ”e':sgsféﬁ"”ké’ééﬂéd"f{B'Tiﬁééfé“'{Hé“déétébésket.

Filtering: the scene for polnts ulth {ANU {BGHT 24 28] (HEiGHT

8.8 18. B}} pruduces resuits shoun in Fugura 43.4

FiguréﬁéSLf 15‘ffét?hc§hisitiqq Sambiéé-fﬁEEQEStebaskef.

Unfoﬁiunatéig;ftﬁére-is n6feaég,uag:of;”diéfiﬁgﬁéhing the

uastebaskef#frbmftheJﬁéil'f6h ¥he7fba§ié?of po:nt attr;butes.

Instead, the sgstem opts to check the horrzontal 'tent' of the

surface, and accordlnglg._

looking: fd
WUhen the: =d}5contanitg_

otheruise lt

Figure 44 F|nally* tha'surface ss groun out ulth a3 predtcate

that checks for he:ghf and’ brlgh{ness in the" ”specrfled range,

and range within limits computed from the validated samples.
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Figure 45. Outline of Wastebasket -~ ~ . =
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The resu}is;are'shonh*in Figuhe“AS;”'Thiéf éxéﬁp!é;ﬁghdnstrates
the adyéntages of belng able to 'use _ ﬁuif?;séaéorg data
effecti#élg. It _i§  smportant to- knou- ﬁhéﬁ 1ocat sur face
attr:butee are suff|CIent and uhen more global tests must be

resorted to.

3. Q_theis”t' Scenss.

Flgure 46 shous an _example nf one cf dﬁﬁr garlier
pictures. These plcturas predated the range-f|nder,; ‘and haence
used snmuiated range unfurmatlon..ﬁThe scenes serQed as thef_'
deve|op:ng grounds for our system, and therefore shuutd ba

ment i oned heré;_ _

Figure 46. Early Experimental Sceme.
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In these pictures, color Informatlon plaged a much
stronger role than in the current set. Detectors tended - to be
much more comptlcated. and take longer to run_[these strategles .

A 7
are discussed in a paper by Garvey and Tenenbaum ). In thess

pictures we wuere able to find such things as chairs, table,

pictures, telephones, and many other objects. The re!ativa_
ease of suitching from that domain to the current one by merelgl
characterizing the neu set of objects is another indication of

the flexibility and'pbuer of'the'sgstem.

4, Ecrors
An intérestlng duestion abouf a sgstem such as this is,

"How does it fall?" We have demonstratad one part;cular typs
"of error that occurs uhen the sgstem has lnsuffsC|ent knouledge'
to pian a gnod strategg. The sgstem somat:mea fa!ls to
dlstingu;sh pounts on one ob;ect from those on another. dua to-
an inadequacy tn detectors. In both of these cases, the
fallures ‘are not anherent ulthln ths sgatem, but rather dua to‘.

”:nadequate 1nformat|on. The sgstem can be supp!red ulth bettar

|nformat|on and operators. and lt Nilt parform better._w_
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'gl;b' C_._td_;_

A, Babkground and Discussion

1, Introduction

e - havé described a sgsfem that p[ans :and executééf
cost-effective étfa{égieé fdf Iocatlng specnfsed ob;ects{
UWhile ue: feal this is an impcrtant contrlbutlon to scene

" analysis research, we aﬁe uell auare that Eocatlng objects ih

" “kngun envnronments is a someuhat spEC|aI|zed functlon. In this

sectton, we will compare our Nork u;th that of others in an
:attempt to shou hou varlous sgstems mag compiement .each other 
“fn' a complete parceptual sgstem. Na uli! poant uut both-

strengths and ueaknesses in our approach.

2. Robot Vision
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 areas could be left for later anafgsas. A map (mcdel} cf the-

Chapter VI . - 0 CONCLUSION

The. original motivation for this réssarchiuas"fd'brcvida
a vision system for a robot: that could operate-in approximately '
rea[ time, Thie reqU|rad a set cf speC|a¥|zad percaptual
capabilitiss. In addttlcn, the sgstem had to be fast ~ and Pt
“had to take advantage cf the |nherent gcal ﬁ:rected nature of

the task. The existing systems’ - approach of analyzing a

single exhausfivelg segmented = television ' picture was-
unsatisfactory for a number of reasons. First, it was much teo
slow. Second, images Were anaiysed in their entrretg, Hha ther
or not the image was similar cr'.ldent:cai to one prsvncuslg
processed. Third, segmentatacn uas perfcrmed 1ndependentlg-cf

what uas likely to be in the scane. ':'

" Me first thought to remedy this situation by taking a new
image svery fau inches. as the robot moved. 'Thisiéﬁbrcach
promised several advantages. The first lmage ccufd ba ana!gaed

falrlg completely uslng avaslable techn|ques and any unrcsolved

acene would be creatad over a period of t;me. Each new lmage
nould be scanned rapndlg tc ensure that “knoun areas had not

changed. Then major comput|ng resources could ba devoted tc

"hew"

”prccess:ng areas. After sevarai lmages ‘ had been'

‘brocessed, it uas expected that a good map ucuid be produced

and very littls sffort would be required to 'anccrporate new

infcrmaticn._._Furthsrmcre;--mction parailax::QaSg~expactsd to

prcvjce three dimensional'infcrmationt A form oflthis _tgpa of

173




Chapter VI - o o CONCLUSION .

visual processing -- which we called "incremental  vision", due.
.. to the gradual way neu information was acquired =- later came

T, : y 9 SRR Y
‘to be knoun as ver:ficatlon vigion" . The succass'.of a

'vertfrcatlon ‘visian sgstem rasts on |ts ab:lltg to conf|rm
"expectatlons about. an image With minimal processing. The
object finding stratégies generated by our system seem well’

suited for this purpose.

3. Goal Directed Yision

A fundamentai QGestfoh in pérceptidn‘is that of dontble_
Organic systems seem to utilize a bombination'of daté directed
{i.e., bottom-up) and goal diractaditi.a..; top-doun} control

strategies.

' Uurﬁﬁfogﬁf used psrceptuon prlmarlfg :fﬁ  .suppﬁrt. df:
BDBCIflC ‘tasks (a.g., navrgatlon or object tocatlun). It cou[d? -
thus -use goal orientation: to be :ntslllgent abuuf Hou it
processad sensorg tnformatson, and focus attentuon on areas of "
'the scens contalnzng mater:al relevant to those specnftc tasks.
'Nhen support for robot research uaned ue deemphasnzed thoss'
"aspects of our research concernlng mob1i|tg and concentrated'

'lnstead on :nvestlgatlng goal dlrected top doun V|Slon.__--
. :Top;ddunfsgéfems had'been-previouslg developed 1n various

S T U R N GE lffﬁ e
gscene domains., Keliy and Kanade had developed - systems for
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12

- face recognition. Duda and Hart had created a system using

decision trees to parse room scenes. Shirai  described a
top—doun'sgstem for directing the location of edges in scenes

2
of biocks, Recent]g. Lieberman and Bajczy generated a system

for aha!gzing several landscape scenes. These systems had a
'éommon 'shortcoming: they all executed rigid sequentiai

' strategies, recognizing things-in fixed order.

Thess inflexibie. sgétems Qere ﬁot sétiéfactﬁrg' for our
Work for three impdffaﬁf .reasons. 'First; tﬁag could not
tolerate errors; . if a step eariuy in - the procésé'“failed. the
entire process Was likely to: fail., Sécond,*{heg'uehe difficult
to. mpdifg; the' addition of  a s{nglé= ney object. would often
invalidate the original ‘strategy. They were tailored for
particular contexts, -and could not  be used in others h?thoui

major reprogramming.‘ -Third, the systems could-':not; use

“restricted contexts to their advantage;: without this type of
- dynamic. computational limitation, the programs  uere restricted

to limited, static environments.

- There are tuo: major 'approaches'tor'overéémiﬁg somé of
these disadvantages. - The first is that of global optimization.
Instead of-pursuing'Each:piece'of“information-sequéntiallg; all
possible information is cOnsidered simultanéduélg’in‘ah“attempt'

to arrive -at the best possible: interpretation of the scens,

Ld
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| o 14 | .
within a set of constraints.. Fischler.. used this approach in I

a system for recognizing faces. He achteved flexfblfutg by
“treating the face déecriptions as. data to . a general
‘optimization procedure. In another égstém for analgzlng'

natural scenes, Yakimovsky global ly evaluated scene

interpretations semantically control a fégion grouing system to

- | 15
produce an optimal partition of the picture.-: Montinari. . has

investigated the theoretical properties of optimlzatlon methoda

in satisfying a netuork of contralnts.:'

The second. approach, which ue adopted, is. tb]dgnamfdailg

. generate. sequential pfans.-for.SO{vihg a  particular prbblem;;
~ The use of a sequential procedure allows initial ‘steps. in a.
plan to provide informatioh for use bg-subsequen;'rsteﬁs; In
particular, it allows '~ the concentration ' of Fesources dh_
successively refined areas of the image.. By creatinéJb!aﬁQI,
designed to operats in the current context, 3. flexible coﬁtrui.
structure. results, enabling the system to: deal effactivelg3uith'

dynamic environments,

. Our - research = was, based ony;thefCOncept.-of“'“visjcn hg 

aistihguishing- ;:-features."_-.: Object .. . recognition: via:_
»distinguishing. features is performed by looking: onlg for those
.features that dtfferentlate the target ob;ect from: other-kncun

_:UbJECtS'-Inva- partrcqfar context.:  Mast of- the lmage :canAbé '

guickly eliminated from consideration. Oniy those areas that.
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have the distinguishing characteristic need * be processed

further,

.The .dis.tingulahir'xg features approach eliminates the
problems mentioned above. The actual features used in a
strategy are computed when needed, by comparing .object
descriptions and ;oting the differences. _This'alloua both for
éasg addition of new objecté and straightforuard extension tﬁ
neu _SEHsorg_ modalities;_ The detectors for  the celected
features .are dynamically ordered . to choose a -good,
cost-effective sequencéqur reducing context. fhis_ results in
a strategy where simple features (in the current context) are

‘checked first, and more expensive Jééts' deferred until the
context is sufficiently restricffve “to warrant their uss.
Finally, tf unexpected problems or errors occur, the sgsfém'can

replan the strategy using any ned information,
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‘QL Eercegtuét St[ategies._ -

At the time this work was begun, there was a. great deal

of  interest in languages containing specific ”featurea;foh '

problem solving.  Some of these languages, such. as PLANNER-

) 17 _ oL : . .
and QLISP -, had interesting data structures -and control

mechanisms, but the available 'implementations were  too-
inefficient and cumbersome (due mainly to a level of genarallty
in the system which ~we did not require for our :uorkl;”and;'

cadditional ly, were not completely debugged.

More iﬁportantfg,ihouéyer. thers are several .poihféftha{
djfferentiatq-perceptua] strategiqé;frbm other typas of probleml
solvjng_str?tegiesf _ First;:thegﬁ_aré_primariig: aimed"tﬁuardé.
inforﬁaticn gathering, and tﬁ§ref6rg_ apg  dfteh-frequirsd;in:
gituations uwhere inayffibient' data‘ié aVaifabfe‘ to ccmpfételg.
plaﬁ the strategy. It is often necessary to resort to:
incremental pianning, uhere an !ncomple@e plan fs generatad;
executed, the results monitnrad,'.and. the strategy eithaf
extended or replanned, based. on the resulte. ~Second, as. =
mﬁposed to. other types of problem solving, where any sdiutioﬁ'
is acceptable, cost-effective solutions are required in a
perceptual system. A perceptual system ' can ‘conceiVab!g__
generate a vast number of execution states; ways to qdicklg%

eliminate most of these become critical.

