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ABSTRACT

This report describes the wark,performed durina che last year
on & continuing project to develop a computer based consultant (CRC)
system, The system {s heinag desijned to talk (in ordinary English)
With A human user to helb him perform tasks entafling maintenance and

troubleshootina of electromechanical eguipment..

Our plan for this research calls for bujildina a series of
increasinaly sophisticated systems to be demonstrated in 1976, 1977,
and 1978, ~ Our current (Apr{) 1975, demonstration system is a hase
tor tuture systems and already illustrates abilities to interact with

An apprentice to help him assemble a small air compressor,

The body of the report is Aivided into two major sections.
One of these describes the technoloay benind the April 197%
demonstration system, The other describes work in progress that will

contribute to the power and versati)ity of tuture demonstration

systems,

Our 1975 system has the following specitic abilities: It can
generates and execute nlans for assembly/disassembly at several levels
of detail. It can answer queries from the apprentice about the
status of the equipment, It can point at parts of the compressor and
can name parts pointed to by the apprentice, It has a rudimentary
ability <for twoe-way communication usi{ng Speech., The basis for each

of iLhese {s described {n detat).
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work supportinag subsequent systems has bheen in the area of
natural langquaage understandinga, modelinq, troubleshooting, and
vision, Serarate sun®ections nf the reoort deal with each of theSe

areas,

The report alspo describes proaress on some supportina
activities including the SR] aArtificial Intelligence Center Compnuter
Faci1ity, the lanquage QLISP, harqware {nterface work, and a scanning
laser range finder. It concludes with a list of presentations and

pubhlications by the pProiect staff,
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A, The Computer-Based Consultant Project
1. Project Goal

For the past 18 months or so we have heen working on
A system thst we call the Computer-Rased Consultant (CBRC), The
system vi{ll be able to talk (in natural lanquage) with a human user
to heln bim perform tasks in Scrme particular task environment, We
intend to build & consultant that approximates the communication,
perceptual reasonina, and factual knowledge skills of an actual

expert on the Scene.,

Qur main a0al §s to create the fundamental technoloav
needed to build such consultant systems, We expect (or hope) that a
good portion of this technoloay Will be independent of the details of
the particular kind of expertise being 4ealt with and of the details
of tnhe particular task environment, Thus we view our work as havina
potenti{ally hiah nayof¢ because of the great variety of applications
in several task environments i{n whicn consultina expertise is needed

or would be yseful,
A7 Backaround

The technoloav of computer=based consultants can be
Viewed as stemmjng trom the confluenCe of two lineS of research, One

line has centered on formulating and encodina a aqreat deal of
1
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knowledae ahout a chosen ptrobkiem domain in order to produce a Program
whose performance rivals expert humans, OCften cited examples of this
research include programs that analvze chemical structure [1,2],¢

perfcrm syrbolic {ntearation (3], or play board games (4,5,6],

The second line of research has focussed on methods
tor constructina a proaram that can carry on a dialoa with a user,
Imbportant contrinutions to thi{s research have come from work {n
computer aided instruction, and from work In understanding typed and
spoken natural lanouagqge, Representative examples of this work
include proqrams to carry out a "miXxed initiative" tutorial dialog
[7,R); to engaae in a dialoy about a toy dlock world [9): and to
Understand spboken Fnalish Sentences absUt such diverse topics as

plumbina (10]), news stories (11}, moon rocks (12}, or submarines

(131,

Perhaps one of the best exampl2s to date of a small
combuter=hased consultant {s the MYCIN system [14], This systenm
provides advice to physicians on the diagnosi{s and therapy of certain
classes of bacteiial diseases, It solicits various kinds of medical
data fre. 3 physician user, can ansver his ouestions (expressed in a
hiaghly restricted natural Fnglish format), and can accept advice from

him renardinag generally uUseful rules for diagnosis and therapy.

sReferences are listed at the end of this report,
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3. The Task rnvironment

sl o 5
i oY o

e

s

v

tiotwithstandira our anal of Aevelepina tundanental |

and widely usetnl technolrav, ~e must, of course, select sonre @
particular task environment ¢or the C8C svstem, Yo have gttembpted to .
1

select A task environment that is an imrportAant aptljication aAarea ir iy
fts own rioht As well Aas one that serves well As a typical f

reoresentative of a wide varjetv of appnlications,

We have Selected the rask nmf Fentairtino, moditvinma,

!.L‘:L_“_:! o _'.'_:._:L__Ijj =

And checkina oyt compley electramechanjcal eauipment, fOur CRC syster

w111l bte helpina an {nexnerienced mechanic (whot we shall ecall  an

. s
e AR g T ¥

i

apprentice) 3s he works on 3 piece nf edu{pmnant in a "workstation,"

A

The kinds of bprohlems encountered usina this particular task

Oiks )
T .

e
)
L T R T

environment are typical of those of manv other environments.,

Furthermore, mainterance of eauipment 1s an {mportant task {n ftself,

|

costina literally billions of doltars each vyear, Thus, there {s a

hiagh potential for substantial savinas derivina ¢€rom improved

efficiencles in this one applicstion area Alone,

Fefore Adiscussina tne Adetafls and speciticatinns ot

the CHBC system itself, let us first hriefly cons{der some ot the

characteristiecs of eauipment rainternance As a task aren,. Iragine an

Apprentice vworking on a piece of eanipment in a workstation like the

one sketched in Finure 1, Tvpically he is resnonsihle for a varjety

of jobs, such As troubleShooting, TebAalirinag, or madi{ifyina equirment.,

3
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In order te do these jobss, he needs certafn kinds ot specialized

I

"
Ltr‘.

knnwledae: he must knpow gonout the uUse nt various tonls, about
principles ot troukrleshootina, and ahout rrincinrles ot assemhly and

disassemblv, and he must Aalso know 3 certain amount ~f detajl abhont

the construrtion and nberation nf the Snecific equi{inment on hand,

-

e
-

s
A
‘1.11

A tracgitional wav ot ronveVipa this knpnwledige to a e
mechanic has been throuah the yse of marjals, A more rearlv {deal,
thouah usually imnractical, way would he tn make an expert human ;
; mechanic continususly avaflable as 1 consultant, This eXPert coutd ol
fdentify various corponents, answer specifice avestions about
equipment details, suanest troubleshootina seauences, hypothesize

causes of tallure, warm of hazarAs, and €n farth,

ln order to heain to explore what wmuld re {nvolVed
in rerlacirn the human expert by 3 compater=haseAd expert, we recordend
A numher of dialoas between expert human mechanics and novice

mechanics, 7The dialons concern the air comrressor shown in Fiaqure 7, o8

Tvo excerpts from trese d4ialnas are presented helow, At the time the
dialoas were recnrded, the expert and novice were in Aifferent roams
and the expert viewed the scene onlv by means of still pictures takep
through a television camera, (We AiA4 t"is to simulate the limited :ﬁi
visua)] {nteormation 1ikely to be Aavajjable to ‘@ Combuter based
expert,) The first excernt concerns the subtask nf installina a oumn

pulley on the purn,



Excerpt 1
Fxpert: The prump pullev should he next,
Arnrentice: YeS ¢.. U1y, d498Ss the side of the pump
pullev with the holes face Aaway from
the pump or towards {t?
E% Away from the pump,
A A1l riaht,
Fs Did you insert the keveethat {s, the halfe-moon
shaped piece?
A Yes, I did,
Fe Re sure vou creck the alianment of the two
pulleys before you tighten the set=screws,
A Yes, T’m qJust now fiddling with that,
Fe 0K,
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A Tfahterinag the Allen scres novw,

Ee K, thank vou,

This fraament {llustrates

of Consu)ltants that contrast sSharply «ith

severil {mportant abilit{es

A static {nformati{on Ssource

like a manual. First, notice that A question from the apnrentice 1{s

answered directlv and {in hi{s terms.,

There {S no need for him to

search trrough a rass ot informration, or tn convert {nformation froem

N abstract or "standard" form inte A directlv usable form. Jotice

that the expert {s checkino on bDroaress

by offering warninags and

reminders about critical steos, This has the functior not only of

minimiz{na errors, but alsn of aAllowina the expert tn keep track of

the ©oroagress of tne Work, The latter function {S the ha%iS for the

expert’s ability to present relevant advice, and to present it {n a

context that {s familiar to the anprentice.

The Secand dialoaT excernt concerns the Same SUbtAasSk,

but was carried out with different oarticipants., It offers an

interestinag comrarison of the Alfferent demanis i{mposed hy different

ski{ll levels:




bxcerpt 2

Fxpert: Install the pullev on the shatt,

Apprentice: What §is the first thino to do in

installing thes pulley?

Rotate the shaft so that the slot (kevwavy) {s

on the top,

0K .., Now what?

Place the key {n the Slot,

Flat si{ide uoward?

This short fraament dramatically 1llustrates “he

Aability of the expert to descend into detailed {nstructions i{in order
8




to help a very naive user. Tnis aoorentice neeas mucn more hel. thanr

the first one did, a situaticn foreshadawed bv nis {nitial auest{onr

ahout & relatively simple aperation.

