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ABS'..RACT

This "ro~res;: report descrioes the \oiarK perfonied auring the most

recen~ year and a hali of a program of reaearch in the iJ.elu of

Artificial Intelligençe (AI) QPing conaucted a t ~~I. our re-sea.rch

prOiran concentr~tes especiallY 011 the development Of sY~"eJTS tha. t

ca.n a utoma tJ.~a.ii:v r.enera te a.nd ~Xecut~ ccnplex plans and that can

obtain information about their environments througn the .3e rise Of

visJ,on.

To proviâp. ;; specific focus for Cll!' researcn, we tiiv~ set ourseives

the goal of builaing a "C0mputer-ba~ed consul~ant'l sy~tem tl1a t will

serve a.s an expert consultant to a hUMan aprrentice. ''ogetJ¡er the

system and t~e apprentice will be enKaged in a t~s~ of cneCKin¡¡ out

a.nå reoairin~ eiectrom~ch~nical ~quipment in a "worKstation" domain.

We have aevelcpeu ~ plan in which we have specified ~ne cap..biJ.i ties

of a system tnat can be demonstrated aiter five years of wor~ ii~?d),

and in which we have identifieu and 1iscussetl i" iöe r'ia jor lE:.:ea.rch

prOlJlem ar'ea..s invol ved. 'J'hel3e incluae modeLing an~ representa ticn,

auto~atic piannin~ and problem soiving, !Iacnine vJ.sion, na tural

ia.n~:UJ.:!e C0T1IT'lUr iC';: tion and s.;ste", int~i!ni. tJ,on. TolS reDort aescrJ,bes

progress we haVe !1d-de 1.11 tHese area s.
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In oroblem soiv1n~ and modeiing. we ha.ve be~un iiiplemen'ta tJ.on of a

neW hier.rChical plan-generation and execution-moni torini system tna t

uses a representa.tlon callea a "procedural net." The system genera.tes

a network structure lJna t allows a plan to be presented at varyini

levels of detail in order to m¿'tch the apprentice's ability. we have

a.lso designed and implemented in QLISP a program tnat simulates the

toP-lp-vel behavior of an automaticallY controlled air compressor.

This proe:rain m'Jdels many of the caUse-a.nd-effect relations that

determine the compressor 's ~ehavior. and ca.n 'thUI: be used as an

inform;. tion source for programs that do trouole snooting and question

ansi..ering.

In vision we ha.ve imple~p.nted an intera.ctive scene interpreta tJ,on

syste~ specificallY desi~ned for ~xpressing oasic perceptual concepts

. to a computer and experimenting ~i ih them uSing pic torial examples.

using this system, we build UP more complicated struc'tures from basic

concepts using r!otb syr.bolJ,c and ¡:r;.Phic means. we h.ve also

designed ¡,nd 1inplernerrted. in :: preliiriinary fashion, a sp-mantic

scene-understandin¡ system in which locally a.mbiguous scene

interpreta tions are disambigua. te~ usinr global constraints supplied

by a user. The hallmark of the initial worK is the redundancy Of

sui table constraints in typica.l ~cenes and the ea.se with whicn such

constraints maY be interact1ve~y speCified.

The feasibility of & scanning, time-of-flight laser rangefinaer 'that

will develop a fielt: of depth va.lues Wa.s demonstrated with the

cOMcletion of a prototype version.

iv



In natural langua~e we have begun !na,lyzing apcrentice-expert d~¿1cgs

and will b~ uSing this information to begin th~ des~En of a natural

lan£ua~e understandini component.

The re~ort concludes w~ tn a orief 1iscussion of the S~I Artificial
Intelli¡ence center computer facility and a lis i of yresenta tions and

PUblica tions bY the project sta.ff.
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I INTRODUCTION

A. General

This proiress report c1elcribes the ~ork performeâ during the most

recen~ Year and a half of a progra.m of research in the fielâ of
artificial intelliience (AI) . The work reportea here oe¡an in

Octob~r 1972 and build. upon previous AI research performe\1 at SRI

and elsewhere.

Durinir the course of the last year and a half we have documented our

technical work in several rt!ports. journal articles, and

presenta tions. (These a.re listed in Section VII.) our intention in
this reDort is to provic1e an oVerview Of the project, rather than to
reproduce the contents of alrea,dY PUblished documents.

B. Backiround

1. The Mobile Robot Domain

For several years AI worK at SRI has been directed especiallY at the
development of systems that can automatically generate and execute

comDlex olans and tha. t can obtain informa tion about their
environments throur.h the sense of vision. Both planning and vision
relY heaviiy on lar¡e-scale models or knowleâge ba.ses a.bout the
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domain of interest. TO provide specific semantics for our research

on Dlanning. vision. a.nd mOdelini we worKed with the domain of a

mObile robot in a labora. tory environment consisting of rooms.

doorways. and simple rectilinear objects.

Our work with the rObot system reached a performance peak toward t.he

end of 1972 with a series of experiment.s demonstra.ting rather

iophisticated plan ~eneration. execution. and learning abilit.iei.
This worK is summarize~ in our last annual report. (Ref. 11.* kat.her
t.han continue with more sophistic a t.ed robot. syitems we u:reed with

our ARPA sponsors to shift. our experimental domain to one in which

practical apPlications of our research might be more immedia te.

2. The Computer-Based Consultant Domain

Aft.p.r intensive studY of possible domains we selected one that is
Particularly relevant to DoD needs as Well as having high scientific

val Ue. We set ourael ves the goal of producinii a. compu ter- based

consulta.nt system that will serve a.s an expert consultant to a human

apprent.ice. Toiether the system a.nd thp. a.pprentice will be engaged

in a task of checking out and repairin~ electromechan~cal equipment.

in a "workstation" domain.

We have specified the ca.pabilities of a demonstration system that we
,

think is achieva.ble in five years. and we have identif1ed the major

research prOblem areas invol VP.d. These incluae modeling and

*Referencei are iisted at the end of this report.
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representa tion, automa tic pla.nning and problem sol ving, Machine

v1.ion, natura.l la.n~uale communicatJ,on, and system integra.t1on.

The demonstration system will give the h~man apprentice advice about

how to diagnose equipment faults, how to repair them, and hOW to

It will also give instructionsas.emble and disassemble eauipment.

about Workstation procedures a.nd informa tion about the names of

cOMPonents, uses of tools, and so on. The level of detail of thi.
advice a.nd information will be automa. ticallY tailored to the

individual needs of the ai:prentice. The apprentice will be able to

ask specific auestions or Seek lenera.l gUidance. An important means

Of communication will De through natural la.nguage. The system will
haVe the ability to understand continuous speech about the domain Of

interest.

Another important perceptual channel will be computer based v1sion.

The visual sUbsystem will be able to identify equipment components,

inspect aisemblies, and generally moni tor progress in the
workstation.

The demonstra tion system itself will serve to illustrate the

feasibili ty of a.PP1Ying the consti tuent computer technology to
proDleml of equipment operation, maintenance, and repair; to remote

Ii te and vehicle support; and to similar applications.

One Of the tasks that we performed during this reporting period was

to complete a. comprehensive fi ve-year research plan tor the

computer-based consultant project. This pla.n is thoroughly discussed
in a document to be issued shortly (Ref. 2). It will guide our work

3



on ~his project and its continuations for the next four years, endinc

in Aprii 1978. The re.der is ~eferreå to the plan document itself

for a fUll description of this work.

our work during this reportin~ period shows the transition from one

domain to another. For the last several months, though, our project

worK has been devoted exclusively to research problems occasioned by

the computer-based consultant system. We nave essentia.llY comple~ed

the first year of the £i ve-year plan described in Ref. 2.

c. orranization of the Report

our work during the past reportini period has been organized intc

five tasks. Task 1 has had as its goal the development of tne

research plan for the computer-based consultant. Task 2 has had a.

its goal the development of those problem sol ving, mOdeling, and

mOdel-access techniQues that will be needed bY the consultant system.

work on these problems is described in the next section. TaSk 3

concerns the development Of natural language interface capabilities

for the neW system. This work is described in section IU. In

Sections I V and v, we describe the work Of Task 4: Vision. Section

iv discusses the basic vision research that we are performing and

tha t is necessary to develop specific capaoili ties for the consultant
sysTJem. Section v describes the hardware inplementa tion of a

scannin! laser rangefinder being useå in our vision research. LastlY,

Task 5 includes va.rious soft\~are a.nd haråware developments and

1mprovements to the AI Center computa. tional fa.cili ties. These are

discussed in ~ection VI. Section VII summarizes the pUblications and

presenta tions bY members of this oroject during the reporting period.
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II PROíÙl£M SüLV1NG AND MùDJnING

A. BaCKl1ro..iid

Our worK d iJring tl1e last ,year and a haii 0n proul~m soiv1n~ and

modelin~ has under~one a rather extensive evolution. At tlie "egin-
nini! of the oeriorj ~ we ha~ just cOMPletea our worK on tne 3ïRIPS

system (~efs. 3 and h1 and had begun t~ exte~d its cap6oilitJ,es wi~h

the A.dSTRIP3 syste"l fR~f. 51 io~ ieneratin~ plans in a hierarchical

fasnion. We had already conciuded that a general-~urpose, uniform

plannine SysteM (such as STRIPS) was too siMP1~ organized and lacKed

tne expressive p~wer 10 ~hicn to encOde the larg~ qUanti tJ,es of
domain-specific knowledge needed CY More powerfui sY9tem~. we had

begun the tasK of desi~ning a more co~~lex system cased on tne IoAIL

prooie1T-soivin~ la.n~ua.r!e ('fef. 61 (and .lts dedcendent, Q,LISP (Ref.

71) When the orientation of the proj~ct shified a~ay from tne robot
domain to that of the ~o~outer-b~aed consultant.

The new C1 0!1"" i l' emph.,sizes \'h~ need for ~ddition~l feaLures in a

plannine systeM. especiallY functions liKe hierarChical pJ.a.nning.

interaction with a user wno is executing t~e p.lans, an~ interaction
witn a natural-lang Ua~e unaers tinding corn~onent.

Our current worK stl~esses the importance oi techniques .for

replesentine PlannJ,n~ inform~ tion and the need for a J1ul tiplici ty Of

local plannin~ SUbSy~tern3 instead of a monolithic top-level pJ.clnner.

5



First we shall dp.scribe ~ne oroblem-sclving sUbsystems that have oeen

finished durin~ the ceriod, and tnen we Shall aiscuss worK now in

pro¡ress. The order of the presentation also serves to illustrate

the evolution of o~r problem-solving work. We will conclude thi.
sectiol' with a brief description of QLISP, the language in which we

are wri tinr Many of our problem solving routines.

B. Completed projects

1. AJ3STRIPS

The ABSTRIPS (Abstraction-~ased STRIPS) system is a. modification of

the STRIPS problem sOlver.* It uses a representa ticn of a prObiem

domain as a hierarchy of aostraction spaces. EssentiallY, it work.

by sOlvini a problem in a.n absträction space, a representation of the

proolem space in wh:tctt unimportant details are ignOred. when a

solution to the problem in the abstraction space is discovered. all
tha. t remains is to account for the de~aiis of the linkup between the

stees of thp. ~olution. This can be regaraed. as a. sequence of

SUburoblems in the lower space. 1.f they can be so¡Ved. a solution to
the overall problem will have been a.chieved. l! '-hey cannot be

sol ved, more pla.nnin~ in the iibstraction space i8 required to

discover an a1 terna ti ve solution.

*AB3T RIPS is descri~ed fully in He!. 5. This section summarizes the

recent wor~ and a.ssumes some !a.m11iarity with the STRIPS system (Ref.

31.
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This process lS applied recursively until a ~olution is developed in

the problem space itielf.

By considerinv details ~nlY when d successful plan in ~ higher level

space It i ve s stron~ eVi,jence Of their li,i¡:or ta.nce. Ab\:TRIPS

1nvestie:ates ~ ~reat~y reducp.o portion of toe Be~rch space.

a. Abstract1cn Spa~e3 in the STRIPS Context

For a practical proble~~solvin~ SY3tem one would 1 lK e to h a. ve a.n

a.b8tracti'Jn SPace differ from its grouna Space enau~n to aCDJ,eve a

signific.nt improvement in problem~soiving eificiency. cut ~et not BO

mucn as to rn~Ke the Mapping from abstra.ction space to ground space

comDl~x an1 time cons ûMin~.

For the ABSTRI.?S syst~m this cri t.erion is met OJ' havu.g tne

abstraction SDaCp.S differ from toeir ground sp~ces oniy J,n the level

Of tlet~il Used to specifY the preconditions Of olJera. tors. A.l though

the chan~1! ::r: represent:: tion provideå bY t.hiS choice may aeem

intûi ti velY insuffici~~t. it Sa t.isfie~ the cri terion w~ll. irhe world

model can reiiain unchanged: there is no n~ed t.o delet.e uni~portant
details from ii because tney c~n simplY be ignored. No opera tors

need be 1eleted in their ~ntirety; if all tney 00 1~ a~Ìlieve det.ails,

they will never oe sel~ct~à as r~lpvant.. Any change 'to the adO or

delet~ lista of th~ operators would cause the ouer~tors i effects to

be very differeni: in o1iiferent sniices. Since tiie açplicabili ty of a

pa.rticula.r opera. tor at .:OITle l.ntermeC1ia t.e -=t;; te nnight. depend on any

effects of ani previousiy auclied oper¿t.ors. ti1e m 1:, P ~)Jn i; of plans

among ~paces ~ould be rena~red teo complex.
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'.rhUS, an abstraction space in the A~STHIPS context differs from its

ground space onlY in the precondi tions of its opera. tors. The

precondi tion Wffs in an acstraction 30ace will have fewer literals

than thoie in its ground space. The 11t~rals omitteo ~ill be tno8e

that are "details" in the sense that a simple pla.n ca.n be found to

achieve them once the more "critical" literals have been a.chieved.

For instance. consider a. PUSHTHRUDR operator, which describes the

effects Of a. rObot pusnini a pa.rticular object through a dOorway into

an adja.cen't room. In a hi~h-level aostract1on space, the operator

would be applica.ble whenever the object was pusn~ble .nd a. doorway

J,nto the desired roo~ existed. In a lower level space, it would also

be reQu1red tha't the rObot and the Object be in the room connected by

the doorwaY with the ta.r'~et' room. In a still lower abstraction

space. the door would also nave to be open. Fina.llY, in the oriCinal
rePesenta tion of the proclem SPace, the rObot would also have to be

next to the object a.nd tûe oöject would have to be next to the door.

For ABSTRIPS to be able to discrirnina te aíi10ng various levels of

detail. each literal within the preconditions of eacn operator in a

probl~m domain is a.ss1ined a "criticality" value at the tJ,me the

domain is first defined. onlY the most critical li tera.ls will be in

the hi~hest abstraction 3pace. wn~reas in lower

ca.l ones will e lso appear.

spaces lPoss cri ti-

b. UtiliZation of Abstraction Spaces in Pla~ning

To taKe advantage of the hiera.rchical plannin~ approach offer~d (,y

the use of a.bstraction spaces. the AaSTKIPS syatem--whose flow of

control is shown in Figure l--has a recursive eXecut~ve program. Tnis

8



prozram acc~pts twc par¡¡meters. lhe fir~t is a cri ticali ty value

indicati.IH!: the abstr:¡cti"n space in \4hich planning is to occur. The

see ond is do list of node~ irorr trre .searcii tree :Ln tl1e hi~her spa.ce,

representin~ ~ skeleton pl~n. .,¡hen a ne',. problem is posec1 to
ABS'lHIPS, tn~ external int~rface crogra'~ sets the preconditions of a

dummy ODer. tor to th~ g011 Wf!. Th~ dO!~d.in l s ìll;;ximUJ1 cri tica.l1 ty,
which wa.s det~r~ine1 when cri ticali ties were assi~ned, is retrieve a .

The executive is called with the cri ticali ty set to tn~ maximum and

the skeleton consistinl Of the dummy operator.

wi thin the ni~he st abstraction SD¡Ce. the executive plans to ¿coieve

the preconditions of toe dummy step in the s~eleton Plan, i.e., t!1e

ma.in goal. '\'hen a pj,an 13 fourid, t!!e executive COl'plltes tne criti-

cali ty of the next lowest space in w,nch planning is Heeded, and it
builds a SK~lcton of 110des alonK the path oi the successful plan. The

executive then invokes itself recursivelY. The invocation solves in
turn the sUoproÌ)l~'1s Of brid,Ün¡¡the gaps between steps J.n the
s~eleton Plan and of ensuring th~t the 3teps in tne S~~leton plan are

still apPlica.ble at the appropriate points in the new plan. The

fin.i step in the Skeleton is a.lw~ys the dummy Operator, and so tne
fin¡,l apPlicabili ty checJ' ensures tha t the ori~inal goal nas been

reach~d . ~~~n all sUbproblems na ve been s-:)l lied, tl'e executive
invokes itself for plannin¡¡ in a still lower space. This r~cursion

continues until , co~plete Plan is bUilt up on trlt: problem spa.ce

i teel!.

This searcJJ strateiv mignt oe termed a "len~tn-first" sea.rch. It
pU~hes the Plannin~ oroces! in each abstraction space aii tne way to
the oriiiinal iioa,l state before ce~inning to ~lan in a lower spa.ce.
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fhis p.naoi~s the system to rp.co~nize as e~rly as ~ossiole the steps
that WOUld lead to dead ~nds or v~ry inefficient plans.

If any sucpr0blern in a particui3r S~ace Cknno~ ne solved. control is

returned to th~ process in its abstraction Space. lh~ search tree is

restored tc its s ~ate prior to the selectioii Of tne node that ied to

fa.il ure in the ¡¡rounj spa.ce. 'lha. t nOde 3 £i.blNA''£.u f" ROM

CONS iDERA '' ION ~ and toe searcn fer ¿ ~uccessful plan at the hi~rter
level continues.

c. Exp~rimental ResUlts

A series Of eXperiT~ents was ru~ to compare t~e perforMance of trte

5TH! PS and AdSTRI PS Systpm8.

The dei'ini tion of tne prOi.le~1 i'0¡1H,in for these ex¡¡erlments is
identical ta the onp used for tnp. exaMPles in our l¿st annual report

(Hef. 1) . exc~pt for the 40,Ü ticn of a, :re-- li tera,li: to tne

preconditions of ()pera tors. The set of t~SK~ fro~ ~nat report was

run on A~STRi~S. Tht:: r'inning tiire~ a.:1d tli~ ~ea.r-:Ì1 trees are

comp¡¡red '..i th those from the ST~rps system i~ Table 1. Figure 2

Plots the plannin~ ti~e a 9 a function of plan length for SIkHS and

ABSïFI?S on a~ extended set of protle~s iro~ thp rabot domain.

2. A Deà~ctive hetriev~l System

In aur wor~ witn robot planning anj more rec~ntiy in our wor~ with an

exp~rt consuit~nt 3yat"!l~ . our orOir"-r'lS iJee.. to ,ìa....1taln a mOdel of
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Table 1

COMPARISON OF PlANNING TIMES AND SEARCH TREES

Problem 1 Problem 2 Problem 3 Problem 4 Problem 5

ABSTRIPS

Time to produce the plan

(minutes and seconds) 1:54 2:55 2:24 2:30 6:41

Nodes in search trees
Total 25 34 30 33 63

*By spaces 5,5,5,10 5,7,7,15 3,4,11,12 5,7,7,14 5,17,16,25

Nodes on solution path
Total 24 32 28 32 54

By spaces* 5,5,5,9 5,7,7,13 3,4,10,11 5 ,7 ,7 ,13 5,11,15,23

Operators in plan 4 6 5 6 11

STRIPS

Time to produce the plan

(minutes and seconds) 1:40 5:44 4 :34 9:47 ::20:00t

Total nodes in search

trees 10 33 22 51 --

Nodes on solution path 9 13 11 15 --

Operators in plan 4 6 5 7 --

STRIPS with MACROPs

Time to produce the plan

(minutes and seconds) 1:40 2:06 5:18 3:00 5:49

Total nodes in search
trees 10 9 14 9 14

Nodes on solution path 9 9 9 9 14

Operators in plan 4 6 5 6 11

*
The number of nodes from the search tree in each space, from the one of highest

criticality to the problem space itself.

t
STRIPS had not solved Problem 5 after 20 minutes.
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the Physical environment in whicn the robot activity or ma.intena.nce

oper:¡ tion is taldnEl Place. our planninc. monJ.~oring. ana advice

givin£ Drogra~s ask questions of this Moael to aeterlYline now tney
ShOUld proceed. hence, we need a questiön-ans~ering suosystem that

can interface with the ilodel. This SUQsj'st,em s¡'io~id provioe a

deductive caDicilitY for dealin~ witn qu~stions whose ~nswer8 are not

explici tly stcrea in ihe inodel bU t Whose answers can be deduced from
informa ticn tha. t is in tne ;;;odel. In addition, we want this

sUbsystem interface to shield tne rest of thp. system irom coiicern
about the actua 1 represent1 tions use~ in the model. A new design for
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SUCh a. SUbsystem was tested during toe last tear with an

implementa. tion in QAU, and a current implementation in QLISP is one

Of th~ initial cOMPonents Of the expert consultant system.

The d~si~n began as an aue;menta tton of the ~A4 model reir1eval

sta tements EXISTS ana INSTANCES. These statements retrieve froM the

model one or all true instances of do given expressJ.on conta.1nin¡

varia.bles (i.e., a pattern). For example, the statement (EXISTS (ON

X DiSK1)) could r~tr1eve from the model one object that is on DESK1,

and the sta.tement (INSTANCES (ON X DESK1)) could retrieve all ooject.

that a.re on DESK1. Now, consider as another e)(amp.1e the sta teiient

( EXISTS (TOP:CLEAH DESK1)). This statement wi.11 lOOK in the ~oóel

for the ex~ression (TOP:CLEAH D~SK1) to i~dicate tha.t no objects a.re

on DESK1. If tha.t expression doe5 not have value T~UE in the model,

then the Query will fail even thou(h a simple deductive process that

looked in the model for expressio~s of the form (ON A DESK1) could

determine an answ~r to tne Query. The new design ~tteilpts to mä.~e it

easY to add such deàuctive pro~esses to th~ system ~na thereby turn

the retrieVal mechanism into a Question-answering m~chanism.

The design a.iioW! the user to associate with eaCh predic a. te Jon the

system (e.it., ON, TOP: CLEAM, IN: FOOM) a list of deauctive programs

that will be called vlhenever true insta.nces of a.n expression

conta1nin£ the creêicate are bein" searcheá for in the model. Hence,

one could associate a aeductive pro~ra.~ with the ~reàica.te '1'09: CLEAR

that w~uld cerform as described in the previous par4~rapn.

14



One common use of ~hese deductivP crCpraJ1d is to determifie tnat an

expression is false based on uniquen~ss ~roperti~s of the prp.l.J,cate.

For ex¿mole, if there is do query aSKing wnether ORl is in room RMl,

i.e., (EXISTS (IN:HOOM 081 RMl)), ~ deductive prc~ram could lOOK in
the mcdel f~r any true expression of t~e form (IN: ~OUM Qrll X). u
such ~ true expression is found and tne room name tna ~ matcned with X

is not ~tn. tì1p.n the (ied'.ction can be made tl1a.t OSl is not in ktU.

Standdorrt de~uction pro~rams are included in ~he sys~e~ for NOT, A~D,

and OR. !hese pro~rams allow one to ask questions such as: HF~nd a

deSk in either room RMl or RM2 ~hose top is clear. H The Q~4 form Of

that Query rn~~ht be (E~ISTS (AND (TYPE X DESK) ¡OR (IN: ffOOIY¡ x RM1)

( IN: kOOM x RM21) (TOP:CU:A~ X) ) ) . To ans~er tnis query an AND

deductive program is first called. It 'would a.SK for a.n oOJect Of

type DESK fro" the mOdel. If one is found, say Dl, th~n it aSKS J,£

(OR (IN:ROOM Dl RM1) (IN:ROOM Dl RM2)) is true. Tnis query calls an

OR deducti ve program which might in turn call an IN: HOOM aeductJ,ve

proæram that could determine which room Dl is in cy ~sK~ng the moäel
for the loca tion of Dl. If Dl is io~nd to be in e1tner room H~i or

RM2. tnen toe AND pro~ra~ will aSK if írjP:CLEA~ Dl) is true. 'lhis

migot cause a TO?:CLEA~ deductive program to te c~lled that woUld a.Sk

the mOJel for any objects X for Which (ON X D~) is true; if no such

objects ire foUnd. then Dl is retur~ed as ¿ deSK tnat sati~f1es the

conditions in the ori iinal query.

This Question-answering process ~qKes ~se of' , ~ne Qh,.. ca.e Ktrac king

caPaoili ties when there is a. need for more tnan oae ~nswer to ~

Query. For instance, if our eX41aple query !ïad oeen 1,0 fin1 doll tr¡e
deSKS in eit~~r roo~ ijMl or ~M2 with clear tops, tnen each time such
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. deSK was fo~nd it would be savej in a set, a.ná tne answer1ni

process would be backtracked, to a point in the deductive programs

where alter~ative choices were aVÄilable. 11' this exa.mple, control
would return to the sea.rch for objects of type D~SK, a.nd, if another

aeik is found, the process would prcceeo as before to check the room

the desk is in a~1 whether its top is clear. Eacn desk would be

CheCKed in this Manner to form the desired set.

The bacKtrackin~ mec~anism is also used wi tn1n the question-answerini

process wneii, for example, a de~k that is found by the (TïPE X DESK)

query is not in either RMl or HM2. In that case tne OR deauctive

proira.m returns f~LSE to the AND deductive progr~m and control is

bacKtracked into the (TYPE X DESK) query to tind the next desk.

.3 . A Genera.l Tr~e-3earch~ng P~cKa~e

A let of proKrams wa.s implemented in QA4 that provi~es a conceptual

framework and executi ve progra.m for conducting neuristic tree

sei&rches. These proira.ms were motivated by a.n interest in expioring

WaYs of usin~ fea tures in QA4 such a3 processes a.nd contexts, and by

the need for a. general search pack~~e in our rooot programs. We

expect to reirnplement tnis pa.cka~e in QLISP when the dObrow-Wegbreit

stack mOdel (Ref. 8) is imple!1Ienter1 in INTE~L¡SP and tnen

incorpora te it into the computer-based consultant system.

This search package assumes that there is an initial node of the tree

given and that the ta.sk is to finá ~ Pa. tn tnrough the tree from that
ini tial nOde to a nOde that satisfies a given goa.l test. Whenever

the search reaches a node in tl1e tree for tne first time, an
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eva.luation number is computea for the node. lnis evaluation number

indicates to the searcn exec~tive the desiraoility of the node for

!urth..r considera tion. At each st~p the ~xecutive aelects the nOde

with the best ~vaiuation n~mber. ~enerates an offspring node of the

selected nOd~ , co:ilOutes an evaluation numb~r for tne new noae, and

testa whether the new node s~tisfies the ~oai test. If the goa! test

fa.ils, then node selection occurs ~~a1n and th~ process repeats.

This searc ii p;;c !(ag~ can be applied to a particular tasK dOilain by

Prov1à1ng t¡je orogr;¡l1s for '1ode eValiia. tJ.on. ~o¡¡l testing. and

offsprini genera. tion. For ~xamçle , it has been useà to compute

multiroom Patiis for a rOQot system. where each nOQe in tne tree

represe~ts ~ room to which the rObot has traveled. and each offspring

node Of ~ ~iven node represents an ad jacent room. r1ence, 1f the

initial nod~ represents the ro.)m in which the roout be¡;in.s, then a

pa th throu~h the tree represents a rOOM-~o-room route th~ t the robot

can travel to reach a ~oal roo~. For many apPlications, inciuding

the rObot patn -finder, we wiSh th~ se irch to find the Shortest path

from th~ ini tia.l node to the ~oal. In such ca.ses one oft~n uses a
node ~valuaticn scheme that co~put~s for R nOde an estima te 01 the

lenlZth of the .:nortest pa. th frOM tne ini tial nOde to a

goal-satisfYin~ node passing t!1r~U~n the node oein~ evaluated. This

evalUa tion scheme est,i!1a tes tria t tJ::e nOle WJ. tn thp. sma.llest

eVa.luation nu~ter is on the short~~t path to the geal and tnerefore

shoUld be the one considered by th~ searcner.

BY usin~ igAii to irnple:rent tiiis search pacKa~e we obtained clear

advanta!es for t~e user with re~ard to fle~ibility, pO-vver, ecise Of

use. and se~rcii efficiency. Each node in the searCh tree is
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represented bY a QA4 dynamic conte~t. The search executive proceeds

by growini a tre~ of contex~s where the offsprin~ of a eiven node 1s

formed bY doing a context pu~n operation on ti1e node; hence, any

Variable va.l~es and model information th. t were true in trte parent
node are automaticallY t;ue in the offspring node.

The execu't.ive assurres that e.ch node has associ.. ted with it a

node-evalua tion function, ; ~oal-test function, a.nd an o1'fsprinc

genera tinii function. If these functions a.re to be the same for each

node in the tree, as 1n the case for the rObot pa. th-finding exa.mple,

then they merely need to be a. ttached to th~ initial node and all
otner nOde.' \.¡ill II inheri t II toe!' ¡¡ utoma ticallY ( V J.. ~he context

mechanism) fro~ their co~mon a.nce~tor. the ini tJ.ai node. B1Jt, if the

proolem domain is such tna t nodes in ôifferent parts of the tree
Should be e'laluate.:l, genera. ted. and tested in different wayS, then

the nOdes can be aS3iiined their individualized fUnct~ons as they are

genera ted.

The eValUa. ticn. ienera tion, and ~oal testing functions are called by

the search e~ecuti ve in the dynamic context of the nOde beini

considered; hence. when these functions access roodel informa.tion or

va.ria.ole v.lues. they are given the values that are current at tbe

node. Tllio: desiit" freeS the writer Of tnese f~nctions from oe1ni

burdened with concerns a.baut obtaininii the correct set of values for

toe node and handles mUch of the bookkeeping required in passin¡

. information from Darent to offspring node.

L-

When a nOde is selected bY the sea.rch executive, the node genera tion

function for that node is used to produce an offspring of tne node.
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The first time any Riven no~e i 13 select,E/j oy the expcutJ.ve. J,ts

offaprJ.ng generatin~ function is tranSformea into a QA4 process. The

executi ve assu~es t,ha teach tJ.me thi~ orocess is resumed it Will form

a new o!.f~prin¡¡ a.nà t,h~n SUSDerrd J. tself. This inpli~s tn. i the
values of local variable3 in the ~eneratin~ function will be saved

between ~enerations so that tne Iunction can oe written to aetermine

the order in which ofi8prin~ are ~enerated and thereby significantly
affect the a.!10UntJ of searchJ.r ¡; required t,o find a solution. For

eXampl~. the offspri~~-gener¿ting function ùsed in the rowot path
finùer CClioutes the distance froi: tiie P'oal room to a.n a.djacent room

be!or~ usin~ that a1jacent room to create an offSprin~ . If the

adjac~rrt rl)oi: is fartner fron the ~oal than the current room. then

the room is put on a rejects ~J,st a.nd considered ~~ain only after the

offsprinv. fOl' .11 the adjacent rooms closer to the goal haVe been

genera teCl. For !iI~ny problems this coiiputationallY inexpensi ve

orderinii ill~ori th¡¡ virtuallY eliminates consideration of nodes that

are not on a Pith to a solution.

4. A Con'-lol Regii~en fer l'1an-Ma.ch::ne Coopera,'t.ion in
Assernolv-DLsasseMblY Tas~s

The computer-Oased consul tant sy~tel! entaJ.ls man-machine cooperation

on co~plex taöks. To achieve such cooperation we tn~nK it will Oe

Very importa.nt tlJ b~ abl~ t.o encode localilied knowledge in a.

stra1gntior~~rd fashion. un the other hand, if the system is to be

truly useful. it must be ~ble to interact with ita User aiong a wide

ranp.e of ~enerali ty. specifyin~ s~eps of the task at a level no more

detailed than the user needs to ~cco~piish th~t task.
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To achieve both of these go~ls. we need a nier~rchica.lly organized

comDut~r system whose control re~imen allows instructions to tne uier

and the maintenance of an internal moäel to oe 3pec1f1ed

concurrentlY. The system Must furtnermor~ ce very forgiving ¡bout
miisini details in the mOdel, since the 100àel ca.n be only a8 detailed

al the previous interactions with the user.