>
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. No available system was able to intersperse planning and
execution effeétivefg.“ Furthermore, thers were no égstems"fhat'
al toded organization of plans based on'costéeffeCtiveness. -He;
therefore, designed and Implemented our own - systam, including
suph concepts as pattern. directed function invocation,
antecedent theorems, backtracking, and procadural‘ embedding of

knouledge, which uWere relatively easy to include inm LISP;:

" ‘Other perceptual .systems utitizing cost-effective

_ ’ . i8-
concepts of planning and inference have been davised. Turner -

demonétrated @ scene analysis system that assigned processas'tﬁ.
each part of an object to be recognized and performed a gtobal
reordering of tasks in order to qhobsa the best thing to dé_'
next. This reordering was not stﬁictig cost-éffective. but was
done on the basis of such  facts such as whether the modulé;
‘needed preconditions satisfied, and how many other modules were
auafting Ite results. Any complets sggtem Would have to take

_ 13 - 28
these inte account. Sproull and Coles

arg investigating
the problem.of planning in an uncertain environment, uwhere ane
must decide when it is advantageous to seek neuw infbrmation;
This is an important question when the cost of new information

ie non-zero, as in a robot system.

In addition, this tupe of processing may arise in other

) 21
areas, For example, decision 'analgsisl is concernad With

rational decision makfng in uncertain situations. Typically, .
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. ons .importént.decEsi0nv is uhether to- ‘seek " new information.
.Thisfis_ handled by. estimating the value of: the information,
.. both in the best case,- and-in the expected case. -Another area
where cost-affective planning. could prove. ussful:: is Hedical"
_ diégnosis. . It-is often- important to -estimate -the relative
utility of tests, particularly as they become 'more expensive. |
"A technique. such as  ours which tries: to maximize" thé'.-'r*et'u'rr.r'
from inexpensive tests before resorting to. more complicated’

ones. could prove very usaful,
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9. -Bistinguishing Features Representation - =~

A~ - fundamental " problem in perception is {hét of
- representation. - Previous® Work  in this ® area {e;g;' gee

22 3 23
Guzman , Waltz or Agin and Binford ) has emphasized precises

characterization of a few particular attributes, such as shaps,
texture, or structural qescr{ptions. In a ciuttered domain
containing a variety of objects, suchl,as ours, these. are not.
cost- effectlve to measurs. The lack of adequate shape
descraptaons is currentlg a graat icmitatiun. In addition, 1t
js often drfflcult to characterize natura? objeﬁfs__(e.g.. a
tree} with these kinds of descrlptlons._ In contrast, our
d:stlngunshlng faatures raprasentat:on relies on many redundant
features uwhich can he Ioosalg specsfned as opposed to one very -
precise desqupt}on. These: descrlpt!ons_nged not . be comp!ete
(an&, in.féct..usualig are.not]. but must only be suffiéient tﬁ_
dlstanUIsh betueen objects. A set of distlngu:shtng features,f N
_ES usualig cheapar to measurs than a single precisely specified
one. flore importantiy, however, our'representétion- is usuallg
"more robust; ‘since It is easier to match a numbeﬁ "of:coéFseTg_
specified * features - to an object  (uhich  could Hapbaafn'in a
variety ~of “situations and attitudes, ‘or even be partially
" ‘obscured by ‘other‘objects). in an image, ‘than a’:mOré'pfécisé

“model. ~Sifce features for ‘recognizing an object " are computed

‘as needed, “they can'provide the strongest discrimination for .

the context, -
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Although our implementation.. concentrates mainly on.tﬁe 
use of local surface attrjbutes, this is not 'én intrinsic
_Iim[tation of  the dfstjnguishing .. features  concept.
lDistinguishing representétives of more camplicafed features
also fit well into the representation. For example, é function

. 2 :
that measures P/A (i.e., perimeter squared divided by area)

" provides 'a.rshape test ~that will distinguish squares from

rectangles (or notebooks from telephones).

““Although it is often easy td‘ééé.{hfngs”baéédxﬁﬁ é“humber_
of simple attributes, this is not aluays the case.  Thers will
aluags.be cases when the available, simple'featUFéé' nil! not
suffice, and more’ cDmpEiCated‘répﬁa%entatfons' mﬁét::ﬁé”usad,
. When the only attribute'tha{:diét{nguishés betuesn * tuo ﬁbja@ts
is their shape, then shape nust be measured, and the finer the
distinction, ’fhe“'more'"bréciséf-{he measurement  must bé:”
Houwever, this' is: the 'éppﬁopfiate."pbihf 'tu'? make this’

-‘measurement, when all other features have been exhausted.

It isl_impdrﬁantr to. reafizei that . the uSe#ulnaséﬁ ofl
distinguishing features represepfation‘Es_gtroﬁglg}depéﬁdéht oﬁ:
': thq_fstaté ﬁf_ knouledgs of the context. . Rebrésentattﬁﬁé are
crééﬁed_to distihgﬁishjdbjebts;from qtheﬁs known to the ‘system.

_ It;i;_easg._tp_foql,jhe sgétam by addéhg_objects to_fthe scene -
that are siﬁilar in aphaarénce-'tqanan_'dbjé;ts. :nlﬁ;this.
éfiuationgzﬁ it is . jékeig'.tﬁétq-:tﬁe;_sgétEm'_:ui[!:“create
representations tﬁat will not discriminate bétueeh:‘thaéé

objects.
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B. Multi-sensory Sustems

':Discrimination*-is':mu:h'héaaier uhen ‘ihputé fbom'mang
‘sensory channelé are used, instead'df'aftempting to extract all
‘the information from a single source. Houwever, it is important -
to be abie to coordinate their use effectively, otheruise, the
sensory system uill~ be overloaded. We have shoun that the

distinguishing features representation provides a good

framework for this coordination.

This system ~uas original ly’ dasigned.té. provida-sensofg
inputs for a robot. These are typically: visuafétgpa inﬁuté,
butr they cbuld_icome from a- vqrihtg of.jsourées, such ag
audi tory, tactile, or eIactromagndticlstimuli.: The telsphona.'
for example, might be distinguished froﬁ other black, desk-top
" objects as an emitter of sound; a cup of coffee &3 an emitter

of heat; a person wuould be distinguished from other Iargé,'

gbjects in a room by his movement. Each of these attrivbutes is
crude and easy to measure, giQen :apprupriata sensors, Tﬁé
coordination of inputs of this sort would be handled by our
system precisely as the more reéqi!g obtainable color and'rangé'

inputs were,

7. Interactive Vigion

In a research area as comblex as fhat of interpretatidn
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of natural scenes, * it‘is impossjbta_tq. completely formu!atp-
programs and strategies in advance. Perception is still an
exper imental ;cience.__and, although central ideas can be .
estéb!isﬁad, vqri}iction of thg aptua[_ details éra possible
only throﬁgh trial. A__keg ~to experimentation. in machine
pérception is t$ be able to seé.data as the machine does. . This
atiows the éxperimenter tql perform operations on the  data and
vieu the results directly, thus- eliminating a. Iével of
'interﬁretation normal ly .réquired. . By proy}ding_ a__éet of
perceptual operations, the user is elevaied above the level of
“specifying details, thereby facilitating “ccmmunicgtion petusen.
him and the hachine. “and allowing him * to concentrate ' on thé.
task. The major‘fUhction “of ‘our interactive system is this

facilltation of communication béfueen;ths man and the Mééhlna.f
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B. Extensions

Nang possible extensfons are possible (and. necessary} to
allou this system to function as part of a comptete perceptual
system. We will first discuss direct extenSIGns to the Work
reported here, and  then look  into areas that  uhile
| tnterestlng, uould have dlvertad ua from our prrncnpal resaarch _

topicse.
L. Exjengibns_ig the Existing“Sgsigm;
a. Windou Dperétors

Host' of our parceptﬁai operators fook only af sﬁall
{typically- one to nine pixel) |mage samples.' By extendlng the
"concept of a detector to :nc!ude arb:trarg functlons of surface
data (i, e.,"fntenSItg and range) over a 'uundou. He could'
':ant|C|pate adaptlng our sgstem to use verg comp!ex attrsbutea.
Textire detectors coutd ha urltten us1ng statlsttcal measures

or Four:er operators. Thesa detectors mlght then be used to

Iocate sur faces which uould appear ‘too nonsy to ba adaquatelg_

discriminated by our current detGCtors. | Shapes 'of vargung

185




Chapter Vi | . concuusion

complexity could be rebognized with special tamplates. It
should be p099|ble to use an edgs oparator such as  the Heuckel

24 ' . o
operator as an acquisition tool. for example, Functions to

detect variations in shading couid -provide clues about surface
structure {(for exampie, a highlight detector might provide a

distinguishing test for a metallic surface).

) be écquiéifjon;_ ﬁuf égéégm__ndu__ heasuées,_spgcifi;
aifributés  of-éiﬁgle éampié .pﬁints;_ [ thesa _sampies ueré
sméLi .patchéé of po:nts over uhxch average attrlbute valuee'
Qefa'éompﬁted. the values woutd be more representatlve of the~
actual surface attributes of objects, A, perhaps better,
approach wWould _be to use the %veFagg attribute -va!ues'of
“regions resulting from &’ Crude;iAbBtf0m4up-“sggmehfétibﬁ}jaé

acquisition data,
B Strategy Extensions

_ Although our cost affectsva strategnas hava prcved.ﬁuita.
R effect:ve. ua see mang uags in uhlch theg could be |mproved.:
.For example, we have been lnterested :n more equ:tabla uags for.
 d|str1but|ng the cost of a subguai over all mt_er__e_t_sted_goalaf
Nou.. the cost is borna bg ﬁhe f}r;t_ gogl__t9 'fgqu}f¢ the
| subgoal s executlon._ For planniﬁg pufhééas,'ﬁﬁuevaf, _if would
:f;seem batter tu leldB the cast Df the subgoal bg the number ofv

| |nterested goats.-and paas the partlal costs back lndiV|dual[g._
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One problem with this is:deciding'uHich”'of;the parent gﬁala
uil} actually be executed {since many goals are ‘generated to
provide redundancy). A modification to overcome the problem
might distributé costs only among  those goéis that 'ui{l,
probablg be executed {fhat..is, the ones appearing most
prom191ng}. Unfortunatélg. whether a goal ui]l. protably ba
executed depends partlg upon its cost, so us. cannot datermina
one Without the othar. The actual assessment of who should pag

for uhat becomes qunta compl icated.