These short d4ialoa excerrts exemplifv smme of the
abflities that a consultant reeds in order to bhe helpful to the
anorentice mechanic. Hoth {ntrosnection and pnratocol experiments
Point out a number of other reauired arilities, arona Which are the
ability to provide advice arnut trounleshaotina: to describe the use
of tools: to describe the anpearance of tools (or to be able to point
them out): and, of course, the anility to use lanauaage, (e Shal)
have more to savy in a later section about how we are uysine protocols
of this sort to desiaon the subsystem for bpracessing natural

lanauaage,)

Purirg the past vear we have been usinn the simple
alir compressor of Fiaure 2 as an exemplar piece of equipment, While
the device appears to be reasonably simple, certain of its
suhassemhblies are rather complex, For example, the air puﬁna shown

in F{aure 3, contains a larae number nf parts put together {n combleX

fashion,

The comnressor has served us well As a beainnina
device, Fut we are now ready to move on to snme Tore complex devices,
We are especfally anxious o Sselect a device demandina rather
sophisticAated trouhleshootina skills, Je expect to make a decision

soon about which new device to use, Several candifdates are discussed

in the Appendix,
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Model Numbers

i (17199) 102.17200  102.17220 (17218) 102.17021
% (17209) 102.17210  102.17001 102.17046
102.17011 102.17041

AUTOMATIC SWITCH CONTROL - STORAGE TANK TYPE

o
3
Relerence Prr . Reference Part
- Number | Numbes NAME OF PART Nuais Numiber NAME OF PART
¥ .
i . y Yo g 1 b
! el |5 T L B | 12191 | Pressuc Swirch for (17209) 102.17210, 102 17220 (17218)
K. 3 17038 Aftercouler for 102.17001, 102, 17011, 102.17011, 102.17021 and
" 10217021, 102.17046 and 10217041 102.17041
\ (3118 Afiercooler for (17199) 102.17200, (17209) 102 17210, 13 11858 Pressure Switch for 102, 17046
; and 102.17220 t17218) 13 12473 Pressure Swarch for (17199) 10217200
" ] 9RYI6 Elhow Conncator=""s"" Tube x Ya'* Pijw: Thiead 4 - Pressure Switch Relizf Valve. When ordering
‘,‘ M 161 Check Valve-Sec Frgue 4 for Pans Relief Valve give Pressure Switch Nameplate
H o 12776 | Nameplaie . Da.a, (Ref. No. 13)
L% 2 "W; Oy SImAIRpL= 2% €13 L ang 15 18591 Chech Valve Relief Tube (also available
. &> 1129 L ResiaLip te loc.aly 14’ sluminum or copper tube 31% long.
» W Wim Tank and Plaslorm Assembly los (17199) 102.17200, et
. T AIT03 TT10 Toae e 111 o 16 18550 | Safery valve for 10217001, 10217011,
a R 437H0 Tank and Platfurm Asscmbly to Massachuseris 102,17021, 102.17046 and 102.17041
o Specificanions for (17199) 102.17200, 16 18544 Massachuserrs Safery Valve for (17199} 102 17200,
’ 117209) 102.17210, and 102.17220 (17218) (172091 102.17210, 102.17220 (17218}, 102 17001,
/ K 44781 Tank and Plalarm Assembly 10217001 102.17011, 102.17021, 102.17046 and 102,17041
82 :;'nl:’ﬁll)l.dl":)lll.' 1 \rAlul “‘b;ul‘ hu;‘;;t;‘-l-)l'\r- 17 . Moror or Gas Engine—See Moror Nameplate and
L} 4 ank an atform Assembly for 17000, nas K PO
: T S inl
) ] 44783 Tank and Plarfrm Assemhly 1o Massachusens | ng reg 13 8 x
i Specalications Jor 192,17021, include :Iompleve nameplare data.
' 102.17046 andd 102, 17041 Ix 45053 Moror Pulley for (17199} 102.17200
7] 9 16614 Mamilold {or mountang #rossuwe Switch, eic. IR 45058 Motar Pulley for (17209} 102.17210 and 17 ;. {7021
. for 10217021, W2, 17046 aml Ix 45055 Motor Pulley for 102,17001 and 102.17011
| I 10217041, Use loe all Mass, Specilicatiuns Ix 15059 Moror Pulley for 102 17220 (17218) and 102 17041
b | 2 14724 Manifold for mounning Piossure Swich aml Ix 10545 Motor Pulley for 102, 17046
g Gauge, (Salegy Valve and Pisc harge Valve m 17469 Belt for 102.17001 (%' wide
1 ncluded) for (17199) 102.17200, (17209) 102.17210, 44" long)
102.17220 {17218) nd 102.17001. Not 19 17470 Beli for 102 17220 (17218), 102.17021 and 102 17041
= for Massachuseirs Specificarionn (4" wide n 47" long) '
. - - G . 102, 1, A70100,
3 WL 1] Bk GRuee 00 R 19 ] 18356 | Belc for (17209) 102 17210 (4" wide n 46" long)
L 0 15793 | Pressure Gauge for (17199) 102 17200, (17209) 102.17210 19 IR4RI Belt for 10217011 snd 102.17046 (4" wide
and 102 17220 (17218) n 45" long)
10 17088 Pressure Gauge for Siare of Mass o huscins v 12622 Bt for (17199) 102 17200 = %" wide n 43" long
" " 93919 Discharge Valve ler 102.17001, 4,2.17011, Nit Shown 96570 Aliercooler Year Coco-Gas Fngine Only
- |01:‘| 7021, IDZ.\I"NIEA and 102. Iﬁ“&l:ll;‘)) i Not Shown DOHO0 Tank Dran Valve
used on Masx, Spectlicntion models o 5 Not N ) s,
- 2 s 1 e || g | T o s
: [P BX eonduii—Available locally {See Insiallann : 3 3 Y . .
ey~ e ) Nor S 1103 | Aduprer Graund Biag for 102.17304
jor Own | 0! .
9 102, 17400 and 102.17410
§ SA-1530-56
1 FIGURE 3 PARTS LIST FOR AIR COMPRESSOR
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o 4, Project Nraanization ani ¥athod of Arproach -
-8 g
- b ke have already stated that onutr apal for the C(CRC 4
Lf project {s te bulld a syster that aonroximates 3 human expert, It is j
N . 1
¢ﬁ- rather A{fficult for '1s now to oredict preciselv Just how ¢fine or g
' i
4 : coarse this aocrroximation will he &* anv given tuture time, 1IN our "
AN |
“el early plans for the profect [151 ve  stated some  aereral

oy !
2 specifications for a system we believed would ke demanstranble in ;

197”, Current proaress on the nroiect refintorces our confiderce 1in 5

- !
3 beina able to achieve an impressive svstem wv that time, é
o

&P In rlannina our work we have relied heavilv on

gt studvina tape=receraded nidlnas between nunan exnerts and aporentices,

- From these WwWe haVe eXtracted Var{ous Tedu{rements far oUr 1078

) demonstration svstem, In summary thsse Aare:

RNty

'\.‘-I:

N

Ty (1) The yster will pe able to olan loaical seauences

i of actions tn Aaccomplish acals, These aoals will

"-&J ’

el incinde a ranaes of tasks {nvolving Check=onut,

A maintenance, troubleshootina, repalr, and

- assennhly/disassembly of eanirment,

AN (2) TheSe sedUences Of act{ons w{l] he planned tn

. .

M whatever level nf detafl {s appropriate to the

A aborentice’s ability and ta tha other requirements

30 of¢ the Svstpma
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|
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(3)

(1)

—
o
—

(r)

(1)

(2)

(9)

In

The system w{]{ “e aAhle tn renlan on enrcounterina
unexpected situations (such as the aoprentice

rerformina a task {ncorrectly or aut of sedlence),

Jt w{ll ne able to answer Specitic avestions about
eauipment, tasks, nlanc, and arout jts own knowledae,
It w111l understand spoken utterances (with various
restrictions apvrropriate tn the state of tne Art of

speech understarding).,

Jt »111 aive {instructfors an? answers to ayeries

PV sreakina,

It wil1) be ahle ta ahtain {nformation visuajllv
about the actiens of the anprentice and the

chaniina states of the eguipment.

It will ooint at tninas and create displays an

reauest from the apvrentica,

Tt wi{11 »e Proarammed in Sueh 3 wav that it will be
€Aasy to 3dd more detAatled vnawledae about its
specific domain nf expertise or tn add new knowledqge

about related donains,

order to achieve these abilities, a3 substanti{al

body of research must re undertaken, We have aroupbed the mador

13




research questions {into four cateaories: noroblem=solving, natural
lanquaqe, vision, and system {ntearatisn, Fach cateaorv has {ts own
team of researchers, althounh there {s considerable overlan and
sharina of personnel between each of these tasks, Nur strateav s
that as Tesearch proqresses on the first three of these topics, the
interim results will {mmediatelv he {ntearated 1{into a qrowina
jemonstration system, Thus, at any time, the current version of the
demonstration system can be taken asS A meASUre 0f Proaress toward our

1978 aocals.,

The arowina demonstration svten will be an {important
tactjc to ensSlre prober Commiinication betWeen varjous nparts of the
project., we are also using it to structure major subgoals and
scheduling, We have defined certain subhsidiary abilities that should
be achieved ty each of three major demenstrations to occur each Arril

in 1975, 1976, and 1977 [1el,

A descripntion of the abilities ot the CRC system at
the time this report went ¢tn» press 1{is aiven {n the ¢€ollowina
paragranhs, Subseauent sections of the report will descrioe the
Aetails of the techneloaV uUnderivina this oresent (April 1975) system

And the work beina done in support of future systems,

14
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B, The 1975 nNemonstration System
1. General

In this section we shall describe a demnanstration
that exhibits the current abilities of the svstem, We heain bv

describing the settina of the demonstration.