To eXDlore th~se ideas, a simple system was written in ~LISP (Ref.

7 J. The systel11' S Knowr:edge about the task domain is encoded

procedUrally, using QLI5P augmented bY three new statements for

interact1nl; with the user and the internal mOdel of the state of the

taik.

The first of these statements, VGOAL, is like a QLISP üOAL itatement,

but with an additiona.l ariuroent wnich is ar. instr~ction to the user.

The ita tement works ~y first checking the data ba.se to see if an

expression ma tching the ~oal pattern has been a.sserted. If 10, that

expression is returned as the value of the VGOAL statement. If not,

the instruction is tYPP.d to the user. Ii he responds in a positive

fashion. the system assumes that the goal has been a.cnieveci . The

User is asked to supply values for any unbound Varlables in the goal

Pattern or in the instruction. An a.ppropria te express::on is
constructed from the goal pattern anQ these values. This express::on

is asserted in the model and returned a.s the value of the VGOAL

statement.

If th~ user responds ne~atively to the instruct~on, a QLIS~ GOAL

statement i3 constructed from the VGOAL sti.teinent, and it is
evaluated to ~enera te more detailed sub~oals.
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The second sta tClient, VfOR, Per forms iterations in an interest1n¡

manner. It has two ar~uMents: an instruction ~o the user, and a

garden-variet,y 1terative sta tement Of tlle form: (FOH counter FROM

start TO f~nis~ DO code). The statement operates by first issuing
the instruction to the Usp.r. If the user's response iR positive, he

is asked to supply value:! for the unbòunö varia.oles in the

ins true t10n. If the user' s respcn~e is negative, counter ~s set to

start. a.nd th~ cOde is evaluated. Then, if start + 1 equals U.nisn,
the VFOR sta ten¡ent terrriina tes. Otherwise, a new VFO~ sta ~ement ii

constructed that is identical to the old one, except tl'at start is
replaced by start + 1. This new ate tement is then evalua te~.

ThUS, this st¡ te!'e¡¡t enables the system to lea.d a user through the

det.ils of one cyclp. 01 6n intera t1 ve acti vi ty wi thou~ forcing him to

listen to details once he has mastp.red the ac~ivity.

The t,hird statel'ent. vis, is a forp,iv::ng C1ci ta üase retrieval
function. It opera tp.s like the QLISP is stateMent, searching the
data base for an expression that matches its pattern. ¡jut if no such

expression was found, vis constructs one ana asserts it in tne C1a ta

base.

This statement is ~sef~l b~cause it allows the mOdel to be ~aintaineà

at the lev~l o! ~etail of the interaction with the u~er. Wnen tne

syste¡¡¡' s pro~rams request more ùetaileq iUformation, usin~ VI~. they

receive an appropriate eXpre8sion rather tnan failing.

Using tnese priMitives, a small sy~tem was i)ui:. t to ~uide a very

naive user throu~h the fastenin~ Of two ilat met¿l plates wito four
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bolts and nuts. The system consJ,sts of fifteen func tions. Several

of the more co~plex ones are shown in Figure 3. A sample dia.ioiue

gener~ted bY this sy~tem is shown in Fi~ure 4. Only seven Of the

functions of the system \.¡ere actua.llY invoked d urin~ this
conVersa tion. Al tnough the interaction is rough and the domain is
small. the system crea tea a surprisin~ sense of richness froro a small

amount of simply encoded knowledge.

The concepts tha t ~ere developed fer this system are currently beinc

Used in the integra. tecc Planning a.nd execution-monitoring system,

which is described in section ii.C. "Work in progress."

s. A simulation pro~ram for an Air Compressor

a. Introduction

A pro~ra.m has been designed and imple~ented in QL¡SP that simula tei

the beha vior of a SM¡¡ll a.ir compressor. (See APpendix A for a

description of the particular a.ir compressor beinl consiccered. ) The

behavioral fea tures sirnula. ted bY the program include voltage and

current levels in the power cord ~nd motor ca.ole. rotational rate of

the pump and motor, binÁry status of the pressure switch and vaives,

pressure in tne tank and aftercooler, sp~ed of the belt, and so on.

When i simulated action bY tne cor~pressor operator (such as piugginc

in the power cord or usinK air froro the tanK) is entered into the

prolZr:am, a trace is proQuced indicatin~ the sequence of changes that

occur in these beha. vioral features. Ta.ble 2 provides an exa.mple of

such a trace following the plug~ing in of the power cord when tne

pressure in the tank i~ initiallY zero. The design Of this progra.m

wa.s stron~ly i"fluenced bY HendriY (~ef. 9J.
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(Flj,.~.;CF.EA'l'Ej) "?j-Sl:'p-'(3 11:~6:Úoii ¿~:t~jlrLr;)

(D,!£):'lNl.Q

(l' AS TEN l'LA T t

(~LAMEDA (FA5TtNED ~PLAT ~l

4-tLI'T;~;2 )

(~:AT()HÇ: 4-SI¿F

( C D ~ (A .'j ~ l- C \(,'(~r:'I (¡"LA.'lB ;~J-L"i'l"JJ.)

t1ùlES 1 ¿i:)

~(;¿J.TABLï: ) )

(hA'jCHC;~ ~c

(GLASS) )

(VFn~ (GET A CLAS6 .C Oi l () Uit .., S 1 Zl, L l1 L'l S )

rFOf? 1 ), 1-ü¡.j 1 'ir) lJ

r¡O (P?t)ü r; (LI)O~F()R80LT \' \ Ul,lIAijD 4-b)))

(i:.~Ti~ri~~ . (,

(CLAS,: ,;d Jtri.¡;j

(8C (C LASSO," ( tJ 0 1'1 . d)

;:l~~ :¡OSIZE)))

( :1 A '; C h L. r. 4-ßOi.~:s

60 )

FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION

23



tL

FIGURE 3

(VFO R (LOOSELY FASTiN A1L TH g bOL1S IN IC)

(FOW I fRJM 1 10 ~

DO (PkOßN (M lTCHWQ (CLASS ~b

~~c )

~c )

(3lAiTIN (' (BOLT ~B)

(MA TCHQQ ~c

J£B0LT S)

(VFO~ (TIGHT~N THE BOLTS IN ~Ç)

(YOP I FHO~ 1 10 h

DO (PHOGN (MATCH~~ (CLA~S ~B

~~c )

~C )

(1 rGHlEÑ (i (EUL'.l oQBj

(ASSERT (FASTE~kD iPLAT!l 'PLATE~))))

EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION
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(T !úHTFN

(QLAMrlDA (bOLT ~9CL1)

(vis (~~TH''EIJIN --NUT'

FIGURE 3

~60Ll) )

(VUFT (bULT 6HOtT)

SIZf ~Si;E¡

UNTIL RE5IS1ANCE is FEL~.)

(VGûAL (COhTINUE SC~E~I~G THE NUT UNTO ~OLl ~BOLl

(q A!¡ UTI J HT ~jH..¡; ;,¡ ¡ì U1 .jj¡OL'r)

APPLY l\IL)

(VGOAL (iI~J A SCRh~U~IVE~.)

(ONPA~1 ~SGHE~DkrVEF)

APFU

(LOûKl0~5Ck~W~ MI V £")

TY?~ SCNE~ D~I Vi")

(VGGAL (Fi~Ð A ~SL~~ ~~ENCH)

(OI'tjAN¡J ".I¡¡ENI;~)

¡. fJ Pi'!

(LOOKFOW~ Qi~Cri UdtAN~LE~R1NGH)

TY~l', \'MENr.¡. ì

( Vr;CAL

¡¡.Or.r:lí~G SI~FENCH 3!'ûTi

(US~ ~RE~C~ ~~aiNrH TG HOLD THi hU! rl~M1i. I

APPLY

(U.:iHl.i:;~Gh) )

(VGOAL (SC~~~ l~L Ba~T IN fAI~LY 1IUhT~i)

(TI:31iTdi?ì:ü ,"HÜ'' :~3ÙLl' )

Af'l-IY

(3C~EW¡N))))

EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION
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(SCHE\\IN

(~LAMBDA (TIGHTEN£D ~~ UT

.. ôl) 1'1 )

(is (ONHANli +-SC)

TYPE SG~EWDRIV1H)

(VGOAL (INSERT TH1 £~Ð

OF THE bLADE OF SChE~DhI~ER 'SCREWDRIV~~ IN10 ¡H~

N Q'rCH

IN EOLT ~BOLT %.)

\ INSEkTEú ~SCH~~DnIVER $80L1)

APPL'i

(USESMALLERSCkEwV~iVER) )

(VGOAL (TU~N THE SCREWD~IVE~ CLUCKWISi

UNTIL FIRM FE5ISTANCE is ¡¿LT.)

(TIGHTENED ~NUT JHOLT)

~PPt~ NIL)))

(LISPX~HINT (~UOTK EXAMfL EFNS)

T)

(kPAQQ rXAMPIEFNS (FAST£NP1ATE TIGHTEN SCib~IN))

STOP

1'L

FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION (Concluded)
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< cC: (Cuj,bS ::I 6 2  : i$ 5 : ~ j  

> ( L c ) O S r * L Y  FASTEK A L L  ' I k C  Sqt l ' . ;  i ?  ( C L A L S  b61 ? L  3 3  6 ~ ) )  

< CAN'T 

> ( f  L N D  A il5T + f i r l T )  
/' 

< C H E C K  

>PL&wSt b U F r L Y  HJXCINGS: 



> ( T I G H T E N  I'Hk BOLTS T d  ( C L A S S  k 1  d d  83 BL)) 

< CAP'T 

>(COkTINUE SCREWING T d i i  !iUt1' Od70 3 G L T  151 U l i T I L  ~ E S I S P A N C E  I S  FLL1.I 

< OK 

> ( F I d D  A SCREUGRIVER. 

< HOW? 

> ( T E L L  THE VISION PEDFLE T O  PIidL Y 2 U  A SCPEkDHIVEk . )  

< OK 
>PLhASb SUPFLY ~ I N U I B G S :  

< cSCBEWLWIVEP: SC1 

> ( F I N D  A #LO W R L N C H )  

< Uk 

>FLiiASE SUPPLY BIb!GIldbS: 

< +hRENCH: W F 1  

>(USh XRENCd U P 1  TO 9CLJ l  THL AUT F 1 ~ i d L Y . l  

< OK 

> (SCHEX THE DOLT Is FAIaLY T I G H Y L Y  

< HOW? 

> ( I h S E E T  THk EKE 01 TdL ~ ~ L A L E  OF Y C 9 E h ' D d i V E X  BC1 I N T O  THE N O T C H  I14 

BULT I31 '%. 

< C A N ' T  

> ( F l N D  A SCHEwLRIVER AITH k dLWBY Sl.IALLi.4 S B A N  THAT OF SC1, k H i b H  

WILL F I T  INTO THE h 3 T C 2  of  HOLT ij1 % . I  

< OK 
>PLEASE SUFrLY E I N D I N G S :  

FIGURE 4 A SAMPLE DIALOGUE (Continued) 



FIGURE 4 A SAMPLE DIALOGUE (Concluded) 



) ( CON TIN U i S eRE ~ r N G T ri L ~ J T () iTa P 0 L T ci ~ UN l ILk ~ S I S i A ~ G t 1 ~ i ~ ~ ~ . ¡Table 2TRACE OF SIMULATION OF THE COMPRESSOR

Initial State: tank pressure 0 and power cord unplugged.

Simulation begins by scheduling an event that asserts

(STATUS POWER:CORD PLUGGED: IN) .

SIM TIME IS 0 (seeJ

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

(STATUS POWER: CORD PLUGGED: IN)

(VOLTAGE POWER: CORD nO)

(VOLTAGE MOTOR: CABLE 110)

(VOLTAGE MOTOR no)

(CURRENT MOTOR 9) (ampsJ

(CURRENT MOTOR: CABLE 9) (ampsJ

(CURRENT OUTLET 9) (ampsJ

(CURRENT POWER: CORD 9) (ampsJ

(RPM MOTOR 1725)
(SPEED BELT 37.63363) (it/ seeJ

(RPM PUMP 802.3256)

(STATUS CHECK: VALVE OPEN)

SET SIM TIME TO 430.5 (seeJ

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

AS SERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

ASSERT

(STATUS PRESSURE: SWITCH OPEN)

(VOLTAGE MOTOR:CABLE 0)
(VOLTAGE MOTOR 0)
(CURRENT MOTOR 0) (ampsJ

(CURRENT MOTOR: CABLE 0) (ampsJ

(CURRENT OUTLET 0) (ampsJ

(CURRENT POWER: CORD 0) (ampsJ

(RPM MOTOR 0)
(SPEED BELT 0.0) (it/seeJ

(RPM PUMP 0.0)

(STATUS CHECK: VALVE CLOSED)

(PRESSURE AFTER: COOLER 125.0)

(PRESSURE TANK 125.0) (psiJ

( psiJ

SET SIM TIME TO 440.5 (seeJ

ASSERT (PRESSURE AFTER:COOLER 0) (psiJ
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This simu.L:: t.ien pro ~ l' a ¡II Was aevelopea to be uaed Oy oth~r parts Of

the cOMPuter- t~ se~ consuJ tant system. i~cluding tncse conc~rneQ witn

plannini. cue-stJ.o:: ,i"Sr;~rinr. . ;;nt'j t.l'outle lirroot.i!ì~. It is usefui

priMarily becaUs~ it embodies the cause-ana-efiect rel~tionships t.nat

deterMine the stat.e chan~~~ and beha vieral feature~ 01 ilie compressor

while it is o~era tin~.

In this section w~ will ~rovide ~n overview 01 'ttt e desiiin 01 thi!

sil1ula ticn pro¡¡ram and th~n discuss tne ways in WhJ.ch we anticipate

that other nOdul~s of thp systeM ffight use it.

b. Structur~i Description of the Simulition Pro~l'am

The too-level !unc'tion in the simulation program is a moni tor 'tha. t

maintains a si¡¡ulc¡ t~11 ClOCK ""rrd ini tia. tea e ~ents tnat nave ceen
Sch~duied to occur Qurirrg the sir1ula t.:ion. hac;1 event 011 tne
moni tor's roc ht!ù tllin I! alleUe has a.ssociated ~ith it tlle time íít which

it 18 to be initi~ted and a fun~~ion whose evalua'tion ~ill cause the
eVe:1't t.o be .: i ni :. 1 a t. e d . Toe monit.or proceed~ bY simply finding the

schediilea event that is to occur next. s~ttine the ~imUlateö cioc~ to

the tiru~ 81. Whlch thp ~vent is to be initiated. c~l~inK the function

tha t simuia 1.es tte event --n(J. "'lien control 1s returneu to the
moniter. re~eat.ine the process wito the "ext scned~led ~vent.. Ht!nce,

th~ si~Ulatiu~ 1S ba id to ~e "eve~t driven" and tì~e sii1ula. tei:; time

proceedS in ;;rtJi tra,ry sizea steps Qepen,jing tHO¡ When. events are

scheduled. Lx;;n1i:'i~3 of ev~ntt include tl10se crcá. tei o'itsiae the
sirnule\ 1.ion PlC i: raT1. s tiC h ;; S ti. C orr nand t ha. t the power c oro be PJ. u ~ ged

in, an'"j t,hoóe ere:) ted by functions in:Üde t;H' 's¡¡IUlci tion prolir¡¡l1,
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SUCh as the openinf. Of tne pressure s~i tcn sch~dUleO for the time

that the pressure in the t~nk is predicted to reach l2~ psi.

The simula ticn program maintains a mOdel of tne current simulated
ata. te of the compressor, ana the primary effect Of an event is to

update that model to reflect the simulated state of the COßipressor

aftpr the event has occurred. This uPdatin~ process is driven bY a

set Of "demons" that are activated when a change is made in the model

a.nd typicallY nave the effect of in1 tia ting further changes in the

mOdel. For eXaMPle, there is a demon that is activated wheneVer the

sta.tus (i.e., plu~Ked or unplug~ed) of the power cord changes. This

demon responds to the new status bY changing the power cord's voltage

level in the ~odel.

The func'',ion associa. teü with an event will typically maKe a small

number (often 1) 6i c hange1 in the 1Iodel a.nd tnose changes will
initiate activation of a succession of demon functions. All the moael

changes made bY the demons are considered to be part of the event and

to have occurred at the same point in SiMnlated time as the event.

Hence. for eXample, if the power cerd is unpluggea wnile the motor ~s

runnin!! . the vol tage and current changes and the stopping of the

motor and pump are all mOdeled as havin~ occurred instantaneousi~. An

event function or demon can indicate that a mOdel cnange Should occur

at some later poin~ in si~ulated time bY scheduling an event to be

initiated at that tiMe.

The ~imula ticn mechanism we !'¡ ve described up to this po~nt is

capaole ol rood~ling discrete events. TO nandle sta. te chanKes that
are continuous oVer time our pro~ram utilizes toe tieductive retrieval
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systen ~escric~d earli~r. This retrieval syster; is iiseå by the
simui.a ticm prop:l"a,n for all accesses to the mOdel. So. for example,

if a function needS to Know the ~anK cressure. a sta. tement Of the
form ( DEDUCE ( PHJ:::SURE l' AN K ~p 1 ) would ~e executed. If tne tank

pressure is net stored explicitly 1n tne model 1n tne form gJ,ven,

ti'en a. set Of ¡j~(j'.cti ve i unctions associ. ted w1th the predicate
PHEBSU?E would be ex~cutpd in a.n attemDt to deduce the tank pressure
value. l'his retrieve,l iiechani Sì" can be exp!oi ted to represent
continuously chanr:in~ InOdel values bY removing a.ny explici t mention

Of the va.l ue in the mOdel and adding a deductive function that can

comDute the v~lue as a function Of the simulated time. for example,

When tne compressor pump is not running and no air is. being used from

the t4nk. the tank pressure i~ fixed and c~n therefnre be represented

by an explici t nOdel entr:/. ~owever, when the punp is runn~ng or

When air is bping USed from the tank. the tank preSsure var1es as a

function ('f tiMe éé rru is repre sen teQ oy renioving ~he ~xpllc:i t. tanK

pressure entry fro;; the r;~o(¡e i a-ii,. adaing a iuncticn to the predica te

PREbSURE th~t caii compute the t;,nl' pressure value '..11enever it is
neeued. The Rddin~ ann deletin~ of the explicit clodel ~ntry ana the
deducti ve function are done bY demons that are act1v~ tea When the

pump changes S~eeu or when ~~e t~nK valv~ is opened or closed.

We have been describing th'! simulation of ~ha,t. ro!l?ht be ca.llp.Q the

" tOD-level behavior" of the ~ompressor. ~e are also interested in

simulating the internal ~crK1ngs of components Stich as t.r.e IliC tor',

pump. pressure switCh. check V~lVt. ana the ~~Ke. fh~$e simu~a tion!

Will worK wit" ~ nore det~ileJ mooel and with sroaii~r J.!1Creiiients Of

time thi::n L\~eS trie top l~v~i simulation. but they s~ould interact

smoothlY with eac~ other and wi~h the top level simulatJ.on. fie are
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currently de~j~nin~ and i~plernentini an interface for this hierarchy

of simula ~ions using ~ simulation of the ~nterna.l workings 01' the

p U lilt a.s a. test case. We expect a user of ~his hierarchical system

to be able to specify thc level of detail at which e~cn co~ponent i8

to De siMUla ted. and tha~ t.nis specification c~n oe dynamically

changed as the simulation proceeds.

c. Use of ~he simu14 tor in the computer-Based Consultant System

Tne design and impiementation of the simulation pro~ram was motivated

bY the hypothesis tha t SUch a program could act as the information

source for manY of the system i s activities. Although ~t is too ear J.y

in the deVeiopment of the consui ta.nt system for this integration to

occur. We can indicate how we expect the 6imuia. ticD program to be

used.

First 0: all, the simulation program can interact directl~ with the

human apprentice to provj.ue a description of the behavior 01 a device

(e.g. . ~he compressor) . SUCh an interaction might occur whii~ the

apprentice is learnin~ how to operate the device or Quring a checkout

procedure where ci cOl1parison WOUÜ¡be ~a.de cetween actUal and

predicted behavior.

The SiMula tor could also be 4)1 informa tion source for tne

question-answerinR se~tion of the 8ystem. tach of the demons in the

simulation prorrarn eXpress~s a functional characterist~c of one Of

tiie components Of the device. For exa.nple, :In the compressor
simulation the demon that ch~n~e~ the rotational rate Of tne motor

Whenever the VOl ta~e l~V~l chan~es in th~ motor Ca.bi~ i~ representing
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a functional charact~rist~c of tMe motor. If eaCi1 (ievice component

has ~ssocia ted with it the deMons triat represent it, then

àes~riptio~a of th~se de~ons can s~rVe as answers to queri~s Of the

form IITell ~ie about th~ motor, II or "\onat aoes the motor dO?"

Descriptions of demons cOUld ~e ~enerated from COMments in the aemon

proí!rams or PerhaPS dtn'!ctlY from the pro~ra.ï:S tliernsel ves. The

Simulator caD also be used to answer questions such a,s "wha.t '",ould

happen if t!ie line ',ri:l t;;ge dropped to 100 volts?!I or !lDoes the

compressor have enou~h power to drive this a1r tool?"

The sirnula tion prog~am will be an int~gral par~ of plan genera tion

and tDxecution 1'0ni torir.ii. Durinrr plan ~enera tion, simula ticn of

"operators" 13 typic~iiy aone to determine the antic1pated effects of

candide. te T11a.ns. If we allow our plans to contain steps such as

"piug in the power cord" or "Open the tank vaive," t~en the simultion

program will ce needert to mOdel tneir resul ~s. ~ence, thp. sim~~a tion

pro¡ram can oe thoU~ht of as simpiy a more ~labora te v~rsion ot the

simula t1"ns normallY done by a planninss prograJl1. 5i~iiarly, during

plan execution the systen must m::intain a mod~l Of the current
8i tUa tion so that it ca.n monitor proRress, answer questions, and

recognize failures. ThiJ model maintenance is accomplished primarilY

by simulating the operations tha ~ the apprp.otice is performing.

The simul~tor may ~iso be useful durin~ traucle snooting operations,

since ~ trace of i~s actions can be used to construct.. a oeniivioral

'tree such 11$ thp t anovn in filure 5. tach pa~n throu~h this tree

represents a. cause-and-effect chairi 1n t"he bel¡;;vior of the

comprp.ssor. For example, voltage a.t the motol' causes the motor to
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(STATUS POWER:CORD
PLUGGED:IN)

I

(VOLTAGE
peeWER:CORD 110)

I

(VOLTAGE
MOTOR:CABLE 110)

I

(VOLTAGE MOTOR 1101

I

I

(CURRENT MOTOR 9) (RPM MOTOR 1725)

I

(CURRENT (SPEED BELT
MOTOR:CABLE 9) 37,633631

I

(CURRENT (RPM PUMP
POWER:CORD 9) 802.3256)

I

I

TANK PRESSURE (STATUS CHECK:VALVE
(CURRENT OUTLET 9) INCREASING OPEN)

SA-1530-43

FIGURE 5 BEHAVIOR TREE PRODUCED BY THE SIMULATOR

beg~n turnin~, which causes the belt to be~in Moving, .nd so on. A

" S1"lUl t.rac in g" troubleShootinK aigori trllT could use thìs tree to

generate a sequence of Questions for the apprentice with tne desired

resul t of .t1nc11ng woere breaks occur in the anticip¿ tea behavioral

Pa ti18. For example, when the cOMPressor's power cora is piugged

in, tne system could aSk if the pressure in tne tanK is increasing.

36



If "(ne answe;¡, is no. tileii a.nother qUe~l,iol1 COUld be genera l,eCl .lone
the Path J.:: the tree tnat. cC'¡1nec'ts ti1el'e two events; ,)~rnapS, II J.S the

motor turnJ.n~?" The ans~er 1,0 this ~uestion could :;e ~enera tea to
test it. FinallY. a siniile i~ulty linK wOUld be iaentified and

replacement of tne device component associated wil,h th~t l::nk could

be indica ted as a repair proceJure.

c. ¡'orK in pro~ress

The major elfort now ~naer way 18 the design and implementation of a

Pla.nninl! system that call (:en~ra. te instruction seque¡¡ces 101"

convertinl! a jevice from one ~rbitrary state Of as~emblY ::nto a¡iother

sta. te. The systE!M h~5 t-wo TT1a.JUl aspects, the plan construction
opera. tion i. tself and the representCi "ion of the p..a.nniIlg steps and

associated informa'tion. we ha v~ oeen 'Our suing these two aspec'ts

somew:¡a't Jep.ira t,elY ..nd will thUs De discuRsin~ tnem a~ inàiv::dual

pieces of work. -'H' a.re just beginning to J'eré'e tnei'l into an

integr~ted p~1nning system.

l. Plan Construction

Two of tne ba,ic oroölems being cons~dered in 'tnis effort are ¡1) 'tne

design of a model that will conl~':iii the informa. tiorr neeaed bY a

Planner. a.n (1 (2 ) the desi~n of an effective plannin~ pro~ram ~hat

will allow us ~o inuu't e2.silJr a. hu.na.n expert's i(¡ìowleaiie a bO U t.

as~emolin~ and d~sassenb¡in~ a j~vice.

One thrust ~i the niodel desie:!" eifoi-t is tlO def ine do set of

pre1icites thit can be usei in ~n intuitive wanner to ~uiid a inodel
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for the planner. A preliminary set of sucn ãefini tions for mOdellinl

the c6nn~ctions between the "toP-level" components of ~he compressor

is shown in Ta.ble 3. using tnese definitions. we can trace the

rela tionship cetween two components. saY the pump and the pla tform,

durin!! an aSSemb!Y o~era tion as follows: (REMOVED pump platform),

meanin~ the pump is not on the Platform; (POSITIONED pump Platform) ,

meanini the pumc has been posi tioned on the pl~tform reaQy tor

insertion Of the mounting bolts; (CONNECTED pump pla. tforiTl) . meanini

the mounting bOl ts have beer! started but not tirhtened; 'and

(RIGIDLY:CONNECT~D pump pi~tform). meaning tne Mounting bol ts have

been tiihtened. In a.ddi tion . it is usefui to think ot the

RIGIDLY: CONNECTED and CONN ECTED crediea tes as forming a. graph ai

Shown in Fiiiure 6. Tne t~sk Of removing some component X (perhaps

as a creliminary to replacing X), can b~ expressed a,s the goa.l of

breakini eac rr of the a.rcs in this connection grapn that link to X.

For eXample. we see from F1~ure 6 that reïl10ving the pump entails
disconnecting it from the platform, aftercooler elbow. pump p~lley,

puma brace. and oil dr.in nipPle.

ProKre~s is also bein~ m~de on ~n atteMPt ~o model the insiãe of tne

comcr~ssor i S pump (see FiKur~ A- 3 of APpendix A) so that assemciy and

disa3semblY sequences can b~ planneiJ at that level also. 'Ine

rela tionshi:: between components is much more complex ineide the pump

than for the top level of the comDressoi' we were discussing above. We

expect our mOdel to reflect th~S inere~seà complexity bY containini

SUen 1ntorma tion as orientation of components ~nd de~ree8 Of freedom

allowed bY connections.
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Table 3

MODELING PREDICATES

(CONNECTED B C)

Components Band C are fastened to each other.

(LINKED B C)

There is a chain of connections linking components Band C.

(RIGIDLY:CONNCTED B C)

Components Band C have inflexible shapes and are fastened to

each other in such a manner as to form an inflexibly shaped

subassembly.

(RIGIDLY: LINKED B C)

There is a chain of rigid connections linking components Band C.

(POSITIONED B C)

Components Band C are in position to be fastened together.

(REMOVED B C)

Components Band C have been disconnected from each other, they

are not rigidly linked to each other, and the rigid subassembly

of which B is a part and the rigid subassembly of which C is a

part are free of each other except for possible nonrigid connec-

tions between them.

(INSIDE B C)

C is an identifiable portion of the device that surrounds com-

ponent B.
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Our work on the 1esi~n and implem~ntation oÎ ~n ass~m~iy-diS~Ssembl~

Plann~r is concentrati~~ on mech~n is~s that will allow us '10 encode

easily semantic l'!1owlede:e about a device ~s given to us by a human

eXPert. For eXample, thp idea of a riannin~ opera. ti,r (as used in

STRIPS) ¡ He f . 31 cO:i1COSed 0f a preconaition formui~, a i1st ot

additions. and a list of dele'Liorrs, ha.s been generaiiz~d to an

a.rbi trs ry QLI::P plozra¡1! tha \, serves the func~ion of a sÜbplanner.

Hence. the" ocerator" fo~ UilliniÜng the motor from the pressure

switCh is a pro~ram tna t searcnes tje connection grap!1 to fino pa tns

between the metor and tne preS$iir~ switc¡) a.nd calls the planner

recursi velY to plan a ~et of jiscon~ectionstnat will Dreak ¿~i the

pa tns. the use of such SUb~lann~rs allows us to J.nclueje in tnein

stra teEv infor'in;¡ tior\. on:lerin¡¡ crefer~nce" . ~nd otner in formation

tYPicallY supclied bY a.n eXp~rt. Alao, i t see1TS t h a. i: most. Of the

search and selectio~ heucistics tvpicaily found in piannin~ executive

proiirarrs will be -:ontfLJ.!1ed 1. !' two I'U tt pla.nner, ttiat are the

"operators" for disjunctions and for conj unctions.

An 1mport::nt~ ba.sic design decision regcirdinir the planner is to

structure its planning a~tivity in a. ::ier a.rc hie a. 1 ,";c:nner ( ii! in

ASTRIPS. described earlier) . henc~ our systeM will crea.te "top
level" pla.ns with st~ps Of the ferm (POSIllOl' pu:;p pla tform) or

(DI ;:CONNEC'l metor platform). These steps, in turn l will he expanded

int.' More detailed pla.n s tha. t d.eal ~ith loosening bOl ts a.nd

unscrewin¡¡ screws. By structuring the pJ.¡.iillin¡, effor\.s in this
manner l we ex::ect to r~,i uce dl~sti~ally t.hl! COiíiPle.xJ. ~y of eacn

plaiinin~ task and therefore ~EDDC~ TEE Nt1D iú~ SOPrlI3ïlCATEu S~ARCH

TEChNII.UES.
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2. The procedural Net: A Ret'resenta tion for ~easonini about

Actions

For a nU~ber of Years there h~S been considerable controversy in the

artificial inteiiiitence communi ty over tne way in which knowledie

Should be represented wi thin a computer memory. one group argued the
virtues of a declarative representation; for instance, a collection

of predicate calculus Wffs in a nomoReneous data bale (Green, Ref.

10) or 9. set of rel.. tionil assertions in a structured data caae

(Quillian Ref. 11) . The declarative representation allows all tne

knowled iie in the syst~rn to be processed in a uniform way; cut, it

requires that the knowled~e he processed bY some rather general data

manipula tor wnich will ei ther be simple and therefore lack

goal~directedness. or else be complex and therefore nard to upda te

and imnrove.

On the other nand. proponents cf a Drocedural representation (e. g.,
Wino,ra,d, Ref. 12) point out tha.t procedures allow efficient
goal-directed processing. and are easy to uPdate. However, it i.

difficult for ¡ procedurally based knowledge system to characteriZe

What Imowlediie is avail~ble to it. Furthermore, it is difficult to

leave an appropr1a te r~cord of the invocations of the proceâures tnat

represent the system i s imowled¡¡e. A knowledge system tna t 11

en¡.ged in a mixed-initiat1ve interaction must know what it know. ana

know i..hat it is doing if it is to have us believe tiiat it

II understands. II
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To encoàe the Kno~iedr.e of our compùter ~onsuitant, We are taKini an

approach that will ~ive us, we oelii:ve, t"lle benefl. ts 01 ooth

a.pproaches to the rp.presenta tion is S Ue. ,"'e call our

representation a "Procedural het." It is a tl.ghtly structurea network

Of nod~!, eac~ of which maY contain totn procedur~i a.nd decl..ra ti ve

informii tion.

a. T~e structure of a Frocedur¿l Net

Each r!ode in a procedural net represents an action at surne ¡evel Of

C1et..:il. BY an action, we mean any operation tnat affects the system

which the net. is rnodelinii . (For the purposes Of the computer

consul tant, this means a.n act.ion taken by tne user or by a

!unctionini electromectanical device. 1 The nOdes are linked together

to ferm hierarchic~l descriPticns Of ooerations, ana to form pla.ns Of

a.ction. 'j'able ( 4) displa.ys tl1e fields of a node as tiiey are
currently formula t~d.