Uhile 'it is clear that cost-effective execution 1e an

_ % T R AP '
important concept , it ~ig not sufficient to handie all the

‘problets faced by a pérceb{uéi_sgstém;"ue would prefer to use
“the cost-effective information aslrpaﬁt of a set of parameters
governing plan execution. Other parametérs could 4include an
“interest measure. This uould reflect the relative 1mﬁértanéa
‘of the goal to the solution of the ‘main goal. In turn, the
‘main goal might have an interest leve| commensurate with its
level of importance to the overafl.sgsfem.' This would allow
 the main " system utifizing the' perceptual sgstem to prov:da a
set of goals to be uorked on.as resources were avallable,
Information gathering  tasks uhere thé. resulfs' uéré 'not
" immediately required, could then be set up as Qoéfs ﬁifhn'a Idg
" interest level. ' If resources later became Héﬁéiié&fe;.these
goals could be worked on. “Alternatively, interest levels could
B . o

* The cost-effective approach usually chbbséé an order of
execution cliose to what the user wouid choose,
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bE'raised_ i f the goal suddenly became important,  or lowered -

_‘j(perhaps_ to zero) If the goal was determined . to be less

important,

Another parameter might be a budgst that uaé'afincéfed'td

subgoals .(recursively). The criteria for allocation could

include the interest level of the goal.'ahd its éxpectation of -

success. Me could even anticipate modules that produced

varying effort levels for varying fevels of "funding."

A problem uith cost-effective. planning is that it is:
sometimes difficult to estimate the required parameters with-

any degree of confidence. MWhile it is usually the case that

any estimates are likely to a}lou.the‘sgstem to paffchmfbe{teh
than it would with no informatioﬁ].af ali, c!earlg:_thésbatter

its guesses, the better it wili-work. We have relied heavily

on models of processes for our probabilistic . estimates. " While-
this is obviously of value for certain simple processes, as.
programs become meore complex, or as We add progréms' where ue:

have only sketchy models for théir__ppératiun,”.it is more

difficult to find reliable=paramefebs. As a result, wue must

depend more heavily on. measuﬁemehts of program properties.

Unfbrtﬁnate!g. the brute force method = of executing a-progrém

many times on a representative scene uill not work,.as it fails

to take into account the vabioUs'contexts.ih'éhich_it__uiii be
requifed'to operate.:_The_proplam_of monliing'psrceptual;ﬁand.'

in gehebai, computer) processes- is clearly an area that needs

further exploration. . .
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_ AithOUQh,_-peopie often learn more from :failure than
success, very few problem solving programs are abie to utilize
this source of. iﬁformation. Just  the ‘fact that. . a module
failed, -for example, should suggest = something néﬁ-_about the
world, but failure modes are tupically less uel!-_explored (and
,understﬁodl than modes of success., We see two possible Hays in
Wwhich our system {uhich also cannot use information about

failures) might benefit from fatiures. The first would be to-
have a module perform further analusis of the data. . that caussd
{or aliowed) it to fall. For example, aithough a. fliter module
failed to find points satisfying the predicate provided. to it,
it might try to ciassify the points it examines (uhich Qould'be
éostlg},'or possibly creats histugqamb-of attributes of.pointsz
~examined for iater use. The sgétém_céuld aven flag pointe that
"almost” passed, indicating which attributes caused it . to be

rejected.

o JAnbthéh ';ag: in thcﬁ:'faiiuré 'fﬁfﬁrmégioﬁ Ebuid' bé SR
Gtilized would be to model the ‘possible  failure’ madeé
" probabilistically, An example utilizing a model (of the
process of sampling ‘and f[Jtering) to uhdété '.§ Hﬁfiorf

likelihoods follouing a failure is provided in Appendix 3.

Probably. the .. most consistent - way. to.- use failure
information is treat it the same as success, 'That is, allou it

to. aiter a cumulative confidence on the the  subgoal. This

would aliow the decision. about when to consider a  module as
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having failed to be left up to a higher level program that-
might - be - able ~to bring other information- to bear  on the
fquestion. In addition; the system' could then be makih§
decisions about whether to attempt to raise or “lower the

confidenpe-of a goal.
¢ Additions to ISIS"

~Although ISIS ~has been an “effective tool, our - abrk has.
“indicated -severél directions  for improvement.’ A major
requirement ~ is- the upgrading of the’ data“'structuhés; Our-
region boundary:representation, which is useful fdf'déécfibing
targe polygonal structures (such' as we find "in- our roof
scenes), . is: not. as- useful -fbbﬁ déscribing “long, irregular
boundaries.  The' convex ~hull” routine, used ”tO"Qéﬁérétéi
" poundaries from samples is inadequate except when the régibn'is_
knouﬁ to be convex, Iﬂ our_hgxt yersjqn of_ IS[S. He HiiT
iﬁé{ude:bouﬁdarg folfﬁuigg ro@éiﬁss. .Thé. resﬁitiﬁg boundar i es:
kill.probablg .bé stored in érragé.iand utffiza'somé :fdrﬁ of .

chain enéoding._:

Al though INTERLISP provides & rich set of facilities
'éhabtjng-programs to be'uritten-éhd’debuggeg-auicklg. there ara:
penal ties associated ulth its use. Large”ambunt§ u§*data-Eaﬁéé-_
" serious’ - space prbblems;*”-Uhe”'ﬁossible'”aiiéﬁiéti@ni of the
'pfOblem’ihVolVgs uéing'fbrks'aé-additidﬁaf dﬁia'éréés.u"ﬂimucﬁ:
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- Worse probliem,; however, is that facilities for "arithmetic in

INTERLISP are grossly inadequate. CLISP allev:ates ~some of

the notatlona! d:fflcultles bg prOV|d|ng algebralc notatlon and
controt faC|I|t|es. but the reai probiams are dua to tha vast
:reeources (both time and spacel requured for arlthmetac tn
LISP. One reéponsa to this has been- to use an algebralc
.'Iénguage sgétem..runhihgl.fn.a fouer .fork, to perform as much
arithmatic as possible; This has been 3 uurkabka comprom;ae.
but forces us to relinquish some of the flexibility provided by

INTERLISP,

Gther sxtensions to ISIS would include the” addition of
néu region rcut;nes. such as @he: éemantic region 'gruuer

28‘ .
evaloped by Tenenbaum and Hegl . Hsth this program. W8 can

produce a complete segmentatuon of the scene, 1f desired.
Other areas of ISIS to be upgraded Will include the display and

interactive portions.
d. Neu Sensors

As ne have shcun. the more sensors, the easfer it is to

sea thlngs. To facnlltate representlng cetaln objects. e plan

to add new sensors to _our reperto:re. The flrst is an
extens;on of tha_ laser range—flnder used to provnde threej
dxmen5|onal scena |nformatlon. Hange :nformatlon IB prov:ded'

-

bg measuring tame-of filght of a laser beam. Untal recentlg,
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the. amplitude of the: return signal was ignored. (primaritg due N
to the lou ‘aignal~£o-noisa raties in the system). "Current
Qprk,'ﬁouévgrf is.ﬁéing thé“éhﬁjifude-uf'thé Fefufﬁ: foymaasurs

the refléctfvitg of the surface (at the iaéerhuévéféﬁgfﬁi; The
Eésulf."after éombénsation for Esfleéiioﬁ' ﬁodas fpflméritg
Lambebtiaﬁ), is. an excellent quafitg.greg—léval:.}ﬁage;: Thiéﬂ

ahpaars to be a useful'augmentatibn of our teleQiaion i&ages,

and may sometimes suppiant them,

An extension of this idea - is to use tunable lasers, .
operating ét a variety of  wavelengths, - to ' provide
rafléctivities in other wavelengths, and therafore . color.
information about surfaces on which jf iﬁﬁfnéés; It has been;

27 o - .
suggested that other . (micro) surface structure information

may also be provided by this technique.

Dther:_pﬁssible}. Bensors. include'"acoustic]-detectdrs.i

L

infrared detectors, and uitrasonic. mofion:.detectors;i'Thasq
sensors, wWhich could be interfaced direcflg, Hould brovide;

distinguishing tests for many ohjects.

2. jBElQILﬁIQQEQlEIE Qifcéntual'sustém"'

" Our system was designed for finding specified "objects in

a known context of other  objects. This, of courss, examines

dﬁtg 6ne'éépéétsbfipefbépfidﬁ;. ﬂéuhﬁdfd,ndﬁ fiké to :fébk.intb'
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4

possible roles of purposive vision. (as exemplified by objact

location) in more compliete perceptual systems.

There are several dlrectlons in which the sgstem could be
' extended to provnde a comptete scene descrlptlon, the simplest
of uhlqh would be to merely instruct the sustem td' Iocéfs all
knoun objects. But, this is an undesirabie 3pprda§h.’aiﬁce for
ang reasonable number of objects, the sgstaﬁ:uill apend mogt of
its time- searching for nb;ects that are not even in. thé.lmégér
lnstead ue need to fook at ways of focussnng attenfiqn upon
areas of the image where the context can be limited to small

sets of objects.

The probien of'describing'a; campiete scene is pbobablg
-best accomplished by generating an “initial description from’
preliminary bottom up analysis. - Thls initial descraptlun uould
then be refined in a.. top-down manner.. Thres _méin-advanfages
Wwould be provided: by this combination.. First, the system could
_ afficientig direct its_fesnurces_toz constrained areas. of éhe '

~image. Second, ‘an object couid "catch its eye". . This ' fs not
_ ﬁossipjg tn the normal;  top-doun-only mode of operation : of the
. _sgstem.:since it_onlgz'sees_ob}ects3fur. uhich;if3 is Eockfng.
Third, the . system could. bound, objects (based . on  local

f attributes) that ﬁera nat. known. a prioris -this, - again, is

" something our current system cannot handle.:

An initial segmentation and identification process would

»
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- supply cues a la Riseman. ' for subsequent stages of processing.

These cues woulid direét atten%iﬁn to Key uﬁjects, which, in

turn, could restrict the context: for.thg _location of other
pbjeéfs. Newu objeété Iocéted; of ned attributes maasqrad;uouid

éhiff attenfion to.themselves, fﬂrther:rqstrjcting thelcontext,'

and furthe} :refining'thé cueéjzfﬁr other objecta.'A Cues could

‘also be focated by instructing the systen tq'fh«ét__ find major

| objééts. uhfch.ﬁéukﬁ then provide cuéa_to fogusz attention for

finding subsequent, harder objects.

The integration of bottom-up With' top-doin anéigéig'might'
be accomplished in other ways. For exampls, we could integrate

. . 23 _ _ . .
our system wuith HMSYS .-a ;sys§ém “that utilizes contextual

information to constrain reiatipns"amung'objects. By db{éining 
giobally beét embeddings of objects in images, it':ﬁaéfaﬁélyzad'
room-scenesiand'natural; outdoor scenes.  The tuo Bgstémé'tQutd,
cooperate - in a. variety of ways. . HSYS'5ccUId'diéamﬁiguatB'
objects that are - not disfinguishable. on: the basis. df'locéi
attributes, but - only- through confextUél 'relations;{ Better
éstimates'_of cbnfdence.fn'“object“'Edéntiffcafidhs"ubﬁid ba’
. provided by MSYS's ianal(sis of relational tdhétraih{sf“.HSYSl
. in - turn, could  ¢alt  upon ourr'sgstem”to"Focéth_ oh'idént}fg
related objects or parts of objects in order to  establish tha

"identification of some other object.
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3. Concent Learning

We were interested in the idea of concept learning using

techniques similar to those exploited by Hinston to infer

structural descriptions of complex objects. It was Iikely that

® ‘
perceptual . concepts . could . be . inferred: . by generalizing

- descriptions from many examples and counterexamples of objects.
Thesa descriptions would émphasize.;essential~-features, and
eliminate . variable ones. . By. learning froﬁ ~symbolic
descriptions, MWinston avoided the problem: that . a. mﬁdef is
jneeded.to describe the.  object used.as an example: for creating

N
the mode! . We would break that- cgcie, bg hav&ng our sustem

'laaFn- |ncremantallg ' through nntaractlon Hith - a taacher.