The place where the action takes place 1{s called a
workstation, It {s a room, Aapproax{mately 13 faet hy 192 feet in size

containing the followina {tems:

A workbench witnh a tanl bax and tnols,

A round takle with a turntahle top an which {s
placed a small air compressor: *this {s located {n
the middle of the ronm with access from all sides.

A computer terminal,

A mmicrophone headset with a lona cord that will
reach to any point in the roonm,

R speaker/amplitier,

A TV camera, Tounted near the cejlina on a movable
pan/tilt head,

A TV displav (RAMTEK) on which {s displaved a TV
plcture nf the air compressor, with a superimpnosed

1ine drawing of the air compressor.

A laser/rarqgefinder mounted near the TV camera.

The alr comnressor is in a partially disassembled
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conditior,

terminal

The belt housing cover And helt are removed and lyina on

workbench, The pump bholts Are ramoved, and the pump {s turaned

A~xay from {its normal orientation,

The arprentice enters the room and walks to the

and finds the fnlloving message: "Your qo0Aal {s ‘Assenhled

Alrcompressor’. Please out on the headset and sav ‘Feadv’ iInto the
mifecrophone, The computer #{11 aive vou verhal {nstructions, You can

sdy any of the followinn responses:

O Iindicates vou can do the task,

Ha¥W indjcates vou need more 1etafled Instructions,

WHY §ndycates vou want to know the motivation for the
particular instruction just received,

HUUK or WHAT ar PLEASKeRKFEAT w{l] cause the last
command to re repeated,

WHERF IS THE ,,. oOr SHIW MW THE ,,, followed by the
name of 3 component Wi{ll result in positionina
of the laser ranagefinder heam nn that component,

WHAT TS THIS, coupled with vour touUcrhfing a combPonent
with the linhter wand, %i1) aet vou the name
of the component,

RREAFK, PARUSK, or WAIT w{l]l canse an interrupt in the
proaram execution s» that vou mav use the terminal
to querv the nr6dram ahnut the state of thinas,
(Sorry, there 1s nn volce f/U for these aueries),

LOCATION OF ,,, followed by the name of a component will

result {n nositionina of tre laser bheam on the

location ~#here the comporent {s to be positioned,
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CALTERATE jrvokeS A calikration Se0'lpnCe tOr CAmMeraAa,

laser, and ranaer,

FIND COMPRESSNAR cAallses the laser/ranaer tn determine the

location Aand arientation of the corprAasseor and

urdate {ts models AnAd displavs accordinqlv.,

HELP means that somethiny has aqnane wrana, we will]

examine the preced{na steps and qet veu an exnert

cerson {t necessarv,

Please Aadjust the headsget and proceed when vou are

ready,"”

2. Oualftative Ar{lities of tne (Conbnuter Pasad Constiltant

The abilities ot the CRC Aare alluded to in the 1(ist
of responses ajven ahove, and more details v{1]1 be presented in
Section T1, In summary, the CBC contajns a system tor planning
assemhly or disassemhly of¢ the Afir compressor, The plan is
represented by a structure callad a4 procedural net which, in this
demonstration, {s built from 3 prespecified A{sassemhled state of the
compresscs, namely the one Adescrihed ahove, Fach steo of the
asserhlv plan can be Aaiven at several d{fferant levels of detall,
dependina on the needs nf the oDarticular arorentire, The Pproagranm
keeos 4nr internal mccdel of the "connectedness" of the different
combonents of the air coamprecsor, [t alse contains a Aaranhica)
(Absolute positinns) mede]l nf the 1Aaraticns of the Adifferent
components, At the rresent time these moAdels are limited, The

agraphical medel "knows aheut" the pump, moter, Dressure switch, pelt
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hausinag frame, helt houysina cover, pumo nullev, motor oullev,
nplatform, tank, and table, The connectivity mradel "knows about" a1}
the visihble compoanents, but the two models Ao not as vet interact

with each other,

The CHC fs able to alve rmaspnanses usina the voice of
the Votrax Phoneme SVnthes{Zer (described {n detaifl {r Section TI,F,2
below) and can understand sooken {nstructions usinma the VIP={00
phrase Trecoanjzer (descrired 1in Section TI.F,1). The TV camera is
used in obtainina the location of the brightest point in {ts €tleld of
view, This 1{s wuseful {n conperation with the laser beam, both {n
calibratina the araphical system and alsoe {n answerinag Qquestions
abhout names of rarticular parts ot the compressor, The laser beam is
proarar controlled, and can he moved to point At a8 ajven comPnnent,

or to indicate calibration points,

when these various ahilities are combined, they

produce a8 system that {s alreadv rather uniaque and {mpressive,
Further development is needed for each abilitv, and the
system=huildina task is an ongoinn one (see Section [11.F). Other
abilities +vil) be AaddeA Aas theV become avai{lahle, In particnlar
these are A natural lanquage capability (see Section T11.B) and a use
of Vvisicn (SCene analysis) to ai4 the prablem solvina (See Section

II1.0).




A

3% Fxample of a CHRC/Apnrentice Tnteraction

The fellowing simulated 4ialoa between
an? an apprertice (A) sho«s thne ahi{lities nt the systenm

1975, The interactior is by vnice, with use of

an expert (¥)
AaS nf Aori:

commerciallv

avajlable devices for voice recaanitinon ani voiCe sSvynthesis,

Fe TRY TO ACHIEVE ASSEMRLEDN ALRCOMPRFSSOP

Ar HOwW?

F: THE TOP LEVEL PLANM 1S INSTRLIL PUMP, INSTALI, PUMPRKACE,

INSTALL pUMPPULLEY, INSTALT, RELT, AND IWSTALL BELTHOUSTNGCOVER

E: READPY FOR QUESTINMS

A: SHOW ME THE pUMp

(Laser beam moves to roint at pumd)

E: RFADY

A: SHOW ME THE MOTOR

(Laser beam moves to point at motor)

F: READY

A: WHERFE TS THE RFLTHOUSTVGFRAME?

(Laser beam moves to opoint At the helthousinqframe)
K: RFADY

At WHAT IS THIS? (Touchima tank Platform w#ith wand)
E: TANk PLATFNRM

E: RFADY

A: WHAT TS TPIS? (Painrtinag with wand at rressure switch)
E: PRESSURF SYWITCH COVER

E: READY

A: NK
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E: INSTALL PUMP

Ae HOW?

Fe CONNECT PUMP TN PLATEORM

A:s HOW?

E: POSITION puMp ON PLATFORM

A: LOCATTON QOF PUMP?

(Laser beam moves to point At pumonlAace on platform)

As NK

Ee PUSTTION PUMP ON PLATFORY

Ae HOW?

E: PLACK TH¥ pPUMP ON THE PLATFORM TN SHCH A WAY THAT HALES
InN THE PUMP ARF MBATCHED Up WITH HOLES TN THF PLATFNRM

Ae 0K

F: ATTACH pUUMP TO PLATFORM

A:s HOW?

E: USE BOLTS TO ATTACH PUMP TN PLATFORM

A: HOW?

E: GFT 4 ONE AND A QUARTER INCH § s/16 HFEXAGONAT, BOLTS AMD
4 S/16 HOLE DIAMETER FLAT WASHERS AND 4 STZF 9716 HEXAGONAL NUTS

Ag HNH?

(Apprentice did not hear the command)

E: GET 4 ONF AND A QUARTER INCH # S/16 HEXAGONAL ROLTS AND
4 5/16 HOLF DIAMETER FLAT WAASHERS AND 4 SIZFE 9/16 HEXAGONAL MNUTS

A: HOW?

FEe GET { UONF AND A QUARTER INCH # &5/16 HEYAGONAL ROLT

As ALI, RIGHT

E: PLFASE RFPHRASFE YOUR ANSWFR

(Fxpert did not recoanize the resnonse)

20

s g & e

T SRR Ty

.
.

-
T

_-:J'_'_h:c'"

el £

P

-t W™




nK

GFT INE 5716 HOLE DIAMETER FLAT wASHER

OK
GET OME STIZF a/16 HEYAGONAT, HUT

0K

GET 3 ONF AMD A QUARTER INCH # S/1¢ YFXAGOHUAL

3 5716 HOLE DIAMETER FLAT AWNASHERS AND 3 STZF 9/14 HFXAGOMNAL, MUTS

0K

LONSELY FASTEM THE 4 8OLTS
HOwW?

START IN ONF KOLT

HOW?

PUT THF BOLT TYROUGH THE HOLE IN PUMPKASHK

WASHER AND TU&N THF NUT CLOCKWISE ONTU THE BOLT AS FAR

AS YNU' CAN

NK

LOOSELY FASTEN THF QOTHER 31 ROLTS
nK

TIGHTEN THE 4 RQOILTS

HRW?

TIGHTFN NNE BOLT

HOW?

FIND A ST7F a/16 WRFUCH TO FIT THE

aK

FIND A SIZF 1/2 TNCH WRENCH TO FIT THF BNALT HEAD

0K

USF THE FIPST WREFNCH TO HNLD THE NUT

nK
21
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NSFE THE SECOYD WREMCH TN TURM THE ROLT CLOCKWISE UNTIL FAIRLY TIGHT M

0K

TIGHTEN THF OTHER 3 HOLTS

nk

INSTALL, PUMPBRACE

HOwW?