A cIa n maY be defined as a sequence of successor noaes. A

procedura.l net Ma.Y conta.in s~v~r3.1 plans a t different levels Of

deta.il.

The procedura i net maY be al tered in at ieast tnree ways. 'lne first
Of these is tne simulatjon of ~ne nest detailed Plan in the net. Ihis

is done OY eval Ua ting t~~ bOdY of cede aSsocla ted wi tn each nOde in

tne Plan. The resul t of ~ the eValuation Of ea.c~ no~e will b~ the

genera tion of offsprin~ nOdes.

43



Table 4

THE FIELDS OF A NODE IN THE PROCEDURAL NET

TYPE

QUERY

PATTERN

ARGUMNT

BODY

CONTEXT

EFFECTS

CHILDREN

PARENT

PREDECESSOR

SUCCESSOR

EXECUTED

May be GOAL, BUILD (up a class of

a class of objects), IS (for data

(for an arbitrary chunk of code)

objects), BREAK (down

retrieval), QLABDA

Expression to be typed to the apprentice, requesting him

to perform the action that this node is modeling

A template expression that describes to the system the

basic effect of the action this node is simulating

The particular expression that caused the activation of

this node

The code that may be evaluated to generate a more

detailed plan to achieve the effects of the action

modeled by this node.

The data context in which this node is to be evaluated

A list of expressions that are added to the data base by

this action

A list of nodes in the net that represent a more detailed

simulation of the action in question

A poin ter to the node

(This node is part of

action modeled by the

that has this node as a child

a more detailed simulati on of the
PARENT node)

The node modeling the preceding action in the plan

The node modeling the succeeding action in the plan

A flag indicating whether the action modeled by this

node was executed
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The ~econd way the net May b~ ~lt~rea is by CrJ. tic ism of t.he most

detailed pla n in the net.. criticism is accomplisned bY analyzing

the pr~conditior. and i;o~_i structure of the net "nii a tt.eiIpt.ing to

optiJTi~e the most (jetailed pla.rr by al t.eritle: the predecessor anå

successor pointers. The critics will haVe ~ucn the game effect as

the crt tics in sussman's HACKER ~ro~ram L ~ef. l3ì. but we expect that

the d~clarativ~ aspects of the prt)cedJral net. together with the
explici t rei:reSenta. ticn of goal-/:Ubgoa.l a.nd ~oal-precondi tion

relationstips. will enatle our critics to opera'tJe more effect.ively
&nd more efficiently.

The third Kind of net alteration is bY execution of th~ act.ions that.

the n~t. represents. In the computer consultant do~ain. execution is
the process of walkin~ an apprentice through the steps of a plan. The

level of aetail at which a st~~ in the plan is presented mal be

ea.sily varied ~y droPlinR ~own to the step i S offspring or risi"~ to

the l~vel of its parent. Thus. it s~ouid be po~siol~ to prese~t the

plan to the apprentice at a varYing level of aeLail. ~ased on ¿ model

of hiR competence at indi vidual tasKS, a.nd on how well ne is
proiressJ.n¡; on the task at hand. AS step~ arp. execut.ed. tneir
~odeled efípcts a r= ¿sserted in a context repr~senting "reality." and

the steps of the nlan are check¿q off.

b. Growin~ the Proceaural Net

The al!orithm for generatin~ a ~roceaural net i~ SiApl~. The t.op

nOQe in the net represent:: a ¡;lobal goal; e. g., (kE'P.ìACE.. PUMPl

PUMP21. The rrof.1e will also rp.preseiit a. one-step plan to achieve the
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loa.l when no details are considered. starting from this one-step

Plan, then, the net is eXPa.nded bY the foilowing aig~rithm:

1. Simuia. te each step in the most detailed plan. Thiii will
~enera te a new, wore detailed plan. Each step of the new plan will

haVe some node in the old plan as its parent.

2. criticize the new plan. This maY caUSe the new plan to be altered

or reordered.

3. Determine (Oased on some model of the difficul ty of the taiK and

the competence of the user) whether more planning is necesiiary. ( We

will need to eXPand the net at least seVeral leVelS OeYOnd our mOdel

Of the user's caPabilities so that we can warn him of an:f spec::al

problems he might encounter.) If more planning 111 needed, return to

stec l. otherwise. RO into" execution mode" aná begin talkini the

apprentice through the task.

c. Advanta~es of the procedural Net Hepresenta tion

The Procedural net will constitute a common representation for both

the pla.nninii and execution-moni torin~ phases of tne consul ta. tion

task. This will allow for more p.ffective response to failure

during ~xecution, since what amounts to a tra.ce of the pla.nner i 8

acti vi ties will still be arouna ior analysis. F'urthermore, monitorini

of serendipi tcus acnieveme~t of aspects Of the tasK at ha.nd will be

ma.de simpler bY the explici t representa. tion Of goai-suogoa.l

rela t:lonshiDs. finallY, the use oî a comMon representa tion
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for plannin~ a.nd execution allows for effective use of

in!ormation-~atherinl ocerations during Dlanning..

The eXPlici t structuring of f.oal-suOl!oal "n1 precondition- goal

rela tionshj,ps wi thin t.he net w~ll provide a facility by which tne

speech-understandiii~ portions of the computer consultant system will
be able to cett~r preaict tne course of diacourse aoout the on~oj,n~

task.

The Use Of critics wiii allow the systei~ t.o deal with problems

arising from interactions ~etween steps in the plan. ."1y relYJ.ng on

the critics to do this work, we can encode the knowledge of our task
domain b~' focussing on one local area of knowleage at a time. Tne

system can be built UP fro~ a collection of microconsul tants Which

are encoded '"oQularly. T t1e system will, oy use of the critic
approaCh, ensure that the microconsultants are worKinK 1n harmony.

The hier~rchical structure of tt1e procedura.l net will a.llow the
sy s tl!m to mOdel and to plan with conditional operators a.nd op~rators

wi th leaps. It will allow the system to ~odei the progress Of the
ongoin¡¡ task a t the level of the 1nterac~ion with the apprentlce. In

addition, the hierarchicallY structured declarative knowledge stored
in t,he net will a.llow the SYi!tem to answer que~tions aoout its

reasons and motivaticns for suggestinR particular cours~s 01 actions.

The system will be, in a real ~ense. self-aw~re.
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D. QLISP: A Lan~ua~e for the Interactive Deveiopment of complex System

Since January. 1973. we have been engaRed in th~ deveiopment. of I

high-level programminp; laniiuage called ~LISP. This worK has Deen

carried out. wit.h tne support of NASA (Contract. NA5W-20b6). The QLISP

lanlli1aie provides most Of the fea t.ures Of QAk (Hef. 6) embedded

within t.he INTE~LI~P system. ThUS, ~LISP provides a rich variety Of

da t.. types, a data ba.se for content-directed retrieval Of

expressions. i POWerfui Pa ttern ~a tchini capability, pa tt.ern directed
function invoca tion. and ¿ mechanism for manipulating data contexts.

These are all aVailable in a pro(rammini environment tna t. provides a

Versatile. LISP-oriented edi tor. an easy-to-use file pacKage for

ma1ntaininii symbolic files. a II pro~rammer IS assistant" that allows

commands to be undone or altered, and an error correction system that.

can fix many simple user errors automaticaii¡.

We nave used QLISP for some of the worK alreadY described in this
report. ¿nd we intend to use it as our oasic proirammin~ language for

the problem-sol vin~ portions of the computer consultant.

Durin~ th~ period covered bY this report. the basic features of the

la.!ill\.ue were implemented and incorpora.ted in a rather reliable and

easy-to-use package. ?ro~rams written in WLISP run about iS to ,,0

times faster than the correspondin~ QA4 programs. During the coming

Year. we plan to instaii a new Pattern matcher that can perform( . \unification matchin~ twc patterns, botn of which contain variacies)

as well a~ do simple matches more qUiCKlY. we will be develop1ng a

c0l1D1ler for ~LISP , which will speed up programs considerably.

Finaiiy. when the ilobrow-Wegbreit stacK model (~ef. oj is impiemented
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in INTERLISP. we will incorpora. te fac11i ties for pseudo-parallel

processin~ into ~LISP.

QLISP is available over tne ARPANET, ana n~s alreadY been used on a.n

experimental basis at seVeral s1 tea around tne network.
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III NATURAL LANGUAGE l~TEHfACE

A. Dialoir~

We lia ve been taçing dialogs D~twee~ two people worKin. to complete

repair tasKs in the wor~station ~nvironment. ïhe device we nave usec

for our experiment$ is the small air compr~SSDr ~e3criDed in APpendix

A. One Person PlaYs tne role of an expert aaviser; tae other acts as

a.n a ppren tice.

Our initial eXperiments ~ere done ~ith tne expert and the apprentice

in tn~ sam~ r Jom. In some of tne ~:xt)erinnents tne expert ana the
apprentice co~lj s~e ea~h ot~er; in ether experim~iits tney could not.
A major characteri~tic of these aialo~s Wa.s a coopera~ive cOIl1pletion

of ideas: one Of the dia log participants would start a sentence, and

the other wOUld complete it. Th:.t is. as soon a. s the l¡stener
thought he knew what the speaK~r ~aS trYing to say, ¡ie would in1icate

this bY compietin~ the thouKht. Loo!(in¡¡ ov~r these dialOF,S we

åiscov!!l"ed that sentence fr~gr'1ei1ts were at i~ast a.s common as

compl~te sen tences. communication is 5een as ~ sUbpari of tne whole

tas~ -- naMelY, coop~ratin~ to get the task done.

For a speecn system tc be able to understa.nd speech like this, it

WOUld ~ave to have an ~xtrem~lY stron~ semantic co~ponent. before
trYin~ to build S !lC JJ a. syste:n . W~ deciije1 to run a. series of
experi~ents to see how communicaticn ~ould ~e affect~j if the expert
a.nd tiit" =. p pre n tic e were not a.llowf;,j 1:0 in terru r; tea': n at h~ 1".
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A second oos~rvation from our first set of experiments was that the

amount Of vision availaole has a large efiect on the language used.

When the ~wo particiPänts can see each other. there is a much larger

amount Of àeictic (i. e.. pointin~) reference. since our system will
only have limi t.ed vision capabilities. we also designed the second

set of experiments so that visual information was restricted. ThUS,

this seC°!1d set Of exper1~ents serves as a closer simulation of the

system for whicn we are buildin~ a speech component.

The desi~n of the experiment is shown in Fi~ure 7. The apprentice,
the expert. and a monitor wno aervea as a link between them were all

in separate rooms. The apprentice and the monitor were connected by

microPhone anj earphone links. The expert an1 the monitor were linked

EXPERT APPRENTICE
(workstation)

MICROPHONE
COMPUTER
TERMINAL

TV
MONITOR

TV
CAMERA

EARPHONES

MONITOR

PDP-10
COMPUTER
TERMINAL

TAPE
RECORDER

EARPHONES

MICROPHONE

SA-1530-45

FIGURE 7 CONFIGURATION FOR DIALOG EXPERIMENTS
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throU~h computer connections to a POP-lO. The monitor typed wh& t tne

apprentice Uid to the expert an1 reaJ what the expert typed to the

apprentice. in ad~ition, the monitor WiS responsiole for seein~ tnat

the apprentice aid not speak whi le tn~ expert was typin~. Since oniy

one Person could tYPe at ~ time la feature Of toe lir.:in¡¡progra.m) ,

the eypert could not int~rrupt t~e apprentice. The whole aialog ~a.s

tapea and a tYPescript file w~s k~pt. O/l"en the excert wanted to see

somethiniC he had to req ûest tnat a '! V picture oe ta.Ken and

transmi tted ov~r the tel~vision ch1.nrr~l : only stilJ. shots were

a.llowed.
À c;;merJi operator was used so the apprentice wOUJ.d not oe

disturbed wrren the exnert aSKed for a picture of s~metning. This also

allowed the apprentice to point at parts and tools when he Wanted to

identifY tnem for th~ expert.

Placin~ a monitor between the expert a.nd trre apprentice haa the

effect of siowin~ j~wn the dialog. H~weVer the response time di~ not

seem to be ~uch zre~ter th~n wnat we can expect in tne next few years

from a speech understanding syst~m. The m~in eft~ct of this slowdown

seemed to be that the ~pprentice would go ahead and t~y things wnile

wai tine: for a response. Aside fro~ th~ slowdown caused bY messages

being typed. the p~rticipants d~1 not see~ at all hampered by this
means of coiimunica ti"n. In f~ct. WJat appears to nave hacpened is

that the listener would act on nis unJerstanainl I before an utterance

Was c~mpletej) rather than finisning the utterance (i.e., the speech

act) and then actin!.

It would be re~aonable to expect that th~ speecn input £roin someone

taki~g direction~ would te very limited. consistin~ ~ostiy of: "yes",

"no", and ii I Jon' t un1erst¿nd." our excerience indicates this is not
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the case. rhe a,p~rentice often takes the initiative in a task. He may

need to explain a problem. or ~sk a Question about an instruction he

haS just been given; he may w¿nt to propose the next step, or report

on what he has been doing. Answ~rs to questions are often far more

comt)11ca teJ tha.n a. ~imple yes or no. The amount and kind of speeCh

vary with the level of expertise of the apprentice. The dialog with a

naive a~prentice is filled with definitions of terms testablish1ni a

common vocabulary) a~d Questions about hOW certain operations should

be done. with an experienced a.pprentice tnere is less talk in

general: the dialog consists mostlY Of reports of what Ii&s been

or eXt)lanations of what the apprentice intends to do next.

done

Figure ö is pa.rt of a dia.loii with a naive apprentice WhO Wal

replacinl t~e pump and the oel t. Figure 9 shows part Of a diaiog with

an experienc~d apprentice (i.e.. someone Who had experience worKinl

wi th mechanical devices -- he had not worked with the air compressor

before) whose task was to assemble the compressor.

We are cont1nuin~ these experiments using different experts and

different apprentices. Different experts supply us with ideas about

alternate ways of wOl"Kin~ on a task and different terminoloiy.

Di!ferent apprentic~s with varyirrrr levels of sKill and experience

give us sorne data on trte adaptab11ity which will be required Of the

system. ~e are also ietting data on how the langUa¡e, planning, and

visiQn requirements Vary with the skill level of the apprentice.
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E:NOW REMOV~ THE PUMP

E:WHAT ARC YOU GDING fO 10 FIHST

A:HOW DO I iE~CVE TNH PU~P

E:iIHST YOU HAV~ TO RfMO" TH~ FLY'H¿"L

A: HOW CO I hf~OVl THi fL~ ~HliL

~:FIHST, LOGS EN r~E ¿ ALLEN HEAC SETSCREWS HOLUING IT TO THE Sh,.T,
THEN PJLL IT GH

A:O~

A:I GAN ONLY fi~~ GNE SCRó' ,HERES THi CTHER ONi

E:O. THE HUH OF THi FLYW~lEL

A:THATl TH! Ohi I fOUND Wni~rS THi OTHER ONE

E:A~OUT 90 ClG~ltS A¡OUHL THE HJR fiOH THE FI~Sf O~L

A: I úONT UNC~"ST"~L J c~~ ONL\ i ¡;:D ONE

A:O~. ~AIT y¿s 1 T~l~;~ I ~AS O~ ¡~t ~~ONG hH~tL

E:SHUW ME wHAT YOU J.!ìl: Dt~U~G

A:I ~AS ù~ 1~i ~~ON(; ~HELL A!iU I CAN flNL TH~i~ ~OIH NOW

A:Thi TOOL I HAV~ is
USE INSTEA,:

A'''K;.A ~¡j I~ 7~E~t A~OTrli~ ¡OOL T~AT I ~Ú~L~

E:ShOW Nt THi T\~OL ynlJ Ak~ USING

A:OK

E:A~E YOU 5t1HL 10L A~E U3I~G T~~ ~IGHr SIZE kEY

A:I'LL TRY serf vT",.S

A:I FOUND .N A5GLY I GAN CFT .1 IT

A:THE T~C aG~l~& Ah~ 10CSE ~lT 1M HAVING THOUoL~ G~TII.U lH~ .n~f. 0ti

E:USE THE wHE::l rJULi.€l-J rJ ~ou ~NC~ i~O~ TO ilS~ II 7

A: NO

E:DD YOU KNC~ ~HAT IT LC~.5 L1'. 7

A: XES

E:SHOW IT TC ME ?LhASL

A:Oj(

E:GOOD. LOOS~N IHt sc~~w IN ¡nY C~~ThH AND t~AC~ îH~ JAwS Ak00h~ IH~
HUB OF THE wH,lL, ThEa :IUHTEh lHi SCil~ ONTO TriE CENTLH OF TH~
SHAFT, THE .HLfL SHOULD SLID, Off

A:WHATS TH~ HUE OF A .MLIL

E:AHHHHH, TbATS THI CENTIN PORTION OF fHY .H~iL,
YOU THINK IT IS, SHOW ME PLEASE

~UINT AT .ii£k~

A:OK JUST A SECON~

E:VLRY GOOD, YOU AME HOLCING Ii ~ITH YOUR HAND

A:ONE OF TH. JAWS is STUCK AND I'M GOING TO LOOSEN IT

E:O!'

A:I HAVE T~E JAWS AROUND THE HU~ ~OW SHOULD I TA!'E IT OFF NO~

E:TIGHTEN THE SG~Ew IN THi CENTL. OF THE PULLIR AGAINST THE CINTEH
E:Oi THE SHAFT, THAT SHOULD SLIDE THE wHEEL OFF TH~ SHAFT

A:OK ITS OFF

A:A LITTLE METAL SEMICIRCLE FELL OfF WHEN I TOOK THE wHEEL OfF

EITHAT is CALLED A WOODRUFF KEY, IT KEEPS THE fLYWHEEL FROM rU~NINU
ON THE SHAFT, BE SUR~ YOU DON'T LOSE IT. NOW UNDO THE AIRLINE
CONNECTION AT THE PUMP

FIGURE 8 EXAMPLE OF A DIALOG WITH NAIVE APPRENTICE
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10157116 EiTHE PUMP PULL,Y SriOULD ¿~ N~ÁT.

10157132 AiYES UH DO~S ThE SIDE OF ThE PUMP PULLE~ wITH Trl~ HUL~S FAC~
AWAY r ROM THE PUMP OR TOWARDS IT~

10155112 ~IAWAY FROM THE PUMP.

10158122 AiALL ~IGHT.

10155135 EiLID YOU I~SKRT TriE KEY, I.t. THE HALF-MOON SHAPED P¡~C~,l

101~910h AiYES ï DID.

ll1UOI05 EieF. SURE AND CHEC. TH~ ALLIGNì1ENI Of THE TWO PULL~~S dIFU..
YOU IIG~TEN THE SET-SCRIWS.

11100111 AIY~S I'M JUST NO~ FIDatING WITh THAT.

11100151 E:C.

11101:04 AiTI~"TENI~J TH, ALLEN SCREW NOw.

11101117 iiCK. T~ANK ~OU.

11101153 A:THAT'S FINISHE~.

11102112 Eiey THE 'AY, ThEQE ARE T'O SEI SOPEWS.

11102:3h AiThANK YUU.

11102155 EiTHE ~~LT C.N ~E INSTALLED N~ÁT.

11103113 Ai1hE SECOND SEI SCA~' IS TIGHI~N~D A~U 1 PUT ON TrtE h~Lr
WHEN I PUT THE PULLEY ON b~CAUSE 1 UI~N' I KNO- HO' Tl~hr II
wcun bi.

111031!oh Jo~: Ot\. MA~f SUAE IriE HOUNTING cOLTS 'OH ThE MOTOR AAt ii~h1.

11104124 AIALl NI~HT.

11101151 AiTHE MOUNTING 60LTS AAE lIOHT AS IS ALL TH! pLJMSïHG.

11105105 E:G~cr. ALL I~Al htMAINS THbN, IS TO ATTACH THE ob~l ~uUbl~~
covi~ TO THo ~iLT eOU5I~G f.AME.

11105136 A:ALl h!G~T . I ASSUME THE ~OL~ IN THE HOUSING COVE.
THl POMP PULLEY R'Th~R ToAN TO THE KOTO~ PULLEt.

u¡Ji:,;,) lû

11106101 EiY~S. IHAT I~ CJ~REGT.
TO OOOL THE PUMP.

THE PUMP Pu~LEY ALSO ACTS AS A i~"

11106126 AiFlYE . THANK luU.

1110b:h4 AIALl RIGHT THE BELT hOUSING COVER is ON AND TIGHTE~E~ ~U'".

11:05:57 EifINE. NO~ LETS dEE IF IT ~ORKS. PLUG IN THE Po~l. CUkU.
CHECK TO dEE IF BOTH ThE MOTOR AND PUMP AriE ~OkKING AN~
THAT THE PRESSCHE IN ThE lANK is kISING.

11109156 A:ALL HIGHT.

11110106 ~ITHiRE IS ~o ON-OFf S~ITCH.
UNPLUG THE POWER CORD.

IF ANtlHING GOES wRONO, JUST

11110141 AiTHE PULLEY is TOO LCOS~, Ok TH~ HELT 15 TOO LOOSE RAT~£H.

11111100 ~IOK. ADJUST THE TIGHTNESS OF THE HELT HI LOOS~NINO TH~
MOTOk MOUNTING bOLTS AND SLIDING tHE MOTOR.

11111117 AiYES.

11 i 13 i 02 A I ALL RIGHT I'M TIGHTENING THE MOTOk MOUNTING HOLTS NO-.

11113115 EiOK. TriANK YOU.

111171h6 EIWkAT'S HAPPENING NOW?

11117155 A:I'M TIGHTENING TH~ LAST MOTOR MOUNT BOLT... THE hARDES! ONE
TO GET AT.

11115112 EIOK. THANK YOU.

11115132 Eil ASSUME YOU ARE USING THE SOCKET ~R~NCH ON TOP AND THE
BOX END WRENCH UNu'ER THE FLATFORM.

1111910h AiTHE TWO BOLTS or THE MOTOR MOUNT THAT ARE CLOSEST TO TH..
PRESSURE REGISTER, ARE NOT EXPOSEDENOUOH TO ALLOW THE SOCK..T
WRENCH TO GO OVER TH~ TOP.

111191h3 EiOK. I WILL MAKE A NOTE OF THAT.

FIGURE 9 EXAMPLE OF A DIALOG WITH EXPERIENCED APPRENTICE
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We have found these dialo~s have a structure closelY relateQ to the
structure of the t~sk . This s~ructure and its use in uncterst.nd1ng

natural lan~u¿ge are discussed in Hef. 14. BasicallY, looking at tne
structured history i! like looKing at an ouiline of tne task as

perfor~ed by the oarticular apprentice. SOMe parts of the tasK are
explored in more detail than others. The corresponding part of the

"outiine" nas more detailed levels. TWo thin~s at the same level in
the "outline" do not necessarily have to follow eacn other in tnat

order. In t~c t. this is one of the pla.ces where the discourse
hiinory d1fiers from a plan for carrYing oui the task. The discourse

history keeps tracK of tile order in which utterances were spoken. 1 t

is not concerned with whether this order is a necessary one.

8. Interaction Between the Planning and Natural Language ~ub5ystems

We nave al~o b~gun studYin~ the interaction oetween the lan~uage and

plannini co~ponents of the system. There are two areas where this
interaction 1~ cruci~l.

Fir!lt. the langua.iie sy s 'tem will need to F.et informa'tion from the
Plannlni comp~nent to determine suctasks and Possible problems a. t a

given sta.~e in the t¿sk. This is necessary ~oth for constructing the

dialoi history and for deterr.ining likcl~' fu ture utterances. At

present. we envision t~e plannin~ component of tne system proåucinC

plans in the form of an acY11c ~rach t~at encod~s ¿ partial oraering.

This ¡:,llows Opera. tions tha. t inust occur in a certa,in order to be

distin~uished from those tna t can be accomplished in 4ny order. tor
exaiiiple. a par'tial olan to remove the pump is shown in Figure 10.

The arrows snow the partial orderin~. An opera ticn at the neaJ of an
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BEGIN (REMOVE PUMP)

REMOVE BELT
HOUSING COVER

REMOVE AFTERCOOLER

REMOVE BELT

REMOVE PUMP PULLEY

REMOVE PUMP BRACE
REMOVE PUMP

MOUNTING BO L TS

SA-1526-3

FIGURE 10 PARTIAL PLAN TO REMOVE PUMP

arrow cannot be done until the operation at the tail of that arrow is

done. This represent¿ti~n helps both in predictini likely future
utterances (i.e., 11mi tinR the context) and in constructing the

discourse structure. Assume the last utterance expressed tne goal

represented cy some point in the graPh ordering. The next utterance

can be one Of three types: (1 ) it can give or ask for more

intorma tion about that ~oal, (2) it can express completion ot that

goal, or ()) it can express the goal represented bY some other point
in the (raph. In the example of Figure 10, if the apprentice has juit

been told to remove the pump pUlley, likely next utterance. are:

(1) How do I do it? or, Do I have to pull the .crews all the way out?

(2) OK, it's off.
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(3) Why can i t I take the aitercooler of! firat?

It is clear hOW this aids the di!cours~ structure. An utterance Of

type (1) adds a new entry to the structure at a lower level. An

utterance of type (2) or (J) c¿uses a new entr~ at tne same level.

Second. a get of general opera tors and rela iions must be decided on.

L1nfuistic statements will then be mapped into these opera. tors and

relations. This is nesessary for ãistiniuishing different meanings Of

the same word (e. R., "unscrew" in "unscrew the aftercooler elbow" and

in "unscrew tne belt housing ~over") and for mapping leneral words

into their meaning; in the current context (e.g., "put" means

differ~nt things in "put the nut on the bolt" and "put the nut on the

ta. ble" ) . The langua~e system Nill need these general opera tors and

rela tion.s to understan1 thinu like "Got it loosened" solves the

problem "Bolt is stuck".
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I v. PERC Ef''l; I ON

A . Introduction

our primary úoj~ctive is to develop computer based systems th. t can

be rapiâlY taia:ì't to understana (i.e., answer questions aboUtl any

class ~f pictorial scene. This objective encompa sses tile visual
requirements of many a~piica tions inciuding, specifically, rooots and

the com cu ter- oa. se'j co::sul ta lit. We are currently pursuin~ this
objecti ve on two compi~Mentary fronts. which shouiO begin to m~r~e in

the co~in~ Ye¡r. First, we are continuing w01"1\ en stra tegies for
loc:a t:1nii otjects on the basis of distinguishing features. i~e nave

sucess fully a~llonstra ted manuaii~ ~eveloped stra te~ies for iJ-nàing
obje~te in a room scene (Ref. 15J and are now trying to emulate the

re&sonin~ necessary to pro tram sucn strate~ies auto~atic~llY. Oojects

will oe designa ted to the co~puter by circling eXam pies wi tn a cursor

in a displayed iMage. ~ne resultin~ program will tnen oe run on

representa ti V~ scene'3 a.nd debug~ed interacti vely a.s errors
ma teriali ze. Second, we are d~veloDing techniques for obtaining
re~sonablY c:;r.plete expl::na. tions of scenes detailing major objects

and ev~nts ¿nd now they rela te sem~ntically. An intera.ctive scene

interpret a tion systerr J1a s been bU1.1 t tna.t a. tte!':Jts to rule out

ambiguous local interpreta tions usin~ giooal contextual constraints.
The system appeals to a tutor for additional knowledge and a.dvice

when i t ~ets stuck.
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A third effort has be~un, concerned specificallY with satisfying the

vision requirements of a. computer consul tant set forth in our

manaiement plan. The principal acco~plisnment to date has oeen the

!orlnUla t.ion of a thorough research and development plan, outlinin.

the reQuired capabilities and how they will be acnieved. WorK is now

under WaY in support of graphical communications wherebY both man and

machine wiii be able to desi~na te ~ojects to eacn otner bY pointing

at them. The shape represen~a tions and geometrical models àeveloped

in this regard should allow our scene anaiysis systems to be utilized

in the computer-consultant domain.

B. Locating Objects by Distin~uishing Features

our resea.rch plan for this project was first to experiment with

manUallY pro~ra.mmed strategies for finding object5 in an office scene

based on their distinguishing fea.tures, and then to autom~te the

prorrammin¡ process. In tnis section, we s~all first demonstra te

the effectivenesl! of the dietin&( uishing fea. tures approacn, by

describin( some manuallY developed strategies for finding common

objects in a. simple room scene. We shall tnen demonstrate some

comparable strategies generated by the computer on the basi. of

proira~ mo~ules abstracted from successful manual strate~ies.

1. Generating Distinguishin~ Feature strategies InteractivelY

To facili ta te the development Of distinguishing teature strategies,

We c:onstructed an ii'iteractive system, r~is (Ini:eractive scene

Interpreta tion Systeiii , Ref. 15) . Tnis system allows an

experimenter to define basic perceptUal concepts for the COIiitluter

62



using pict.orial examples. strateKies SUCh as tne telephone iinaer,

thOIltjh trivial to ae~clil)e to a ¡:ersolJ, Õ/oulo take montns to
tranSla te into code usini; conventional progru,ining systems. The

diffic1Jl ty stems frcm the c:wkVì..ràness of Ior:.a.liun, pi'imi ti ve

descriptJ. ve concept~ (such as tlack, rect¡iigular, horizontal) GoB

symbolic programs.

In 1SIS, examples ..re desi~natea graphically by encircling portions
Of a displaY~d il") d.?: e with a cursor'. G~ven c: pJ.ctoriai examp.le, a

representation can be etipirically constructed oy trying iea ture
extra.ction opt!ra. tC'r! in order of ~ncre.asing coroplexi ty untii tne

eXarncl~ iR SUif~cierrtlY distin~uishea fro¡~ previous::y determined
representa tions. concepts se defined constitute a common vocabu~ar~,

Shared bY ma. rr and machine, thiit can oe used syrobol,¡(.c:,lly ~n

describin~ objects and steciiyinl Scene acalysis procedures.

Briefly. the rOle of isis in stra te~y development can re expia~ned as

follows. To describe concepts in ~erms of th~ cD~~uter i s primit~ve

functions, (I, hUMan rnu~t know (or Ce aole to determine easi,ly) wnat

thO~e prifi;L t~ VI" functiQIJs can diatiliguisl1. ISI~ prov~aes a.n

experimenter with tools to chco~e Dri~itive tunctions ern~ir1caiiy.
The system first ~enerites a color display of the scene. Th~S d~splay

conveY5 qualitativelY which color ooundaries are easily discriminated

by th~ computer. The experimenter can circle regions 01' the
disDlayed image a.nd obtai ., fr::m the sy,stl";r a. vera.i;e or extreme

numerical values for local surf¿ce attribute~ sucll as heie;ht, il ue. ,

sa. tura tion, arr.j orientation. dy 'PPIYing such operators to examples

aná counterexamples of pit: toria i concel'ts in tne iiage, he can

discover whicn opera tors SUfficientl;y discrviina. te a.n ooject.
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prooosed aescrlpticns c~n be tested Oy requesting the system tc

illuminate all parts af the displayed scene that correspond to the

descri'Otion.

The oasic scheme underlying distinguishing feature strategies is tc
rapidly
samol:1ni

disqualif~ obviously irrelevant area.s of 't he scene by

for characteris tic attributes Of the de.sired object.
Ad(1i tional local properties are then tested to elimina te those

sarrro1es belonr.inl! to other ob.1ects th.. t sha.re tne aCquiBition

attributes. The sur f::ce containin!! the acquired samples is then

bounded and tne resul tin~ surface tested for appropria te size and

shaoe. We have interactively 1eveloped proifams of this sort for

findin~ various objects commonly found in office scenes (e. g., ta~le,
door, wall, picture, and floor).