',Inlt:aiig. an object would be autlfned for tha sgstem, uhich

would then make a model based on uhatever descr|pt|ons of thé

object it could generate. . This ‘modsl would ‘ then: be used to

distinguish other.  examples, uith the instructor interact}ﬁg'
when. the system failed, By compariﬁg neu ghjects: uith-mndels‘
of - past.objects, : the ' system would isolate: thase attributes
which’ were criterial to. the object . from those. that were

épecifidw to certain: instances of:the. object,: thus. creatlng

modeis based on criterial attributes in a natural manner.

* For example, although tables may have many different shapes
_and sizes, the limportant item in a deseription of a tabla ta
the Horizontal, plane surface in a particular height range.

sk Also knoun as tha chicken/agg problem.
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4, Pointing

It is: - often difficult %o - precissly “ménuailg oufline
complex’ objecte {such as trees or telephone cords) in an image. .
A better approach uouid be to po:nt to these obJeots and have
the sgstem perform the detaqied outltne uork. Gne ﬁoens of_
- accomplishing this is to have the instructor point ' to examples -
-of an-object and -immediately adjacent objects, The:sQEteo_'
Wwould  then creatd  an  initial model- of tha: object ‘based on
characteristics. both of. the area surrounding--the“ example
location and the adjacent arsas.. The -same programs used to
distinguish objects. from other objects then would be ueed to:
dlstqnguash examples from non-examples. Using ite 'model 'the
sgetem would attempt to bound the ObjECt. The lnstruotor uould
|nd|oate errore. and’ the sgstem uould use this 1nforma§ion to

.create succe93|vetg refuned models.

-lnitiell experimants With & sgstem such™ as this.uould"
‘probably . require the user to: drau. coarse outlinee'5of the.
. object, thereby .provtdingtmore.”information.abouf w{he.object;:
and. ‘requiring. - 'less 'fnference~wfrom:-the:.sgstemfv~d-Asi-the:
. descriptions got better, the: system uooldftake on-hoﬁei of3thel

burden,-alIouing,thesinstructornto-po}nt“to-feuer axap les:
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© C.Other Applications

Uthouslg, 3'_ app!ucab:!ntg of thfér-sgéfem extends
beyond the dnma:n of offlce scenes.; Thls choace of domaln uas

motivated hg tuo facts 51flrst ob;ects”}

:ﬁ? rooms are often
distlngusshable on the ba3|s of Iocal attrlbutes onlg: and,
second._relatluns betuaen ob;ects are generaklg uell apeclfled.-
Uur sgsfem ucu!d be relevant rn anaIQSIB of other domalns uhich 
aleo ahara thsss properties. Aithough our prlmarg interest !3' 
;n areas involving other tgpas of |magerg. non~|magerg domains

(such as' deC|5|on analg5|5 and dlagnosls. B antlcned aarl:er)

where acarce resources must be ailocated aconcmica!lg also

prGV1de potent:al appilcatlons.

Ne have.made prellmlnarg.lnvastlgatjona |nto the usg of
an :nteractlva sgstem t:' ) ca ohe | task of ‘
mak ing maps frnm_aerlai fliiﬁ- n the examp[e phaiograph of
the " inage. In the next image (s “sub-iindou of the First

gt
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Figure 48, User Interactively l'ndicates'Largar Lake
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, o ' ' *
'photographl Figure 48 the usar has lndlcated a point ‘in the
_larger .éf_ the.-t Iakes.; As outitned abuve ; under the
diécussi;ﬁ'uf po:ntnng v the sgstem makes a modei uf the lake
based on brlghtnesa characterlsttca (the onlg data avallabls
thtB examp!e} of nearbg samples. Us:ng thus modal. an
“initial Iake boundarg |5 Iocated bg tha sgstem. Thts boundarg.
shoun 1n Fugure 68 has tuo tgpes af defects.; Polnts,uaras
included that are not part of tha Eake,j and pnfnts that are

part.of tha iake uere mtssed.. The user :ndtcates both tgpes of

defects to the sgstem :n churalSB and also‘lndlcates that a =~

larger operator 8129 shou!d be uaed :n aubsequent procassung.
Tha sgstem reflnes tta modei, and uith the larger operator size
prevsntlng boundarg “1eakage”, ganenates--the- final boundary.'

shoun in Figure 51, Nou. the model created for the - first take

can be used to outllne the second Iake Figura 52“

Ne“nou- Have a simple model for lakas '1n thla tgpa of
rmage, wh!ch could be used in. an autumatic moda fcr ftnding all
lakes |n Stmllar lmages.J The mcdei IB admlttedlg sumple. uslng7

|nformatson and operator suza in its

only brrghtness_

descr:pt:on.f ' 'tf1t |s posssbie to obtarn muit|~apectraf

aertial rmagerg. uhere ciassffrcatr'n_of [and areas ulth rsspect

to use is ra!atlvalg stralghtforuard._f Addttionallihielevatlon

data 13 often'navaiiabie.: .'“":”'?” .'151 sgstam had no

knnuledge of tgplca[ terrarn: featuras surroundlng tha lakes,_: _

. L
% The user’s input is indicated in white; the sgstem 8 reaponse
in black. .
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Figure'58. User Indicates Errors’ .
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Figure 52. Final Boundaries of Both Lakes
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informat}on_uhich Is often valuab[a for restricting pussible:
identif?&étfdnsf. Armed u:th thls extended informatlon,-it
would Sémﬁﬁééiﬁié to uss é sgstem Ilka ours to creata fairiy
detaeied mape,:fnrst tn an lntaractlve mode, and Iatar as new
rout:nss and modale uars devaluped, En a mors automatic

fash:on.._.ff

In addltton. it should ba posatbla to use ékistlﬁg maps
as a source of knouledge, ln much the same uag the user nou
provndas knouledge tn the sgatem., That ts._tha map could be

used to constraln "fi Eocatlun of cartographlc featurea in

aerial photographs..g: .f*”

- A further potential appltcationﬂis-the use of tha'sgstem.-
to ansuer questlons_ about a data basa composed of maps and
umagerg.  A tgptcal question mught be,"“Nhat IS the beet routaf

for traffic through Paio“'Altu?“: Tu ansuer th!B qusstion. the:

system -MIght fsrst have to !ocate Pai'” Alto on; a map, and
select the major roads through the c1tg. It mlght then use the-

map to !ook for these roads tn a recent photngraph of the araa.

in order to def rmlne 'reas under constructlon. or nhether new

additlons (such;as trafflc |slandsI might;affect tréfffc £lou.

This uould obvrouslg requlre an |nferent:al. capabliltg begond

that uhlch our sgstam nou”poasesses. but certaln!g ulthln thej-

capabllltres of exuating quast:on”m__uerung sgstems_ f*
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2. Diomedical Imagery

Biomedical imagery is generated in vast gquantitias evafu
day. HMost of it is scanned bg medical personnel searching for
particular artifacts,. A distinguishing features approach,
based on attributes of both artifacts and heaithy tisaue should
be wuseful in eliminating some of this |abor. Applications
which shou the most :mmedlate promlse !nciude mass screening of
breast thermograms for cancer or cancer uarning stgns, and the
examsnatton of retanal photographs fori varrous ~types of
tesions., In both of thase areas, it is p055|bla té'd95criba
the artifacts being sought in such a way that a program could
focate them. Additionally, most " biomedical imagery has
standard forﬁats, alloning the sgstem to be constrainad .as to
uhefe to look. There are usual ly standard. éues usad bg

specialists when examining thess pictures, which could also ba

utilized by our sgstem. In addttlon. thera are areas {such as
breast thermogram screenlng] uhere a program :5 Ilkalg to do :

a1 A o
. better: than many humans ::; " This  is due to the fact “that many

‘diagnoses can be made more reliably by the use of quantitative
. data, from the-imagaa-=Although,'making“*re!at?ve{”quahf?tati#e
‘measurements from a picture is quite difficult for a ‘human, it

is quite simple for:a machins:
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e - i.-;

. COST AND. CONFIDENCE

This appendix defines the concepts of cost ‘and
" reliability (or confidence) used in evaluating detectors, and .

" derives their computational formulas.

Confidence

N fhé éouféé3'$f pféﬁnfng a?s¥féte§g,' or:.éxamining a
:Tpicfﬁre inteFac{iQetg, an fmpéétéhf dugstfonigréqdentlg éfisés:"
"Given a particular set of attributé-measurements on-an item (a.
. region or. sample), what satrof.objéﬁts could it hoééiblgnbéfohg.'
.;tq?ﬁ_lIf_kthe:meaéutemenfs;ﬁhavé:alfeadgs'beeﬁ tékeh -fr6h ébﬁa.
region  f{or 'samnle),,khe_ ansuétf-tq;the:;qUestiona'allbus the
"sgstem to "classify" the'item*a§ befongingutq:sbme:élemahtmof a. .
sat of objects. If the EQStem'is_ considering - generating a:
datector for taking the ﬁeaéubéﬁents, “then ‘the ‘ansuer “to“{he;_
question aliows an estimate of.hnu' uell the detector ‘should

Hork.

L S
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In addition to knouing the set” of possible "objects which
could provide the measurements, it is also important to knou
the relative likelihood of. each ~object  in " the set. For

exampie, if the . system -knows -that  the Ilocal- {surface)

~.orientation of a sample is horizontal, then it should knou not

6nlg that it belongs to either tabletop or floor, but also that
it is more likely to belong to the floor. since the floor
'(usualig) takes up much more of :thé |mage than doea the -
tabletoﬁ. [ the sgstem also medsures the height of the sample
to be 2 1/2 feet, then it should realize that the sample has to,
belong to tabletop, since_ thaf is thq only object uhich has
both 'broperties. Finally, - if the measurements span ' a wide
range of valués,f then several objebts' attribute ranges may
overlap the measured range.. In “this cass,  the - systen should

take into account the amount qf'ovarfapm

We can formulate a set of requirements for a sgstém thcﬁ
ansuers our orlglna! questson. The system should account for a.'
prforl probabllatles of the item belonging to an object, should
be able to - handle combinations- of attribute measurements, and.
should be able to measure and use the degrea of attr:bute ranga;

'OVBrEap

The bfog?am that satisfies these requirémanta}'CUNF,

measures ths ccnf;dence that a aample belcngs to an object
based on' a set of datector outcomss. - A recursive Bayes

12 - o
procedurs fe used in tha"'computations;_  Attribute
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measurements are taken - as. independent events which are Iinkadi
together through. object descriptions. That -is, if no'object
_descriptions were available, the. measurements’ uou!d be: trutly
statistically independent. avents. Houever, having “object
descriptions allows = the  system- to = compute depandenf

probabilities.

Before bégiﬁnihg the d;scus9|on of the procedure, some_
notation is'requirad; The set of outcomes of the appllcatlon
of a set of detectors, D , 0, «vo, O} will be uritten, O .