CONNECT PUMPBRACE TD BELTHONSINGFRAMF

HOW?

POSITINN pUMPRRACE ON RELTHOUSINGFRAME AND PNSITION PUMPRRACKE 0N pliMp
0K

ATTACH PIHMPBRACFE TU KELTHOUSTNGFRA4E

HOW?

USF SCRFEWS Tf ATTACH PUMPHRACE TO RBELTHNUSINGFRAME
HOW?

GET 2 HALF IHNCH ¢ 14 SCREwS

(03

LONSELY FASTEN THE 2 SCRFWS

HOW?

STAPT INM ONE SCREW

HOW?

START 1IN THF SCREW RY TURNING IT CLOCKWISF AS MMUCH AS YOU CAN UMTTL
IT HOLDS THERE RY ITSELF

0K

LONSKELY FASTEN THE OTHER SCREW

K

TIGHTEN THE 2 SCREUS

HOW?

TIGHTFN NNE SCREwW




Az

HOW?

E: FIND A SCREWNRIVFR THAT WILL FIT TNTO THF HOTCH OF THE SCREW

A: WHY?

E: IN ORDER THO TIGHTFN THE { SCRE«

A VHY?

E: IN ORDEP TN USE SCREwWS TN ATTACH PUMPRRACE Ti BELTHONSTNGF RAME

A: WHY?

E: TN ORDEP TO ATTACH PUMPRRACE TO RELTHOUSINGFRAME

A: WHY?

E: IN ORDER TD CONNECT PUMPRRACF T0O KELTHNUSINGFRAME

E: TM ORDPER TN INSTALL PUMPRRACE

A: WHY?

E: MEXT STEPS ARE TO INSTALL PUMPPULLEY AND INSTALL EELT AND

INSTALL BFLTHOUSINGCNYER

A: WHY?

E: TN ORDER TO TRY TN ACHIEVE ASSEMBLED ATRTCNAMPRFSSNR

A: WHY?

E: ASK THE BOSS

A: 0K

E: FIND A SCREWDRTIVFR THAT WILL FIT INTN THF NOTCH NF THE SCREW
A: OK
E: USE THE SCREWDKIVEK TO TURN THE SCRERW CLNCKWTSF INTIT, TIGHT

A: Dk

E: TIGHTEN THE OTHER SCREW
A: DK
E: CONNECT PUMPHLRACF TN PlUMP
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INSTALI, PUMPPULLEY

o At

A:s HCOW?

Fe CONNECT PUMPPULLY'Y TO PUMP
Ae: HOW?

E: POSITION pUMPPULLEY 0Ox PplLMP
A: HOwW?

E: PLACE THF pUMPPULLFY ON THE PUMP SHAFT IN SUCH A WAY THAT THFE FLAT

SIDF OF THE SHAFT 18 ALJGNED WITH THE FLAT PAR1 INSIDF THE CENTER
HOLF OF THF pUMPPULLEY AND THEN PUSH THE PUMPPULLEY ONTO THE PUMP
SHAFT AS FAR AS YOU CAN

A: OK

E: ATTACH PUMPPULLFY TO PUMP

s e UL
e :

A: TICW?

E: ATTACH THE PUMPPULLEY T0 THFE SHAFT OF THE PU4P

A: HOU?

i} E: GET 2 QUARTFR TNCH % 1/4 SETSCREWS

: Ar DK

E: LODSELY FASTEN THE 2 SETSCREWS

A: HOW?

E: START IN ONE SETSCREW

Ar HOW?

E: START IN THE SETSCREW AY TURNING IT CLNCKWISE AS MUCH AS YOU CAN
UNTIL IT HOLDS THERF RY ITSELF

of At UK

| E: LUOSFLY FASTEN THF OTHFR SFTSCRFW

bi As DK

E: TIGHTEN THE 2 SETSCREWS

HOW?

.
----------------
...............

.....
......................
.........................
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E: TUIGHTEN ONE SETSCREV ]
o
As HOW? Ej
Ee FIND A SIZF 1/8 ALIFLARENCH ;%

As OK

y71 """
g o
S A -

E: TURN THE SFVYSCREYW CLGCKWISH UNTIL TTGHT

o

As HOW .,

* 4 :; 1, ,-rf
* Ao el O

F: INSERT THE SHORTFE HEXAGANAL END NF THE ALLENWRENCH THNTN THE

"J"lz_ -
il

HEXAGONAL HOLE OF THF SETSCRFW AND THEN TURN THE SETSCRFW 2

CLOCKWISKE UNTIL TIGHT

Ag NK t
Et TTGHTEN THE OTHLP SETSCREW s
As 0K '
E: INSTALL KELT S§
Az HOW? E
E: CONNECT WFLT TN MOTORPULLEY AND CONNKCT RELT TN PUMPPULILFY h
Ry HOW?
E: POSTITION RELT ON MOTORPULIKEY AND POSITINN BELT ON PUMPPULLEY
A: HOW? :
12
E: PIACF BELT IN GROOVF OF MOTORPULLEY g:
Ay DK &ﬁ
r E: PLACE BELT IN GPNOVE OF PUMPPULLEY b
f A: HOW? i;

E: IF YOI HAVE TROUKLY GETTING THE BELT AROUND THE PUMPPULLEY TRY NG

M
-
A
T
3

MOVING THE MOTOR WHICH MAY MEAN T,N0SENING THE FASTENINGS To ALLOW

IT 75 SLIDE SIDEWAYS ol

N D a—aT |

A: 0K T
E: ATTACH RELT TO MOTORPULLEY AND ATTACH BELT TH PUMPPULLEY

As HOW? 75 -
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A F: MAKE BFELT VFRY TJIGHT RY ADJUSTING THE POSITION OF THE 40TOR 3

£ .:

o At OK
E: INSTALL RFLTHOUSINGCOVER

L A:s OK

o
.
v
>
b
15
S

) E: THANK=YOI

Finished

iy i, i
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Rs mentionen, we have oraianized wark in the proiect unAder ]
four headinags: problemesolvina, natural lanaquaae, visinn, and EE
system {rtearation, Fach nf these research areas entails twn types ;;
of work, First there 1{s some "{mmediate" work that {s noW he{nn ;ﬁi

|

fncorporated into the demonstratinn system, Second there {: some ﬁ}

lonaer term research that will have an iToact on future systems,

Father thar organizina the report into separate sections T

cnrrespondina to the ¢oUr research topics, we have decided to ¥
Aescrihe in Section I1 the work in each cateaory that nnderlies the n

Aoril 1975 system, This will aqive the reader an {dea o0of how the

;
A
]

E

J
.
]

;

1

present system works and an Unuerstaniina of {ts deficiencies., Then

in Section II1 we shall describe the work whose impact wil)l bpe feilt

in later systems,

In addition to the fronte-line research torics, the prroiect
needs the help of several {mportant suoporting tasks, These aAre
majintenance 0¢ and improvements to the ALISP lanquaage, maintenance nf
and improvements to the SK] Artificial Intelliaence Center computing
system, Aand develorment of certain hardware items Such as the
scannina laser randge finder and interface equinment, These

supporting tasks will be described {n Section 1V,

fection V 1ists the ruhlications and Presentat{ons of the CHC

project statt durinag this reportina neriod,
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11. COMPONENTS OF [HE APRIL 197S SYSTEM

Introducti{on

Our 1975 system has already Integrated several abilities. It

can

generate and execute plans for assembly/disassembly at several
levels ot detail, 1]t can ans«er gqueries from the apprentice about
the status of the eauipment, It can point at parts of the compressor
and canh name parts vpointed to by the apoPrenticee. It nhas a
rudimentary ability for two=way communication using speech, It is
the purpose of this section of the report to describe 1Just what

underlies each of these abijiities.

In Section B we shall aiscuss our work in generating and
executing nierarchical plans, This work has resulted in the
development of a concept called the "procedural net for representing
hierarchical plans." The pbasic #ork on the procedural net has been
done by Earl Sacerdoti as part of his doctoral research, In Section
C we shall describe the pointing abilities of the system, Underlying
pointing is a ‘“"geometric model" of iLhe compressor, Wwork on Cthis
model and on pointing is largely the work ot Jerry Adin dand Georgia

Sutheriand, with some inportant early contributions by David nNitzan.

In Section D, a modeling package deveioped by Richard Fikes
is described., This package 1s used tor makinn deductions on the

model in order to answer queries from the apprentice and from other
29
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parts of the system, The package also provides a means for updating
models of the WwWorld during rlanning. The current system uses Some
teatures of this package, and we have oplans to use additional

features soon.