A ba.s1c plan for findin~ a door mi~ht consist ot acquiring samples at

a heiiht likely to contain few thinu besides a door, and then

valida tinr by elimiila ting those .samples which on the basis Of

rema1ninii local a.ttributes hive low likelihood of being part of a

door. The door boundary is then obt.ineá by growing a region around

the initial samples uSing attributes such as hue and Sa tura tion. one

al terna ti ve approach. illustrated in Figure 11, would be to first

Scan downWard from the top Of the ima~e to a point whose neilht. is
uniQue to DOOR ~nd W~Ll. The ed~e Of the door is then obtained by

scann1ni horizontallY from this point for an a erupt cnange in

saturation. ( Doors in SRI offices are deep bro~n wnile walls are

tan.) If tnis ed~e has sUfficient vertical extent. tne door boundary

is inferred bY a special vertical rectangle oounding moàule (Vkd)

from the Known shape and size of our ,Jf fic e door s, and the local
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(a) IMAGE IS SAMPLED VERTICALLY DOWN ITS
LEFT EDGE UNTIL A HEIGHT.; 2.8 FEET IS
OBSERVED

(e) IMAGE IS SAMPLED HORIZONTALLY LEFT TO
RIGHT ALONG THE LOCUS ESTABLISHED IN
STEPS (a) AND (b) UNTIL A SATURATION
DISCONTINUITY;; 0.2 IS DETECTED

FIGURE 11

(bl IMAGE IS SAMPLED VERTICALLY DOWN
RIGHT EDGE UNTIL A HEIGHT'; 2.8
FEET IS OBSERVED

(d) A BOUNDARY IS COMPUTED ON THE BASIS
OF LOCATION AND SURFACE ORIENTATION
MEASURED AT THE DETECTED EDGE POINT,
AND A PRIORI KNOWLEDGE ABOUT THE
SIZE, SHAPE, AND HEIGHT OF DOORS

SA-1187-13R

OPERATION OF DOOR-FINDING PROGRAM
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surface orientation is the~ measured in the image on the door ~s siOe

of th~ discontinuity. Finaiiy, tne co~puted edges are confirmed bY

testinr for evidence of the predicted oaundaries in the image.

isis makes 1 t very easy to empJ.ricaiiy evol ve these ad noe

stra teiiies. One c~n interactively specifY arbitrary predicates for

scanni!'t til tering. or region-p;rowinii , and immedia. tely see wha.t

ambiguities arise. APpr~priate validations can toen be proposed and

tested. It is readily seen where a program is ~oing awry, and Why,

and usuallY just as ea~y to quic~lY attempt something new. A

library ot useful mOdules like VHB were developed in the course Of

experimenting wi th str~ tei1es such as those outlined (see Ref. 15 for

a list). More important th~n the modules, however, are the strategy

schema ta tha. t we IIa ve abstrlicted for genera.ting such programs

automatica.lly,

2. Prorram Schemata

Distiniiuisning fea ture stra teg1e¡; can t,e scnema. tized into

acauisition. validation. and bOunding phases. Specific techn1ques

for acc6MPlishin~ each phase are chosen from available modules on the

basis of current information about the cictorial domain.

The :~ost straightforward W&Y of acquirin~ samples Of tne object is to

filter randcm pic~ure samDles. rejecti"~ any sample tha. t falls to

pass a predicate descriptive of the desired obJect. For example, the

Sampled scene maY oe £i1 tereá ~o reta.in only those sal'ples at a
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cert¡¡iiiheight. ur alternativelY, the scene can be scanned in order

to detect distin ~uisnin~ bound~ry discontinuities.

Acquired sa.mples are validate,j Oy checllinf a,:jji tional local
characteristics that aistin~uish the desired oDject from others with

common acquisition attributes. These addi tional attributes may

be eXa~ined seQuentially, reducini the number of sainples th6t must be

examined by successive tests. The order of testin¡ C4n ~e aevised to

miniinize total cost \'y ijeferrin~ computa tionallY expensive

procedures. At sorne point, the cost Of planning the optimal order

will exceed the cost of simultaneously uSing all remaining attributes

to classifY samples as belongin~ to possible objects. 'lhose sa.mples

jUdied likely to belong to toe aesired o~ject are retained. The

valida tion of bound~ry samples errt~ils testing the type of bounda'ry

(e.r. . II color boundary of a certa.in streniith, its length and

orient a tion) . A common boundary validation is to use a mask to

CheCK for suitable lengtn.

The final bounc1ing Phase is accomp1J.3hpd in Various ways. If a

sui tably constrained mOdel is a vaJ.lable. exp~cted toundaries ca.n be

pro.1ectej onto the iila~~ and validatej using extent roasks as above

I Rei. 15) . In the absence of sucn a model. ~ region may ue grown

around Valida ted øoints; neigncors uf v~lidated saruples that paSS a

chosen vredic¿ te (often tne acq uisi tion preùica ~e) ..re adùeà to a

puan-down sta.ck. Nei~hbors öf points on tnis stacK are th~n eXamined

recursi velY. All accepted pOints are collectea toi;ether l.n to Ii

region. A qUiCK. crlJal' boundary for a set of sa~ple$ can also be
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obtained OJ coroputin~ a convex hUll. Finall,Y , tnere are special
purcose modules that can produce the best global Qoundary for various

common surfaces (e. ~.. horizontal or vertical rectanF, ulrrr surfaces)
con!istent with a set of det~cted edge points.

3. Gen~rat1ng stra.tegie~ AutomaticallY

our aoproach to automatic stl"a.tegy lien~ra. tion is to emulate the

reasonini of a human nrogrammer trYin~ to locate oOJects in a scene.

The programmer has a ~oal (or set of ioals) to be achieved (such as

findinK the table top), and he has a.va.ila.ble knowledge a.bOU.t the

world. a. set Of useful pro~ram ~odules. models Of those modules that

indica te their prerequisites. a.nd fina.llY. the basic distinguish1.nl

feat~re strategy schemata.

The Itener¡. tion process is flowchartej in Figure l2. Tne system

first checks to see if any existing Plan mignt be of use; if one is
apPlicable. then it is executed. otner~ise. a checK is m.de for

applicable modules. If so~e are found, then any preconditions are

handled by a recursi ve call on the planner. Thus, if vIoa 11

applicable for findini the object. tne planner must next tacKle tne

SUbfoal of findinl1 edge points expectea as inpu t. If the

preconditions can be satisfied, tne plan is eXec~ted; otherwise, (or

if there were no relp.vant modules) acquisi tlon a.nà valiùa. tion

features g,re selected for the default strategy. After execution,

global fea. tures oire checked to ensure tha t the desired object has

been found, wi th hi~h confidence. If satisfactory, the system

exi ts. otoa.rwise i a decision ~s made to resume execution looking for
another object or to select an alternative plan.
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RECURSIVE CALL
TO PLANNER

No

DEFAULT PLANNER

FIGURE 12

EXECUTE PLAN

No

PLAN GENERATION PROCESS

SA-1530-46
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The selec~ion Of distin~uishing and cri terial aCQ uisi tion fea tures

for the def1ult scheme involves a mixture of pragmatics with elements

of decision theo~y. Acquisi t10n a ttrJ.butes are chosen on tne basis

Of how well t.!ey distiniiuish tne ooject from other objects, how

crJ, terial (i. e. characteristic) theY are to the object, and hOW

costly theY are to mea.sure. Local attributes (such as hue or

local orientation) tend to be deterMined more easilY and reliably
tha.n dO ~looal ones (such as size or shape). Glocal attributes,

however. are often more cri terJ,al than local properties. In some

cases. it !iaY oe advis.ble to first locate another object and use

that ohject to localize the de~ired one. A human programmer can

intui ti velY weigh the aVailable cnoices. The automatic programmer

must r~sort to quantitative criteria; they are currently provided by

rout1nes to compute cost and confidence for some operator or mo~ule.

Cost is computed (in miiiiseconãs) from the expected effort entailed
in apPlYinc the operator. Confidence is a meaSure of the reliability

Of a hypothesis based on tne o~era.tor' s performance (e.g., the

prObabili ty that samples selected bY the operator belong to a iiven

object) . It is expected that these computations WJ.ll be performed

only once in a given context and the results looked up in succeeding

analyses.

The modular stra. teiiy scheme descrJ,oed a.bove eases the task Of

genera tinii stra. tegy pro~n.rrIS . Ijach phase has very explicit

objectives. Durin~ acquisi tion, for inst'lnce, the progra.m is
trYinr to locate samples from either the surface of an objec ~ or from

its bounda.ry. It is ?lau~ible. then, to associ;. te specific
error modali ties witn each objecti ve and to build in appropriate

checks and countermeasures. Ì"Jcreover, the system can inciude
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al 'fer'na. ti ve methodS Of iciiiev1.n~ ea.ch suogoëël. For example, a

horizontal Plane mign'f ~e acquired b) 10uKinr for sa~pies of a gi yen

heii j¡ t a.nd orientatio~. or al'fern~tivelyi if these data vere noisy,

by acceptin~ ~ii :,2 "1P~es be'fween 'fw'J l1eir;nt e )('frt:Me¡;, ana tben

checkin~ for ccn~iguity in other featu~e$.

4. Experimental Results

The pro\lram3 snown in Fil!ures 13 and 14 ..ei'e generated autoITi:ticaii,y

according to the paradi~m of Fi~ure 12. fhese programs will Oe used

to illustrate important feä tures of tne Planning process, notao~,y tne

integrat~on uf pra~~atic decisions with utility analysis. Note,

also. !10i'¡ execution and exa¡;:ina 'fian of inter:.m resul ts are
interspersed witn further Dlannin~.

Figure 13 traces the develoowent of a program for finding a tacle top

(TrNP) in scenes such as that shown in figure lS. 1~ne i of rigure

13 shows the initi~tion Of the process. fINl,(TTOP). 'rhe first
sUbe~a.l (an executable LISP form) is ~enera ted 4nd executed ceginning

in line 2-- (~CQUI~~ lTOP). This f~nction first attempts to find a

pla.n for acquiring soine sample~ uf TiUP. ~hen no existin, plan is

found. ~noiher c~eck turns up an aQPlicable module, HORIZONTAL. Tnis
mOd ult' is addea to the goal li~t. and expanded by the system in line

7. Line 9 J.ndicates that HO~IZONTAL uses P~!GriT ana OHIENT ( local
surface orienta tion i as pra¡¡Iß2. ticacquisition fea'fures. Tne

expected confidence and cost due to tnis module appear nex'f. The

confidence th~ t any s~mples oassing the height and orientation checks

will belong to TlOP is 1. 0, since 110 other knoiln horizontai oojects
have the sa,me heii!h ¡, as the taclt'. The expansi ~n of the rooduie
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1 l'ND:
Belinnin~ planning to fina TTOP
*** execution of forM:
(ACQUIRE naP)

ACQuisition piannin~:
NO existin~ plan for TTOP -- attempting to generate one
Module selection:
APplicable modules are: ((HORIZONTAL TTOP))

*** execution of line 2 complete ***
*** execution of form:

(HORIZONTAL TTOP)
Horizontal surfac~ acquisition pianning:
Horizontal surface module
Horizontal surface acquisition pl~nning:
Locating TTOP using height and orientation for acquisition
Horizontal surface acquisition:
Expected acquisition confidence is -- 1.0
Horizontal surface acquisition:
Expected acquisition cost is 4700. milliseconds

*** execution of line 7 complete ***
*** execution of form:

(SAMPLE-WINDOW SCENE 1291
Sample-window:
Sampling current window at density of .00911

*** execution of line 13 complete ***
*** execution of form:

(FILTER-WINDOW (LAMBDA (Xl
(AND (LIMITP

(lIMITP

2

3
4
5

6
7

8

9

10

11

12
13

14

15
16

(QUOTE (2.14 2.66) I
(HEIüHTS X))
(QUOTE (-3.05 3.05))
(ORIENTS Xl

17

18

1i1 ter-window:
1il tering window
1il ter-window:
5 samples accepted

*** execution of line 16 complete ***
Horizontal surface acquisition:
There are no ambiguous objects remaining
*** execution of form:
(VALIDATE TTOP)

Validate:
Validated confidence (using
Valida te:
No ambiguous

*** execution of
*** execution of

(BOUND T'IOP)
Module seiection:
APplicable modules are: ((BOUI---HOt(IZONTAL

*** execution of line 2S complete ***
*** execution of for~:

(BOUND-HORIZUNTAL TTOPI
Bound-horizontal:
Growing surface from acquired samples
using acquisition predicate

*** execution of l~ne 28 complete ***
*** executiori of form:

(GROW-SAMPLES (LAMBDA (X)
(AND (LIMITP

TTOi'1 I

19
20

21

22
(HUE SAT ORIENT HEIGHT I I is: 1.0

23

24
25

oojects
line 21 complete ***
form:

26

27
28

29

30
31

(LIHITP

(QUOTE (2.14 2.ó6) I
(HEIGHTS X I )
(CõUO'lE (-,3.05 3.051)
(OHHNTS Xl

32 Grow-samples:
Gro~ing outward from current samples

33 *** execution of lin~ 31 complete ***
DONE

FIGURE 13 PROGRAM FOR FINDING TTOP
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1 FIND:
Beginning tl anrÜn~ to fiI1d DOù¡.
*** execution of fcr~:
(ACQUIRE DOOR)

ACQuisi tieD piannin~:
No e~istin~ plan for DOON -- attempting to generate one
MOdule selection:
No applicable modules, def~ulting

*** execution of line 2 complete ***
*** executi~n of form:
(DE¡"AULT DCOh)

*** execut.ion of line '' cennclete ***
*** exec u ticn of íorm:
(DFLT-ACQUIR£ DOOR (hEIGrJT (3.19 . 5.2b)))
*** execution of line 9 complete ***
*** executi on of form:

(SAMPLE-~INDOw SCENE b~)
Sa.mple-window:

. Sampling current window at density of .00593
*** execution of line ii ccmplete ***
*** execution of form:
(FILTER-w INDOW (LAMbDA

2

3
4
S

6
7

8
9

10
11

12

13
14

(X)
(LIMITF (QUOTE (3.19 .5.20))

( H F~ I G H T S J. J

15

16

Fi1ter-wincto".. :
Fi1 tering window
Filter-window :
25 samples accepted

*** execution Of line 14 complete ***
*** exec uti on of forro:
(VALIDATE DOOR)

J salf1tles selected frol1 acquis:: tion samples
Valida tion confidence is 1.0

*** execution of line iö cOI1Plete ***
*** execution of form:
(BOUND DOOR)

Module selection:
A PPlica ble Ilod ules are: ( (BO UND-VER'l Doùk))

*** execution of line 22 complete ***
*** execution of form:
(BOUND-VEPT DOOH)

HEIGHT not app~icaoie
Gro~ing on basis of (SAT HUE)

*** execution of line 25 completp. ***
*** execution of !or~:

(GROW-SAMPLES (LAMBDA (X)
(AND (LJ,MITP 1.0) )

17
18

19
20
21
22

23

24
25

26
27
28
29

(LIMITP

(QUOTE (.317
(SATS X))
(QUOTE (4.74
(BUl;S Xi

120. ) )

30 Grow-samples:
Gro~in~ outwaro from current samples

31 *** execution of line 29 complete ***
DONE

FIGURE 14 PROGRAM FOR FINDING DOOR
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causes new pro~rarn steps to be addp.d to the plan. The first of these

in ¡ine 13 causes tae current window (in this case, the scene) to be

SaMDled at an aJeQua te density determined bY the ta~~e i s known size,

anticipa ted range. t!H~ viewing an ¡¡ It: , and other a priori model

informa.tion. Tne ~ampl1ng produced bY this routine is shown in

Figur~ l6. This sampled image is then filterea usinl a predieate

generated by HORIZONTAL (LIMITP J.B a. LISP predic¿ te for checking

whether the value of a function is between two limits). The

predicate is applied to the samples in Figure l6, a.nd only those

passini the tests are retained. The filter passes seven samplea, the

bounded let shown inFi~ure 17. This concludes the aCQuisition phase

of the program.

In the validation phase. tne samples are cnec~ed to ensure (as well

as can be determined I that they do belonl to the t~ble top. In this
case. all acquired sa.mples are retained. The valiaa tion

contidence is 1.0. and tnere are no ambiguous ocjects.

The final operation is to bound &ccura tely the surface encompassini

the acquired samples. Again. a specialized moaule for coundini

horizontal surfaces is used. This module generates code to grow the

surface. startiniæ from the acquired points by recursively inciuding

all neighbor sa.rrpl~s sa tisfyin,; the ini tial sample acquisi tion

predica te. The resulting boundeà sur face is shown in Figure ló.

Figure l11 details a. progr~m f~r finding DOORS. As no applicable

plans or aCQuisition modules exist. the system utiiizes the default.

schema. ta based on known attributes of doors. ùefaul t planninc

requires the selection of applicable detectors. Candida t~s a.re chosen
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FIGURE 17 OUTLINE OF SAMPLES ACCEPTED BY FILTER
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in two waYs: First. the ran~es 01 attribute Values for the object

are examined and detecturs for peaks in ~hose raìlg~s are selected.
This ~llows the system to choose criterial detectors with no tnougnt

to tiie distinguiaha oili ty of objects t&osed on those detectors.
Addi tional ,je'tectors are tnen chosen from segments of the attribute

ranres which mini~ize the ~umber of a~bi~uous objects.

From the resul tinF set of cri terial and distinr. uishin~ detectors the
system selects optimal SUbsets for acquisition and validation. In

Figur~ l~. a ran~e Of height vaiue~ WaS selected for aCQuisi tion in
order to cheaply obtairr a minimu~ set of ambigUous objects.

The im.aie is ac t ua iiy Sampled in line 11; tne resulting sampled

picture is shown in Fip,ure 19. Tnese raw samples Qre next £i1 tered

with the d1 stinn: uishing height prectica te s hcnot in Line 14,

eliminating &011 but the 25 points. shown bounded 1n ligure ~O.

Validation has been handled as a bottom-up classifica tion proolem.

Eacn aCQuired sample is classJ.fied on the basis of all its ¿ttribute

valUes a. s l.elon~ing to sOIi,e odect (s) wi tr: some confidence.
currently. J.f the confiàence tnat a sample belongs to tne àesire~

object is greater than 0.85. tnen it is retaJ.ned; otnerwJ.se, .1 't 18

discarded. In the DOOR examp1e, tne six points sDown in tne ucper

right-nand corner of fiKure 21 were ret~ined cut of the origina.l 25

acquir~d.

Fina.lly. the outline Of the door must be determin~d. '1' he moa ule for

boundin~ vertical surfaces is chosen. 1'his prop:ram genera tea a

predicat~ for the re~ion-~rowin~ routine mentionea earlier. ¡ÜIGHT
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FIGURE 19 OFFICE PICTURE RANDOMLY SAMPLED BY DOOR PROGRAM
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FIGURE 20 OUTLINE OF SAMPLES ACCEPTED BY HEIGHT FILTER
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is ùisv.arà~d 45 a use1 ul attribute (since the door covers almos~ the

entire- extent of hei~hts 1n the scene) in favor of a combina tion Of

hue and saturation. The resultine outline of ~he door 1s snown in

Fiiiure 22.

5. Disc ussion

The goal Of locating a SPEcific object in a scene avoids the harder,

less well-defined problem of descrioiiip; the scene. Tne sy sterr

relies he¡¡vily .,n inforrna tion from different sensory mo1ali ties to

describe objects in terms that are sema.ntica-I1Y reI;. ted to the

object. Thus a horizontal surface is characteri~ed by heignt

and orientation. In p monocull1r bla,c1( and Whi te picture, SUCh

a ttribl.tes can onlY be inferred after identifying the ObJ~ct and all

Of ~ ts suppcrting structures. wi th the informa tion air~ad~ aV¿iiaDle,

We c~n make use ot it to directiy isolate tne object J.n the scene. we

feel that our distin~uishinE feature schemata provide g, :: eUective
fraroework in w~ich to inte¡ra ~e rnul tisensory data.

The id~ntification and correction of pro~ram bug ~ rni~nt oe considered

the es~en~ial stren~th of the human pl"ogra.mmer. It ::s this
strene:th tha t must be emulated to provide a robust system cQpacle of

generalizinR its own pia~s to overcome unforseen cont iniiencies. The

pro¡ra¡rminf. system anticipates certain types of recurrine: ougs that

will occur befor~hand ind inserts cneCKS at appropriate ?oints in a

pla::. for exam ole , local validation can be viewed as a chec~ for

errors of commission durin~ acauisition. ûlobal valida. tion is
perfClrr:ed in anticipa tiCln of sys~ema.tic errors arising during

aCQuisi tion and boundin~. ChecKs for anticipateg prob::em areas
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FIGURE 21 SAMPLES RETAINED BY VALIDATION

FIGURE 22 DOOR REGION EXTENDED BY GROW
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(such as occlusion) can oe included by an analysis of their effect on

the rrocess of boundin~. The basic Philosophy :followed, tnougn, is
not to coiipl1ca te a stra.tegy unnecessarily 0/ anticipatJ.n~ all

Possible co~ti~~enci~s. Should a program actuallY fail, we would then

try to pa tcn it, by interactivelY experimenting wi tn addi tional

constraints. The worlò model would then oe upJa ted to preclude a

rec urrence.

Our emthasis on distinguishing features should not be construea as a

denigra tio!' of other worK on compleax representations. Our

contention is that aithough cases will arise that wilL require suctle

tests to differentiate among several objects, t'or trre most part
relli ti velY bimple descriptions will sUffice. Furthermore, it is our

intention that tne system we are buiidin~ will provide a conceptual

framework for includir;g the best ava.ilable iaethoás for locating and

representinn~ perceptual information. we ¡Hive begun cy mOdeling

som~ "i the simpler processes ~i th respect to the tasks for which

they are useful. their cost. and their expectea types Of errors. we

will pxtend this modeling to allow ~s to incorporat~ any effective

proc~dures and representations, dev~l~p~d CY ourselves or otners.
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C. Reasoning About Scenes*

1. Introduction

The previously described object finding techniques, though adequa.te

for simple room scenes. na. ve some obvious limitations as ienera.l
strate~ies for perception. These techniques rest on tne fact tnat it

is often possiole to distinguish amongst a li~ited number of oojects

solely on the basis of iocally perceptible attributes such as hue,

he1iiht. a.nd surfa.ce orients. tion. However, in less constrained

environments, or with less complete sensory da ta. (i.e., black and

Whi te i!'aiies) it iienerallY is not possible to assign uniq ue

intercretations to PLrts of a scene taken out of context. Different
Object! may hive simi~ar appearances. wnile objects beionr.ing to the
same functional class can have strikingly different appeara.nces

(e.il.. coffee cups) . Ambiguous local interpretation must then be

ruled out bY usin~ contextual constraints to achieve a meaninc fUl,

globally consistent interpretation of the whole scene.

Let us illustra te with a tri vial example the style of reasonin¡

entAiled in scene interpretation. suppose tha t a. segmenta tion

procedure ini ti¿llY partitions a room scene into regions as shown in

Figure 23. The labels in the figure indicate tne possible local

intercreta t10ns of tnose re,ions, ba.sed on their J.ndi vid ual

attributes and the descriptive semantics given in Table .5 (a) . For

*The work reported in this section was partially supported by ONR

under Contract NO. Noooi4~1l-C-0294.
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Table 5

PARTIAL LIST OF SEMANTICS FOR DOMAIN OF FIGURE 23

( a) Descri pt i ve Semantics

1. Floor: height = 0 in.
orientation = horizontal

2. Baseboard: o in. ~ height ~ 6 in.

orientation vertical

3, Wall: 6 in, ~ height ~ 84 in,

orientation vertical

4, Door: o in, ~ height ~ 74 in,

orientation vertical

5, Picture: 30 in. ~ height ~ 70 in,
orienta tion vertica 1

(b) Relational Semantics

x, (NOT (ABOVE WALL DOOR))

y, (NOT (ADJACENT PICTURE DOOR))

z. (HOMOGENEOUS DOOR)
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example. w3 must be part of a door, since doors are th~ onlY vertical

surfaced objects tha t ~xtend from floor Ie ~el ( Hhic;¡ excludes wall

a.nd cicture) to a heil1h t ~rea ter than six inches (which eXciudes

baseooard) . Io further narrow the lnterpretaLion possicilities. it

is ~ecessary to invoKe r~l~ tional s~mantics ~iKe tnose il1 !ao~e 5 (c) .

A typical line of reasonin~ might proceed as follow~:

1. R4 cannot oe a waii by rule X, since it is ~ccve ~J, door.

2. HS tnen cannot be a nicture bY rule 1. since i~ is ad Jacent to
R4, coor.

3. ~S also c~nnQt be ~ wall by rule 4. since it is above part Of

P.4. door.

4. R2 cannot oe a door oy rule Z (horno~eneity) 3J.nce it i~ adjacent
to but si~nificantiy more saturated t~an ~4. door.

5. ~8 cannot be a dOQr as tha t w~Uld violate rUles X anà l.

6. i3Y simi lar reiso~1ing to t ha. T" used in ST"eps 4 a.nd ~ above,

nei tn~~ H6 ncr R7 c~n be a door.

The above example is an -.tteilct to eXPlain ooserveu se¡1Bory oa ta. Jon

terr"s of serrè!.ntic Knowled¡¡e acout the dep~c ted 1croaJ.n. ¡he
expian~tion represents a ~aDping of p~ctori~i entities (i.e., re~icns

and linesl onto world concepts (i.e.. objects) such ~1~t the locally

perceived ittributes of ~ach re~ion are consistent witn those of a
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correspondin~ world concept a.nd moreover, tna ~ global constraints

amon¡ the concepts are preserved in the image.

An eXPlanation of this sort need not ce limi ted to deseriøtive
semanties at a pictorial level. Explana tions can extend throuCh many

levels of knowled~e ranging from functional constraints on form and

Ma ted.al composi tion to knowledge about optical ønenomena .uch a.

occiusion and shadowinl. For example in a maChinery context,

flywheels are recognized not OY a visual attribute of a particular

inst¡,nce (e.g., numoer of spokes) out ra ther on the basis of

characteristics associa ted with all fiywheels i they are round with

Mass concentrated toward the rim. A cla.ss of machines such as

comDre.,sorl will sha.re functiona.l constraints on forM and

interconnection that ultimately could ce used to identifY part. on a

particular unit not pre~iously encountered. A scene-understandini

system that can reason at this level is cleariy a formidable

lonii-ranie ¡toal tha t draws on many areas of artificial intellicence

research. like a.n infant. we are concentra tin" 1ni tially on

eXPlanations involvini s~rfice level descriptions.

The scene understandini problem as formula tea above focuses attention

on a number of key i~sues for Al research.

1. What knowledge is necessary. sufficient, useful. and so on .for

understanding various classes of scenes?

2. How m1~ht this knowled~e be represented in a computer?
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3. How should tnis ~~owleàge b~ 4Cq uir~j?

4. HOW c¡jn this ¡oiowledi!e be used ef..ecti veJ.Y for scene

interpreta tion?

These questions are readily answered for trivi~l prool~m' SUCll ¿s the

int.roductory eU,mple of Fi~ure 23. ~ut pose very £ormidable ~esign

problems tor sy stems d~alin~ with real scen~s. ¡n tne rer:ëëinÜerof
this section. ~e will discuss 50~e anSWer~ developed in the context

Of roo!" scenes. The ..p¡Jroach see l~ 3 iieneral enCUi,Il to a.ppiy in
arbitrary domains (e. ~., our worKa~d t~on) ~iven appropriate semantics

and repr~senta tions. w~ 'I,egin bv S uli\r1arizi¡¡~ the import.;¡nt features

and liaoilities tha.t c tiar ci c teri z~a past a. t t e !il p t s do t scene

~nderstanding. l~ainst tnis back~rounj we will aescrio~ in detail the

design of a oroposed scene un,jer standJ.!1f: paraii¡,gii inteni:ec to
overcome 11:ni ta tions of prev:ious systens. The pcirJ.dJ-gm is tnen
illustrated bY simula tinp, the ~nalysis of a rerresenta tive scene.

This GedanKen analysis provides a feeling for tne ty~e 01 imowleoge

necessary to underst¿n1 simpl~ room scenes and also an iaea Of the

required deptn of reasonin~.

2. 9::,c Kft round

The ob~ective i~ scene interpretation is to partition a scene into
reiions and assi;;n th~ most likely J.nterpretatJ.on~ consistent witn
glooal semantic constra.Lits. Fûr~ally stated, the Objective is 'to

maxiJiL!:e the pr01uct of probabili ties that ( region i has

interpreta t~o~ j) over all parti ~ions of the scene into r~gion3 and

all a~sie:n!Tents of inter~retations to regions. unfortuna telY, tne
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search space expiodes combina torb.llY wi th scene complexi ty and

universe of possible interpretatioiis. rendering brute force searCh

unleasible.

A numoer of investiiators have propoaed ooing scene 1nterpretation by

tree search wherein interpretations are assigned to regions in order

Of iiixim um liicelihood. IUb.1ect to semantic consistency with

interpreta 1.1on8 previously selected for otner regions. (Refs. 16,

17, 18. and

unass::rned

191 j£xha ustinl' all possible interpreta tions for an

reid.on forces reconsideration of an earlier asii¡nment.

With a few exeeDtions these proposals all aha.red a number of

Unrealistic assumptions imoosed to make the search feasible:

1) Å correct partionin~ of the scene into regions Was presumea.

2 ) Interpreta tions w~re dra.wn from a very sma.ll universe, usuallY

leu than 10.

)) oniy pairwise semantic constraints on legally adjacent region

in~erDretations ~ere utiiized.

The first ¿ssu~ption is probably the niost unreali~tic. since the only

hODe of octaininl! rp.liable ¡;arti 1.iorling is to integrate the

legment8\tion d.nd iriter ¡Jreta. tion processes. ~akimovsK~' ha.s made a

good start in tnis direction. H~S pro~ram takes a color picture aa

input and lirst partitions it into uniform elementary regions. Next,

two ad .1ac en t reiions '~ith weaKest cammon boundaries are merged.

Mere1n~ iterates in tnis fashion until a mana,eabie numoer of regions
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a.re .,ot.a.ineå (i.e.. 75-l00) . It is assUMcj that, ~ith this many

reiions. fe~ if any incorr~ct merges will have been made. Sern..ntics

now enter the arena. A proba.öili ty J.B assi~ned to all pus6ible

interpreta tions of eac h rel.ion badeü on ~rot.ùt.ype a t.t.r i~utes lea.rned

froni example;) . Independently for each boundar, between regions,

Possible b~UnJary interpretations and associa ted probabili ties are

aserioed. These two proba.ciltties a.re then usee t.o compute the

iikeiihOOd that a.djacent re~10ns both have the Same interpretation.
The mer,ine: process resumes joining. at eíìCh step, the pair of

regions most liKelY to ha. ve thp. sa.!"e irrterpr,.ta tion. Merging

continues so lon~ as a ~easure of total likelihood over the complete

picture int.erpreta. tion increases.

Althou~h YakirnovskY i ~ system performs impressivel, in anaiyzing real
road scenes~ his formulation has sev~ral weaKnesses. I'ierging and

interpreta iion are too inte~r~ ted: merging shoUld not be tne only

means for adjusting interDretation liKelJ.noOds. As a r~sul t 01 this

entane:lement, the syste!T can only utiliZe contraJ.nts on pJ.ctoriai

(i.e.. two diT~ensiona.l) ccdjacency. Th~re is, for example, no oovious

way to utili~e the fact that sky is stiii ¡¡.coveroa,ù, even ~nen trees
intervene. The system a130 cannot deal adeQua tel¥ with di11erent

instances of t~e same type of ooject: two regiuns interpreted as car

Will nrob,.bly be meriied if they are a.djacen"~ even wntW they

correspond to different cars. The system is j1eit vilY rooted in

prooaoili ti~s. ;.¡.1ile tnis perrri ts considt:r;¡ tion of ariJi trarilY
unlikelY 5it~~ticns, it. precludes sema.ntic~liY va.~id interpreta tions
in previously unseen rel&tions; a vision system Qugnt to be a~ie to II

infer that X may occlude Y ~ even if it has neve.r seen 1"( ha.ppen.

Moreov~r , it is by n(" i'~ans clear that th~ probaoilities c~n be
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meaninv,fullY evaiuated, especiallY in teirpora.ll~ v.rying scenes.