1 2 n : .
A detebfﬁr; 0'; iﬁpliés"é'bange 'of'éftfibUte valuas.'énd a
k. . T TR .
program that can medsure the attrlbute for an |tem,-“accepting
f'tha item if the value is within the ranga. and ra;actlng" it
otheruise. -Thus, .the only. tu0> possible outcomes -of the
_ application.of_:a detector to a sample . are either  accept or
ST B I IR RTINS
reject. Confidence is formally defined as P{s ¢ 0 |0 }. That
. e S| S L
is,»confidence is the.probabititg~that}ansample. 8, ‘balongs to
‘object, O, given the. outcomes of the set of detectors, D,
The phrase, s ¢ 0, wuiil be shortened to 0 in the follouihg
T O S  ;__< G e e b
discussion. -Therefore, confidence le written, P(0 |D ).

r.

——— i 0 o T 40 o o i it Al o i o ok e e e o e ke ey

% From now on, we Will say sample, Hith the understand:ng ‘that -
the discuasion applies equally to regions.
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- Using the recursive " Bayes procedure, the' expression for

confidence is expanded,

' .n n-1-:
PO D) =POD,D )
i in
L 1" np-l
PO 0,0 JPWO|D )
noj o :
B o e e e e e e . (1)
-l - L
PO D )
rn

Since the outcome of a detector is affected anly by the objecfs

it is conditioned on, and not by the outcomes of other

detectors, the term P(0 [0, D ), is reduced to P(D |O ) and
| nJ : ’ noj
the expression becomes: - o B o | _ . .
n-1 -
PO IO IPO {0 ) g
noooon g o
PO D) @ cmmmmrmeeeee ) : 2)
PO |0 )
n

Thié is the usual way ‘of writing the recursive Bayés-

expression, P |G ) is the pﬁobability‘that a random sémpfa
n'j - . '

from object, 0, will have. outcoms O  when the" detector is
' i n .

H aphJiéd;g- This prébahilitg'-is~ éomputéd from stored data by
summing the samples iﬁat_ would produce the given outcome, and |

. diQidfhg bg ‘the total number of samplgs.measured. "The.data

zbj
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used for this step come: from characterizations ganerated by the

system from examples of the object.

n-1 . - .
-The term, P{0 D ), s  computed recursivaly,
. } -
terminating with P(O |D } which is expanded in the normal Hay, -
AVEE :
PO {0)PWO) - - _
' 1 § . . :
PO D)  cccmmre o ' _ {3}
301 A P&Ull

"P(0) is the a priori likelihood of a randomly ~selected sampla
] N _ _ RO _
rbélnngfng to 0. This isndsuaflg computed by comparing tha

expebted projected tuo~dimansionaL:araa of the object with the

area of the image.. P(0) also reflects the set  of objects

i

expected to be present. By-'setting P(0') to zero, the dﬁject;
’ . : k .

g, is effabtivelg’eliminaied from consfderation;:

To compute P(D }, P{D [0 ) summed over all objects.
o 1 1 : S SRR

P(D ) « SUMIP(D |O
i .0 1.
j .

P{0
e

Iy N 4
joo o e -
”Nou. - uith the  derivation- of P(UiID:).r"and thérefora  the
: i1 .
T Lo T T TR e PP
derivation of P(Q [0 ), the final details for the original
. Y R A L
: N ' T
camputation of P(0 |D } can be completed.
j .
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The last term to be expanded ts P(D B 3}, This is
where the detector outcomes are - linked  through "ths object
descriptions. As in Equation 4, the term will ba.expanded over
all objects, | |

A-1- n..';l o
» DIPWO 0 11 -
) E

. : . n_l e .. H .
P{D {0 ) = SUMIP(D |D
S n L 0@ n
J

As mentioned previously, the outcome of a detector * depends on

objects, not on other - detectors except insofar as they select

objects. Therefore, the term P(D |B , 0 ) is reduced to
"P{D |D ),;and the expression is rewritten as
noj . “ o
n-1 - : n-1 _
PO B ) = SUMIPD |0 PO D -3 Lo AB)
n : 0 n j j '

J

ThisAaxpresaion is Equation 4, condi tioned on tﬁe remaining éat
. | : 5-1 -
of detectors, D .

Several points need to be emphasized. It is important ta
Ee able to Eimit'the set of objects under consideration.
Limiting this set allows the system to reduce its windou info
tHé.scene, from a  full image, to a selected subimage. This
reduction tgﬁica!lg comes about when tha sgstém] locétes somé<
object - and ‘thaﬁ locks in the immediafe vicinity for othéﬁ'
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objects.‘ The initial object then provides a new windou into _
‘the scene, usually with an appreciably smaller subset of

. objects that need to be.considered.

“Another important point is that the derivations use the
cutcomes of the set of detectors, and dd ho{ dépend .on tﬁa'
value of the outcbmes. That is, the computations do not
require that all. the détéctohé étﬁébi“tﬁe samﬁie;:but only that
there 18 saome outcomé. This fact aliousifor the possibility df 
generating decision trees uhere one branch of the tree is taken

. for an acceptance, and the other for a rejection. :Although tHe
system does net..currently generate decision trees (but only
conjunctions. that “require that tali'pd¥éémé§ argfabﬁépénceé}.

»

there are nc theoretical barriers.’
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JCost'

In th{s discuésion,_ cost will be the anticipated cost
(measured in milliseconds of. CPU timg] bf applying a detéctor.
to. a sampls {reéions are not appijcable here), In thé:
discussion of confidence, the order of application of detectors
- was immaterial, since all outcomes were ‘heeded. . In this
dlscussion;-detectprs uiff. ﬁe ifmfted to' éémhbsifé aeteEtoré;
i.e., conjunctions of éimple-detectors: applied sequenfial!g.
The cost of applfcatiun of a composite detector to an image is
highly order dependent, since a ée}éct%ﬁn bg ﬁne'détéctﬁf.:in a

sequence implies that the remaining Hatactops in " the sequenca

x

need not be appiled.
Most of the ﬁbfétioh Eeqdiréd'ﬁere uas'défined':fn the
: preceding . section. - Let £.(0.) be  the per:- sample. cost of
. ) 8 .
applying  detector. sequence, D , and <fet C {0 ) be  the per
. g8 | o

sample cost of the single detector, 0 . The 'singla“defeétdr
‘ i

.Ebsfs'are méééurad'pfevioﬁéig bg the égstem.

. The cost of ‘applying the detector sequerce;, 0, i&

o
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- n | .
- CMD)Y=CMD)Y+CWOWIPDY+C DIPWO, D)+
1 :

<] 8 g 2 1 8 3 1 2
.o n-1.
e + COIPIB )
: g N e

oon -t . . g :

= SUHEC (D]P(D ]}n . . ‘. - (B)

isl 8 1.
. D is aluags appiied. .A fréction of the samb!es tested with D
1 _ o _ - : : o 1.

{i.e., those accepted)  uill also be: tested with B . The
‘ ' 2

'percenfage of samples bésséd by D andD will alse be tested
by O, and so on,-.

The cost of application of a detector to the image {(or to
a windou) is the per sample cost of the datector times tha
number of samples to be-tested. Since the number ‘of ‘samples to
be tested also depends on the detector; that number isa derived

here. 1t is assumed. that a certain predetermnined . number, N ,

- of. samples on. the target.object: should be accépted 'bQ thé_

detector. From N 'and soma object data, We compute a samﬁiing |
0. . T RSP R SRS S T PP

density, f, which wiil provide a sufficient nqhber - of 9ampta§

on tha,ébject._such that- N .of them could be .expected to pass
. 0 “ee _

the detector. N y the total‘humber of gamples in the window,
+ ” - .

(3
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is equal to the sampling density fimesgfhe area of the windown,

SU. That is,

N = §S04. S (7)

Me fet N be the expected number of samples from the Window

. that are both on the object, and acceptable to the detector,

Or,

. n ‘ _
N « NP{0,D). _ (8}.
0] W : : -
And,
) n RV
N = fS{}IP(O,0 ) . X : I £}
D . '
Thebefére,
N
D
f R s e e - ————— .
: n
SIP0,0 )
O,
N
D
fa mmmmm—eeaeaien .

n
SPD JOIP{D)

Since the system does not retain the correlated data necessérg

a3
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n

to determine PO [0}, it instead uses tHe minimum u?I théée set

of probabilities, {P(D O}, ..., P(D [O)}.
. 1 n
The total cost now is
n ' n
C{D) =NC (D},
s .

Or,

n
P(0,D )

214



Appendix 2

- APPENDIX 2.

Introduction

In ‘this  appendix, - ué'deaéribé'.thé'fobékétion'ﬂa? isis
“(Interactive Scene Ihteﬁprétatioh'Suitem}. ”1SIS allows - a user
to define regions by Indicating peints in the -region, or vertex

" points on the boundary. The system can compute various

" 1sIs.

attributes  (Buch ds hue or héngfT of féifth  régidns or

samples.

'ISIS is an integrated set of INTEALISP functions

facilitating the development ‘and testing of pictoria]

representations, The LISP functions communicate with FUHTRAN?.

subprograms residing in an inferior fork., The systam Qénsists

of an image file, a Iibﬁarg of primitive feature extraction

' functions, a means for applying selected primitive operators to .

graphically designated. areas of a scene, and an  iconic data -

- structure -for retaining pictorial examples.

216 -

Iconic "regions are - represented as an explicit Iistof -
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picture sampies and/or as a list of vertices describing a
closed polygonal boundary. A bounding rectangle is also

determinable for each region. Efficient routines exist for

determining whether a given picture element is contained within .

a bounded ragion, for obtaining a set of samplas over a bounded

‘region, and for fitting a boundary around a set of samples.

Images are stored in a rectangular array (usually

128 x 128 picture cells on a side}, with each -plcture cell

characterized by tv brightness through réd.‘greeﬁ; blua, and

_neutral filters and by a range measurement {the range

measurements are output of a time-of-flight range finder, or.

simulated output of this device uhich is still undergoing

improvement).” High resolution vector displays  and an

HDS—rafrééhad‘color‘video_monitor_gitﬁ a low resofution vactor
overlay serve as graphic output devices, Both dispiagé_a?[ou

the user to select points on the screen with a cursor, G

216
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ODefinitions

We begin the discussion of the system by defining éoma

basic data representations and concepts.

- <gampla>

" “a point in the image. A sample is represented bg

the dotted pair of its X'and Y (i.e. horizontal

and vertical) components, i.e. (X . Y).

<gamplielist>
a list - of  “samples - of the  faorm:
(SAMPLE <eamples ... <samples).

<boundary>

a  list of  samples of  the - farm:

(<samples <samples ... <sample>}, whers the first

‘and jast samples ‘in - the fist are EQUAL; The i

samplies form the vertices of a closed po!ggon.

<region>
a <sample  regions ‘or ‘a  <boundary- reglons.
Efficient functions exist to convert between the

tuo.

<sample region>
a region compoéed'off the set of samplies” in an

associated samplelist.

217
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<bgundary region>

- a region consisting of the area delimited by the

<region

<alias>

__ a non-unique atomic name for a region., An allas

.polygon represented by an associated boundary

list,

number >

the canonical representation for a . region, The

region number is a unique integer between 1 and

the Qalua_of the global, RCT (the maximum number

of regions created up to that point),

may be associated With at most one region, but a

region may have several aliases.

~<current region>

<region

in[tiailg region number 1, the entirs pfctura.

-The current region ie the most recent region

created by Neuﬁeczou_(sea'be|ou}.

designator>

 is one of the fdiiouihg;ua

~<region number>

<al iag>

<sample  list> - aither refers to an existing

‘region uith an EQ" samplelist, or a neu

"sample region is created.