Our simple system for voice I/0 {s describped in Section E,
Tt consists of a speech synthesizer oand a word recognizer-=hoth

commercially available,

Finally, 1in Section F we discuss some of the problems of
system integration., Georaia Sutherland has been responsircle for tnis

task, and it necessarily has involved her in each of the others also,

B Keasoning About Assembly/bDisassembly Actions

1. Introduction

The assemrbly and disassembly of equipment s a
subtask of virtually all «orkstation tasks, For example, many
troubleshooting jobs and almost all repalr jobs require some amount
ot disassembly and r2assembly ot the machine, So a major aspect of
the consultation task i{s to modei the actions entailed in assembly
and disassembly, to compose sequences of these act}ons to accomplish
specific tasks, and to model and monitor the eXecution of these

sequences by a gapprentice,

Since the execution of a task 1s done under a mixed
30




initiative regimen, allowing the apprentice to indertake subtasks 1{n
the manner he chooses, We cannot simpl/ ouild a valid fiXed segquence
of actions to accomplish 3 task, Father, we mTust incluce {n our

model the apprentice’s implicit freedom to order the indiviaval steps

himself¢,

In addition to develobinu 3 metnodoloay for puilding
and executing hierarchically orgjanized plans of action that reflect
this treedom or orderina, we are dJevelnonina metrodoloagies for
detining a nhierarchy of relations to descrine states of Partial
assembly, and for defining a nierarchy ot actions to alter those

states,

In this section we shall first iiscuss the inteqrated
problem solving and execution monitoring system developed during the
last year, Then we snall present the relations and action models that
are being used to descripbe electromecpnanical equipment, with portions
ot the semantic model of the air compressor included as dan example,
Finally, we shall descrioe how the system develops the dialog

presented in Section I,

2, An Inteurated Proclem Solving and Execution

Monitoring System

The ®UAH (Nets U0f Action Hierarchies) program

combines a general rurpose problem solver with an execution monitor

31
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that is specitically desianed for man=machine cooperation. In this
section we shall present a simplitied explanation ot the procedural
net, wOAH’S representation for actions ard plans, of SUUP, the
language tfor givina the sysStem tasxkespecific knowledge, of the
planning alaorithm, and of tne execution alagorithm, A complete

discussion ot the system wil'l appear elsevhere (171,

NOAH is implemented in Q@LISP (18], and runs as
compiled code on a PDP=10 computer under tne TENEX time-sharino

system,

Qe The Procedural Jet

The system’s plans are built up {n a data
structure called the procedural net, Wwhich has characteristics ot

po-h procedural and declarative representations.

Basically, the procedural net {s a semartic
network ot nodes, each ot which contains procedural Intormation,
declarative information, and pointers to other nodes, Each node
represents a particular action at some level of detall, The nodes
are linked to ¢form hierarchical descriptions of operations, and to

form plans of action.

Nodes at each level of the hierarcny are

linked {n & partially ordered time sequence by predecessor and

32
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successor links, Fach such sequence represents 4 plan at a particular

level of detail,

[n the current {nplementation, the nodes are
ot six types: GUAL nodes represent a 304l to be achieved: PhANTOM
nodes represent qoals that are expected to be true vhen they are
encountered; SPLIT nodes have a single predecessor and nmultiple
SuccCessors, and represent a forking ot tne partial ordering; JOlil
nodes have multiple predecessors d4and a4 single successor. and
represent a rejoining of subplans within the partial ordering; BUILD
nodes represent an action tnat builds up a class ot objects: RREAK
wddes represent an action that is iteratively applied to the elements

0t a class ot objects.

©ach node points to & body of code. The
action that the node represents can be simulated by evaluatina tne
body., The evaluation will ceuse new nodes, representina more
detailed actions, to be added to tnhe net., It will also update a
hypothesized world model to reflect the effects of the more detailed

actions,

Associated w~ith each node is an add list and
a delete list, These lists are computed when the node s created.
TheY contain symbolic expressions representing the changes to tne

world model caused by the action that the node represents,

Thus, the nodes of tne orocedural net contain

33
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iﬁ. t4#o very ditferent representations of an action. The add and delete
k lists provide a declarative representation of actions that is qguite
similar to that of STR1PS [(19], 'he body of code provides a
Procedural representation similar to that of the new A,l. languages

{20], The declarative representation is used to model the action at

the node’s own level of detail. TIhe procedural representation is

used for generating more detalled subactions at levels of greater

detail,

Figure 4 shows the grapnic notation used here

to display a node of a proCedural net,

-

Predecessor(s) 7 é} Successor(s)
Node types are designated as follows:
Description of action (Description of action> S J
GOAL PHANTOM SPLIT  JOIN

TA-740522-11

FIGURE 4 GRAPHIC REPRESENTATION OF A NODE

As an example, let us examine a procedural
L4 net representing a hierarchy of plans to paint a cejling and paint a
% f: stepladder, The plan can nhe represented, in an abstract way, as a
single node as shown i{n Fiqure 5(a). In more detail, the plan 1is a

conjunction, and miaght pe represented as in Figure S(b). The more '
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detailed subplans to achieve these two goals mijht be "get paint, get
ladder, then apply paint to ceiling," and "get paint, then apply

paint to ladder," as depicted in tigure 5(c),

LEVEL 1 Paint the ceiling and paint the ladder
(a)
Paint the ceiling \
LEVEL 2 S J
\ Paint the ladder /
(b)
TA-740522-12 o
A
LEVEL 3 itf;-']”
(Before Criticism) + =B =55
Get paint Get ladder —1Apply paint to cei ingL N
S _ J ?ii
\Get paint — Anply paint to ladder P———on ::jl'_:
——— L 2
LEVEL 3 (c) i
(After Criticism R m

by Resolve Conflicts)

%

T
¥ ey
Iy Ay--5
w

Get paint — Get ladder — Apply paint to ceilingJ

> w

Ir‘r
-

R
|l‘ »

: ¢
\b"t paint J Apply paint to ladder :-_:;
(d) L
TA-740522-13 Py
FIGURE 5 PROCEDURAL NET FOR PAINTING r
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The plictorial representation used here

o T g
S OR

suppresses much of the information associated with each node. The

add and delece lists, tor instance, are not indicated in the

s M

diagrams., They are not hard to infer, however, tor example, "get
ladder" will cause "has ladder" to -« added to the wcrla model, and
"apply paint to <ceilina" might delete "has paint® from the worid

model .,

Precondition=subgoal relationships are
inferred by the system from pointers that {1dicate which nodes
represent detaliled expansions of other nodes, These pointers are
also omitted in tnhe pictorial representation. The system assumes that
every actfon but the last in such an expansion is a pPrecondition for

the last action,

b. Task=Specific Knowledge

Knowledge about the task domain is gliven to

the system in procedural form, written in the SOUP (Semantics Of
User’s Problem) language. SOUP is an extension of QLISP (18] that is
{nterpreted in an unusual fashion. The process of planning
transforms this proncedural knowledge into the hybrid procedural net

form, which contains both procedural and declarative information, and

which represents a hierarchy of solutions to the particular problem l

‘:' at hando |




we will tirst present the statements ot SUUP
that have been added to QLISP, (We will call them Festatements.) Then

we will describe how the SJP code {s Interpreted, Specific examples

of SOUP code are presented in Section lI.5,3,b. 1
&

P-statements that reter to actions are: Gt

R

"

PGUAL = .

A PGUOAL statement is of the form:
(PGOAL query pattern APPLY team),
Its meaning {s similar to the QLISP
GOAL. It has an additional argument,
the query, that specifies a Verpal '{

request for the aoal to be ahieved,

g7
Evaluation of A PGOAL results in the -
insertion ot a new node in the .ﬁ
procedural net. It a true instance -
ot the goal pattern is found in the iz
6.
world model, a PHANTOM node is created, f:
A3
I'f no true instance is found, a true =
GOAL node {s created, Q?
r
&
: ;I‘
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i, PBUILD -

A P3UILD statement is of the form:

R
i
e lJ
e

'. -
LR

(PRUILYD class~=name query (ITERATE...)).

=
v
- o B _Ae A — &

:' It specifies an action that will

4, E 'A'
S o T

build up a class of objects. The

» By

s

g
=4
PR

4 qQuery i{s a verbal request to build up

g N iy
Freian?

N the class. The iterate statement

- contains an arbitrary body ot code

that specifies the subactions entailed
in processing one element ot the class.
Evaluation of a PBUILD statement

i results in the creation of a BUILD

node in the procedural net,

PBREAK =
PHREAK has the same syntax as PBUILD,

1t specifies an action that iterates

i
o n

X through a pre-existing class ot objects.,

ko Evaluation of a PBREAK statement results

“

1 in the creation of a BREAK node in

R RS
N the net, p
-~ bt
u:: b
e

=

o
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«

«
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PAND =

A PAND statement is ot the form:

‘gl

..

‘&? (PAND exp=1 exp=2 ... expe=n),

&; PAND specities a collection of

:u expressions that may be evaluated

:ET independently, Execution of a PAND

:i statement results in a n-way branching

¢ in the procedural net,

;I P-statements that refer specitically to the

| world model are: —]

]

5 PIS = il

[ A PIS statement is of the form: (PIS :;

! exp). 1t searches for an instance ;fﬂ

_E of the eXxp that i{s true in the current Ef;
=

world niodel, 1f none {s found, it

=y
o8

P ¥

causes a failure condition. o

: 9
; e
'\’ Ikk N*
r.ud

‘ PASSERT = A pASSERT statement is of the o
E form: (pASSERT exp)., o
E lt makes exp be true {in the current :ff
L meas

| world model and places exp on the add F14
! :'.1

list ot the current node in the g

procedural net, iﬁ}

:'-‘Y‘ y
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P

POENY = ==

PDENY {is similar to PASSERT, It

-

makes exp be talse and adds exp to the

delete 1list of the current node,

Nt I S

) . »
TP
alet gty

A when a P=-statement that reters to an action

Y.
wae Lk

({.e., PGOAL, PBUILD, PRREAK, or PAND) {s evaluated, {t does not

i

aaid

g
[}

r ‘s
e

cause an arbitrarily deep computation, as would most PLANNER-like

Ll i
R
S o Vb5
2
A ()
P

. languages [20], Rathel, the action is mocked (We mean simulated.

but we’re already using that term for another operation) ana the

*3-
world model {s updated as if the deep computation had peen done and

the action were accomplished {in full detall, The {nformation

P —
1 ' ll‘
sl
- .

necessary to continue the computation to further depths i{s stored as
the body of code associated with the new nodes that are cr.ated in
;z the procedural net, For exemple, wr2n a PGOAL statement {s evaluated
(thus mocking the action that achieves the goal), the team of
functions assocliated with the statement {s placed as the body of the
new node representing that goal. Wnhen a PBUILD or PBREAKR statement

{s evaluated, the ITERATE clause is stored as the new node’s body,

PRFRESE |

This type of evaluation results in the creation of hierarchies ot

i g

plans of increasing detail., This scheme thus extends the ability to
do bhierarchical planning as was done by ABSTRIPS ([21] from a
b syntactically oriented declarative representation to SOUP’s +]

semantically oriented procedural representatjion.