Fina.lly. the present control structure does not per~i t the Meriine

process to backtrack. The assumption that aiways performing the

locallY best operation will lead to the globally bedt result is very

weak, particularly since the semantic mergin~ criteria is a consensui

over all joint interpretations of an adjacent pair gf regions. Lt

remains to be seen hOW well YaKimovsky i s system will dO in scenei

with more than a triv1~1 number of interpretations.

Anoth~r inher~nt faul t of all of the aoove systems is their common

de~endence on conventional search al~ori thms. A tree search will

inevi tablY perform a lar¡e ~mouct oi redUndant work by throwing ~way

hard wen deductions whenever it hack'tracks. In one of Dudat 8

examples. for instance, a particular region i. dedUced not to De an

electrical out.let on at least" five separa. te br.nches of the

interpreta tion tree. In e a.c tl context, outlet was exeluded a8 a

Possible interpretation oecause th~ region in Question was adjacent

to ~ re~ion that had alreadY been postulated to be the floor. In hii

imp~rtant theiis. .";a.l tz (lief. 201 argued tnat such redundant

reasoninc could be ~h.rplY reduced bY elim1nati~g as many globallY

inconsistent interpreta tion po~s1bilities as one coulO before

embarking on a search.

SpecificallY, Waltz advocated the use of cheap pa.irwise compatability

tests to eliMinate interprets. ticn alternat:ives (sucn as electric
outlet) that llere clearly inconsistent with previouslY constrained

interpretations (such as the floor). It haa been wiaely !eareä tha.t

inereasinr the uni verse of possible interpreta tions, a.nd

corre~pondinglY the number of constraints. would cOMPletelY bog down
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the Kearch fer ~ ~ood scene interpretation. Wai tZ showea tna t. with

his technique. more semC1ntic informa tion COUld be construc ti velY
utlliz~d.

3. An Interpretation Syst~m

In this sect:i.on we introduce a nei'¡ para1igrr for scene :Lnt~rcretation

tha t cornbin~s important princi pies fro~i the various systems referred
to //bove. Our et1phccsis is first to inteKr~tc segmentation ano

interoretation on & trulY sema.ntic basis, and seconÜ to utilize
ser.ant.ic knf)l~ led I! e efficiently in arrivin£ ~t a conS:Lstent (and in

some ~en3e best) interpret~ tion of the wl",O.l~ scene. The

system is outlined scnematically in Figure 24. ~e wJ.ll first present

an overvJ.ew of its operation, and then elabora t~ on tne design of the

various components.

a. Overview

Brit'!ly. the system is intende~ to work as follows. A prelimin//ry
description is o~tained by pa.rti tioning a scene into horijolieneous

regions and aS9ignini to eac~ region all i~terpretations permltted Cy

its local pictorial attributes (e. g., it maY be door ur ~al~ on the
basis of coJor. size. and surface oripntation). ¡¡ likelihood is

associated with eRch intercretation. The cteductive sta~~ next
reeva-lua tes the 1i j( e 1 i !ioed Ci p.aCh local interpretatJ.on based on

pairwise consistencY with t Me possible interpr~ts. tions Of

cont~xtuallY related re~ions. If the liKelinood uf an interpretation

is ~ltered, then any previously considered interpretations for which
tnis current ir.terpret1\tion provideu cont~xtual support must be

reexa¡'1ne¡l.
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FIGURE 24 OVERVIEW OF SCENE INTERPRETATION SYSTEM

Any interpretation that is shown to be inconsistent witn all possible

inten,reta. tionB of a.nother region ca.n be eliminated immediately.

Since elim1na ting an interpretation ma.y re~ove tlie only contextual

support for an iuterpreta tion of some other region, toe effect of a

deletion can be to prop&.ssa:te anottier deletion. This cnain of

deduction. similar to Waltz 's" filtering" technique (Ref. ,¿OJ, is

pursU~d as far as "ossitle toward the objective of obtaining a

unique. globally consistent interpretation for each region.
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After all pairwise j.nc onsisterrc: ie s !ì a. v e been removea, aaái tional

semantic considerations are used to indica te Possible segrnenta. tion

errot's and pla i.sihle corrections. F or example, eliminating all

intercretations for ¿ region indJ.cates tha.t so~e r~~ion must be split

to allow ne~ interoreta tions. A uniqueiy J.aenti1ied region that is

PhysicallY too small for the assi~ned interpretation inccica tes that
in tIle absence of a reason (such as occlusion) th~t region must Oe

mer~ed with an adiacent re~ion ¿uTIi tting the saroe interpreta tion.

Regions that have bee!" ¡.rPorged or split must be relaDPoien, tri~~ering
a further round of deàuction.

Should any reeions survive deaucticn and resegment¿tion with mu~tiple

interpretations. the analj.'sJ./3 ~roceeds oy assur:ing possible
intercre~gtion! for one of the ~~~i~UOUB regions a.nd expiorini: the
conseauences Of each cIloice. For each assu~ed interpreta.tJ.on,
deduction ana resegmenta 1"ion are pursue(1 to one of tnree conciusions:

(1) All intp.rpreta tions Of BONe: reI'. ion are deleted; the current
hypothesis is thus inconsistent wi ttt toe rest Of tne scene and can oe

abanCìorred.

,

(2) All re~ion5 ~re lp,it with uniQ ~e inte lpr eta. t::OliS; ii ccnsistent
interoretatiorr of the whole scen~ has thus oeen founù.

(3) At lea.st one region is stiii ~eft witn mUltiple 1nterpreta-

tions; the ana.lysis again bran~hes to ex plore ti1e tossicle
interDretations of a rem~ini~~ a~bit,uous region.
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The instantia'tl.on process described above is conceptuaiiy a tree

search. The ¡coal of this search is 'to determine the set of

instantia tions for the ambiguous reltions that provides the beSt

Ilobal interpretation of the scene. Tradi tional searcn neuriitics
can bf! eMPlcyed in selecting whic~ regl.on to instantiate and the

order in whicn its Varl.OüS intercreta tions are expiored, so as to

find the "bestll ~lobal interpreta tion of the scene with the least
amount of searching.

The a.bove syster: differs from previously proposed icene

inter"preta tion scrieines in two essential ways. ~.irst, pairwise

contextual constraints are use~i to elim:i.ia te incompíL ti ble

intercretations prior to any search. AS a result tne search algorithm

&vo:id.s stumbling on the sa.me incor.sistencies re"pea tedlY, as in a

bac:k:treck search. When an interpretat10n is rejected, this may

remove the contextual support of other interpreta tions, requirini
thel.r deleticn. The consequences of a deletion are propagated to

acnieve an exponential reduction in searcn space.

SeCondlY, segmentation and interpretation a.re in'tegra ted by using

semantic considera tions to indica tP. segmen't~ tion errors and plausible

corrections. inconsistent interpretations are elimina teO when

relions are merged and additional interpretations are admitted when a

region is sPli't. The decision to merge or split region! is
considered as an al terna ti Ve' to instantia tion wnen deduction

terminates without a unique global scene interpretation.

94



The aoove systeel1 is being implemented as a network Of clemons

representin~ rerrions. iuterpreta tionR, and constraints. The aemons

are interconnected tnrouv.h a rrlobal da ta ba~e so that the delet~on or

reeval tla ticn of any iliterpreta. tior. will automa tJ.call¡ cause all

contextually tel¡ ted int.erpreta ticns to be queuea for rE"examina. tion.

ConverselY, an interpreh. t10n will oni~ be reeVal ua tea wnen the

likelihood Of a contextually relateo interpreta~ion J.s questJ.on~d.

This imclementa.tion appears ~o b~ ~n eificient ~ay to realize several

important lea tures of heterarchical organization. \ All informa tJ.on J.S

accessible to all parts Of tne system for use in evalua tinii a.ny

interpreta tion. New elements of knowlea~e and new processes can be

added or removeå independently, without affecti ng the rest Of the
system. There is also no ce~~ral strategy j control propagates

throu~hout the networK fOllowing the currently most promising IJ.ne Of

deduction (as when pursuinii the implications ot a deletion as far as

possible) . Stra tegy moaules coulü of course be coupled into the
network to t~SS control to ~ ppropriate sp~cialisi routines.

b. Irii tial Se~inenta ticI'

Tne succeRs Of the above undersi~ndin~ par~di~m hinges on tll~ äoiliti

to parti tion tne 8c~ne into reasonable regioIls, corresponairrg to
distinctly interpretable surface,! . Tnis preprocessing l.S an

expediency necessi ta ted b~' tir:e and spa.ce constraints of extant

processors whicn pr~clude a detaile~ s~maiitic anaiysis at the p~cture

cell level.
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A number of d~sièerata were established for a se~u.entation algorithm.

First. the se~mentation should att~mpt to minimize the number of

regions that erroneously join distinct surfaces, as such reKions

eannot be reliablY interpreted in tile subsequent labeling phase.

Moreover, this bias tends to localize any segmentation errors ~na t dO

occur so that. hoppf~llY, they can be detected and corrected on

semantic ~rounds later in the analy sis. Second, se~menta tion should

not b~ base a on arbi tran" discontJ.nui ty thresholas. Third,

segmenta tion decisions 5hoUld capi talize on, the availability of

mul ti-sensory d a ta.

The !ollow~n~ al¡ori thm was designed with these considera. tious in

mind:

First. parti t10n th~ entire picture into 1~x15 cells. each being ~

picture elements (pixels) square. The total amount of discontinui ty

wi thin ea.ch cell is me2 sured by applying a simple iraãient opera tor

over the cell and cour:tin~ discontinui ties in orightness, hue,

saturation, and particulariy, range. A high level Of discontinuity

within a reiiicn su~~ests that it should be split. Divide the cell
with the greatest total discontinuity into 2x2 subcells. Total tne

discontinui ty remainin~ in each sUbcell totaled and ~ tera te until the
scene; ha.S been partitioned into a bout 350 cells. At thiS point it is

assumed that nost of the necessary splitting has been âone, lea vini

the uni!oi"m areas relatively unsca thed. The process next enters a

merr.ini pha~e in which the pair of adjacent cells with tne weakest

boundary a.re .1oined (i.e., those regions for which the amount of

discontinui ty Rlong their common boundary is least) . The merge

results in a new re~10n. and the procesS again iterates until the

desir~d number of rei10ns. say iSO. is obtained.
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The a hove a:ir.ori'lììm we;s j rrplemp.ntea and found un,'a tisfactory,

pril1iarily beca u~e the arbitrary quartering of cells in the sp¿itt1ng

ph~se prOducea poor SP4 tial qu~nti za tion of. eages. Specificó$llY, it
tended to frac tionali ze the discontinui ty conterit of stroiig edges

&mong the su bcells so that the total content in e a. c 11 one became

insignificant. ~s a result, subs tan tially more than 350 regions are
needed to insure few fals~ mergers. A possible improvement woulä be

to spit t cells along the best line (or simple curve) that could be

£i t to tìie discontlf1ui ty points wi thin it. However, cells containing

several ed~es would still present difficulties. It was consequently

decidp.C' to a Da.nder¡ tl1e iõea. of startin~ WJ. th a.n ;¡rui trary cellular
Parti tion anJ, instead, to rl¡odifY an a v a.ij,;¡ ttle region iirowing
aliori tam to i ulfill the áesièera t~.

The Brice and Fenne¡~a (B/FI algorithM (he!. ~l) is essential~y a two

PaSs process; first, all contil,uous pixels of id~ntical brigntness

are a~~lomerated into regions. Second, adjacent regions wi tn weak

common bound~ ri~ s ~rt: Merged. (~eak boundaries are tnose for Wh1ch

the ratio Of rCU¡llniul3.tiv~ discontinuity sti"eogth/length) is beJ,Ow a

thrt-Sl".old. I '1'0 use this algori thfl it is necessary to e~taolish &

basi~ for comparin~ adjacent pixels in a mui tisensory image. our
ini t:i2l apprOach will h nore range al1a compëële the average
intensities ço~put~d over' the three color separations; i.e., 1 (À,Y) .

(R(Y) . G(X.Y) + ß(X.i)!13. The resultin~ averages will be Q~antized

into :12 levels.

Thresnoldr. w~ii oe eliminated froii the Secood Pa.i;s CoY iterú.tivelY

joininF. the Rd.i::ct-nt ressiorrs wi tll the globall:i wea.kest common

ooundary until the desJ.red minimum number of regi ons (i.ta., l~ù¡ is
..
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0~t~1n~d. A tree sert i~ used ~o update the list uf relative boundary

8tren~th~ efiiciently.

The modified d/F al~orith~ is Dein~ coded in fO~THAN. The resul ting

reiiion atluctur~ is tn~reafter processed symbolicallY in L¡Sf, where

it is rePlel:eiitec1 in terms (J .. atomic oourrdary segments (i.e.,
Seirren ts of cQnti~uous l"~unojary between two óóna only two regions).

The re~ions and poundary segmer,ts are a,lso cliar a.c terized ~y

a,ppropria te cUJ'ITula ti v(" pr~perti~s li.e., area, average brightness,

lenR th) . AlthouPh the nodified alForith~ has not yet been tested, a

similar scheme haS l1epr1 òeinonstra,ted succe:;sfully in outdoor scenes

by ia~irnovskY (~ef. ~9J.

A nUliher ot. Íìiprovei'ents :ile ¡:lannea for th~ ba.SiC segmen'ta tion

aigori thl1. FirRt. ~ne arbitrary Quantization Of color da.t~ will be

refined to classifY picture elemerrts into sCIlIanticallY mea.ningfui

ca tegor1es (i.e.. ~ne chêlrê:.cteristic colors Of Plorninen~ objects,

such as wall ~. dours. tables). Hi effect, s~ i;i,¡en ta. t i 011 w::l1 De

preceded by a !ea tur~ extraction phaR~. Second J e~~~ly distinguished

re~ions such as floor (hei~ht = 0) will be extrac tea bY special
pur'Oos~ i11odu:~s befole appiyin~ the general segrnenta ticn procedure.

Third. regions containin~ large ~~cunt3 Of ran~e discontinuity L He f .

22) wil:i be partitioneJ alorig the aest iin~ tnrougn tnat reglon, as
in the initiallY proposeQ al~orithrn.
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c. La.belinii

The obiectJ.ve in this first staKe of interpr~ta tion is to rapidly
label ea.ch re~ion with all possible interpretations ~dmittea bY its

att1'1outes. Labels will be assirned liberally as it appea.rs easier

to contra.dict errors of commission than to sUbsequently accoromodaie

ommissions.

In our room scene domain, there are ~ypically a fairly small number

of interDretations for each regien, Jay 3 to S out of a possib~e 20.

Hue is not a tarticularly useful basJ.s of discrJ.minatJ.on. since rooms

are often cclor coordina. ted. For example, in a typical SHI office

(shown later in FiKure 2ó) the ~loor, door, wa.ll, table, and chair
are all colored various shades Of brown; in this case saturation,

though in genp.ral not as reliable a mea.sure as hue, is about as

useful. Size can rule out possibilities if a re~ion is too big, but

not if it i8 too small S1nce the oeject may be occ~ucced . Height

turns out to "oe extremely valua ble: objects nave characteristic

hei£hts and th~ heJ.~ht extreMes Of a corre3ponding rt:gion must iie
within tnat ran~e; e.~.. anythin~ over 7 fee~ can only oe a wall, but

anythi~~ below 6 inches ~annot be a wall since lIia.1J.s atop &. t tne

basebo;;rd. fig ure 25 iÜal,rarns the height ranges Of objects 1n the

room dorriain. Nùte that he ii: l't uniquely constrains the

interprets. tion of a.ll horizontal surf~ces (i. e., floor, chairsea t,
t~bletop) prov1ding usefui nOdal pOints in tne analysis.
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In out100r scenes. by contrast, hue a.nd texture provide the most

import.a.nt local clue~ to identity. Ran~e-baBed considerations sucn

a~ absolute height and surface orientation a.re less meaning!l.. a.s

most ~VerYthing is SiMPlY "far."

our current ~pprcacn to labelin~ is a two pass process, reminiscent

Of conventional Patt~rn classii~cation. Each region is first passed

throUgh a discrimination tree that disqualifies all interpreta.tions

for which a. range O,! a. ttrihute va,.LUp.s observed OVer tne region
exceeds the ran~e a.llowe1 in prototype example s. survi ving

interpreta tiO.1S a.re tnp.n ranKed in likelihood uSing a recurai ve Bayes

procedure (Se~ APpen~ix d.) (This procedure computes P (¡/AI A2... An) ,

the ~rcbaoility Qf an interpretation, ~iven attr~uute values Ai.. .An,

based on empirical est.ima tea of P (Ai Ii) the probaoili ty of those

attribute values for ~iven interpretations, and P (1), ihe ¿ priori
likelihood that a. :re¡¡ion will taKe interpreta tion ¡. ) Tne

disclimina tioì1 tree a.nd like..ihooa áa ta. a.re bot.rr a.utoma tic allY

genera ted frcil nictori.il ex¿mples of interpret~ tions des~gn6 ted in

trainin~ scenes (Refs. 15 ~n1 191.

A future possibility is to replace the classification procedure witn

a set Of iabelin~ procedures. one for each of the 2û or so principal

interpretations in any ~iven do~ain. EaCh proceaure when applied to
a re~inn WOUld a. ttempt to aisQualifY i ts resp~ct1ve interpretation on

the basis Of Jistin~u~shin~ features. Lacelin~'.¡oulù then consist
of ap"lYin~ tiie set ox procedures to each region.
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d. Deduct:i.on

The lociil iiiterprel.a tions genera ted Öuring t.he l¿o~ling plin.se a.re

interrela ted cY a large n~mber of ~lobal semant~c constraints. ''he

ob:!ecti ve now is to eliminate interpretations on demantic grounds in

orCer to s1~ PlifY tup. ,91. aseQ lJent Sea.rch for a.n ootimal set Of

consistent interpretations.

The idea of filtering inconsistences before search was used by Fikes

I He f . 231 to simnlify a variety of constraint satisfaction problems

(e. ~. . crvPtarithM~tic J 15 puzzle) and, more recentlYJ by waltz' Ref.
201 to nelp ~nterpret l~ne drawings.

In dealing wiLh i~r~e iiumbers of interpreta~10ns a.nd consta.ints, a

system~ tic m~th od for discovering inconsistencies is essenti~l. our

Quest for efficiencY led to a constraint satisfaction method based on

cooDeratin~ independent processe8 couplea tnrou~~ a. global data. base.

drieflYt tne metno~ maY b~ described as follows.

The data base consists of variacles representin~ constra~nea entities

aì1c1 constraints. Ass~ciated With each vari~bl~ is a procedur~ for

com outing a v~lue in terms o~ the current values of otner va.riacles.

Each variable also has a list of related variables Who~e procedures

utilize the present variable as input. When th~ v~iue of a va.r~able

is. cna.ngerj . its rela. t~d '\a.riabl"'s a.!"e d.ctivatea bY a.dd:.ng their

procedures to a stac k Of jOb~ to be run. Thus, if running a process

cl1ang",s the va.lue of its associated varia~le. additional processes

may be activ~ted. ~~ecution terminates when the jOb stacK is ei11pty.
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An imulementa tion of this scheme which is sPPlica ole to a variety of

constra int 5atisfactioii problems is outlined in Appendix C.

For ~cene interpretation~ the vari;Dles are used to represent regions

(i.e. . OC¡Hir1ary t1escriptiof1S) , re¡¡icn ll1ter iJreta tions, and

constra.ints en spatial re:ia tionsnips. Ti1e va.ria.oles are

interconnected so th~t tti~ åelet.lon or reevalua tion of any

interpretation will automa.ticallY ca.use all contextuallY rela. ted

int.eroreta. tions to be queued for reexamination. converselY, an

interpreta tion will oniy be reevaliia te1 when the lit.elihood of a.

contextuallY rtl~ ted irrt~rpreta ticn i3 Q uel:t~oneö.

The process associa ted With each interpretation variable computes

current likelihood as a function (e. g., thè aVer~ge) of its local
likeli t100d a.ssií1ned durin~ la.b~11n~ and a global confid~nce derived

from the current likelih00d Values of seina.nticillY rela. ted region

interpret a tions. I!' both sçeech (Refs. 24 a.nd 251 and vision, it

has proved 1itficult to develop functions tnat ca.n ca..lance diverse
and often conflicting evidence to arrive at !a.ir J.ikelihood

estiIla. tes. our ini tial experi~e~ts have relied on simple functions

such as "the (weir.ntetj) average or rriniMum of glooal a.nd iocal
likei: hoodS.

inaDPropria te
Each of thes~ fuoctlons has inadequacies. A single

value for a ffust or must-not a ttr~bute should force
likeiihoOd to zero, as i~ toe minimurn. un ti'1e ()' i1 e r hand, severa.l

stronii contextual indica tions sho¡ild counteract a single weak

feature. as in the a vera~e. We are currently trYing to eïnpirica.lly
determi.ne a COJ1nosi te function combining advantages of tne minimum

and a. vera~e. !ne alternative to a unified scoring function 15 Q set

of w.d noc crocedures that compute likelinoods bas~d on em~irical
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con~iderations p~culi~r to each interpretation. TWO problems with

tnis approacn are. lirst, th~ si~nific~nt pro~ramff1ng effort required

to perfect toe proceQures and. second. the difficulty Of normalizing

scores in order to compare competin~ hypothesis on an equal oasis.

Processes '3 re conatructed in a generic format, as shown in Ta.cle 6,

bY instantiating prototype semantic constrain ~s on an interpreta t::on

to r~iion interpretations in the current scene. Glob~l confidence Of

an interpretation is excressed as a conjunction of all constraints on

that interpreta. tion. Each constraint ~s represented, w1th~n the

conjunction. ty ~ dis 1unc~1on 01 all possible ways of satisfying the

constri.:!nt 1ii the scene. A constr~int on a re~ion is sa ti&fied cy
findin~ one or more other re~ions 1n a specif::ed spatial rela tionsbip
witn the co~~~rained re~ion. ~dmltting the reQuireQ interpretation.

The construction Drocess 13 illustrateti in Figure 26.

A process is repr~sented in ~ne tjata o..se 0'1 üecomPQs1ng it
hierarchicallY into elementarY S-expres siens.

represented by a varia.ble. as indic!jted

Super-expressions ccre placed on the rela.ted

each canonically

1n ll"if!ure 27.

I/íir.ìable lists of

sube~pression~, ~na the lowest level sut-expressions become rela ted

variables ef any region and interpretation Variables they utilize.

This representAtion increases efficieacy bY ~llowlng reevaiuation to

teri1ina. te at the lowest level sUbexpression whose value is unCn~ngeö

by a tri~~ering event. rlüreover. r~aUndant processing is a voided

in casps where procedures share common subex9ress~ons.

constraint sa. ti.lfaction is 1ni tia teci OJ establlsninr a data base

variable for each region iriterpretation found dur::ig l::beling and
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Table 6

GENERIC FORM OF A PROCESS FOR COMPUTING THE LIKELIHOOD

OF INTERPRETATION IA OF REGION RA

(I A RA) L = (AVERAGE (I A RA) LL

(AND*

(OR* (AND* (CAI RA RII)L

--conjunction of all (n)

constraints on I
A

(I R ) ) --disjunction1 11 L of all (f,)
possible region inter-
pretations that could

support constraint CAI

(AND* (CAI RA Rlt)L (Ii Rlt)L))

(OR* (AND* (C R R ) (I R ) )--disjunctionAn A nl L n nl L
of all (m)

possible supporting

interpretations for
constraint C

An

(AND* (C R R ) (I R ) ))))An A nm L n nm L

Notes:

(I. R.)i J Interpretation i of region j

(c I I)Ai A i Prototype constraint on interpretation I . requires that
A'

I be in relation C with interpretation I.. This proto-A Ai i
type instantiated to the particular region interpretation

(I R) specifies that there exists a Region R with inter-A A
pretation (I. R) such that (C R R), 0 ~ (C R R) ~ 1.i Ai A Ai A

(X)
L

Current likelihood of X

(X\L Local likelihood of X (i .e., likelihood assigned during

labeling) .

AND* Fuzzy AND: returns minimum argument

OR* Fuzzy OR: returns maximum argument
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R4

POSSIBLE REGION INTERPRETATIONS

R5
(CHAIRBACK R4) (CHAIRBACK R5)

(WALL R4) (WALL R5)

(CHAIRSEAT R3)

/R,/
B lj

(CHAIR LEG R2) (CHAIRLEG R,)

(TABLELEG R2) (TABLELEG R,)

CONSTRAINTS ON CHAIRSEAT

(ABOVE CHAIRBACK CHAIRSEAT)

(ABOVE CHAIRSEAT CHAIR LEG)

(CHAIRSEAT R3) = ¡AVERAGE 0.8

(AND*

(OR* (AND* (ABOVE R3 R2) (CHAIR LEG R2))

(AND* (ABOVE R3 R,) (CHAIRLEG R,))

(OR* (AND* (ABOVE R4 R3) (CHAIRBACK R4))

(AND* (ABOVE R5 R3) (CHAIRBACK R5))))
SA-'530-59

FIGURE 26 CONSTRUCTION OF PROCESS FOR COMPUTING THE
LIKELIHOOD OF (CHAIRSEAT R3)
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preloadin;, t:,e .iOb stack wi th corresponding setup procedures for

eac rr. ValJ€s of the8P variaoles are ini tia.ll.zed to the local

likelihood of the interpretation.

The setup procedure aerforms two o~sic functions:

(1) It constructs a function for eVaiuatin~ p.lobal l~Kelihood of the

interpretations as per lable 6 and connects it intc the data baae as

per F~.e:ure 2'7. SpecificallY the relative lists of variables useä in

the function are uP-d ate~.

(2) The evaluation function is executed ~nd the resul t assigned as

the n~w liKelihood value of the interpretation variaole.

As a. side effect of (2), all related variables that had previously

been ~valua.ted usir1f: the oriiinal likelinood of the current
intero!'eta tion are a.dd.ed to the fro1't Of the :job stacK to be

reeval UP. ted. The i~plications of these rcevluations are thus ex-

Plcred before running additional setup jObs. E~ecution finally

termina. tes wnen the .iOb sta.ck has eiiptied, leaving glot:ally
consistent liKelihoods for all inter preta tions.

The r~lii ted va.riable~ concept provides a.n effecti ve ch&nnel for

exchan"in~ cri ticisii. Al tering the likelihood of an interpreta tion

as a resul t of applying specialized semantic knowl~d~e amounts to

criticizing the reasoning of any processes that had previously based

decisions on the original likelihood Value. Actuating related
variables. in effect, forces those processes to reconsider in light
of current Knowled~e.
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e. Re~e'\1enta tion

Interpreta ton to this point has ~een based on a conserva ti ve i::i tial
partitioninR, tound to contain errors. A refined segm~ntation is now

sought bY using semantics to indica te when and how regions should be

joined or spli t. ;.e~egrre'1ta tion is intimatelY relateQ with

interpreta tion, since a.l tere,j regions must be relat:eieà,
leaoin" perhaps, to further deductions. 'rne following ideas
represent first thourhts toward a semantic basis of segmentation.

Mer¡er Semantics

Mer~ini ~aY be indicated when a r~~ion is too small for one Of its
interpreta tions. TWo re¡¡ions can be merged onlY if they snare a

common inter~r~ta tio". Thus, barring excuse~ sUCh as ocçiusion, the

fact that no ¿djacent region admits the oversized interpretation as a

possioili ty is sUfhcient to exclude thii t interpreta tion as a

POSS1bili ty Of the small region.

A specific mer~er is forc~d when the undersized interpretation ~s the

Sole remainini possioility for the re~ion and there is only one

adjacent region admi ttin~ that intercreta tion. After tne merger is

performed. tne combined re¡;ion a.ssume¡; ttie uniq ue common

interpreta tioii.

More ienera llY. ei ther the decision to meri¡e or the region to merge

wi th is opticna.l: the reirion ¡nay nave other possibie

interpreta tions. there may be several merger candida. tes, the

interpreta tion ma.y allow but not require a larger re~ion. In these
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cases. inerp'ers can be postulatea in the manner that ~nterpretation8

are hvpotiesized. bY crea. tin~ ;). sllocontext a.nd pursuing tne
conseQuenc'!s to see ~.f con tra.dJ.ctions arise. l'Ossible

interoretations for the mer~ed region are o~ta,inect by intersecting
the interpn~t,a tion pos9ibilities of the component re~ioi1s aì'ld

excludin, any for Which the new repion i~ too lar~e.

Many other semantic considerations besides size can ~ndica te merger

possibili ties. APolyin~ Occa.m's razor, one ca.n argue tha.t two

adjacent re~ions admittinl. the same interpretations snould always be

merited unl~ss there is a p~rsuasive reason not to. ;~ona.Qjacent

regions with t~e same interpret~tion can also be mergeJ if ~t can be

Shown tl1at they correspond t"o the same physical surf.ace. For

ex~rnple. the stru~ture of a door requires tna. t two coplaner regions,
one above the other, eacn interpreted as door, ~U5t oe the same door.

On a mere glotal scale, ~!1owled~e that rooms n~ve cnly one åoor or

picture implies that a¡l re~~ons so labeled are instances of the same

Physical ooject. Isolated reKions of the same cbject maY also oe

linked throu~h their dependence on ~ common reg~on interpret"at1on for

satiSfYin~ a constraint. Thus, two regions interpreieä as cha.irsea t

on tn~ basls Of a particular chairoacK interpretation procably oeloni

to tn~ same chair.

Parti tioning Semantics

While !"erl:ing re~ions can oe considereo as a refinement of a

conserva. ti V~ initiü s~~menta. tion. spli ttin~ regions ~s More

appropriatelY tnou~ht of as error correction. An error is ~nd~ca. ted
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whenever a.ll possible interpretations of some ref,ion are ruled out.

It 109 a.ssumed that the semantics ""ill a.llow a consistent
interDreta tion for any correctly selmented scene and moreover, that

any portion of a. proper region will be correctly interpretea.
Problems arise when a relion erroneously spans iwo physical surfaces;

the combination of attributes. or simplY tne large s1ze can eliminate

the correct interpretation of either surface from that region i 5 set
Of Dossibili ties. Such re~ions must be split along the surface
boundary to a.dmi t these additional interpreta. tions.

Uetermining what region to split and hOw to split i t ~s sUbstantially

harder than determinin~ what and how to m.erge. Unfortuna tel.Y, it
does not follow thAt th~ re~10n finally deprived of interpretations

is tn~ re~ion th~t needs to t'e split. I'he va.lid. interpretation
could. in fiict. have been excluded by an unsatisfied constraint,

because some other region failed to provide a needed support
intercreta tion. The process of pinnin~ down precisely whicn region

is a. t faui tcan thus iovol ve consi1eraole b¿cKtrac~ing.

Once the faulty re~ion has been determined, there are virtuaiiy a.n

unlimited numcer of waYs in whicn it can be split. SOme clues ~aY De

available from looking harder (i.e., with a lower thresnold) for data

discontinuities. and from boundary continuity with aajacent reg10ns.

The rerion maY be split in two acccrdint to ~10oa1 procedures such as

a~glomerative clustering (Ref. 261 or a Hough tranSform of internal

discontinui ties (Ref. 271. A more sem~ntic approach might attempt to

5D1i t the reiiion so as to obtain interpretations needed tor globa.l

consistencY. These many al terna ti Yes require that region splitting

almost alwiYs be treated as a tentative hypothesis.
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f. Inst;¡n tia tion

After all inconsistent int~rpretations have beer! ~liminated fro~ the

glooal context. scene interpretation reVerts to a search for toe set

Of C 01' Da. ta.ble re~ion interpreta. tions witn hi~hest combinec1

l1J(eiihoOd. Ma.ny optima.l a.nà tle\Jr~stic i:ea.rcn strd.t~~gies ilClVeceen

studied. ln~ following proposed str~tegy is an outgrowth of DUd.'S

heuristic searcn proc~di.re (Ref. 16). which utili~es ~ ~ore glocal

eval Ua ticn criterion and more global constrainti: to improve the oráer

in which nOdes are eXa~i~ed:

(1) Select the best (i.e.. most liKelY) aMOi~uous interpret~tion in

the current context 1nd ny~othesize it.

(2) Generate oranche3 correspondin~ to acceotance and re ject10n Of

that nYP~th~sis. s~ttin~ up a new context far eaCh.