218
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<boundary list> -"sither refers tg an existing

MOUSE

region with an exactly identical boundary
list, or a new boundary region is created.

or M=~ ailous the'uséF'td'éelécf a list of

“sample points "With the mouse (ths displag

cursor), - choosing points with the left

button, verifuing With the 'ﬁfddié:bﬂtton;

" and " terminating the selections ‘with the

right button.” “If “a single point is

selected no new region is defined, but the

point uill be processed as if w(f 'uaé:a.

region,’

<sample> -~ specifies a single point. . No neu

©TTY:

NIL =

region is definad, but the point il be

processed as"if it was a region.

" should return a region Hééighafoh.._

‘specifies the current region.

LISP goes into a break, and ths user

Isis

In atl pases;_'the_regjqn_:desjgnator is mapped

into.

a regibn;npmber,; ejther:ﬁfcr} an existing

regjon,.or_foh;onencreated_during.the'mépping.'

<bdunding'rectangla>

a rectangie defined implicitly bu the maximum and

’*5ﬁinimum'Véfuéé'of”“X'éhd'Y'”?dr'the samples of a

" region..

e
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1515 Function Descriptions

All ISIS functions described below are LAMBDA functions
(i.e.[ thair arguments are 9vaiqated uhen the function is

- ealled), unless otherdise specifised. In gensral, functions

which access properties of a regjon (such as its samples,

boundary Iist._or hue} firs@ check, to see if the property has

been previously computed. If it has been, the previous valus

is returned. Utheruise._thé yalqe is computed;and saved in a’

special hash array to bq_lookéd up on the next access. This .

results in considerable time savings.

Fl

‘Starting ISIS

ISIS exists as _a_ SAVE7hfi!e_ on diractorg <SUBSYS>..

Therefore._to run ISIS you need only type }SIS to TENEX. 1S51S

- initially loads the FORTRAN file, <ISIS>ISISF.SAV, into a lower

fork. You may replace'that'filé,di{h'sdme cher. if you wish,

by using the furiction ISISFORK, ' A'picture is loaded using

ROPIC." After"fUnﬁihg"a'utha,} you can ‘'save your work up to.

that point with the‘function,wSAVESYS.

- . ISISFORK {<farkname>]

This ‘function creates an inferior fork (after

firet killing any exidf]ngplSIS fork), and loads:

228
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. .the SAVE . file. specified. by-<forkname> into it.

It sets. the global variable, ISISFORKNAME to

<forknames, and will use this as a default valua

- of  <forkname>, if. it is not supplied in later

_invocations . of .- the = function, The file

<ISIS>ISISF.SAY will be the most current default

[SIS fork. .

ROPIC [<pic ids]

ROPIC loads an image fils into the ISIS fork. if

<pic id> is a numbeﬁ; it references the pictura-
indexed. by. <pic... id> on .the. -index fila,

<VISION>INDX.DAT, - 1¢ . <pic id>. is" a fllename,

_that file is {oaded.

SAVESYS

f?filenamé>]

saves anything you have added to  ISIS on the

TENEX file specified by <filename>. To restore
the system to its saved state, type the filename

to TENEX, It will automatically start ISIS and

restore you to whers you Here, GSAVESYS sats the_

global variable,” SAVESYSNAME to the filenams

specified. Thersafter, you need not supply the.

file name; it will use SAVESYSNAME as 2 default.

‘When a SAVESYS file is restored, the ISIS fork In

use when it was saved is restarted, and any’

picture previously loaded {s reloaded.
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~UWhen a SAVESYS file Is restarted, initlalizations |

for that -session can be performed by the system.

" The variable, SESSIONYARS, is a list of forms to

. be evaluated. 1f the format of the form is a
~Ilst with a single element which is also a list,

that 'aiemant i's evaluated - when the system is

restarted. [f the form consists of a list of tuo

" elements, the first of uhich is an atqm. then the

~value of the second replaces the top—levellvaius

,  of the atom. |

. To save tha region: datastructures as a sumbolic flie.-

. execute the LISP form: HAKEFILE(DATASTRUC ext), uhere ext is an

extension which you provsde.f: Thag can be locaded into another

Cincarnation of ISIS with the LISP function, LOAD (i.e..

LUAD(DATASTﬁUC.ext)]‘
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-Region Functions

Regions

are defined and  accessed using ‘the follouwing

- functions.. ISIS is initialized with the first region defined

as a boundary region of the whole picture with the aliag,

SCENE. |

NEMREGION [<region designators; <types)

- is being suhpiied.

Defines a neu region and - makes 1t “the current

region, <type> should be § or SMP for a sample

region, B or BND for a boundary region, and NIL °

Will cause 'the user to asked which type of regioﬁ

L
nH
o

RESANPLE [<region deéignatqrsg <sahplé densitys]

Resample - the 'specified: region. Create a neu
-region " consisting of the “sample points. If
<sample density> ts specified, it causes RNDREGSZ

‘to'be rebound to Its ‘valus (see description of -

. RNDSMP. below), =+ -

SANMPLES

[<region designators]

Returns the sample ~list fora region. = A éémpla'

list is created and saved if it does not alreadq

. exist,

L ]

SAMPLESP [<fegion designators]

Returna the- sample list iffit-.exists, othérufaa,
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it returns NIL. SAMPLESP - will not cause the

region to be sampled if no sampies exist.

BLIST. [<region designatpr>l.-

Returns the boundary list for a region. - A convex

huil is . computed for-- ths ragicn"aampres:ahd

stored as the boundary if the reglion - does not

ajready have a boundary fist,

BLISTP ({<region designatorsl

Returns the. boundary list if one exists, NIL

_ otheruise. - This function will not compute a neu

. boundary list.

ALIAS [<alias>s <regioh nuﬁber>1 -

Defines an alias in terms. of: a region number. [f
no. region number is given. then the region number

_associated with. the alias .is returned if the

Ists -

alias has'beEn-prev?ouslg defined. Eff ﬁhé'aliéé_ f'?:'"

has neot been : previously defined and no rsgion-ﬁ

number is given the alias.is-associated wWith the

current region. .

XREGION [<region designafor>]:‘a,

deletes. the specified region from the regioh'data_-r

. structura.

CLRALDS )

. clears - the . region . -data’ structuﬁa;._fand-
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" reinttializes it so that region 1, alijas SCENE,

~conslsts.of the entire image.
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.- Predicates -

LIMITP [<form>:‘<arg>; <min»g <max>}

This predicate returns T if the (ndmeric)'va]ue

of <form> appiied to <arg> l{les in the closed

range of values specified by the minimum, <mins>, .

and the maximum, <max>.

.HITHEN iX;. Y; <boundary lists]

This program checks to see if the point (X . V)

is inside the region defined by <boundary figt>,
" Tt returns NIL if the point is external to the

region, 1 if internal, 2 ifa boundary point, and.

3 if a vertex of thquoundaru.
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ISl

Primitive Functions

-

[_‘ HULL (<sample region>l} .

This génerates the convex hull. . of <sample

region>. This ia tupically used as a default

region boundary for a'éaMplefregion.

ANOSMP  [<boundary region>] .. .

" This  function. selects. random samples over

<boundary regiocn>, and sets the region's samples

to this colilection. The = global variable,.

RNOREGSZ, sets the number of points to be

selected. - 1f RNDREGSZ is an integer, that number

Wil be used as the .number of points to be

selected; if it‘js a floating point number (uhich

_ must be betueen 8.8.and 1.8), the number s used
ras. a fractional density; that fraction multiplied

" times the 2-dimensional area of the region (in

picture boints) gives ths number of samples to be

returnaed, For example}_if RNDREGSZ has the vafué

.25, RNDSMP will.randonly select one fourth of

the sémpléé..of'{ha.regfbn."éﬁd set. the region's

" RNOREGHMIN are globals which control the maximim

and'mih?muﬁ"hdmhéﬁ of”ééﬁbtéé"safected.- RNDSHP

“will ailways select . at feast RNDREGMIN samples,
_and at most RNDREGMAX samples.
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Region and peint attribute functions.'-

Region properties are 'dafermined'fbg' -fﬁel follbuing

functions:

BGHT {<region designator>]

average brightness of a region. The brightness

of a completely black = region "is zero; a

completely uhiterbagfbn is {currentiy) 31.

HEIGHT [<region designator>]

average height (z-value) of a regidn in feat,

The floor has a height bf'zefo;

HUE [<region designators] ./

average .hue of ‘@ region in degrees from rad (ses
belouw). The hues of the three primary colors,.
red,  blue, and‘“gﬁéen;"ahBUZEPD. 128, éhd'Zﬁﬂ '

degrees respectively.  Regions with. other cefors -

uill have hue values somewhere in bstueen these..

ORIENT E?region deéignator#l_ ___.

average orientation in. degrees of the vector

normal to the region Hith respect to the z-axis,

A .peffectfg-'hofizohtal_ hég?on would have an -

orientation of 8 degrees. k

" RANGE [<region désfgnatoé>l' .

. )

avgraga:diﬁtahgé'from-ihE-camefa to the region In -

feet

. 228
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SAT I<region designator>]
average ‘.color. saturation of. a  region (defined

be | ou}

To each of the above functions the- following suffixas

may be added to obtain different statistics:
EXT - return the highest and louest observed values
SO - return the standard deviation of this feature

S - return the value of the feature for a specific sample

point, bypassing the code to check what type of -

region designator is given. Use of the S functions

_ will speed up predicates. .

Other region proparty functions are:

AREA [<region designators]
returns the. total number of picture points within

a region,

RGBR [<region numbers)

returns the average RGB coordinates of picturs

points within a raegion.

BRECT [<region designators]

returns the bounding rectangle for the specified.

. region.

Point properties can be obtained by using ‘the above
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functions, or by using ‘the "0" ‘functions which’ ihtérrogate the

low levei data structure. Useful @ functions are Ilstéd below:

- S0RQ [<sample>)

returns the parameters of a plane fit to the 3 X

3 matrix surrounding’a-poiht.

© XYZQ [<sample>]

returns the real wuorld coordinates of a picture.

point in the form (X Y 2}, measured in fest.

!

SURFACEQ [<samp|e>];

returns surface orientation and plane intercepts

for the 3 X 3 matrix surrounding a point.

ks
F

1JG [<real worid point>]

returns the picture coordinates: corresponding to

a point in the real world specified in the form

(X ¥ Z) measured in feet.
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.. Bisplay Functlions

As a default' ISI1S assumes that no display is assigned; to

obtain a display use: ths function:

USEDISPLAY [<display name>}
<displag name> = NIL to use the default dfsplag
{current|y RAMIEK)
"~ ADAGE -
HP
RAMTEK _
" The default display is rase£ to that specified by

<display name>.

To dlsplag tha p:cture, use the functlon GRADIENT. This
ufl] dlsplag a coicr prctura if the _RAHTEK is currently
seiected or a gradlent p:cture If fha ADAGE'or the HP. is fhé

current display.