C. The Planning Algorithm

Initially, NOAH i{s given a goal to achieve,
40




NOAH tirst bullds & oprocedural net that consists of a single goal
node to achieve the civen goal. TIhis node has 4 list of all relevant
SOUP functions as its body, and it represents tne Plan to achieve the
goal at a very high level of abstraction. This one=step plan may

then be expanded by the planning aljorithm,

The rlanning algoritnm of the NOAH system {s
simple. 1Its input is a procedural net. [t expands the most detailed
Plan 1in the net by simulating eacn node ot the plan in turn, In
addition to building & detailed model ot the effects of each action
in the plan, the simulation of each node will produce child nodes.
Thus by simulating the Plan, a new, more detailed Plan will be

created,

The individual subplan for each npode will be
correct, but there is as yet no guarantee that the new plan, taken as
a whole, will be correct. There may pe interactions between the new,
detailed steps that render the overall plan invalid, For example,
the individual expansions entailed in generating the plan iIn Figure
5(c) from that in Figure 5(b) are correct, yet the overall plan is
invalid, since {t permits piintini the ladcer before painting the

ceiling,

Before the new detailed plan i{s presumed to
work, the planning system must take an cverall look at it to ensure

that the local expansions make global sense. This global examination

41
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4 ls provided by a aroup of critics. These critics serve a purpose fﬁ
5y Somewhat simjlar to that of the critjcs ot Sussman’s HACKER [22],

except that toy WUAH they are constructive critics, desianed to aad

Dl

S constraints to as yet unconStrajned PlanS, Wnereas for HACKER they

were destructive «critics #hose purpose was to reject incorrect

v v v 5 € 5 8
m «F e
»

assumptions reflected Iin the plans.

For example, a constructive critic will alter

~

the painting plan in Fjiaqure 5(¢) to ensure that tne endangerled
subdoal, palinting the <ceiling, 1is achieved .efore the step that
endandgers it, namely painting the ladder. Atter this critic has
altered tre plan, 1t will apPpeal as in Fiqure S(d). Note that
planners that use a linear representation ot plans cannot solve such

vroolems without extensive use of backtracking, or sophisticated plan

optimizatione.

The algoritnm for the planning process, tnen,
is as follows:
(1) Simulate the most detajled plan in the
procedural net, This will have the effect

of producing a new, more detailed plan,

(2) Criticize the new olan, performing anv

necessary reordering or elimination of

redundant operations,

(3) Go to Step 1,

a3
vy
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Clearly, tnis 3laorfithm is an
oversimplification, but for the purposes of this report we may
imagine that the planning process continues until no ne¥ details arle
uncovered, (1n tact, for the complete problem solvina and execution
monitoring system, a local decision miust pe made at every node about

wnether it should be expanded,)

4 detailed example of the generatior of a

pldan for assembling a disassembled air compressor 1Is presenteda 1{n

Section 11.K.4.

A recent paper [(23) discusses in more detail

the problem solvina alapgrithass, the constructive critics, ana a

comparison of this approsach witn other recent work.

The Execution Algorithm

The output ot the planning process is a

Procedural net, which was developed as a nierarchy of Partially

linearized plans, Fiqure 6(a) sugagests the planner’s viewpoint of the
Procedurz=l net, The same procedural net is also the input to the
executiorn portion of the system, 1he execution algorithm views the
net difterently, however. It sees the nrocedural net as a coilection

of action hierarchies;, as suggested by Figure 6(b), An act{ion
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its <children nodes

descendent nodes,

views the

following algori{thm:

b (1)

(2)

(3)

than this.,.

.....

hierarchy, consisting ot a node representing an action, together with
representing
Wwill be termed a

procedural net as a sinale

Actually,

The apprentice may make a wider variety of responses. To

€aCh query, his possible responses are:

Subactions, together with tneir

wedge, Tne execution monitor

sedge, to which it applies the

Ask the apPrentice to accompliish tne

action represented by the node at the top

of the wedge. fhis {s done by saying the

node’s query to hin,

It he resvonds positively, assume the

current wedge ras been accomplished, and

SO asSume the current wedge has been

successfuly executed,

[f he responds negatjively, assume he
neeas 4 more detailed breakdown of the ﬁ?
action, and so execute in turn all the
Subwedqes headed bY children of the
current sedge,

the algoritnm is more complicated




This type ot response indicates tnat
thne .pprentice understands the

instruction and is able to do it.

the CRAC program assumes that the task
has been conpleted, This type of

response signdls the execution

wedye,

Negative responses = No, How, Cdn‘t.ss
Tnis type of response indicates that
the apprentice needs help before he
can perform the indicated action.
This signals the procedural net
program to move to the first child

node.

Repeat responses = what, Huh,e..
This type ot resronse indicates that
the apprentice did not hear the

Instruction or ~#as not sure what was

sald. Please repeat, The program

!
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merely repeats the query.
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Aff{irmative responses =« Yes, 0K, Yup, ChecK.ss

In fact, in the current implementation,

algoritnm to move on to the succeeding
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Motivation response = wny

The apprentice wsants to know why a
certain task needs to pe done, The
cutrent response to tnifs question {s
for the procedural net program to list
the tasks that remain to be done at
that level, These corresoond to the
Queries of successive nodes that have
the same parent as the current node.

If the apprentice still wants to know
why, the proqaram then rereats the query
associated with the parent noage. Tnis

process may bhe repeated untjil there are

no more parent nodes.,

Escape responses = break, Pause, Grarhics...

These responses are temporary expedients
to allow interaction with other portions
ot the CBC system, such as the graphics
packaje. (See the description of the

CBC kxpert System in Section II,F below),
This allow#s the apprentice the opportunity

to ask guestions like "Wwhere," "what is

tnis," and thez like,

When the top wedge of tne procedural net has
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been successfully executed, the EXxecution Phase terminates with

*"Thank You",

The current system’s ability to monitor the

eXxecution of a4 Task {s limited, and {ts abjlity ¢tec rTespond

intelligently to unexpected failures is nil. During the coming vyear

we plan to focus considerapnly more energy on the execution monitoring

aspect of the assembly/disassembly task.,

3, The Semantics of Assembly and Disassembly Actions

a. Relations j

In order to model the processes of assembling

and disassembling equipment, we have defined a set of entities and
relations that are used to describe a device in arbitrary stages of
assembly and disassembly, The definitions being used in the current
system are given in this section along with examples that relate to
the air compressor. These definitions form the basis for the SOUP
functions that produce a procedural net of plans for assembly and
disassembly. The SOUP functions will be described in Section

II.B.BOb.

i Connections

A "connectjon" is defined between any

s ®. ",
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bj tW#o components that are fastened to each other #nen a device is tully

dA4ssembled. The elements ot a connection are an ordered valir of
Components, wnhere the ordering implies that tne ¢f{irst component {s
tastenea to the second component. For example, we have (COLNECTION

PUMP PLATFORM) rather tnan (CONNECTIUN PLATFORM  PUM“P), sincCe one

i

=1

would say "Connect the pump to the platform" rather than "Conhnect the {A
Platform to the pump". In the cases where no intuitive or actual 'Ei

fz assymetry exists between tne components, we determine whether one of ;j
- the components supports the other in the tully assembled device. I f T?
! g
k Sso,» the supportee 1is the ¢f{rst element of the Pair. In the 5
remaining cases, where neither criterion applies, an arbitrary i

™y

ordering ot the components is chosen, ;ﬁ

The connection relations are used for '}

f: definina the canonical locations of components for the  fully %ﬁ
: assembled device, rather than for specifyina actual locations of :ii
] components at any particujlar time, Thus, connection relations remain ;ﬁ
unchanged during as.semply and d.sAassembly, 2:;

28

i) Fastenings ;j

X

Connections usuélly represent :;q

components that are fastened toaether by bolts, screws, machine ;"ﬁ
screws, or setscrews, T'he opjects that tasten components together 55

are referred to as "tastenings", A bolt with its nut and washers is a ,ii
Sstandard type ot fastening. Examples of tasteninas include each of :Lj
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the tour nut=washer=tolt assemblies tnat connect the pump to the
platform and each ot the ten sheet metal screws that fasten the belt

nousing cover to the frame,

The association between a fastening
and the components it fastens is represented by storing with each
connection the fasteninas that hold it together, Table | lists some
¢ the ConnecCtions and fastenings that are currently used by the CBC

system

Table 1: CUNNECTION EXxpressions for the Air Compressor
(CONNECTION Pump Plattorm)
FASTENFN=B0LTON
FASTENING=(-BOLT Pumpbase Platform WASHER _NUT)
LENGTH=1,25
DIAMETER=,3125