(J) In the respective contexts, reeva.luate all interpretat101!S wnCBe

likelihood is directly a ffected by acceptance or rej~ct~on of the

hY90thesizeã interpreta. tion: t'ursue the conseq Jences of all
reeValua tions as far as poss1ole short of further hypothesizing.

(4) EValuate the giob~l liKelihood of ~ach context, Sa.Y bY sUMming

the like11i10ods of the oest interpretation for each re~ion. Any

context in ¡'¡¡liC:1 a.ll possible ir.terpr~ta tions of so;l!e regiun are

deleted (or rec~ive d. very low likelihood) is assi~ned a zero giobal
liìïelihood.
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(5 ) If all regions in ei ther context are assigneà unique

interDreta tio~s, termina te anQ ret uro that context as the Oest scene

in terDreta. tion. If all reiiions in both contexts are uniquely

1nt~rDre~ed. re~urn the context with tne hi~nest iilobal likelihood.

(6) Select the globally be~t context and go oack to (l) above.

Tne above orocedure is distin~uished fro~ conventional breadth first

s~arch aliiori thms ry the use of pairwise constraint sa.t.isfaction in
steo (3) . A,~ in the initial v.lobal context, intercretations that

are inconsistent W~ th each hypothesized context are eliminateà oefore

any further "'earch. . Any context in which all int~rpretatians of

some re~ion are eliminated is assigned a zero giobal likelihooa and

thlls effecti velY txcluded from further exploration. ~ven when

interDreta tions a.re not elimirra. ted, tne applica. tion of pairw:.se

constraints i ~proves estimates of interpreta tion li~eiihoods, tnereoy

improvin~ the order of search and ~inimizin~ b~cktracKing.

Th~ followin~ factors seem relevant as cri teria for selecting the

best hYDothesis wi thin a context:

(a) Select the ambiguous interiJreia tion Oi iiignest acsoiute
likelihood.

(b) s~iect th~ best interpreta tioii of the re~io!1 for which the
likelihood ratio of oest to next best ~nterpretation is maximal.

( c: ) Selec't the ~est interpreta. tion of the amoi~uous region with

fe~est al terna ti ves.
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(d ì S~iect the interpretation most sem::ntically int€'rrela ted wi tl1

oth--r interpret a tions.

We ha. ve also cor¡sidered i:,n ~~tropy type measure that enco~passes

factors (a), (b), a.nd (e). The most effec~~ve cr~teria will probably

be an ~mpirtc 111Y determined comb1na tion of factors liKe the above.

Some form of ba.CKtra.cKint mechanisl' is needed to implerrent the

breadth firs~ search. The procedure, as ctesc ri bed, ca.n be

implemented mest simplY Oy modifYin~ the existin~ jOb stack to run as

a priority Queue (ordered ~y global liKelihood) and bi provia~ng a

me\ns for pres~rvin~ states Of the d~ ta. oase. The QLIJP context

mechanism ~herein values of data ba,c;e expressions are stored by

context on a oroperty list seems atpropria te.

A more SOPhist~ca ted imDlementa. tion Of our oasic search procedure

WOUld allow context ~ValJ~tion in step 3 tu be suspended as soon as

the cUI''lla ti Ve rertuction,s in likelihood reduced the context i II

desireability below that of the Dreviousl¡ best context. control
woUld then jump from context to context. always pursuing the glooally

best. This refinement would require priMarily t~~t tûe stacK Of jObS

concerned witt the reevalua tion Of a context at the t:1ìl1e Of

SUSDenRion be stored witn the jOb repreaentin~ taat c"ntext on the

top leVel oriori ty Q ueue.
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4. Scenario

B~tore attemptin~ to implement the a~ove scene undelstanáing system

we thought it a1visable to test t~e design pnilosophY by undertaKing

a detailed manUal an~lYsis of a siropl~ but represp-nt6 ti V~ room scene,

Which is Shown in Figure 28. In the process we hoped to obtain some

prelimina.ry answers to the critica.l que.stil.ns pos~d in the

introduction: what types ~f Knowledie, what representations , what

depth of reasonin~ is needed to interpret an image of a room.

a. Description of Scenario

The scen~ was first partitioned into about 50 re~ions, as snown in

Fi~urf' 29. This s~p;menta tion presumed ~ corrserva ti ve mergini

allorithrn that might occasionally epli~ a sin¡;le surfa.ce into t.wo

regions but would almost never faiseJ.:; join two surfaces int.o a.
s1ne:le reiiion. (Erroneous mer~ing is considered undesireable oecause

the resul tin~ comb1oa tion of local attributes could p~eciuåe correct

interpret a tion.) ga,ch re~ion in the partitioned scene was assigned

a.ll possible interpret:¡ tions adini tted by loca.l a ttrioutes. The

incorrect (i. e., ~iooallY inconsistent) interpreta. tions I'iele then

~liroina ted usin~ empiricallY d~termined semantic constraints.

b. Discussion of rl~s~l ts

Most re~ions were assigned from three to five interpretations out of

a. uni verse of 20j these i!'terpreta. t10ns a.re shown in TabJ.e 7.

Horizonta.l surfa.ces (i.e.. floor, cnai~seat. ~abletop) are uniQU~J.y
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Region Correct
Number Interpretation

1 DOOR

2 DOOR

3 DOOR

4 DOOR

5 PI CTURE

6 PICTUR

7 PICTURE

8 PICTURE

9 PICTURE

10 CHAIRBACK

CHAIRLEG- FRONT TABLE LEG , DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK

CHAIRLEG-FRONT TABLELEG, DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK

CHAIRLEG TABLELEG, DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK

BASEBOARD- DOOR ,BIN-IN, BIN-OUT, BASEBOARD-UNLIT
UNLIT

11 CHA IRLEG- BACK

12 WALL

13 CHAIRAR-TOP

14 DOOR

15 WALL-UNLIT

16 CHAIRARM-

BOTTOM

17 CHAIRLEG

18 CHAIRSEAT-TOP

19 CHAIRSEAT-SIDE

20 CHAIRSEAT-SIDE

21

22

23

24

25 BASEBOARD-

UNLIT

26 BASEBOARD-

UNLIT

27 WALL-UNLIT

28 WALL-UNLIT

29 WALL-LIT

Table 7

REGION INTERPRETATIONS FOR SCENARIO

Other Locally Possible Interpretations

WALL-LIT, WALL-UNLIT

WALL (legs and bin, excluded by horizontal extent)

PICTURE, WALL-LIT, WALL-UNLIT, DOOR

PICTURE, WALL-LIT, WALL-UNLIT, DOOR

PICTURE, WALL-LIT, WALL-UNLIT, DOOR

PICTURE (color blue excludes WALL, DOOR)

PICTURE, WALL-LIT, WALL-UNLIT, DOOR

PICTUR, WALL-LIT, WALL-UNLIT, DOOR

PICTURE, WALL-LIT, WALL-UNLIT, DOOR

DOOR, WALL-LIT, WALL-UNLIT (unambiguously CHAIRBACK for green

chairs)

TABLE LEG , BIN-IN, BIN-OUT, DOOR (WALL excluded since height = 0)

DOOR, CHAIRLEG, CHAIRARM-BOTTOM, TABLE LEG , WALL-UNLIT

(too low for CHAIRBACK, too wide for arms, legs)

DOOR (too wide for arms, legs)

DOOR, TABLE LEG , CHAIRLEG, WALL-LIT

DOOR, WALL-LIT, WALL-UNLIT, BIN-IN, BIN-OUT, TABLE LEG

DOOR

DOOR

DOOR, BIN-IN, BIN-OUT, CHAIRLEG, TABLELEG

DOOR (too wide for legs), BIN-IN, BIN ~OUT

DOOR, WALL-LIT, BIN-IN, BIN-OUT

DOOR, CHAIRLEG, WALL-UNLIT, TABLELEG
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Region Correct
Number Interpretation

30 DOOR

31 BORDER

32 BIN-IN

33 BIN-OUT

34 CHAIRARM-TOP

35 CHAIRARM-

BOTTOM

36 TABLETOP

37 PHONE

38 DIAL

39 PENCIL

40 TABLE SIDE 

41 TABLE LEG 

42 TABLELEG

43 TABLE LEG 

44 TABLELEG

45 BASEBOARD-

UNLIT

46 BASEBOARD-

UNLI T

47 BASEBOARD-

UNLIT

48 BASE BOAR- LIT

49 FLOR

50 WALL-UNLIT

51 WALL-UNLIT

52 WALL-UNLIT

53 WALL

54 WALL

55 WALL

56 DOOR KNOB

. 57 TABLE S IDE 

Table 7 (Concluded)

Other Locally Possible Interpretations

BASEBOARD-LIT, BASEBOARD-UNLIT, BIN-IN, BIN-OUT

DOOR (nonplanar), WALL-LIT, WALL-UNLIT, BIN-OUT

DOOR, BIN-IN

DOOR, TABLELEG, CHAIRLEG, WALL-LIT

DOOR, CHAIRBACK (could el iminate both by testing for nonplanari ty

but expensive)

(orientation and height are unique)

TELEPHONE, TABLETOP, DOOR, WALL (too small for reliable

in terpre ta t ion)

DOOR (too wide for CHAIRBACK), WALL-LIT, WALL-UNLIT

DOOR, CHAIRLEG-BACK

DOOR, CHAIRLEG-BACK, WALL

DOOR, CHAIRLEG-BACK

DOOR, CHAIRLEG-BACK, CHAIRLEG-FRONT

DOOR, BIN-IN, BIN-OUT, BASEBOARD-UNLIT

DOOR, BASEBOARD-LIT

DOOR, BIN-IN, BIN-OUT, BASEBOARD-LIT

DOOR, BIN-IN, BIN-OUT, BASEBOARD-UNLIT

DOOR, WALL-LIT

DOOR, WALL-LIT

DOOR, WALL-LIT

DOOR, PICTUR

WALL (too wide for DOOR)
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distinguis ned by hei~ht and orienta tion and thus ¡,re p~r'ticuiarJ.y

valuable in con5tr:Ünin~ ser. a. n tl cêilly reld.te.j interpreta tions of

other re~ions.

Table ö is a represe~t.tive list oi semantic constrain~s, largely aà
hoC and certainlY not unique. A sufficient set was d~duced in a few

hours of Gedanken reascnin~. ana a1 terna tives are easily found. Toe

generali ty of a çarticular set of constraints is best determlned in

the context of a func tionin~ scene intercretation system.

The most frequently invoked coiistrw.ints enta.iled vertlcal order~nc

(e. ii. , a.bove) , adja.cenCy, coplanari ty, a.nd homogene1 ty (of hue,

briQ:htrress, surfa.ce rJrienta. tion.. and ,90 on i. i.a.ch of these
constraints C!!n be represented by relativp.ly simple computa'tional

procedures. For example, vertical ordering relations nips between two

re~tons can be defined in terms of the relÄtive vertex cooruinates of

their boundin~ rp.ctan~les. homo~enei ty re~uires that nt' adJacent
region with the same interpretation have a s1gnificantly different

value for the constrained attribute.

Constraints Cin Oe usefully cate~orized ~s ver"ical or horizontal.
Vertic~,l constrain ts deal with interpretations of one re,ion. for
example "this region can i t be part uf a door because it i~ aoove a

region krro.wn to be part of a wall." Horizontal constraints i on töe

o"her hand. deal wit" reKicns sh~ring an interpretation (or class of

intercreta tions ì . For e~a.mDle , II form a global consensus Of wall

location based on all re~ioos with Wall as a possible j.nterpretätion.
.

TIier¡ , rule oUt Wall as a possible interpretation from all regions

that are not cOPlanar with this conse~sus" or II if severiil prox~ma te
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Table 8

SEMANTI CS

1. (ABOVE TABLETOP TABLELEG)

2. (ABOVE CHAIRSEAT CHAI RLEG)

3. (ABOVE CHAIRBACK CHAIRSEAT)

4. (V-COPlANAR WALL)

(V-COPlANAR DOOR)

5. (NOT (COPlANAR CHAIRBACK WALL)) . . . . . . . . . . . . . . (V-COPlANAR X) ~ a region
pictorially above or below a

region uniquely labeled X and

not coplanar wi th that region

cannot itself be X.

6. (NOT (ABOVE WALL DOOR))

(NOT (COPlANAR CHAIRBACK DOOR))7.

8. (ADJACENT DOORKNOB DOOR)

9. (OR (ADJACENT

(ADJACENT

PICTURE WALL)

PICTURE PICTURE)..... . . . . . . . . . . an interpretation can be
legally adjacent to itself

due to conservative merging.

10. (SURROUND PIÇTURE WALL).............. ........ (SURROUND A B) ~ A adjacent
on all sides to B.

11. (HOMOGENEOUS WALL)........................... (HOMOGENEOUS X) = A region
that is adjacent to a region

uniquely labeled X and with

significantly different

brightness, hue, or saturation

cannot itself be labeled X.

12. HOMOGENEOUS DOOR

13. (NOT (ABOVE DOOR BASEBOARD))

(ON TELEPHONE TABLE)14.

15.

16.

(ON PENCI L TABLE)

(NOT (COPlANAR BIN -OUT WALL))

17. (NOT (ADJACENT BIN-IN FLOOR))

18. (ABOVE CHAIRBACK CHAIRLEG-REAR)

(ADJACENT CHAlRARM-FRONT CHAlRARM-TOP)19.

20. (INSTANCES DOOR 1)........................... (INSTANCES A n) ~ n instances
of object A can be expected in

a ny one scene.

21. (PROXIMAL CHAIRSEAT CHAIRBACK CHAIRLEG)...... (PROXIMAL A B ... Z) ~ Objects

A, B, ... Z will be found in a

common vicinity of the scene.

22. (PROXI MAL TABLETOP TABLES I DE TABLELEG)
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rei;ions have been identiti~j as part of a cnair, a~tivate an expert

Chair ~rocedure to ide~tifY uniquelY other re~1o's corresrronà1ng to

the re-iiail1ii1~ parts. " Horizontal con.'3traints thus sii1Pli.tY many

regions simul taneouslv. ~ithin the above caterories, constraint~ can

be identified a~ absolute or preferential, depenuing on wh~ther they

posi tivelY eli~ina te an inter~reta tion !ro~ further cons1dera tion or

merelY reduce 1 t8 lik~lihooct.

Constraints can also oe cla5sif1e1 on the basis of how theY are used

in the r~asoning process. Some constr¿ints were prim~rilY usea for

disQual1..Yin~ interoreta tions. .for ~nsta.nce (AJ:OVE GH"HìBACK

CHAIRSEAT) ~ÄS literallY interpreted as "to esta.olish wnether a

re~ion could be a chair seat, cneck wnethei' any region above it could

be a chairOack."

other constraints ~ere most US~fUl for Dropagatin~ the consequences

of an interpretation once it h~d been estaolished. For instance,
after deterMi~in~ that a given re~ion w~s floor. ~he constraint ( Noi

(Ad :ìa.cen t FLOOR fÌ ALL) ) was invoked to ùeietc ~41l as a possib~e

interoretation of all adjaceni reg~ons. 'îlH!Se . two ca tegories of

usal!e .re r~la t~d lest)ec~i vely to consequent ana antecedent

reiisoning.

Most nega teä constraints ~re in the antecedent category oecause tttey

a.re net effective until some region has been uniquelY assi~ned a

con5trained int~rpretation. (Ne~;;. ted constraints call however be usec2

in co::seQUent rea.sonin~ by a t~achinl! demons to re~ions having i

constrained interpreta ticn as a possibility. These demons would
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a.ctiva't.e the contr,int when and if ~ll other interpretations uf the

region are deleted.)

Ma.ny horizontal constra.ints are also ~ffective only when an

antecedent condition has been aa tisfied. For ~nstance, once a region

has been uniquely identified ÃS a joor, knowledge tha ~ an office has

onlY one door can be invoked to eliminate that interpret~tion from

all noncoplanar re~ions.

Anotl'1er use of anteceaent rea.soning wa.s to hypothesize each

al tern1. ti ve interpreta. tjon of a region in turn, amd propagate all

applicable antecedent constraints. All nypotl"ieSt'g that leCi to

contradictions were elim1n~ted.

Dee~ cn4ins of deduction were not required to interpret the scenario.

Most Of the reasonin~ was similar to that useã in the introductory
example to jisambi~uate wall and ao~r. for instance, the Picture

~n tb~ w¿ll (re~ions S~9 in Figure 29) was analYZed by deducing first

that rel!ions 5. 7. and 8 could not be wall because of hue and

Sa tura tion diacontinui tip.s wi th re~ions 54 and 55 KnOWn to oe wall.

Moreover. the~~ re~ions COUld not be door because of tneir proxim1ty

to re~10n 6 known to O~ pic ture. Region 9 Was then constraineö to be

pa.rt of the ~icture to which th~ surroundin~ regions belonged. (Note

the value of o1cture frames wnictt clearlY öelinea. te picture-waii
boundaries in this Kind of analY sis. ) Le~~ b~lon~ing to taoles and

ch~irs were di!ferenti~ted on tn~ b..sis of respective proxliti ties

w1tö rp.~ions lò (chairseat) and 36 (tabletop).
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One Of the more interestin~ deduction~ was that used in eiimiaating

waste ba.~Ket a3 ¿ po~sib~e interpreta tioD oi srn4ll b.seuoard regions

(i.e.. 24, 26. 4S. 47. and 48). It was first reasoned that a region

sucn aa 26 coulj not be the outside of a w~stebasket Uecause J. t wa.s

cocla.nar wi tii fef:ion S4 ~nown to be à WAll. (only tne ins~de of a

baSket UP a~ainst a w~ll would be indistinguishaole %rorn th~ plane of

that ,..all. ) On the otner hind, region 26 COUld not be the insice of

the bask~t (view~ct from above) because it was adjacent b~iow to the

floor. (Only the outside of ~ basKet can share a bottom border with

the .floor.) '01U.s. while reiÜon26 did not vlola te any i;obal
constraints for tiie interpreta. ticn "waste b~sket against a wall,"

since it cOUld be neither the inside nor outside of such a oasket

that interpreta tion Wa.S disallowed. The above reasoning couf1rms

an observa. tion rnade b:.' '¡,al tz (Ref. 201 in tiH' bloCKS worla, th. t more

specific loca.l in terpret~ tions (e. ~., distin~ uisning Detween inside
and outside i le¿d to ~ore constrRined gio~al interpretations.

One o~ the most e~co~ra.~in~ ooservations ~o re3ult from the scenar1.o

is tnat mill ti serr.~ory roo~ scenes are hiEhly constra~ned and should

prove ~uCh eàsier to analyze bY constraint s6tisf~ction metriods tnan

the a bstr~ct bloCKS world. rly comparison, iae number of interpreta-

tiorrs initiallY POSsible for each re~ion (3-~i 1.5 far less tha.n the

a.vera¡;e nlJ,mber of loça.l vertex interpretatior.s encountered by waltz

0.50). Mor~over. the contextual constraints in re¿l world scenes are

inf~ni tely richer th~n the ~xtremely local restrictJ.ons tna t can De

aDP11ed to rando~iy arran~~d pOlYhedra. (li;;L.t2, rej,iea sol~J.Y on the

requirement 'that interpret;; tions ~ssigned to a1jacent vcrtic~s ~e

consistent i.¡th respect. t.o the tYoe Of eüge JOining t!¡em.)
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.s . Current sta tUB and Plans

The components discussed ~oove are curently bein~ integrated into a

comDlet.e scene underst~ndi~g system. The basic deduction SUbsystem

th. t evalua tea the global consistency of possicle 1nterpr~t4 tions has
been proiiranmed and tester; on sym bolic àa tn.. This suos~stem is

currently being interfaced with 1SI8 (Hef. l~J so tnat experiments

can proceed on real pictoria.l da t;;. A la.belin~ program and

procedural representations of the most co~mon constraints ccre unaer

developmpnt. Manu~lly partitioned ima~es w~ll be utiliied for ~nitial

debu~~in?. wnile the se~menta tion .lgori thm ~s oe~n~ perfect~d. when

the core system is able to hanale s~rnple scenes, ~oaules for semantic

resegmentation and instantiation wiii be added.

In th~ near term, t~e ~c~ne interpretation system w~ll be useä to

ûetl!rJ1ine empiricallY what semantic knowledge is necessar¡ to

Understand various pictorial dom~ins. We are especiaiiy ~nterested

in learnin~ now much ~ener~l knowied~e carries over betw~en domains.

Our system allows th~ contributio~ to understandin~ Qf each piece Of

knowlpjl,e to be clearly evalua ~ed.

We envisa~e a system that will acc~Jmulate knowléd~e about room scenes

inc~ementaiiy, by anpealing to a human tutor when ~tuck (i.e., when

a.ll Ì(n o'wn interpreta tions of soiie reg~on a.re elirnina. ted, or

ambiguities cannot ~e resolved). ~he tutor will be a.ble t..o advise

the .'3ysterr by ~rovidin¡¡ a.åd:: tional region interpreta ticns. new

Semantic constraints, refinemp.nts to exist~ng constra::nts, .nd so

forth. Tois paradi~m of Knowled~e acquisition makes more sense than

atternotini to anticipate, a priori, a body of sell¡~ntic Knowlea~e that

is ,ecessary and/or RUfficient for interpreta.ting a given domain.
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In r,.lR t~iJ NorK. supported by ~ASA. we are building a fac~lity for

intpractive versus Rutornatic scene ~nalysis. Th~ user of trtis system

will not oniy urovicte new Knowlcd ~e wnen the syste~ ge~A stUCk, bUt

will ~ake an active rcl~ ~n air~cting the analysi~. for example, the

user coulcc ~rovide a crUje verbal description of the scene, tnerebY

indica tint relevan t ~nterpreta tions and constraints. He cou..d even

directlY desu:n:¡ te the desired interpreta tion for a particular
region. The Consequences Of such an assi~nment ili~ht then prouagate

to influence the ilObal inter'Oreta tlon. The system's reasonini

proce~s will be interruptable at Rny point, to query tne reasons .for

disca.rdinz an interpreta tion, a.nd to introduce or elirnina te

constra.ints, in'lerPleta tions. region tJounC1arl.eS, and so iorth.
Assill1ila tin!! arbi. t:cary new knowledge into an ongoing analysl.s is a

comolicated control nroblem; ~he system Will nave ~o leave notes in

the da.t¡ bast" eXPlaininiz the r~;¡so¡,i::nli behind every action so that
decisi~ns can be undone shoulã sUbsequent events counteract those

rea.$ons.

In the ionger term, the understandl.niz yaradigm w~ll be augmented with,

additional analY8i~ techniques to achieve more flexibility 1n tile use
of knowledKe. A uniform constraint sa tisfac~ion procedure req~iring

exhausti Ve see:irenta tion R.nd enU!!era, tion Of poasioili ties seems

ina ppropria, te in ver~' complex scenes, especiallY when a complete

scene description is not necesSary. In sllch ca.ses. ~t 'I'OUJ.d be

preierable to sample the image for uniq~elY identifiable surfaceS and

then jnitiate indepen¡jen~ procesSeS to confl.rm each Of these

intp.rpret~ tions. Th~se processes would in turn spawn further

processeS to seek sl1pportine: interpreta. tions anQ so forth. .íegion

boundarie,s woul,j be determined top down after recogni ti~n has been
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compl~ted . The rela teà variable concept could coorCiina. te the

ana.lysis bY comiiiunica. tinp: cri ticis~!1 and detecting contra.dictions.
Conflicting i~terpreta ticns proposed bY indepenJent processes might

be resol ved by invoking higher level se~~ntic considerations or cy

initiatin~ a process to discriminate on th~ basiS of distinguishing
features. A complenientary refinement, When specif~c information loals

exist. is to restr~ct the detailp.d semantic anaiysis to relevant
pa.rts of the scene l\Jc..li~ed ~y a rapid distinguishing features

search.

Another una. tiSfYin~ restriction of tOe prt:sent implement. tion is
that all knowled~e must be represented at a "surface" level. That

is, a constraint tha. t c:iairs a.re near tables woulJ have to De

repres~ntet\ ~s (NEAR CHAIPSEAT TABLETùP). As pointed out earlier,

scene interpretation shoUld utilize semantic constra.ints a. t many

levels. inciudJ.n~ rela tions bet;4een parts of an object, relations

betwei"n objects, global domain constraints (e.g., constraints
associa.ted wi t¡1 indoor scenes). and functional cons~raints on form

and st.ructiJre. It is not fea.sible, a.s Cna.rnilliC (Ref. 2ö)

discovered, to have all semant~c knowledge simultaneousiy ava.il¿ble.

Relevant constraints must be activåted as the context emerves during

inter'Oreta. tion. Multiple levels of ~nowle1ge couia ~e accommodated

in the present constraint satisfier by using the rela.ted var1able
rnec r1ani SM to activate special~st routines when sUfficient evidence

had accumulated to indicate their relevance. DJ.fferent levels of

kl'01rllede:e are more easily accoMmoda te1 in tne proposed inüependent

process model since the use of knowledge is explicit in a procedural
re p)"esenta tion.

,
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D. Vision 3~pport TasKs

l. Introduc.tion

Th~ principal objectives in this first year were to determine the
Visual informa tion requirements of a computer consultant in orQp.r to

formulate an appropri~ te r~search plan. The req,urements were

det~r!lined r:y studying protocols between a. human consul ta.nt a.nd an

apprentice. Table 9 contains annota. ted excerpts from the
eXDerimental dialogs indica tin¡¡ a need for visJ.on. Vision is also
required when deai~na ting parts and tools by pointin~ a. t them.

In anaiyzin~ thede prot.)cols. we conclude that úa.sic perceptua.l
stra tegies cleveloped for robots can ~lso be utili~ed by a computer

consulta.nt. ~oth must oe able to select from a large reperto~re Of

specialiied tecnniques those oest suited for obtainiß~ a particular

piece of information. TI¡~ consultant. liowever, ¡ias the big advantage

of includin¡; in its rep~rtoire tne percepi"u~l skills Of trre

apprentice. ¡';any 1iffic ult-to-automate perceptua.l deterrn~na tions,

sue ii a. s whether a. bel t is worn, are easy for humQns to jUdge at a

glance. In sucn ca.ses. the consultant's best perceptual strategy is
simply to ¡SK the apprentice.

One difference between complt:ssor scenes and roorlj scenes J.:: that

tools and compressor p~rts are distin~uishea primarily bY structured
sna oe descriptions. A critical researcn objective is thUS to develop

ideau~ te represe~ta tions of curved three-dimensional oojects. ìte do

not necessa.rilY envisu:e a single comprenensive forlT,..lisT! for
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Table 9

PROTOCOL EXCERPTS ENTAILING VISION

A = Apprentice E = Expert

1. "Show me the belt please."

bel t.

Make sure A had the right

2. "Show me the l/2-inch combination wrench please."

me the tool you are using." Check to see if A was

the correct tool.

" Show
using

3. "Show me what you are doing." Verify hypothesis that

A was trying to fit wrong wheel.

4. "Point at the screws you are going to remove."

correct intent.
Verify

5. "Show me wha t
long time. E
nected yet or

A was taking a

air line discon-

you are doing please."
wanted to see if A had

had gone astray.

6 . "Show me the after cooler elbow." A was having trouble

connecting the after cooler to the elbow. E wanted to

check whether the after cooler elbow and the pump

housing to which it was attached had been correctly

assembled.

7. "Let me see it."

and flywheel.
Check alignment of grooves in pulley

8. "Show me what you are doing." A had gone ahead and

E had to update his assembly model.

9. "Show me the pressure gauge."

operation.
Check for correct
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describing shaPe bU L will continue throug110ut the course 0.1 this
pro.ìect to t!ev~loP representa. tions for more a.nd more complex

structures. Desi~aOlp. cnaracteristics of representa. tion (jre the

following: They sho~..d be capable of represen~ing an arcitrary

deg~e~ Of detail without ma~ing the retrieval Of the coarser features

unwielctlY; t¡i~y Sil0uld De cap~ble of relat~n~ ~c mo~els Of surface

charae teristics. incl uding reflect~ vi ty. color, a.nCì texture; tney

Should ce capaole of cnaracterizil1g rela tionsnip~ amon~ p.rts in an

assembly; above all, t,ttey snould ena. ble ttie system to produce

(understan1) descriptions easily understooö (produced) by humans.

InitiallY we will concentrate on representin~ ~ fixeû set of specific

parts. These representations will be "model-basea", in the sense

tha t theY rc..er i:o the precÜle Keometric öetails of. specific
prototype p~rt s. AI! the research proceeas furtner, we hope to

develon functior.a.l semantics tl1a. t can be used to reco~niz~ parts

genericallY. SUch re~r~s~~ta tiûns wOUld give the consui tant ~eneral

exp~rtise about 3. class of equipi~errt.

Tne aliiori tnnos by which the appropriate representa tions a.re

abs~r¿~t~Q fro~ visual and range data are an integr:¡l part of the

resea.rch 011 representa ticn. In the e~rly sta~es of the program,

recogni t~ol1 stra t~r,ies for compressor DÂrts will be ha,nd-çodea into
the system. ba~ed on "distinguisnin~ ieatures," a. set of t~sts that

maY econom~c¿iiy d~stin~uish amon~ parts in a limiteQ context. La.ter,

we nop~ to be ~ble to interactively "teach" tne system wnicn features

or ci1ar9,cteristics Of an object maY be reliably used for
discr:Lrnina. tion.
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Specific prQgress haS been made in two areas of research i spa t1al
.

representa tion of COMPressor parts, and the 10w-leve1 processing of

ranr.e data. These are described More fUllY oelow:

2. ?epre~enta tion of Compressor Parts

WorK has be~un on specification of tne d~ t~ struc~ure and a.1gorJ. ti1ms

needed to paint to and lor identifY parts of an assembled compressor.

The emchasis in this tasK is on spa tia.l mOdelinl( of an assemblY,

rather t~an on extractinr informat~on from an ima~e.

The compressor model will contain the iocation, txtent, ano snape of

each Part. ~ased on this model. the system should be c a.pa bIe of i

(1) identifYin~ any part of the corepressor aesignate6 bY ff¿nually

pointing ~he laser and (2) pointing the laser a. t an~ named part.
Identfica tion e:nt~ils finding 'where the laser r.y intersects the

mod~i. while pointing involves aiming the laser a.t tht: centroid of

the visible oortion of the desirej model part. several ~lgori thms

are uncter studY for outlining the visible portion of an object. The

initial spec~iication ana !ubsequent mOdification Of the model of the

comcressor will oe done ~ith inter~ct~ve graphics, possiolY uti~iz1ng

ra.n~e images of actual objects.

In1 ti~lly. tJ1~ extent anC' shape of
.

parts will be r~presented by

plane-facect polyhedra. La ter descr~ptio~s will be mor~ flexibl~ and

featur~.or1~nted .
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3. ACQuisition, DisPlay, Transformation, and Display Of Range Data

The computer consui tant will aepenü nea vily on a las~r range finder

for obtain~n~ three-dimer.sional shape and orientation of parts and

assemblies. Three-aimension~l C1a ta ha. ve oeen .0 btaineu from the

laSer ran~e finder in USable form. A mirror Scans the laser oe~m in

a raster pattern. under computer control. Ph~8e rne~surements on tne

reflected lignt Rre di~itized. converted to range, ana storea on a

disl( file. (The r~nge finder system is describect in Sect~on V Of

this reoort.)

Tî1e da tá. may De dis;Ha:ved in perspective, unGer interactive user

control. Hy varyin~ tne perspective in small increroents, " mot~on

steleo" miiY be s!roula. ted to r,i ve ttie illusJ.on of depth. A

split-screen viewer is bp.in~ bUJ.lt to en~blê stereo presentation.

Ciilibra tion 1'£ tiie range finder enta.ils two distinct pna,ses:

determina ticn of t.ne laser' 3 orientation~ deflection coeific~ents,
and scale !actora: and deterNin~tion of the correspondence oetween TV

ima~es and ranGe irna~ea of toe s~me scene.

Calibr;; tion of the laser i ~ own parameters is currently done manually

using ~ ru:leL". Since none of thes~ para.ï'1etcrs a.re Rta.ole,

ca.llbra tion must De performed e~ch time range ~easureMents are to be

made. Autorna tic a.'1Q intera.ci"ive calibra tion f¡H:':thtids a.re unCler

inVestil!atiol'l.
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'¡'he correspondence between TV and range ..ma.ges is computf!d oy

maximizin~ ~hp. correla ~ion between discontinui ties in th~ two images.