GRADIENT [<p|ctura seiector>; <sca|3>- <thrasho!d>]
<p|cture setector> . B
CBWPIC =~ “display picture taken
“through neutral density fiiter.
"REDPIC =~ " -use npicture takem
through red filter. '
GREENPIC -~ use ﬁfcture taken
through green filter, o
BLUEPIC - use picture taken -
through blus filter,
231 |
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' NIL - use'lrdefaQIfﬁz.pictuba'
‘designated by the global
_variable. GROFLTPIC - {initially

... set. to REDOPIC}.-

<scale> = 'jUfSé?é ;quf}ﬁéﬁéléxaisplay

. 1DISPQS - QUéEter scale disb!éu- ”
<threshold> = gradient thfeshold;. dafaﬁffe.‘to.
the global IGRTHR - uhich. is.
initially set to 7. This ia only
for the ADAGE or the HP. |

SHOW E<reg|on deslgnator>° BLINK]

Dasptags the regton 8 aamples and {if it exlsts}

the region houndarg.. 1f BLINK is nnt NIL. tha

d1spiag ulif bllnk.

SHOWCOLOR [<region designat6r>]
Displays region points in the color triangle.
BDUNDARY_[;region-number>;‘BL1Nk] :
E Disp]auﬁjonlg the regidn'bouhdaég. If BLINK is

‘not NIL, the display will blink,
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Other IS1S functions

. Other. useful ISIS functions are documentad belows

SMPRNT {<region numbers; <forms]

prints out the valus of the form applied to each

sampie of the ragidn.' a.g., OSHPANT (8 HUES) -

would print out the HUE of each sample in region

8.

FILTER [<predicate>; <region designators]

A new current region is created, consisting of

-all samples in the old current region that make

the predicate trus, }f:the first argument ie NIL

. then the user wiil be‘asked-to. provide pfsdicata
" clauses, {uhich will refer to the sampls being
tésted aé the variable, X) one at a time; When
NIL ie returned as a clauee, ciauses entered up

to this point are combired cnnjunctiveig,'and.the

conjunction is used as the predicate.

GROW [<region designator>; <predicates;

<Windouw given as a list consisting of min x, max

%, min Yy, max y>; <growth  increments;

<8-connectedness>] The opposite of fifter,fpoints

‘are groun out from the boundary of the specified

region. Points within the window are considersd

at a spacing given by <grodth increment>. Points
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. are’ extended © in a  4-connected’ sense ¢

~<8-cannectedness> is NIL, and in an 8-connectad

sense: otheruise. - Psints are ' accepted if they
make the predicate true. After coarse grouing is

complete, the new boundary is extendsd by growing

SIS

tn smaller increments if the global variab]é

GROWP  is non-nil.  The  default  for
<grouth-incfehent> is the global GROM-DFLTDELTA

which is initially set to 8,
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Procedures

WITHIN

The procedure used bg UITHIN to decide whethsr a pofnt ié
internal or externéllto a region is.to count the number of
boundary segments crossed by a line extending from the point to '
anothér point outside the region; An odd number of crossings
means the point is inside the region. Sbacial checks are he
made to see if the point is a vertex or lies on the bounaarg.'
For a point, (XP . YP) (as shoun in Figure 53), the ex*ernél'
paint seieﬁted is (XP . 8}..;Thé.érogfém éaquences through the
boundary segments ignoring any sggmenf-((Xl-Yl) (X2 Y2}) unless
XP lies in‘the range, Xi to'XZ,jand.YP-is uithin,tha-?fahga Y1
to Y2,  since these- are- the' only :seghente for which an.

-intersection could exist, For-these-segments,-tha'intérseciion K
. {XC . YC} is computed and 2 crossing occurs if YC < YP." 1§ YC
"= YP then the point.is on the boundary: - In order  toaliminate
errors. and to increase efficiepcg; no:divisions. are performed

by WITHIN:

HULL

In order td generate the convex hutl of a sparse set of

points, HULL connects the points having-éxtreme'Va[Uaé'ian ahd_
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{1,1)

$A-3805.51 .

Figure 53. Bﬁdhdabg'aqd Internal Point

f

Y for its first guess at. the boundary: . It then. CheCksgeéch;

remaining peint to see. whether it is“.insideror'-outsidé~tﬁét

IS1S

boundary. Any inside point-.is removed from {hehiisff.of”points; '

which areuhoundarg_candidatés;3 Tha points=rehainihgnfareiéplft

into tuo sets, those :-above and those befow the ' |ins segment

connecting. the point kith, mininum X to. the potnt - uith maximum

. X. The tuo sets are:ordered fjrét}in-xlénd then in. Y. so that
they can be jotned into. a counterclockwise: boundary. - Since .

. this boundary will generally have concavities, tha final step

of the procedure is to-'iteraifvelg traverse. the bbundaﬁu;

EémqVEhg concavities unti! none remain: A'poinf is defined as
a point of concavity . if it is to  the left of the vector from

- the point:préceding_itﬁih_the,boundéry-fJithé. point succeeding:
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its HWhen the process terminates, the ordéféd’liét of hﬁints
remaining will form the convex hull surrounding the initial sast

of points.
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?rocedure-fdr HULL ..

1)

Seléct maxima and minima in X and Y (Figuré.54l;'
and generate initial counterclockuise boundary.
Special cases can arise here. The cases dealf:
with  include -those‘ where: the  initial set:
comprises only uneror tuc points, and those uhere.
the. set of points containing the maxima and-

minima in X and Y comprises only tuo or thres

points. We will not consider these cases here,

mentioning only that they affect_'_onlg. the

efficiency of the, algorithm, and not. the

s

afficacy.

SA-3805-52

FigureISQ. Maxima and Minima in X énJ'Y of Set of Points
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2) Check al! remaining samples to determine whether
inside or outside current boundary, |f ingide,
remove from set of points under considaration ag

shoun in Figure 55,

SA-3805-53

~ Figure 55. Point Set After Removal of Internal Paints

3} Using LEFTP, é':ﬁfeaicaie'ﬁhé;h returns  true for
three points if the third is to the left of ihs -
vector from the ?j?ét to the second, separate the

~ Femaining points inté"{uﬁﬂéeis. those above the
line segment from the point with minimum X to the

point with..maximum X  (i.e., those above thé:'

direqtad_lfha_ségﬁent); and those béfnh_.the line
'segment_(i.g.; those..to'tha right), - céil'thes§ '
f.tuo' sats._TDP_and'_BDTTDﬁ:-‘respecfively.(FlguEe
56). |
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Figure GB.

4) .

TOP

' BOTTOM

SA-3805-54

Sort TOP so that'points with lesser X ﬁhecede:
those with greater X, and ?oﬁ;ppiﬁts“_u{fﬁ the,
same X Qalué. .aélete all but the - point uith
minimum Yf _Thesa points'are;then joined *lnto‘é,l'
' iéngth of Eégﬁdarg, _Sipc§ our, coordinate system
_ié Ieft+hanee§ live., Y increases in. a doﬁh&ard;_
.difebﬁ}oh),_fhg gégﬁent  of_bcundarg:uill Ss?écu_

in direction.,

Similarly “sort BOTTOM. . This tine, order. by

*increasing X, and uhere points have the same X
“valus, ‘retain only the ‘point with maximum Y.

~Join the remaining pointe, and then join the TOP-
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B8}

boundary segment  to BDTTOﬁ;-resulting in & ceu,

-c!osed boundary (Figure 57}, if either TOP or

BOTTOM is nuli, ' then no points are inserted for

that set.
X
—N
Y SA-3805;55

Figure 57. Initial CCH Boundary

Proceed around the boundary, chacking ‘thres
péints at a time. If’{he second point is to the
1 Iéf£'~6f.tﬁé .vecjar 'ffbm.ths preceding. to the
succeeding point (using LEFTP). it is a point o}'
. éonca#fﬁg; éﬁd fé aéteféd.Qg:pﬁgsiéaljg‘mﬁdifging.
the list. I the point is not removed, the
‘Tﬁ;écéss-'sfébs.:tﬁﬁfﬁe..pﬁfnﬁ..jdsf .ékéminéd. in

ordsr to consider |fs naighborr The brocéés doss

not step to the next point when a polnt is
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.. deletad.: The deletion has-tha effect.nf bringing
the point - following the deleted point to the

~correct position . for censideration, and so no

stepping is required.

7Y _If no points were déleted_in step 7, return the.

remaining set of points as the convex hull

{Figure 58). “Otheruise, return to step B.

X

44——f—'“"ff'_-.‘\;

N .

M - SA-3B05-56

———

" Figure 58. Final Convex Hull

This routine is coded in LISP, uith only LEFTP being

“:.héhBQCOdéd Tn:LAPi (LiSP aséembfg lahQUagél. It-.oberateézveﬁg_

quickly, typically requiring = about .3'ééconds. to compute a

Eduﬁdafg fbr ISBHFéﬁdoﬁfg.aéla&fed.pointsi

L4 .
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RNDSMP

RNUSﬂP_noEks by combd{fﬁg an apprdpﬁiételgr spaced grid
over the bounding rectangle .of.the region being: .sampled. 'Tha
grid spacing is determined by the density of samples dictated
by RNDREGSZ. A point is seiectedlrandbmly from each grid cell
(uging the LISP random number generator, RAND}, and checked to
sea if et is WITHIN the boundary region, [f so, it ig added to

the list of samples being collected. The advantage nf this

approach is that the samples are unlformtg dlstrlbuted over the‘
regron,.and the program nead .. never check to'see if the sample'

' has_~alreadg been. generated.: Nhilé - the .- sampling 'is not

. completely. random ovet. the ;reg?on.iit ig::completety random

_within the grid cells. -

HUE and SATURATION

Prior to computang hue and saturatnon from color

|ntens|t|es, R G and B. obtatned from TV lmages taken through

red, green, and blue filters, these rau vaiues are norma!tzad.

Firast, the rau brlghtness value from each cotor ftiter is

divided by the curraspondfng br:ghtnssa of a8 knoun achrcmat|C'

{e.g., White) color sample, observed thFough:the'*same filter,
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thereby compensating for colorations in the illumination source
and for unequal filter-densities.
R’ = R/R

. G' = G/G
T S ¥

. B' «8/B . A second
W W e e e
normalization by the sum of all intensities ‘removes variations

in source brightness.

ALl points (r, g, b} now tie in the firet quadrant of the

plane,r + g + b = 1;:-This.'triangdlaﬁ-region boundad ‘by the

.points- (1,8,08}, (6,1,8), and {8;8;1115i3 the - Nell—knoﬁnfcuioﬁ’

triangle, and is shoun in Figure 53 coior sample maps tnto the

point (1/3, 1/3, 1/3} at the center of this triangle.

18IS

In the color triangle of Figure B8 point p is represented -~

as 'the angle B8, from the vector R-H to the . vécfbf P-il.:

Saturation is defined as the ratio of the length of P-i divided -

' by thé‘tehgfh of §-il (the extenéiqn.bf.ﬁuﬁ.to fﬁe- dloséaf.ieg:
6%.fhé color triangle)s | o
S To compute B, first define Raf-.

" We -have
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'Fi.g:;i..lré 59. Normalized Color .Tr"i:ang'le o

245

Appendix 2 ‘Isls.
po
{0,0,1).
b i
W (1/3,1/3,1/3}
¢ .
11 . 10,1,0 G
- >
AT /3 :
(1l0'0)
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B = (0,01}

I

e
A = {1,0,0}
SA-1187-3

Figure 58. Hue Computation

R.P = |Rf||é;t cos g EE
oW W W o

R.P =1/302r -b) .
o p P

172
) 6
R = -

LM 3

. I S 2 1/2
Pl =l -1/3) 4+ (g =1/3) % b=1/3V 1

»

Solving for @ gives the‘dESiﬁEd va!ug_moduld 188.. .
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2r - g ~-b)
. b p P
B ® 8recos —mmmem e el ———— e ——

172 2 2
& r -1/3} +.lg ~1/3) + (b - 1/3) 1}
B B P p

. To obtain the firnal value of 8, b is compared with g .