NUMBER=4

(CUNNECTION Motor Platform)
FASTENFN=BOLTON
FASTENING=(.BUOLT Motorbase Platform wWASHER .NUT)
LENGTH=1
DIAMETER =,25

NUMBER=4




o« 7

=

BRI £ R

(CONNECTION Pumppulley Pump)
FASTENFN=wHEELON
FASTENING=(..SETSCREW pumppulley Pumpshaft)
LENGTHh= .25
DIAMETER=, 25

NUMBER=2

(CONNKECTION Motornulley Motor)
FASTENFN=WHEELUN
FASTENING=(.SETSCREw #otorpulley sMotorsnatt)
LENGTH=,25
DIAMETER=,25%

MUMKER=1

(CONMNECTION Belt Pumppulley)

FASTENFN=RELTON

(CONNECTION Belt Motorpulley)

FASTENFN=BRELTON

(CONNECTIUN Pumpbrace Pump)
FASTENFN=KHOLTON
FASTENING=(.BULT Pumpbrace Pumptop)
LENGTH=,75%
DIAMETER=Z,3125

MUMRhER=1
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(CONNECTION Pumpbrace Heithousinatrame)

FASTENFN=SCREWUM

FASTENING=(_.SCREW Pumpbrace Belthousingframe)
LENGTH=,5
DIAMETER=,25

NUMBER=2

(CONNECT1OM Belthousingcover Belthousingtrame)
FASTENFN=SCREWOWN
FASTENING=(.SCREW Belthousingcover Belthousingframe)
LENGTH=,.9
DIAMELER=,25

NUMBER=10

(CONNECTION Aftercooler Pump)
FASTENFN=SCREWINTOD
FEMALE=PUmp

MALE=Aftercooler

(CONNECTION Attercooler Attercoolerelbow)
FASTENFN=SCKREWINTO
FEMALt=Aftercooler

MALE=Aftircoolerelbow

F.
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1it) Chunks

T4o components X and Y have a

connection path detined petween them it there exists some ctequence ot
connections hetween components X=C1, C1=C2, .eesr CN=Y, A “Chunk" is
a Collectlion of components that have conneCtion paths defined amon”
them and are all positioned with respect to each other; l,e., a
positioned supascemply. we detine tne "loose ends" of a chunk to be
that collection ot connection relations between members of the chunk
and nponmemrhers of the chunk, For example, an isolated single
component can be considered a chunk ans all the component’s
connections would be considered loose ends, If a chunk is positioned
with respect to some other chunk, then the loose ends set of the
newly formed (larger) cnunk consists ot those connpections that were
elements ot exactly one of the 1loose ends sets of the two old chunks
(since connections that were loose ends of both the old chunks are

now connections pbetween members of the new chunk,)

iv) Fastened/Unfastened

It X {s a4 tastening, then the

relation (FASTENED X) {is true whenever X nas heen inserted in its

proper place and tightened4., For example, a fastened nut and polt

o b



e
VRN

assembly means that the bolt, nut,

and all Associated washers are

firmly in place, Simjlarly, (UNFASTENED X) i{s true when the fastenina

X {s disassembled and removed frcm its proper position.
v) Positioned/Extractead

If components X and Y have a
connection defined vetween them, then the relation (POSITIONED X 1Y)
is true whenever X and Y are 1in the same chunk, Similariy, 1f
components X and Y have a connection defined petween them, then the
rejation (EXTKACTEND X YY) is true whenever X and Y are in different

chunks and X and Y do not restrict each other’s movement 1In any

meaninaful way,

Chunk descriptions and the relations

POSITIONED and EXTRACTED are redundant, since bheing a loose end

implies EXTRACTED and not being a looSe end impiies POSITIONED,

It is convenient to define the

relational torm (POSITIUNED X) to be true for a component X 1{f and

only it (POSITIONED X Y) is true for each Y such that (CONNECTION X

Y) 1s defined., Similarly, (EXTRACTED X) i{s defined to be true for a

compon~nt X 1t and only if (EXTRACTED X Y) is true for each Y such

that (CONNECTION X Y) Is deilned,

vi) Attached/Detached

It (CONNECTION X Y) {s defined, then
54
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the relation (ATTACHED X Y) is true wrenever (FASTENED 2) is true for
all tasteninas Z associated witn the X-Y connection. (Note that
ATTACHED and FASTENED can only be tru2 f{f PISITIUNED {s 3180 true.)
Similarily, it (CONMECTION X Y) {¢ defired, then the relation
(DETACHED X Y) s true wnenever (UNFASTENED 2) is true for all

fastenings 7 associated witn the X=Y connecCtion.,

we also define the relational tform
(ATTACHED X) to be true for a component X if ani only {f (ATTACHED X

Y) {s true tor each Y such that (CONNECTION X Y) is defined,

Similarly., (DETACEED X) is cetined to be true for a component X {f

and only 1f (DETACHED X Y) is true for each Y such that (CONNECTION X

Y) is detined,

vii) Connected/Disconnecteqd

For any componerts X and Y, the
relation (CUNNECTED X ¥) {s true whenever (ATTACHED X Y) §{s true, and
the relation (DISCONNECTED X Y) is true wnenever (EXTRACTED X 1Y) is
true, (Note that ATTACHED implies POSITIDNED and EXTRACTED implies

DETACHED,)

We also define the relational torm
(CONNECTED X) to pe true for a comPonent X {f and only if (CONNECTED
X Y) is true for each Y such that (CONNECTION X Y) {s detined.

Similarly, (DISCONNECTED .) {s detined to be true tor a comPonent X
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> i€ ano only it (LISCONNECTED X Y) is true for each Y such that o
% 5
ﬁ" (COrNECTION X Y) is defined, ::-
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a viii) Installea/Removed E
X3 i
B ;i
“i For any two components X and Y ot the %
e 3
E} sanme device, tne relation (I~STALLED X Y) is true whenever X and Y Y
ii are in the same churk ana when (COwIECTED X L) is true tor each Z (in 5
g the churk with X) tor snich (CONMECTIUN X Z) is detined, Also, if X i
[ 3 !
et and Y are components of the same device, then the relation (RFEMOVED X {
¥) is true shenever X and ¥ are in separate cnunks and X and Y ao not ;

restrict each other’s moverment in any meaningfu] way,.

ve also detine the relational torm
(14STALLEL X) to re true for a component X if and orly it C(INSTALLED

X Y) {s true for each i such that (CUNNECTION X Y) 1is aetfined,

Similarly, (REMOUVED X) is defined to pe true for a component X if and

only it (RFHUVED X Y) is true for each Y such that (CONYECTIUN X X)

~
A

okt

is detined.

Y %N_®
ek
>

*

iv) Assembled/Pisassembled

B e 3

..‘
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o
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S

For any device X, the relation

v w7 T
Bl e
i

(ASSEMBLED X) is true whepever (l#STALLEL Y) s true for each

LA, |

o o,
LS

component Y of X, Similarly, tor any device X, the relation

.
I,‘- -~
.

(DTSASSEMBLED X) 1S true wnepever (RE"OVED Y) 1s true tor each
conponent Y of X,
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X) Onhand

gl

It X is a component of A fastenina or
is a tool, then the relation (ONHAND <object=type ot X> X) {s true
whenever X 1is {n use by or immediatelv available to the technician,
This relation {s typically used for ohjects such as scraws, bolts,

nuts, washers, SetsCrews, wrenches, or Screwdrivers.

xi) Startedin/Takenout

It X is a fastening, then (STARTEDIN
X) is true whenever the components of X have been positioned with
respect to the connection that they fasten, Similarly, 1f X is a
tastening, then (TAKENOUT X) |s true whenever the components of X

a

have been removed trom the connection that they fasten,

xii) Tightened/Loosened

It X is a fastening, then (TIGHTENED
X) is true whenever the components of X have been tightened. For
eéxample, a boltewasher-nut fastenina is tightened by turning the nut

onto the bolt untii tignt. Similarly, (LOOSENED X) {s true whenever

the components ot a fastening are loosened, The relations
STARTEDIN/TAKENOUT angd TIGHTENED/LODSENED for fastenings are ;?
analogous to the relations POSLITINNED/EXTRACTED and .