Th~ two imu:es are first brouiiht into rough corr~spondence
interactivelY, u8in~ th~ persp~ctive c1ispia.y pro~ra.ii . A

hiil-ciimcing ~l~oritnm then ma.ximiies the correlation.
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V THE SCANNING-LA3tR RANGEFINDtR
\-

A. Introduction

In a. previous :report (Ref. l¡ a basic descriptiun was given of a

ran~e scanner caPable of genera ting a "pic t. ure" analogous to a.

television picture, but in which each picture poin twas associa ted
wi th an analo~ viiue uenotin~ ran~e rather than light intensity.

A simplified clock diagram of the ran~e scanner is given in Figure 30

anà a more detailed diagram in Fi~ure 31. The range scanner consists

of three fUnc~iona1 components:

+ A transmitter that ainpli tUde mOQula tes a light öeam with a. 51-MHZ

sine wave

+ A mirror scanner that SweepS the ~odUla ted oeam over the field of

int"erest

+ A receiver that piCKS up the i1~ht from whatever object :intercepts
the scanning bea.m. Aít~r amplification the output from the receiver

is aemodu1a tea bY a phase demodulator.

The àemodula tor effectively measures the length 01 time requii'eù for
a light beam to ma.Ke the round trip from range scanner to light.
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FIGURE 30 SCANNING RANGE FINDER-SIMPLIFIED

sca ttering ocject an~ bacK. The range vaiue, of cour~e, is a

constant multiple of ~nis tim~.

Tile meri t3 cf tile phase mOdulator are worth empna3izing. In this

device the output from the rece~ver is compared with tne pnase of the

modula tin~ signal feeding the transmitter, .nd a dc l~vel is oerived

tha~ is a function of this pn~se difference only. sitnals of other

freqUencies aVerage to zero. Since the phase difference varies

lineariy with the distance to the light sca ttering O~ject, tne àc
level is a measure of the range of the object. Tde method nas the

vir~ue of being a one~!requerrcY method not depending on the amplitude
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Of the reccJ. Ved signal; it is therefore possible to tr.de range

discrimination ~iainst si~nai integration tirQe. Tne sensi tl vi ty
calculations presented lÅter indicate that, at Á ran~e of lQ feet, it

maY be posSible to make 1,000 measurements per seconó with a range

discrimination of 0.25 inch.

Considering the trinsmi tter s~ction, the process begins wi tn the ~.

MHZ crysta~ oscillÁ tor that drives the mOdulI. tor via. a.n adJustable
Phase snifter. The phase shifter proviaes a.n aåjustment Of

approx1ma tely 60 de~rees so tna t one may adjust for a precise zero
or, al terna t~ velY, offset tne minimum range ana use increased
sensJ. ti vi ty in tne read-out. The zero may also be displaced bj fixed

amounts and with great prec~sion CY short lengths of coaxia~ cable

inserted between the various units. The mOd Ulä. tor provides
ampli tUde moctula tion of the light source, which maY ce either a ~O;O.

a. u. ~allium arsenide diode or a 632ô-a. u. helium-neon laser. The

latter is prefer&ble J1nce it can provide a smaller spot size (cetter

lateral resolution). Although gas lasers typicallY snow 1 percent.

ampli tUde noise inot1ula tion, this does not interfere, except to a

minor extent, ~ith the precision of the pttas~ mea.surement. The

mOduli. ted 1 i g 11 t beim is then deflected bY a s6anning mirror system

(in two orthogonal directions) so that it scans tl1e iield of view

that is of interest.

The recei ver section maKes use Of the same scannin~ unit so tna tits

line of sigh t coincides with tha t of the laser beam. The return
signal is put through an interference fil ter to e11mina te tne arnCient

illUmination an4 passes to a high-~rade Photomultipl~er, an HCA CA

J1034, where it 1s ccnverteu to elec trical form. The use of a
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premium Quality Photo~ultiplier is Warranted since it is here that
the Siiinal.to-nOise ra t.io Of the system ~s determined. The primary

requirp.ments are for ~n efficient photocatnoae and low àarK current.
It is desirable that the sign.l ¡evel from the CA 31034 snoûla te at

least 1 milli VOl t. This signal is then put throu~h a. 2. .5-KMZ wide

crystal filter Iform factor 2:l) ~t the first opoortunity in order to

minimiZe effects due to electrical il1terference, in Particular before

any Sa tura. tion ca.n occur. * The filter is followed 0) a symmetrical

lim1 ter to remove amplitude variations due to inverse square law,

orienta. tion of the surface, reflectio~ coefficient, laser noise, and

so Qn. Note that the li~iter must li~it tne top and bottom halves Of

the sine Wive s,y:nmetricallY since asymmetry usuallY introduces a

Sl1i.tt in ph a se.

Perhaps the most stringent Part Of the desi~n occurs in tne phase

demoduia tor. W ha. t is reyuired 18 a clean multiplier. We wish to

multiply to..ether the reference ~ignal, ei . sin wt; and the ref¡ected
signal that. IuS passed down the rec~iver cnain, e2. sin(wt+ Ø).we 00 not

haVe a li rea t deal of con trol OVer the various phase s 1ifts that occ ur

down the receiver cnain, but we a~sume they can be nulled out bY the

Phase shifter rnentioned previously. We are interested in deveioping

a ~c level that v~ries linearly with the variable part of ø; i. e., the
Part due to the variable p~th len~th oetween the deflecting m1rrors

and the reflecting object. The outp~ti M, from tne mul tiplier i.

given bY:

*The mati Va ticn behinj this use Of a narrow-band filter is entirelY
valid. but teMOera ture-indUced Phase sh~ftB in tne crystil 111 ter

necessi t~ ted its removal.
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M = k . ei . e2 . sin wt . sin(wt + Ø)

= k . ei . e2 t sin wt . (sin wt . cas ø + cas wt . sin Ø)t

= k . ei . e2 r cas ø .
L ~ + terms in

r l i - cas 2wt i f
icas ø 1 2 . + sin ø l

2 wt J

'in2 Wt ii
= k . e . ei 2

Where K is an arbitrary constant. The terms in 2wt are easily
removed by a low pass filter leaving an output de~ending only on cos

ø;W~ Shall iJe' worJ(inii over the linear region either ~ide of 90

degrees, &S shewn in Figure 32. Note that the ouipu~ varies w1tn ei

a.nd e2 ' therefore, theSe must be kept constant to ~ t least tne

precision Of the ranRe measurement.

Al terna ti vely, the two wa vp.forms aPPlied to the multiplier may be

converted to squ~re waves, in which caSe the output varies directlY

as ø rather than cos ø. However, the li~i ter problem is implici t J,n

Wha tever phase rneasuI'in¡¡ device we choose since a constant output

readin~ must be provided for a r~ceiver input level vaning from 1

milli vol t to 1 volt.

B. Sensitivity and Signal-to-Noise Hatio

1. Received-Si~nal Level

The i~itial design ~ssuruptions were ~s fOllows:
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-3Scanning triinsini tter power (collimated bea.m) = io watt

Maximum range = ~O feet

Minimum reflecti vi ty ~ 1 pe~cent

hemiSPhere.

The reflected power Was assumed to be Sca. ttered uniforrnl~

Receiver capture area. 0.25 square inch.
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FIGURE 32 ANALOG OUTPUT FUNCTION
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The ~inimum receiv~d POWer, ~, applied to the Photomultiplier is

P = 10-3 X 10-2 X 0.25 = 2.5 X 10-11 watt
2TT(120)2

The Bensi ti vi ty Of the ReA CA 31034 Photomul tip11er J.S given as 4 x 104

amps per w.tt at 6328 a.u. For an input of 2 . 5 X 10-11 watt, the
output current, I, is given by

I = (2.5 x 10-11) x (4 X 104)

-6= 10 amp

Assuming a load impedance of k,OOO ohMs and a transmission of ¿~% by

the inter íerence filter,

Minil'um output level = ll,OOü x -- X 10-6
4 voi ts

= 1 milli vol t

The maximuM signal to be anticipated is about one vol t, since the
workin~ range vari~ tion of £rol' 2 l/2 feet to 10 feet results in a

l6-fold increase of signal. ana tiie transition from ~ "blacK" ocject.
to a "wnite" object gives another factor Of 60. ¡he working range Of

the ii~i ter must therefore be at least 60 db.
oj
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2. Pha.se Hoise

The constraints on receiver phase no~se can be evalua.ted as foiiows;

The vector OA in Fi~ure 33 represents the return-signal vol tage out

Of th~ head a~plifier. AS is th~ random noise contribution frOM all

sourcp.s--head a~plifier ~oise, jitter due ~o power suppiy variations,

etc. "-so that the instantaneous value o£ the output VOltage is given

bY 08. OR is the reference phase and the outpu~ of the system is the

Phase an~le between OR and OE. ihus, the angle AOB represents phase

noise, the fluctua.tion in the output measurement corresponding to the

noise vector hS.

It is desired that the equipment yield an accuracy Of 0.1 incn over

the ran~e 2-1/2 feet to 10 feet, or 1 part in ¡,aDO. Since we have

previously assurrJed in the òesign that will vary from +50 äegrees to

-so óe~rees, tl1e phase noise level must be approximatelY equal to O.l

degree, or 1/600 rad~an. ThUS, tne required minimum signal-to-noise

B
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SA-1530-71

FIGURE 33 EVALUATION OF PHASE NOISE DUE TO RECEIVER CHANNEL
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ratio is ~he ratio Of the vector OA to 08, or 600: 1. Ii the minimum

received sign~l OA is 1 ~iilivolt, then the noise level of the system

must be 1 micrcvolt. For l,UOO meaSurements per secona and a receiver

ba.nc.width of 2.5 KH~, a receiver noise level Of 1 microvolt at 9 MHZ

is a practical value.

.3 . Quantum NOise

-11The minimum received power ha.s teen calcula. ted a ~ 2 . 5 X 10 watt; and

combined witn ~5% transmission bY the interference filter ano J.O"

efficiencY a'\ the photo~a thode, the p.qui Valent power level referred

to the Photocathode of the photomultiplier is

-11 -1 -13
P = (285 X 10 )(0825)(10 ) ~ 6 . 10 watt

hcThe ener~y i E, associa ted wi tn each photon is given bi T

E = (686 x 10-34)(3 X 1010) ~: 3.13 -19- - :~ X 10 watt seconds
6328 X 10-8

The worst caae rate of electron generation at the photocathode is

6 X 10-13

3.13 X 10-19

6
~ 2 X 10 per second

If We ~ake ~ meaSurement every millisecond, each sample will in the

Worst caSe, on the aVp.rage, include only 2000 electrons, with a
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random varia ticn O.f IN = 45 electrons. The phase noise 9 =

4.5/2000, which equa.ls 1/45 radian, or a.bout 1-1/4 degree. The

Pnase noise dUe t.o Photoelectron eiiission is rriade worse oY the

45 COUNTS

-J!---- i \- --T- I \0- I2000 COUNTS , /\ /" ./-- -
SA-1530-69

FIGURE 34 EVALUATION OF PHASE NOISE DUE TO FINITE NUMBER
OF QUANTA IN THE MEASURING SAMPLE

multiplier noise at the first dy~ode and also bY tne da.r j( current
noise, allountinic to a factor 1.5. gi ving .. measuring error
approxiroatelY ~qual to 2% of the work1ng range -SO degrees to + .so

deltrees. (We have only 2,000 photo-electrons Wlth ~hich to ~enerate

an p.lectrical signal representing 9,000 cycles of 9 MHZ.) For a gray

obJect Of reilectivi ty i 7% at ~ feet, the error will be reduced by a

factor of .. 17 X 4 times, which is approximatelY equa.l to ö.

4. Noise Due to Amcient Illumination

-tie Will aSsulTJe that tne stray light has the spectral quali ty of

sunliiht and the receiver "sees" an area Of one square foot a. t ten

feet.
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Direct sunlight at 6328 a.u., a.mounts to 0.11: wa ttsl square

metre I a. u., 'which equals 0.32 watts/ squa.re foot in a 20 a..u. pass

banù.

If tne ra tic Of room li~ht intensity to Jirect sunlight is ~OO: 1,

then straY li~ht from the area. seer. UY the recei ver is equivalent to

radia ~10n Of tower level = 1.6 milliwa 1.1.s in the 20 a. u. paSS band Of

the receiver.

We will assume ~hat the ~traY light patch has a reflectivity of ëO~

( m10dle r,raY) . In the worst case of a 1% reflecting object, the

power received from the ambient iiiumination will oe (l.6/l.0)20

~ 30 times ~rea1.er than the laser return power frOM the scanned
i

object. It will contribute (0)2 or 5.5 tÜ'¡es as l1uch aMbient noise

as the inherent noise in the Photon count for the siKn¿l, so tnat tne

ranQom Varia t~on for a 1 millisecond saMpling period hecomeS 7%

ra tlìer than 1-1/4%. Tnis dependence of toe sign~l to noise ratio

upon the amtipnt iiiumination leVel is in fact ObserVed, and in a.

tYPical case, 'the ¡¡uis€' level on the signal from ;; wall at lU feet

feii by a factor of four when toe room was darKened.

EvidentlY, it is wortn eXpen1ink considerable effort to improve this
si tUa '!"ion; in fact a sUbstantial improVement nas been obtaineQ bY a

red~sign of the optical layout so the area ~na t tne receiver "sees"

has been rcdUced from 1 square foot, correB~onQing to a maximum

Off-axis angle of 4 de~rees, to l/64 squ~re foot anCl l/2 c:egree

off-axis ;;ngle as shawn in figure 35. A lens Was fitted behind tne

interference filter and an image of the scanning spot (at 10 fee" )

fOr/i1eCi un a. diaphragm conta.ining a l-rom pinhole ahe..d of tne
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ORIGINAL FIELD OF VIEW-
16 in. DIA. AT 10 ft\

REDUCED FIELD OF VIEW-
2 in. DIA. AT 10 It

LASER SPOT-
0.4 in. DIA. AT 10 ft

SA-1530-47

FIGURE 35 REDUCTION IN THE FIELD OF VIEW OF THE RECEIVER CHANNEL
TO MINIMIZE NOISE DUE TO AMBIENT IllUMINATION

Photomui tiPlier, as ~nown in Figure 36. The noise crea. teà CY the

amb1errt J.ll uJ':Lnii tion has been reouced to a. level approxiMating that

due t~ the qUantum noise contribution Of the return signal frOll1 the

laser i tseir.

TO summarize the r~sul t Of the above calcula tions in terms of

prac~ical equipment design, a l-miiliwatt laser maY oe expected to

provide a O. 2~ incn accuracy a i 5 feet on a 20% reflecting aoject in
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1 millisecond, sUbject to the nUMerous other pararreters 'tha t have

been given realistic values, and assuming that the effect of ambient

iiiumination has been reduced to a negligible level. This result has
to do only with counting photons, and can be iMproved upon only by

increasing the laser power. The power, F, required to prov ide a

0.25- inch accuracy at lO feet on ~% reflecting object would be

(~0)2 . 24° = 20 milliwatts

assuming th~ same l-millisecond sampling interval. I't is impractical
to USe a longer sampling interval since at 120 X 120 resoiution

total picture time amounts to (120)2 X 10-3 = 14.4 SE;conds. Wh1cl'

the

i.
aiready in excess of what would be desirable.

c. Hardware Dei:ign

1. Transmi'tter section

The general layout of the transmitter section J.5 shown in Figure 3'l .

So far iill Of the experimental worK has been carried out using a

Hughes J-mW helium-neon laser; by the time the modulated beam ieaves
the scanning mirror the actual radia'ted power is close to the i-mw

assumed in the previous calcUla tion5. In view of tne computcc tions

gi Ven in the section a.bove, it is evident that a. considerable
incre~se in trangmi tter poWel is mandatory if the desired data rate
and accura.Cy are to be achieved. When this is done, additional

Shielding and c~re in operation will be necessary to guard a-i¡::nst
POSSible dama~e from radiation sp16 tter to 'the eYesight Of personnel.
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The 6328 a. u. beam from the helium-neon laser is plane polariied, and

the Plane of polarization i~ rots ted to an extent depending en the

bia.s level Of the ADF c~yst~l, the halt-w~ve voltage of whico is 250

vol t,a. At 9 rnhZ the required drive power i~ approximatelY U.75 watt,

and trre circUlating power throu~h the crystal is approximatelY SO

volt-amps. It is necessary to pay ca.reful attention to the

radio- freq Uency shielding asaocia ted with the modulator drive

hardware since the receiver cliannel, Which is physical~Y adj¿cent, is

tuned to the Same frequencY and the phase measurement is vulnera~le

to the addition Of coh~rent interference signals. ODe consequence Of

this appreciable circUlating power is heating of the crystal and the

deVelopment of Minor temperature ~radients within the crystal. These

iive rise tc a progressi ve rota tion of the plane of polariza t10n

a.mounting to 180 degrees OVer a period of an hour or more. This

rota.tion results in a reduction of tne ievel Of modul.tion imposed on

the laser oearn, a.nd can oe cancelled bY the superimposi tion of a DC

bias level a~ross tne crystal. This effect is shown 1n Figure 38,

in which the output from the receiver channel WaS "tuned" for maximum

out~ut bY VarYing the DC bias level on toe crYsta~1 ¡eaving the rf

drive constant. EVen tnou~n the required oiaG varied over a range ot

200 Volts, the maximu~ output siRnal changed hardly at all.

ObViouslY t In. s effect is Of fuajor significance in aetermin1ng the

perfor~ance of a~ in:ltrument tna t will be swi tched on ana aiiowe~ to

run indefini l"ely. Ra. ther than seeKing to eliinina. te the temperature

gradi~nts, assumin~ these to be the caUse, or to f¡,nd a l1odu.Ja tor

crystal of a c1ifi'erent chemical composition that did not snow the

effect, it Wasdeclded to add a servo loop to provide the necessary
I
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is shown in Figure 3i.

bias to the crysta.l. The circui t arrangement to do this

siinul t~neous.J;y

The circuit WorKS as follows.

UY threp. (1)

¡he AD? roOd ui~ tor cry stal

the 9-MHZ drive~ which is

ser'/o

signa1s:

is dri ven

approxir~a taly 200 volts peak-to-peaK; (2) a DC level out Of the

circuit, whicn may vary over the range 50-350 volts, and (3) an óS nz

signal, approximatelY 10 volts peaK-to-peak~ ~hat is sup~rinp03ed
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the DC oias voltage. ~hen the oias circuit is providing tne optimum

control vol tage, the 9-MHZ mOdula. \,ion on the beam carries a

superi.mposed Ö5-HZ ampli tUde modula.tion, less t.han 1L percent in

lIagni tUde. This AS-HZ mOdulation is recovered from the la.ser beam of

the reference channel and apPlied to a synchroiious ~hase demodulator

together with an 85-riZ signal ta~en directly from the controllini
oscill¡; tor. The resui tin~ DC output level is amplified and used to

control the bi~s level on the mOdulator. wi th the correct loop gain

and t.ime constants, the settling time to provide m~ximurn 9-Mriz

modulation on the oeam is approximatelY U.5 second. The 4 percent
8S-dZ ampli tUde rnodu:.a tion on tne laser beam is not detrimental in

our ap~licationi since it is remoVed in the limiter Of the recei ver

channel.

The modula tor crYdtal used in toe equipli1ent is a Laselmetrlcs

EOM-3078A mounted on a lasermetrics MV-l20D base (adJustabie in pitCh

and yaw).

2. Scanning iÜrror

The ini tial Work was done with the two mirror scanning unit made by

General Scannin~. Tn¡s unit consists of two galvano¡i¡eter sca.nnini
units sPa.ced approximatelY 1 inch apart i ~nd Qoes ~n excellent JOo of

scannin~ the transmitter beam; how~ver, for our aPtlica tion it uas a

limi ta tion tiia t rend~rs it. unusa.ble. T¡1e overridini
considera tion is to ensure that no scattered lignt from the mirrors
and other surfaces associated with the transmitter channel can leaK

into the Photomultiplier of the receiver channel. such leakage ii vei
rise to a spurious si~nal of constant phase that is aJded vectoriallY
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to the return signa.l from thp. target a.nd :LS essentiallY
indistinguishable from it. The Phase of the resul t¿nt is grossly in

error. TherefOre the receiver channel must no~ be able to løOK bac j(

throu~~ the system and see the tranaro1 tter scanning m~rror except Via

the sUbject being scanne~. It is strictlY inadmissible to use the

Same mirror for transmitting and receivin~. Since the transroitter
pOWer is approximatelY 1d3watt and the received power 10 the worst case

-11is àown to 10 watt, the backscatter from the mirror will inevitablY
swamp the return signal.

Of the configurations for the sc~nniiig mirror a.ssemblY 'tha. t were

examined only one wa.s found to be satisíactori as a pract1cal device;

it is shown iii Figure 40. The design starts from tne premise that the

transmi tter scanning mirror cannot be the sa.riie as the receiver

scanning mirror, but at the Same time a.ny paralla.x error must be

extremelY sma.ll. in scannin~ it is essential to use 'tne slow forward

sweep rapid-return-sweep type of scan, rather 'tn..n a'ttempt 'to use

both forwar:: and return sweeps for signal informa~ion. this 11

becaUse nonlinearity effects are so cri tical that registra tJ.on of

edge inforrna tion becom~s impra.ctical. BY using only one sweep, the

Same nonlinearity occurs in register on every line. we aesire a sweep

time of 1110 secoiid or less, and a re~urn time of 1/50 second or

better J so that the moment of inertia Of the mirror scanning system

must ~)e kept small; tha't means th~t the mirrors must also oe small
and light. The mJ.rrors used in the experimen'ta..1 ~es'ts have been

aiuminized microscope cover glasses, and these were gluea 'to an
aluminum supporting fram~. The paralla~ between tn'! transrni iting

and r~ceiving beams is approximatelY l/2 inch.
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-------------- ----

(b) MIRROR ROTATED THROUGH ANGLE 0:

i1: "if/' "/'/' ..

(c) MIRROR WITH 1200 APEX ANGLE

FIGURE 40 SCANNING MIRROR CONFIGURATION
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The primary virtue of this configuration is tnat the transmitter

hardWare axis (between scanning mirror and l.ser) and the rece1 v1ng

channel axis (between scanning mirror ana Photo~ul t1plier) are fixed

and, in our experimentaì equipment, collinear. tip;ure 40 (b) ShOWS

the resuit Of rotatin~ tne ~irror assemblY througJi an angle 4lpna; if

the vaiues of the various angles are checKed, it will be seen that
the return cealT emerges parallel with tne la.ser Deam. The

interference filter in the receiver channel has a width of only 20

a. u. in waveleniith, and the center írequency decreases with

increasing path length; thus, at ~ degrees aU Cjxi.: there is a.n

enormous reduction in transmission, since the center wavelength has

moved to 6343 a.u. from 6328 a.u., or 15 a.U., as compa.red wi'C.h a

fil ter half-width of 10 a. u.. Tnis effect can ce importa.nt at near

distances, but at a. range of jO inches, an off-axis error of o.~ inch

a.mounts to less than 1 degree of parallax, and so is not a serious

detriJI~nt .

While the in-line configura.tion snown in Figure 401a) is convenient

and will probably be retained in further worJ( on tiie l..ser scanner,
it is in fact an example of the more ~eneral case, in ~h~ch the angle

between toe transmittin~ and receivin! beams is tWice the apex angle

between the two mirrors. The 120 dei!rees inciuded a.ngle case is
shown in Figure 40 (c) . It is attractive since it offers a more

effici~nt utilization Of the area of the recei ver ïrrirror, and yet
still retains freedom frolT obstruction.

Scanntnii iii the v~rtical direction is accomplishe~ by rota tini the

mirror assemcly about the transmitter-receiver common axis. Â de

Position servo ~ives an accuracy 01 approximatelY 1 part in 500, with
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the control voltage being cUrectly proportional
theta, as aef1ned bY a linear potentiometer and suitable gearing.

to the rota t10n

The completed scanning mirror hardware is shown in Figure 41.

rota tingthat the PhotomultiPlier is housed within the hOllow

that verticalprovides deflection. This

recommended.

FIGURE 41 MIRROR SCANNER HARDWARE

.3 . R~ceiver Sect~o,

Tne receiVer section of the scanning rangefinder

Phase meter. It themeasures pha.se Of

Photomui tiplier rela ti Ve to the output from

the reflected beam coming out Of the Glan-Laser prism.

Photocell
recei VeS

tlie

"he

contigura tion

11

~-,,;;

is essentia.lly
from the

that
output

must oe comGle~entarJ to that Of the oirect oeam.

prism is a zero-loss device, and hence the reflected beam
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Oeam is of constant ampli t.ude and the direc t. oea,in is a,mpli tUde

mOdulated at 9 mhz, the reflected ceam also carries modulation at 9

mhZ. Phase-shifted by 180 degrees.

The specif~cations Of the CharActeristics of ~ne pha.se nneter fOllow

from the calculations given previously:

operating frequency: 9.0 11HZ

lnpu t. level: 1 mv to 1 volt (or more)

Bandwidth: 2. S KHz

Recei ver noise level: less tha.n 1 microvolt.

9.0 roh Z Reference

si¡¡nal level: apçroximatelY 1 volt, with 4 percent

modula. tion at 85 Hz

Phase dynamic ra~~e: -500 -: 9 -: 500

Desired accuracy: 0.25 de~ree to 0.1 de~ree.

The crucial problem in the receiver is to aChieve 00 dB or more Of

limitin~ without at the same time incurring a. pha.se shift grea ter

than desired. The effect of such pnase shifts maY best be appreciated

bY considering a practical example. Suppose the laser beam is

scanning across a typic¿l mui tirange voltmeter, wi ~h ¿ blac~ plastic

case and a white dial behind the pointer. The pnase offset

introdUced in scanning OVer the dial maKes i t appeal' to be moved out

from the blacK case bY a.n inch or more--a pnase shift of 1 degree is

approxiina telY eq ual to a ra.nge di! ference of 1 inch. Zero phase shift

implies exactiy equal limiting on both ha.lves of the 9- MhZ waveform,

ana this exact equali ty must be maintained over the whole dynamic

excursion from a 2-milli vol t input to i-vol t input. such symffetry in

159



turn implies identical devices wi to a Physically symmetrical !ayout

Of leads and geo~etry. The hardware that has been constructed using

integra ted circuits creates phase shifts of approxima~elY 1 degree,

which is ~orSe than the desireà specification by ¿ factor of from 4

to 10. It is obvious that the desi~n of R limiter to satisfy our

reQuirements is a nontrivial problem.

However, certain pieces Of labora tcry test gear -- on wnich a great

deal of åevelopinent t.ime have been lavished are capaole Of

me~surin~ ~hase ~t 9 MHZ. TWO such un1 ts nave been tested. 'rhe

Hewlett-Packard ö405A Vec tor Vol tineter is a sampling device measurini

ooth aMPlituóe and phas~. Its specification states tnat the phase

measurement is preserved with an accuracy of plus and minus 2 degrees

for a sign.l level change from 3 mv to 1 volt. The banawiàtì1 is
ri Yen as 1 khZ J and the search and lock time as 10 milliseconds;

howev~r, the observed transient settling time as the laser beam

scanned OVer tne edKe of i bo~ at 5 feet onto a rear wall at lv feet

Was approximatelY 30 milliseconds. A low pass HG fil ter was used to

cleau up the reconstructed signal at toe rear output terminal, and a

sa~iSfactory t1cture Was taKen in at l20 bY l20 resolution. However,

at 30 milliseconds per picture poiiit, the time for a complete picture

is kJO seconds, or 7 minutes, Which is impractical.
~

There is no way

to SPeed up the prcce~s since it is tied back to the sampling time of

the J.nterval circuits, which control the set~iing time of the pnase

measUr~ment at the outpüt.

The Second piece of laboratory poase-measuring equipment that haa

been tested is the Hewlett-Packard 8407A NetworK Analyzer cOi1cined

witn the ô41~A Fhase-Ma~nitude UisplaY anà the öo01A Sweeper. All Of
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these pieces are necessary to provide an operating system to sa.tisfy

our reQi.irement3. The 9 mhz input signal is conVerted to 27ö ~nz

for measurement; the bandwidth is 10 khZ for iii;aximum informa tion

disPlaY, or ioa HZ to filter óisplayed noise. The phase error vs.

limiting ratio perform¡nce curve is given in F1~ure 42. This is a.

very elaborate and highlY developed comoination Of equipment; it

procablY represents the closest approxima t10n to sta te-of-the-art
that is commercially ~ v&ila ble. For a dynamic range of 40 d~, which

is tYPical Of many scenes, its perforlnance a~proXima tes to our design

specifica tion. unfortuna. tely, the cost is very high, and t11e

Physical size and weight render it impractical for anything except

labora tory testing.

D. ~xperimental Re~ults

The practical experiments have been carried out using 1 milliwatt of

laser scanning power J and as a consequence our mea.suring rate and

signal-to-noise ra tic haVe been çhoton limi teà. The calculations

iiven in Section I I are in ~ood agreement wi to the experimental

observations, and seem to provide a satisfactory basis for tne aesign

Of equipment that is rnore than an experimenta.l ~est "Qed. increa.sed

laser power is obviouslY essential, but here is an understandable

reiuctance to haVe more than 1 milliwatt of laser power spla. ttering

around in a iaboratory shared with many other people. An increase to

30 milli~atts or mere WOUld seem to be approprJ.ate but, Bince we are

countiii¡; photons, a sutstantiallY equivalent resuit may be obtained

by stretching the ~irne scale by a. f ac: tor of JO. A typical
experiï'lental Scene is shown in Figure h3. It shOWS an open cardboard

bOXJ roughlY lO inchea on a side, and having the flap raised; tne bOX
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FIGURE 43 PHOTOGRAPH OF BOX AND REAR-WALL (TEST PICTURE)

is a.prJroxim;: tely 6 fpet from the range scanner, an~ beninu th~ bOX

there is a flat wRll ~ pproximatelY n feet farther away. The data Was

read iiito i.he A-D converter, witl1 30-in::lliaecond ::nt,et,ra.tion tiriie per

point, at 120 by ) ~u r~Roiu~ion. The range signal w¿s given a dC

offset, ai\ll toe analol gain WaS increased so that the dynamic range

Of t!\P A-j) converter WaS effecti vely utili Zed. pa.rt Of the

printout covering the outlinej area. Of iigure 43 is snown in iigure

44. The overall scanning an~le is aproxiMatelY JO degrees, so tnat
on the real' w~ll 10 feet away the picture points are approximately

0.6 inch apart. The scanning spot is somewhat less than 0.6 incn

in Q1ameter at 10 feet, being proportio"a telY smaller closer in. Tne

boX is 15 inches deep, corresponding to 4~ range units , so that a

resolution inc EMEN'X OF R AtHì E is EQUAL TO 0.33 inch. Across the

middle of the bOX the Varia t10n is from 21 to 23 units or pius and
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minus 0.33 inch, and across the first clear line above the top of the

box from -l30 to -l3S or plus and minus 0.8 inch.

This picture has been Used to test a program that generates a display

Of the la.nge áa.ta wi th rotated aXes. îhus Figure h~ shows a siae

vi~w with the back Ni11, the vertical baCK flap Of the bOx, and the
vert~c~l front iace of the bOX edge on. Figure 45 woUlà seem to be a

convincing demel1stra tion that the scanning rangefinder is measuring

ranp.e in a man:ier con,'iist~ent ;o/th t,he real world. The ais¡:liY is

based on only 7~O data points of toe 14,400 neasured.

FIGURE 45 RANGE DATA DISPLAYED AS A SIDE VIEW OF THE WALL,
REAR FLAP AND FRONT FACE OF THE BOX (COMPARE
FIGURE 43 AND 44)
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E. Conciusion,:

Figure 45 demonstrates that useful resul ts are çossiÖlefrom the

present experimental hardware, whicn seems to function in agreement

witn the theory presented. Both in theory and practice, performance

in ter~s of aa ta rate is limited oY the number of photons received in

the time interval alloc~teá to each picture point. J. high power

laser will oe necessary if it is desired to scan OarK obJecta at a

distance of LO feet with l-millisecond integration time per pJ.cture

point.
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VI. THE AHliFICIAL rNTBLLIGENG~ CENTtR COMPUTtH ~Y~TEM

A. Introduction

The past ei~hteen months has been a bUilding and shoring operation

for the TESEX rei~ ted computer system software and hardware. The

present status of the system is shown in figure 46. MUCh effort has

gone into understanding anC1 using tihe va.riety of conveniencei

available to th~ research mind~d programmer woo finds himself using

the Vi~tual Machiòe offered uY ~he BEN TENhX Hardware/Software.