P P

If b > Q » then the point, P, must lie closer to B than to G;
p p ' ‘ )

and therefore the angle  from R must be greater than 188
degrees. Accordingly, if b > g. then set 8 equa! to 388 - @,
b p :
The computation of saturation wll be carried out for the
peint P in Figure 6l. The nearest sids of the color triangle

(in this case the R-G side} EB'S, T is the projection of W

2 1/2

oﬁtp.the-RG'plana. ais perpendiculaﬁ from P to the Line WT, . _ :_

¢

He have
WP
SAT(P) = —-
WS

Since triangle WPG is similar to triangle HST,

WP 0
WS T

However, HT = 1/3 and M0 = 1/3 « GT = 1/5 - b .. Therefors,
| | p :
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B {0,0,1)

N 2

6 01,0

R {1.,0,0}

 SAZ1187-4

._»:.:

" Figure Bl. Saturation Computation
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. — 1/3 -3nb
Ha , p
v SAT(P) @ v m o a1 = 3b .
) —_ 1/3 . p
WT

Since the minimum component of a point (r , g, b)
P P P

determines the closest side of the color ‘triangle, we have in -

general

SAT(P) = 1 = 3 x'min ir, g, bd.
- PP P
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AEEE&DIK 3

~USE OF FAILURE INFORMATION:

Our currént sgstem makes no use of information gained _
fraﬁ_ moduie failures. | Dne way .. in which _failuﬁa~infprmation
could be -utilized would be to model the possible failure_modes;:
probabiffsticaltg; Fﬁr example, ue could model the'ddmplé{é :

process of sampling and filtering as follows.

The #rocess of sampling and!‘filterihg assﬁméé that-théf
target is In the image uith soma prior probabillity., A sahpiing.
density that will guarantee a certain number of sampies Hi bl be.
on the object (again with. some prior probabilifgl‘ ls.
caicuiated; This sampling density is selected so fhét éomé:
fraction of the object samples will aiso be accepted by é _
detector. Finally, the'de{e;tor:is'app!ied to each sample, and
the process  succéeds if enodéh samples- match .fhe‘ﬁétebtﬁhz
characteristics. The.prccess fails if no samples. are se!ected

by ths detector.

"We will iet P be the prior probability that the object

o S T | o

i in the image and P~ be the prior probability that the
. 5,0 . . :
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object is In the imagé_'énd the sampling module will getn .
samples on the obect. ".The priobfpbdbabitiiy that the object is
in the image, that the sampler hit the object,and the detector,

‘0, uwill pass one of the sampies on the object will be P - ,
< ‘ : - D,S,0

Finally, P is the probability of failure.

lle can urite

P «aP_+P _ 4P .
- F 0 0,5 0,50 =

That is, thelprocess béﬁ.fail li.el, raturn'nﬁ objeéi.éémpfes)
becausse the object is not in the image, the samplar- failed to
hit the object, or the detectcr_aia not accept any of ths
samples on the object, ‘Nou. 1f the médule should fail, we can

compute some a posteriori probabilities,

P %P
P W e - 1]
aiF P
F .
Nhere
P = P — + P _
FlO 0,5 0,s,0
And, therefore, we have thé a pdéterfori:hrobabilitg of the

object being in the imags,
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P i eee————m—te e e— i
O|F p
R F
Sim}iarlg,.
0,FIS S _F|o,5 - .0|S -8  °  FI0,5 S0 0
S|0,F p p % P *_P""'"";'F; ----- -
. FI0,S- -S,D':ﬁ
P *P . Il
UEF. F

Now, the only way we could have a fallure, glven that thaf
object is in the image and the sampler hit it{jfa for thg . . e

detector to fail. Therafore,

P P _al-P .

F|o,s 0,s,0 0,8,0 -

And, so, -

0Of courss,
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P g.

01a3,8,F
That is, the a posteriori probability of the detector accepting
the object samples selected by the sampler, after it rejected

them is zero.

" Now, it could be possible to mode! many of ”tha-exacutfon'

proéesseé ih'thfs fashibn,'and therébg gain from oufnfailureé.

253




1.

REFERENCES

Y. Yakim0vskg and J. A, Feldman, "A Semantics -
Based Decision Theory Region Analyzer," Proc, Third

. Joint Conference gn- Artificial Intelligence,  pp.

- 588-588,Stanford University, Stanford, California

4,

5.

B

‘g,

10,

R. Bajcsg and L. 1. Lieberman, “Edmputer;.
Description of Real Outdoor Scenes,” Proc. Second.
Interpational Joint Conference on Patiern

_Becoanition,pps 174-179,Copenhagen, Denmark (August

1975)

0. Waltz, ‘"Understanding Line Drauings of Scenes
With Shadows," in P, H. MWinston, The Psucholoau of
Computer Yision,pp.  19-92 {McGraw-Hill Book Company, -
San Francisco, 13872} .

A, Rosenfeld, Picture Processing bu Comgutgc."

. Academic Press, New York, 1363

‘N. . J.-  Nilsson et al,  "Artificial

Intetligence--Research and  Applications,” Annual
Technical Report to ARPA,Contract DAHCB4-72-C-3888,
pp. 135-166, Stanford Research. Institute, Henlo
Park, California(May 1974} : :

D. Nitzan and R. 0. 'Duda. Private Communication

T. 0. Garvey. and J. M. Tenenbaum, "On. ' the
Automatic Generation of Programs for Locating Objects:
in Office Scenes,” . Proceedings of the Second
International Joint . Conference on Pattern
Recoanition, PR, 162-168, Copenhagen, Denmark
{August 1374) - _

C. R. Brice and C.° L. Fennema, "Scens Analysis

Using Regions," Artificial Intelligence, 1, No. 3,
pp, 285-226 (Fall 1978) e -

M. ‘ﬁihékg,.“A Framework for Représehfiﬁg Knbuiédge,“ _
in P. H. MWinston,The Psucholoqu of Combuter Vision,
pp. 211-278, (MeGraw-Hill = Book Company,. San

Francisco, 1972)

-

M. ~ Kelly, "Visual ldentificét?on” of = People by

254




11.

12.

13,

14,

15,

1B6:

17,

18.

.Cbmputer. Artlflc:al:lnfeliigéﬁce Labbraforg; Neﬁd"
-Al-138, .. Stanford _Universitg.Stanford,u-California-
(Juty 1976) e o

T, Kanade. "Picture Processing Sustem by Computer;i

: Cumplex and. Recognition of Human Faces,” Department

of Informat:on Sc:ence, Kgoto University,: November
1973 - e _ R

R. 0. Duda and P. E. Hart, Pattern ClaégTribétibh.
and Scepe  Apalusis, John WHiiey & Sons, New York:

.{1873]

Y. Shirai, "Ahélgzing ' Ihféhéiig . Arrags. Uéfng

_KnowuledgeAbout. Scenes," in- P... H. - UWinston, Ths.
‘Psuchology. - of  Computer - Yision., .. pp. .. 93-114,

(HcGrau-Hill Book Compang, San Francisco, 1975)

M. Fischler - and . R, . Aw . Eischlager.:: "The
.Representation and Matching of Pictorial Structures.“

IEEE . Transactions - on Computers, - Yol. ' ©-22,  pp.
87-72 (January 1973} : R n'ﬁ-:_-

U.  Montinari, "Optimization Methods - in Image
Processing," Proceedings IFIP Congress, Vol. 74,
Stockholm, Sueden,. 1974 R : o

C. Héﬁftt;. "Descripfi0n and. Theoretical Analysis
(using schemata) of . PLANNER: A Language.. for Praving:
Theorenis and Manipulating HModels in a. Robot, " Ph.D.

. Thesis,.. Dept.. .. of Mathematics, - MIT, . Cambridge,. NAf}
- 41972k D R U SRRt

R.  Reboh and E. Sacerdoti, "A Préfﬁﬁiﬁarg gLiseP
Manual,". SRl Artificial. Intelligence Center, Tech,

Note 81 Stanford Hesearch lnstltute, Nenlo Park CA -
{August 1373) . . i

K. Turner, "Computer Perception of . Curved ijeéts;j;. s

: Using: a  Television : . Cawmera," Ph, - . D...o.Thasis, .

13.

. 280

University of Edinburgh, 1374. - -

R. Sprouli, Ph. D. Thesis, Stanford University,
Stanford, (forthcoming)

L. S. Coles, et al, "Decision Anaiysis_'Fbr-an: :
Experimental . Robot With Unreliable Sensors," Proc.

“.of Fourth International Joint Conference on

." Artificial ntelllgence PD. 745-757, Tblisi, USSR -

21,

{September 1375}

R. - chard. J. Matheson, et 'atr- "Béédih§s1 in
Decision Analysig,” Stanford Research Institute,.

" Menlo Park, California

255




224

AL e Buzman,, r-*cemhu{erif: ~“Ré§dgnitinnf f;'bf.

. Thrée~dimensional Objects - in‘a Visual::Scene;" Ph.D.

23'0.

Thesis, MIT, Cambridge, Hassachusetts, (1368). .-

Baode Agln ‘and - Ta 00 'Bihferdr*”"Cdmpufer

.- Description: Curved Ubjects. 2 Proey - of i Ihird
Internatsona! Joint o Conference: on:Artificial

26,

25,

26,

28.

Intelligence, pb, 629-648, Stanford Upiversity
S;anfgrg. _ﬁ _ _ _ o ) _
H. Heuckei “An'Dperatér Which {LOEe{es-fEégeéziﬁ:"
Digitized Plctures. Artificial Intelligence Memo.

165, Stanfcrd Unlversntg, Stanford CA 1888

N. - Telteiman. "ENTERL[SP Reference Hanuet " Xarex.
PARC, Paio Atto. Catnforn;a,.(ﬁctnbar 1874) :

J. H,- Tenenbaum and 8 ' Negt "A Reglon Ane!gsns'.

Subsgstem For- lnteractlve Scene Analysis," Proc. . of'

Fourth International Joint Conference on Art;flcuai -

ikntelliden 'pp - 682-687, Tbtlsl, USSR (September
1975) - : R

27;f¢;; A}' Rcsen, Prlvate communlcatlon

E, N,  Rsseman and A, Réﬁ Hanson. "Uesighﬂ“ef a
Semantically Directed Yision - Prccessor. _ COINS

““Technical ™~ "Report = 74C<1y - UnlverSItg - of;:
”:Hassachusette Amherst Hassachusetts (Januarg 1874)
J;Qﬂ- Tenenbaum, "Artrf:ceai Intelltgence Centerg'

29
. Tech Note.? Stanford Research: instltute, Menlo:Park, . -

Q_CA {forthcom:ng}

30, 1

D:: . Faleoéner, "chntal Processnng "of . aéeasf“&;

Instltute. Menio Park; CA

o288

p;ﬂ H. H]nston,: "Learniﬁg Sfrueturei Deseriﬁfrdﬁe3 ff"'
“fraom- i Examples, " Technical: Report HAC TH-?B NIT RS
o _'-Cambrldge, Massachusetts, 1878 '
3 VD
. Thermograms, ™ SRE AL Tech: Nete SS Stanford Reasearch.=.