The ma10r ~oftw~re efforts can be broKen into 4 areas: (1) PDP-10

TEN.;¡X Syst~rl1 Software Maintenance/Customizing, (2) PDP-l5 operating
System COI"Plete :ReworK, 1.) User level support soxtware, ana (~ )

Dec1sion to U3~ minicomputers to drive devices.

The ma10r nar1W~re efforts were performed in J areas: (l) Tr~nsfer of

ARPANET rn~erface from PDP-15 to PDP-IO, (2) Addi~ion to disk storage

capacity, and (3) Heplacemen t/lncrease of PDP-10 memory,

B. Software

1. PDP-lO Opera tiQn 3ystem

MUCh effort has e:one into ~ainin~ a worKing understandlng of the

detailed operati~ns of the TENEÁ operating system. The stimulus for
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this ¡¡risestrom (l) the need to alter the operating system code to
make addi tions to accomoda te speci~l devices, (2) unreliable o¿raware

tha. t has ca.used numerous file system crashes which a.re very

difficult to unravel, ana (3) tne inherent inaDili ty of TENtX to

supDort more than ó-d active LISP programmers sirnul taneously.

We ha. ve acc oin plis ¡ied the followinf! s pee ific tasKs. (1) we have

bro~ght up the latest TENEX release (l. 31) . (2) We have inoaified

dra.sticallY the priori ties of the va.rious !1a.rdwccre devices for
interruPt levels in order to prevent ti a. ta loss. (3) We ha. ve

implemented the new (standard) iMP interface coàe. 'l'his was mainly

an eXercis~ in jUdicious removal of PDP-15 rela.ted software. \ 4) we

have redesi~ned tne ioiis coinunication protocolS to ~ain robustness.

(5) w~ have beftun implernent.a. tiol1 of new hign~l~ level language

processors for worKin~ with PDP-ll computers (mainly BCPL).

2. PDP-l5 Opera tiiig System Rework

The PDP-l5 computer nas oeen useQ to control a vã.riety of àevices i

diSDlä.Ys, Sh¡.key tne Robot, t.a pe drives, a.nalog to digi tal

converters, di~i tal to analog converters, TV camer..s l AHPANt,'l IMP

inter fa.ce, ransse íind~r, laser pcinter, and others. It was assumed

that tne use of a "peripheral computer" to drive tne assortment of

devices that arise in endeaVours such a sours w¿s a good idea from

the standpcint of dp.coupling the opera tion of the time~haring

comput~r (the PDP-IO) from the devices its progra.¡iis sO'Jght to

controi. The casic ide¡ is. Of course, valid. ~l h a. t we have .tound,

though. is that the cost of writing software to operate a multitude

of vastly dissiroila.r devices is i1T\:lense. one litartJs out with a
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simole ctesiin for handli~~ devices on an "as needed" basis, ~nd after

a few ~enera tionB of rtevices have b~en added. the softw;:re tha.t

remain8 is incrediblY complex. one caii, of course, spend the tiine to
try ~o understand aii the interrel~tionsnips of tne various àevices
and their Posdible conflicts with one another. Due ~o there being no

other choice, we nave do~e thid with toe PDP-1S computer. The remova.l

Of the IMP device ha~ seen a vast improVement in tne beha vior of the

ARPANET related software that so many users ft. ve da.ily need for.
The removal Of Sha.key the Rohot has caused toe complexity of the

remaining cod~ to be decreased. In the past perioa ',e have ha.d to

modify the FDP-l.5 co1e drastically as follows: (1) we have moaified

the monitor to run in Bk insteaij ,)f 4k, (2) we l¡av~ J.nstituted triple
buffering to PDP-IO for ~/A data, (3) we have chanked lUiiS protocols

to l.ai~ rooustness, (4) 'l1e ¡iave introduced subdevices to allow

mul +"icle iUsplays. (,) we h~ve addeG code for controlling a range

finder ana laser-fincter, laser-pointer, and (6) we have removed dea.d

code.

3. support SOftware

Due to the constant over sUbscription of on-line disk storage, there

is a need to have a meanR Of sãvj.ng user íil~s on ta~c ~hen there is
not ~nouiih room on t:1e 1isK drives to hold all the data desired.

Some proKrams had to be written to create a stopgap archiving system

while we wai te'i for' the daCKup Sj'st.em (B8YS) software io be

implemented Oy the Au~menta ~ion ?esearch center at SRI. other file
system checkin~ programs have been written and are run often tQ cheCK

on th~ co~sistencY of the runnin~ file system. Accountinf! sO!'tware
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'that ~. a a borrowed fro~ Bolt, Beranek. an~ Newman na.B been moa1f1ed

locallY. but we have ceased worXing on it in a.niici pa ticn of a

Net~orM wide accountinR 3ys~em.

c. Hardware

In an exerted effort to deliver reliable computin~ service ~o both

local and networK users, we h4ve purchased an IMP interface for the

PDP-l0, placed an order for 256k words of PûP-10 main memory, and are

going to recei ve the 9 disk dri Yes from ISI this spring Äf~er they

take sa.tisfactory delivery of their new 3~30 disk system. U 'Con tne

installation ~f the used drives here at SRI-AI N~ w~ll ha.ve available

approxima telY ll~, 000 pages of disK spa.ce for online storage of

proilral's and da ta. (~ page holdS 2560 characters). Tne "deciaion to

Use minis to drive device~" Was listed under sottw~re ~fforts ~ecause

it was m.inlY due to the software costs involved in writin~ opera.ting

systems to control a. multitude of unrelated devices ~na t we decided

to take advanta~e of ~he recent low pri~es of l'inicom~uters.

D. limi ta tions oi £ENEX

Two si,mificant limi ta tions ha ve been fou,nt in the T£NiX Virtual

MaCiiine. First, the virtual ad1ress sPAce of 2S6k word5 is getting

to be small for the da t;; struc ~ures tna t are being used now, so some

amount Of researcn effort is being spent on "compac~ingll and

II overlltyin¡¡ II and other such methods. Second, the ForK m~ch¿nisro for

interproces.s cori.J1u~ica tion, while elegant an" rich in its
capabili ties, h¿s ')

il iii?:l1 cost (in cpu time) per transactioii. 'l'he

cost is on the order of .s~10 milli,econdS per ha.ndahaxe. ¡"or
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Lise/Fortran sy~tems tha. t do ii lot of grinding on i temsand pass

things b4Ck and forth this ccst can be Quite high. We are addressing

this problem currently.
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Apoend:lx A

DESCRIPTION UF A SI~PL~ AIR COMPR~SSO~

The air compre,sor we have been working with is a Se~rs Model 17209

1/2~bc co~pressorj it is illustrated in Figure A-l.

The essential elements of this unit are:

a. El~ctric Hotor--drives the air pump.

b. Pu~p--takes ~ir from atmosPhere and compresses it into tank.

c. Tank--stores compredsed air.

d. pressure Swi tch--starts aoct stops the motor at predetermined

pressu!"p.s.

e. Relief Valv~--releases "back" pressure on pump wnen the mo'tor

stoos.

f. Check Valve--hclds air in the tank when compressor stops, thus

allowin~ tne relief valve to let air out of ~ipin~.
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SA-1530-70

FIGURE A-1 AN AI R COMPRESSOR

~e auote froM in~ 3e~ra Ope~atin~ Instructions to de~cribe tne ma.jor

rea t.ures:

PUM¡:lNG. r :: ,iction, when the piston oi tlie pU!rrp goes (jown, air

rushe.~ i.n '"ttrr::::~h the inlet valve. As th~ plston st~rts up the inlet

v a.i V~ close:. i:.nd the air in ~he cYlinder is COMpressed until the

pressur~ in th~ cYli"der sli~htly exceeós the pressure in the piping
(af.tel'cooler) c00.lectt"1 to t.he c~p.ck valve. This ~xcess pressure

c~uses th~ ~~tlet valve to np~ni allowin~ the air in the cylinaer to
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be forced out 'Lhrou~h the outl~t valve into the piping. AS the

piston starts down, the outlet v~lve cl05es, preventin~ air in tne

aftercooler from rushin~ bacK i~tc tn~ cylinder ~nd tne cycle starts

over ..~aln. When the pr~ssule in the ¿ftercooler exceeds that in the

tanK, the check vaive op~ns and ~llows air to pass into the tanK.

STOPPING. Th~ comoressor coiitiiiues to pump until the pressure in tne

tank reaches the point at whi~h tne automatic sw~tcn is set to cut
out. The cressure in the tank actR on the diapnragm of the automatic

switCh (throu~n pipin~) and when the cut-out point is reached, this
ùiachra,izrn distends anQ. thrOll¡1l1 levers, opens swi tch conta.cts
stoopiniz the motor, and si~ultaneouslY openinE tne relief valve. The

air trapped between the pump and tne check valve is thus allowed to

escape througn the relief valve. Tlie a.ir in tne tarrj( cannot, Of

course, escape because the check valve do~s not allow the air in the

ta.nK to flow back.

STAHTING. when toe pressure in tne t.ok is decreas~1 bY using the

air. a.nd fi::a.lly reacres the "cut-in point" of ~he swi tcn, the

reduced pressure on the ài~Phra~M ~iiows the pressure s~r1ng to caUse

the l~vp.r ic cl03e the switch cont~cts and relief valve. This st~rts
the motor and the compressor again begins to pump. There being no

pressure in the aft~rcoQler (it ha vin~ escaped when the relie£ valve

Was oppned I the motor can start un~er no pumpin~ load ~na ~et up to
Speed durin~ tne time re4uired to raise pressure in th~ aftercooler.

..

From ihe fore~~ing ~nd fl"OM 4n eXa~ina tion Of the diagram, it will be

seen that not onlY m~st tne electric motor ana air compressor itself
De ke!:T" in proper worki"~ conditionJ but that the ch~ck valve 8.nd
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relief v¡lVe mUs~ wor~ properly. If the check vaive leaKs, then the

air stored in the t~nK ~ill escape througn the relief valve wnen the

comcr~S30r is not running becaUse the r~iief ValVe is open all the

time t~e switch contacts are open.

Also, if the relief valve does not close properly when the compressor

is runnin~, tne air (cr most of it) pumped oy the comp~essor wiii not

go into the tank at all, but will pass out throu~h the leaky valve.

Or, if the reiief valve does no~ open properly then the oaCK pressure

cannot be relieved and the motor must start the compressor against

pressure, which consumes extra power and m~y damage the motor.

The major parts of the compre~sor ~re listed in Figure A-2, taken

from the Sears Manual. A parts llst for the pump unit is given in

Figur~ A-3.
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Model Numbers

(17199) 102.17200

(17209) 102.17210

102.17220 (17218)
102.17001
102.17011

102.17021
102.17046
102.1704 1

AUTOMATIC SWITCH CONTROL - STORAGE TANK TYPE

PARTS LIST

R~frrC'nce Parr Reference Pan
Number Number NAME OF PART Number Number N'AME OF PART

I 690 Ahcrcoolcr EI how VR" Flare Tube x ~.. Pipe n 12191 Pressure Swiich for (17209) 102.17210, 102.17220 (17218)
2 Pump - Sl'e' FiJ:ure 9
~ .\7055 Afiercoo!('r for 102.1700 Ii 102.170 II, 102.17011,102.17021 and

102.17021,102.17046 and 102.17041 102.17041
\ \7057 AhcrcooJer for (17199) 102.17200, (l7209) 102.17210, n 13858 Pressure Swiich for 102.17046

and 102.17220 (17218) n 32473 Pressure Swiech for (17199) 102.17200
.1 98\56 Elbow Connt:l'lUr- L/~" Tube x Ys" Pipe Thread 14 Pressure Swiech Relief Valvea When ordering

\ 15681 Ch('ck VaIV(.'-Si'C Fi~urL 4 for Paris Relief Valve give Pressure Switch Nameplate
(, 12776 Nameplari' Daia. (Ref. Nn. 13)
7a 9609 Oil Drain Nipple- 11ft" x '5" i.(~n.g 15 18591 Cheá valve Relief Tube (alsoavailab!e
7h 14292 Oil Drain Cap- 1/,,"

iOC~¡iiy~" aluminum or copper cube 31YY long.
B .1,779 Tank and Platform Assembly for (17199) 102.17200,

(17209) \02.17210. 102.17220 (17218) 16 18550 Safeiy Val ve for 102.17001, 102.17011,

R 43780 Ti:nk and PI;uform Assembly ro Mi:ssachust'Cts 102.17021,102.17046 and 102.17041

S~cifications for (17199) 102.17200, 16 18544 Massachuserrs Safery Valve for (17199) 102.17200,
(17209) 102.17210. and 102.17220 (17218) (17209) 102.17210, 102.17220 (17218), 102.17001,

H 4.1781 Tunk and PI.irfurm Assembly 102.17001 102.17011,102.17021,102.17046 and 102.17041
;\nd 102.17011. I:se for Massachusc.:(IS "Iso. 17 Moror or Gas Engine-See Motor Nameplate and

B 4.1782 Tank and Platform Assembly fur 102.17021, Gas Engine Part Booklet for characterisdcs¡
102.17046 and 102.17041 when wridng regarding motor or engine service

8 4.178.' Tank and PI.uform Asscmbly (0 MassachuscHS
Spet"ifit".Hion:. for 102.17021, include complete nameplate data.

102.17046 ;;nd 102. 17041 18 4)0)3 Moror Pulley for (17199) 102.17200

') 16614 Manifold for mounning Pressure SWilCh, eic.. IR 4 )05R Moiar Pulley for (17209) 102.17210 and 102.17021
fm 102.17021. 102.17046 and 18 45055 Moior Pulley foe 102.17001 and 102.17011
102.17041. (1St' fur all Mass. Spc:cifications 18 .15059 Molor Pulley for 102.17220 (17218) and 102.17041

9 4,724 Manifold fm ntounrin~ Pri'ssure Switch and 18 30545 MOlOr Pulley for 102.17046
Gau~l", (Safi'fY Vain" and Oisi.har¡.i. Valve 19 17469 Beli for 102.17001 (:1" wide
included) for (17199) 102.17200, (17209) 102.17210. x 44" 10nR)
102.17220 (17218) and 102.17001. No' 19 17470 Beli for 102.17220 (17218). 102.17021 and 102.1704 I
for Mai;siichuscus Specifications. (~., wide x 47" long)

10 12571 PrC'ssurt' Gaun;c for 102.17001,102.17011.
19 18356 Beii for (17209) 102.17210 (:1" wide x 46" long)

102.17021, 102.17046 and 102. 17041
in 15793 Pressure Gauge for (17199) 102.17200, (17209) 102.17210. 19 IR4R1 Beli for 102..17011 and 102.17046 (W' wide

and 102.17220 (17218) x 45" IonR)

10 17088 Pressurc (jau¡:c for Siate of Massachuscus 19 .32622 Seii for (17199) 102.17200 -:1" wide x 43" long
II 95939 Dischargc. Valve for 102.17001,102.17011, Noi Shown 96570 Aftercooler Venn Coco-Gas Engine Only

102.17021,102.17046 ;;nd 102.17041. Also Nor Shown %800 Tank Drain Valvc
used on Mass. Specific3iion models (17199) 102.17200, Nui Shuwn 1 \2.\1 Tank Drain Valve Only for S(ate of Mass.
(17209) 102.17210 and 102.17220 (17218) Nui Shown 43429 Cord and Plug Assembly for 102.17301,

12 BX conduÎr-i\vailable locally (See Insralla(ion
Insrructions for wire size) 102.17400 and 102.17410

Nor Shown 434,0 Adapier Ground Plug for 102.17304

102.17400 and 102.17410

SA-1530-56

FIGURE A-2 PARTS LIST FOR AIR COMPRESSOR
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Reference Part NAME OF PART Quo. Reference P... NAII, OF PART Quor'Number Number U..d Numbe,. Number U.I!,

I 96472 Head Bolt 2 30 21614 Breather V.lve Space,. 1
2 45007 Cylinder Head Cove,. 1 31 38941 Breather V.lve PI.te 1
3 45020 Filter Screen 1 32 38944 Bre.ther V.lve 1
4 45021 FUter 1 33 45003 End CoverA...mbly-includ.. Re'. No. 27 I
5 45024 Outlet V.lve Stop 1 34.. 45025 Pulley for 101 TV 1
6 45014 Copper W..her 2 35 98627 Pulley Set Screw.551-18z ~"Socket Head 2
7 45011 Outlet V.lve SprinK 1 36 18060 End Cover Bo1t-~-20 :I Ya" 4
8 450.3 V.lve 2 37 9522 Lockw..her-YY" 2
9 45016 Outlet V.lve Seat 1 38 11109 Hn: Head Bolta-V..20 . i" 2

10 45019 Outlet V.lve Ret.lner 1 39 9522 Lockwaahera-y." 6
II 45017 Inl.t V.ilve S..t 1 40 980 He. Head Bolta-i,20 :a %" lon8 6
12 45012 lnet V.I ve Sprinl' 1 41 45006 B... PI.te I
13 45018 Inet V.lve Retainer 1 42 45009 B... PI.te G..ket I
14 i 8061 Head Bolt 2 43 9349 Pipe PluS %"-Fumlahed with L02.17~OO
i 5 "SODS CyUnder Head 1 only I
16 45008 Cylinder Head Ga.ket 1 44 9348 Pipe Plq~" i
17 31901 PI.ton Ri... 2 45 9609 Pipe Nipple-~n 11 Sn-Fumi.hed with com-
18 17083 011 Rln. i pre..or only 1
19 38932 Pia ton 1 46 14292 Pipe Cap-~"-Fumi.hed with compre.aor I
20 12992 Wri.t Pin 1 only
21 7890 Wrlat Pin Retainer Wa.her 2 47 45027 Crankc..e ,Plu.
22 45001 ConnecUne Rod A..embly i Not Shown 43797 P.rt. LI.t
23 45004 C..nkca.. A.aembly-include. Ref. No. 27 1 .. 45050 Pull.y for 100 TV i
24 45023 Thi-t W.aher 2 . 45051 Crank.ha't 'or 100 TV 1
25. 45002 Cr.nkaha't 'or 101 TV 1 Not Shown 45060 Head Plate Spacer 2
28 9397 Woodruff Key No.9 i Not Shown 45244 Set-O..tet. 1
27 45026 Brona. Buahln. i Not Shwn 45237 Set-Riaaa 1
28 45010 End Cover ...k.t i Not-' 45245 Iot-Viavo. Sp.i. i
20 38951 Bre.ther Valve Bcr....32 11 ~n I

SA-1530-57

FIGURE A-3 PARTS LIST FOR THE PUMP UNIT-MODEL NUMBER 102:17500 (17501)
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Appendix B

COST AND CONFIDENC~ COMPUTATIONS

In planninii stra tee:ies, it is sometimes necessary to know the

expected cost and resul tin~ recognition confidence associated with a

sequence of te sts. In this appendix, we derive the coit of

acquirin~ samples of !ome desired object by filtering with a given

set of tests, and we derive th~ confi~ence that the acquired samples

actually belong to the desired oh1ect.

In these computations, the sy stem utilizes cnaracterizations Of

surface attributes (such as HUE and HEIGHT) which are storeo as

histoiirams of probab::li ty values. A ' bucket' of the histogram

contains, in general, ii list of ob,jects, and for ea.ch, tiie

probab1li ty that the measurea attribute from a given sample Of the

object will fall wi thin that bucket. A detector, D.1i specifies a.n

attribute and a range of buckets in the histogram of that attr::tute.
The d~tector is converted into a predicate which examines a sample

from a picture ana if the value of the measured attribute falls
wi thin the raniie of va.lues specif1e1 by the detector accepts it,

otherwise. the sample is rejected. A set of detectors, fDn' Dn-i'
..., D.i

J
is written, D~, witr.. 'the convention that Dn - DnJ - i.
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Confidp.nce p(O!Dn), is defineà as the probauility that a s¿mpie belongs

to some object, 0, ~iven that it has been

detectors. Dn.

accepted oy the Bet of

The expression for confidence is expaiided by a recursive ~ayes

procedure as follows:

p(OI Dn) =

'p(DnIO) is the percentage of sa~ples of 0 that will be accepted by

D
n

In ()rder to compute p(DnIDn-i) . the prooaoility that detector

also acc~pt a sample alreadY accepted oy the se't of
D

n

wiii

dett!ctl'rs. n-lD , ii must Le noticed tha i the detectors are linked

tnr~u~h the ocject descriptions. Therefore. the probaoility is
comouted bY eXPandin~ ov~r all ohjec ts in tne mOdel:

p(DnIDn-i) = ~ p(DnIOi)*p(OiIDn-i)
0.i

That i$. the probability of D acc~ptin~ a s~mple already accepted ~yn
n-l

D is e~u..l to tne probability of D a.ccepting a.n sa!'ple beionging
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to an object, 0.. ~i~~s tne prot~bility ~f ~he sa~ple belonging 'toi
0., given tha.t the dei;ect,oI"s Dn-i ~ave ..ccept,ed it.i

P(O .IDn-i)i. is computed recursively. ter~ina ting with p(OiIDi). This

ter~ is rewritten in a strai~htiorwar1 w¿y:

P(Q.ID ) = p(D,IO)*p(O)
3j i P(Di)

The COMovta ticn of P(Di) is similiir to that for p(Dnl Dn-i).

P(Di) = LP(DiIOi)*P(Oi)
o.i

P(O.) is the a priorii
beloniinR to cbject 0..i
two-dimensional size of

likelihood of a randomly selected sample

It i~ computed a8 the ratio of the expected

o to the size of the window, w, being

exam1ned (with the implicit assumption tnat 0 appears in the winaow

exactly once. That ii,

P(O.) = expected. size of Oii size of W
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To reitera.te:

~-i
p(OI Dn) = P(D O)*P(O D )

P(DnID - )

P(DnIO) = percenta~e of samples of 0 accepted oy D .n

p(DnIDn-i) = LP(DnIOi)*p(OiIDn-i)
0.i

P(Oi. 'Di) = ~ OJ) *P(Oi)P(Di)

P(Di) = 'Ep(DiIOi)*P(Oi)
0.i

P(Oi.) = expected size of Oi
size of W

The next parameter to be comeuted is the expected cost of application

Of a set of detectors. Here, th~ set of ãetectors is ordered, since

the outcome of a detector deterfuiiies whether succeedin~ detectors are

actuallY ayplied.

It is assumed tna t the first detector. Di' will oe appliea to all

salT'Jles in the window, ¡. . Any ~ample accepted by Di will then be

tested with D . and so on
2

until a.ll Cletec'tord na.ve accep'tea tne
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sall ole. or until it is rejected. Therefore, the cost of applying

a sequence of detectors to a sample is writ~en:

Cs (Dn) = Cs (Di) + Cs (D2)*P(Di) + Cs (D3) *P(Di' D2) + ...

n

= LCs(Di)*p(D~-i).
i=i

Where C (Dn)s is the cost per sample of the sequence, and C (D.)s i is
the cost per .::amole of tne i..t.n C1etector.

To complete the c11culat.i~n of cost requires the computation of the

number Of samples t.o be tested. Given that 1 t i3 desired that some

predetermined rr ìJTT1ber of samples, ND' em tiie surface being a.cQuired

Should be acc~pted bY the detec tor nlie'", D , i to is possiole to compute
a sampling ijensi ty, 6 . The tota.l expected number of accepted

Sill olea on ti1e ob.1ect. NT' is obviously a. function of the ex pec ted

object size S (0) . 111 fact,

N = 6*S(0)
T

But since only a fraction Of any rand~m sainplin~ of u can be expected

n
to be accepted by D (111 fact, only p(DnIO) of tì1e:n),

ND = NT*P(Dnlo).
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Therefore,

ND = Ô*S(O)*p(DnIO)

and

ND

ô = S(O)*p(Dn¡ö

Since the system does not retain tne da. ta.co::rela. teù necessary

determine p(Dn 10) . it in3tead uses ~he min~muM of ~ne set of

prooaOllitles. fp(DiIO), P(D210)' ..., p(Dnlon.

The ~ntai numoer of sa~ples to be chp.cked is the win10w size

S(W¡ times ô.
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That is

N = Ö*S(W).
W

givin~ a ~otal cost of

C(Dn) = NW*C s (Dn).

sew) C (Dn) - Cs(Dn) - Nn C,,(Dn)= ND . S(O) . ~ - ND P(O) P(Dnfõ - PiIJ) . p(IJ)

In this system, the costs per sample, are expressed in milliseconds

Of comnuta tio~ time required to perform the measurement. Ttiese costs

can be computed oeforehand for each measurement, as they va.ry

rela t:i ve to one Rnother as a function of system load.

It .hould be pointel3 out that we could have defined p(OIDn) as the

probab1l1ty that a sample belongs to 0 ¡rlven the outcomes of the set of

detector.. Dn, applied to 1 t. This changes none of the confic1ence

comDutations, and allows the system to irener¿te sa.mple decision tree~

where the next test to be performed is determined bY the outcome Of

the last test. Th1s allow. for the handling Of 11 tua tions Where 1 t
miCht be easier to eliminate a. sample bY pla.nning for a test to
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reject ra ther than accept it. It also allows the cascading Of

individUallY indeter~inate tests to gradually increase confidence to

a suitable level, without worrying that a single failure wl11 caUse

the test to fail. Tbe computa ~ions of cost for this definition will

be more complex, since they must account for each branch of the tree

and the expected frequency with which each one will be taken. we

have not Yet prolrammed the system to generate detectors wnich are

not .irnple conjunctions, but will dO so in the future.
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Appendix C

XDE:10N: A CONSTRAINT JAI¡SF¡gR

A. Implementation Details

A constraint i'a. t1sfaction system ha.s 'oeen iinplemented utilizing

cooDeratinK independent processes coupled through a global data base.

The da. t.. ba.se consists of a set of V AR¡ABL~S (i. e., recordS), each

containin~ four components:

a FORM (procediire in the XD~~;MON prop;ra¡¡)

a VALUE

~ set of HELATIVES (. list of rela ted variables)

V ARPROPS (property li~t).

There are selecting ~nct uPdatin~ functions for each of the above

comoonents. The form of a variable is an internal representation of

some s-expression. Tllis interna.l representa.tion, known a.s an

n-expression, is composed of either a LISP atom, or a list of other

Variables. Each vari~ble corresponos to a particular s-expression:

in LISP a varia ole corre!ponds to a. pa.rticular atom, and we have
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general iZed this notion ¡He!. ~j. For example, ( fOO x y) nas a

corresp6nding vari~ble. ¿s do FOU, X an~ Y. So alao does (FIE (FOO X

Y) Z). AS in LISP. character strings are normalizea to Y1ela a unique

internal r~Dresentation--the variable.

( NORHEXPH (expression) ) is a function that returns the variable

correßoondin~ to the ~iven expression.

Variables ~re in1tialized to ha.ve the va.lue undef and Nil for
relatives and varprops.

A collection of variables may Oe linkea to form a network. ( CONNECT

(variable)) puts (variable) on the lists of relatives of all the

varia.bles in its form. (CONNECT i ivariablel) does the same thinK

recursively for the v~riables in the form as well. An p.xample 11

gi Ven in Figure 0-1. There are correspondin~ inverse functions

DISCONNECT and DISCON NEC7 i .

Note that pointers to SUbexnressions are available via the form and

po1nt~rs to sU~er-exDressions via the rela ti ves.

The value of a. variable is normally set by the function hSET. (HSET

(variabl~J (value)) returns (value) as its result. riSET is executed

for its side-effects: if the ne'N value is tlie sal1ie as tne old IIalue,

(unùer th~ equivalence HSETEQ, ini tiaiiy E~DAL), nothin~ happens: if
the new valut" ia d::,ffere1"t, then the variable is evaluated (or

rather, the eValuation of the related variable is added to a llst of

jObs to he run). Note that other schemes could be used here; e.g.,
some relatives mi~ht be ~valuated before the variable is reset.
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FIGURE C-L R EPR ESENT A TION

(CONNECT!
(NORMEXPR

(OUOTE
(AND(OR

(OR B

FOR THE EXPRESSION

A B)

(EO A C))))))

Variables are evaluated by (riEVAL (variable)). HE;VAL eva,lua. tea tl'e

form of the variabie, and then HSETs the variable to the new vaiue,

pernaos caUsing its rel~tivea to be evalUated. It returns the new

val ue as its result. The value of an atomic H-expression 1S the

value of the variable: otherwise, the value ~s the result of APPLYing

the value of the CAR of the ll-expression to the CUW.

Note that unlike LISP the definition of a function 1s kept in the

value of a, correspondin~ atomic variable, ;1t t in i. specl.al ce~l.
Defini tions

defini tionJ ) .

are established by executing ( HrH~F (fUnction

(function defini tionJ is a list of two elements, the

name and t~1e oody (as for DEFINE). ïhe bOdy can be the name of a

lisp function, or a la~bda expression. Note also tha. t wnen a

variable 1s HJ:VALuated, the evalu. tion is not recursive; the
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imm~dia.te values of the variables forriing th~ Ìi-expressi~n are

utili~ed without HEVALuatin~ theR.

It Shoulâ be cl~ar that Variables a.re only evaluated when the va.lue

of 50metninR to which they 3.re rela ti 'les J.s cnangeá, ne',¡er just
because a varia.ble hiRhel' in the expression is eValuated. Values are
thus remembered and not recomputed unnecessarily.

A l~st of outstanding jobs to be run is held in the global Var1a,ble

JOBLIST. Those joos are executed by a call (RUNJOdS), WhJ.cn will

successively execute a'1d l"hen delete the jobs on the list. HUNJOBS

terr.1na tes \'¡11en there are no jObS left (includin~ tnose which have

Deen added dynamic~llY).

Readers familiar wit~ SRI's QLISP May be wonäering wny the constra1nt

sa tisí1er w¿s not i iiplemented in that system. using canonic net

~xpressions in~tead of H-expressions. There are tnree rea.sons, all
mani!~sta t~o~s 01 tne pres~nt state of QLISP development.

l. H-exoressions are sinple n-tuples. The QLISP aiscr1minatlon net

handles n-tupies rela ti veiy inefficientlY, due to u¡e generali ty

required .,0 accoM~od~ te less constr~1ned àa ta tytes (1. e., sets and

bags) .

2. Expressions cannot directly reference the canonic represeniation

Of oi:,her expressions in the net. AcceSs to nodes is aVai~&ble only

by dropping ine referenr:ed expression throu~r¡ the u::scril111na t10n

mechanism.
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.3 . QLISP is a. very large syste¡ti. wi thout overlays, there is

inadeaua te space to both store a lar~e nU~ber of semantic constraints

and re~resent ~ scene with hundreds of regions.

If current QLIS? deveiopment, partially supported by NASA, succeeds

in oVerco~ing these objections, it is likely th¡, t Xl;EMUN will be

reil"Plemented to take advant.lIte of fea tures Ruch as associative

retrieval, pattern matchinK. contexts. and processes.

B. A oplic:a tj.ons

The XDtMUN ~ystem na,9 oeen used to sol ve a. variety of simpie

pro i:ll"fIs, including
¡¡ crYPtarithmetic puzzle a.nd instant insa.nity.

The system wa.s ~lso USp.d to run W¿l tz' S iil terinr. a.l~ori thm (kef. 20)

on the a.rtificial roor.¡ scene previousiy u3ed by Uuaa (Ref. 16) to

iilustra tt" interpre:ta tion by tree aearCh. Al to¡¡ether, 3113 ai.f1erent

interDret3. tinns were f~und to be consistent with the given seman'tlc

constraints on le~allY adjacent objects. (This result indicates that

adjac~ncY by 1 tself dQe~ not prov~ue sUff.icient constraint.) The

Waltz slgoritnm w~s 1mplemented in a. half day using the system

primi ti ves described a úove anó. a 3in~le short function written to

test the ie~ality of adjac~nt interpret¿tions.
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