CONNECTED/DISCUNNECTED for components,
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X1i1) Spindled

SPINDLED {s a relation that applies
to a fastenina and a 1ist of components, The SPINDLLD relation, {f
true, implies that the objects are tastened togJether in the order
listed {n the rejlation. An example {s (SPINDLED Boltl Pump Platform
washerl Nutl), This type of relation s used to Keep track of

associations petween particular bolts, nuts, washers, and the like.

xiv) Applied

The relation (APPLIED <«tool=type>
<fastening=name>) {s truve whenever a tool of the specified type 1is
beina used by the apprentice to tighten or looSen the specified

fastenina,

b, Describing Actions for Assembly and

Disassembly

The relations described {in the preceeding
section imply a hierarchy of actions to be used 1in forming plans
abpout assembly and disassembly of equipment, Accordinaly, SOUP

functions rLave been written to achieve all the relations, Treferrinag

explicitly to tools and fastenings when apworopriate,
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Flaures 7 and R snow the relations/actiors
hierarchy tor assembly and disassembly planning, The upper case ol
names refer to relations; the actions, or SOUF functions

corresponding to those relations, are lower case names. The vertical

ik

kN y
S e

lines connecting the blocks {n tne tiqures {ndicate difterent levels
of the hierarchy, and imply function calls. wnen a SOUP function 5
Calls more than one lower level SUUP fupction, tnis {s {ndicatea hy a ':2
horizontal line, Some ot the assembly actions are described helow. _;
ASSEMBLE (ULAMBDA (ASSEMBLED «0RJ) 4
(APPLY (FUNCTION PAND) ;%
73
(MAPCAR (GETP $0BJ (QUUTE CUMPONENTS)) o
(FUNCTION (LAMHDA (X) =

(t(GOAL (INSTALL (® X))
(INSTALLED (@ X))

APPLY (INSTALLYBJ)Y)Y)])

§

M

k

A 1ist ot CUMPONENTS has beep prevjiously set up, To assemble the o
L

(s

object, set up a goal for installing each component separately. 1f oy

any component is already installed, this intormation wiil be already

P

1

T O e

T

stored in the world model, PGOAI. will discover this tact, a PHANTOM

M}
a
Aol A K 4

node will be inserted in the nec, and the apprentice will never be
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{nstructed to install a component unnecessari{ly.
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ASSEMBLED
assemble
y
INSTALLED
installobj
)
CONNECTED
connectobj
]
' '
POSITIONED ATTACHED
positionobj belton
bolton
screwinto
screwon
weldon
wheelon
] A
FASTENED
fastenobj
i . Y
ONHAND STARTEDIN TIGHTENED
lookforobj startin tightenbolt
tightenmachinescrew
1 tightenscrew

lookforsubstituteobj

FIGURE 7

tightensetscrew
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ONHAND APPLIED
lookforobj useallenwrench

usescrewdriver

 J usewrench

lookforsubstituteobj
SA-3805-7

FLOW CHART FOR SOUP FUNCTIONS IN THE ASSEMBLY DOMAIN

I) 1
‘- "
PP

YL YW
i F

P s, 8
ALt e S -ty




el oo iy
’~.l.l.1-. 4

s
s e

»
e ]
b T

T £ 3 r
» & T
i "." |3

i
K.
Tl T

i
" 4
o temnalN ="y

S LR e b ROt L el gt e e e T U T - LR = _ o 3 4 - 3

-
" :V
.O' ]
il
DIASSEMBLED N
unassemble
¢
REMOVED N
uninstallobj ¥
DISCONNECTED
unconnectobj
|
L }
DETACHED EXTRACTED
unbelton unpositionobj
unbolton
unscrewinto
unscrewon
unweldon
unwheelon
UNFASTENED
unfastenobj
¢ | }
LOOSENED TAKENOUT
untightenbolt unstartin
untightenmachinescrew
untightenscrew
untightensetscrew
' I y
ONHAND APPLIED
lookforobj useallenwrench
usescrewdriver
‘ usewrench
lookfor-
substituteobj
SA-3805-8
FIGURE 8 FLOW CHART FOR SOUP FUNCTIONS IN THE DISASSEMBLY DOMAIN
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INSTALLOBJ (QLAMBDA (LNSTALLED ~UBJ)
(WPROG (~0BJI2)
(APPLY (FUNCTION PAND)
(MAPCAR (CDR (INSTANCES
(COMNECTION s0BJ ~0BJ2)))
(FUNCTION (LAMBDA (X)
(SETQ X (CADDR X))
(t(PGOAL (COWNECT s0BJ TO (@ X))
(CONNECTED sOBJ (@8 X))

APPLY (CUNNECTOBJ)))]

Each defined connection relation {s explicitly stored in the world
model, The QLISP function, INSTANCES, will retrieve all those
connections that involve s(0B8J. [hen a goal is set wup to connect
sOBJ to all other components, Notjce that the P=function, PAND, {s
used to make a conjunction of all the connections; the procedural net

critiques will put the conjuncts in the bhest order for execution.,

CONNECTOBJ (QLAMBDA (CONNECTED ~0BJ1 ~08J2)
(PGOAL (PUSITION $0BJY UN sUBJ2)
(PUOSITIONED s0BJ1 s0BJ2)
APPLY (PUSITIONOBJ))
(PGUOAL (ATTACH $0BJ1 TO $0BJ2)

(ATTACHED s0BJ1 $0BJ2)

APPLY ((@(QGET (CUNNECTION s0BJ1 $NBJ2) FASTENFN))))|
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In order to connect two objects, they must first be positioned, and

then attached to each other,

The type of attechment {s implied by

the fastening tunction property, FASTENKN, stored on each connection

relation,

POSITIONCSY (GLAMBDA (PUSITIONED «UBJ1 «0bJ?2)

(QPROG (~MUBJ «~ FOBJ)

(SELECTU (WGET (CONNECTION sOBJI sUBJ2) FASTENFN)

(WHEELON (PGOAL

(BELTON (PGOAL

(PLACE. THE $sUBJL ON THF $0BJ2
SHAFT [N SUCH A WAY THAT T[HFE

FLAT SIDE OF THE SHAFT 1S ALIGNED
WITH THE FLAT PART INSIDE THE
CENTER HOLE UOF THE $0BJ1 AND THEN
PUSH THE sOBJ1 ONTU THE $0BJ2
SHAFT AS FAR AS YOU CAN)
(POSITIUNED s0BJ1 $0BJ2)

APPLY N1L))

(POSITIUN ¢0ORJL T GRODVE OF §DBJ2)
(POSTTIUNED sORJY sUBJ2)

APPLY (UXPLAINBELTPOSITLON)))

(SCPEWINTO (WGET (COMNECTION $UHJ1 $08J2)

FEMALE ~FOBJ MALE ~ MDBJ)

(PGOAL (PLACE T[HE END OF. THE $MOBJ

NEXT TU THE HULE OF THE $FOBJ)
(POSITIUNED $UBJ1 $0BJ?2)

APPLY NIL))
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(PGUAL (PLACE THE $0BJ1 AND Thk $0BJ2 NEXT TO EACH
OTHER IN OLUCH A WAY THAT HOLES 1IN THE $UBJ1
ARE MATCHED UP WIH HOLES [N 1HE s08J2)

APPLY NIL)Y)))

This is a general positioning function that gives instructions about
four ditferent types ot rositioningsS: #heels, belts, components that
screw into other conmponents, and, finaliy, components that are

connected with fastenings such as bolts, or screws,

BOLTONM (QLAMBRA (ATTACHED «UBJ{ «O0BJ2)
(PGOAL (USE BULITS [0 CONNECT $UBJ1 AND §0BJ2)
(FASTENED BOLT (s0BJ1 $0BJ2))

APPLY (FASTENQOBJ)))

This {5 an example of an attachment function, applying to components

that are to be bolted together.

FASTENOBJ (QLAMBDA (FASTEMED ~FASTENING (~0BJ1 <08J2))
(QPRUG (-OBJECTS ~ LENGTH «~N ~DIAMETER ~C
~COMPUTATION ~VARIABLES
(-FASTENINGS (MKATOM (CONCAT SFASTENING "S"))))
(QGET (CONNECTION s0BJ1 $0BJ2)
FASTENING ~0OBJECTS LENGTH ~LENGTH
NUMBER ~ N SHAPE ~ SHAPE DIAMETER -~ DIAMETER)

(COND ((EQ sN 1)(MATCHQ@ ~FASTENINGS eFASTENING)))
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(We have omitted a section of code nere that sets $VARIABLES
equal to tne l1ist of varjables {n $OBJECTS, These
are the holts, washers, nuts, screws, etc., which
are not explicitly specified by name, The code
constructs a query of the form "get two #3 bolts and
two ¥4 washers and tso #3 nuts" to be used in the
subseqguent PBUILD statement, Ihis special query is
saved as the value ot SCOMPUTATIUN,)

(PBUILD (CLASS ~+()

(GET (! (@ (CODR (APPLY (FUNCTIUN APEEND)
SCUMPUTATIUN)Y))))
(ITERATE $N $VARIABLES
(MAP2C sCUMPUTATINON §VARIABLES
(FUMCTION (LAMBLA (X Y)
(PGOAL (GET OnE (! (2 (CDUR X))))

(ONHAID (@ (MKCONSTANT Y)) (€ Y))

APPLY (LOOKFURUBJ) 1YPE (8 (CDDR X)))))

(QPUT (CONNECTION sURJ1 $9BJ2) HARDWARE §C)
(PBREAK (CLASS «~C)
(LOOSELY FASTEN THE sV gFASTENINGS)
(ITERATE $N $VARIABLES

(PGOAL (START IN UNE $FASTENING)

(STARTEDIN SFASTENING (@(t SVARIABLES)))

APPLY (STARTIN))
(MAPC $VARIABLES (FUNCTION (LAMBDA (V)
(SETQ V (LIST (GUOTE UNHAND)
(MKCONSTANT V) V))

(PDENY (@ (t (B v))))1)))))
65
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(PBREAK (CLASS =)
(TIGHTEN THE $N SFASTENINGS)
(ITERATE sN SVARIABLES
(PGOAL (TIGHTEN ONE SFASTENING )
(TIGHTENED $FASTENING (@(*t $VARIABLES)))
APPLY (TIGHTENBOLT
TIGHTENMACHINESCRMW
TIGHTENSCREwW

FIGHTENSETSCREW)))) )

In fastening objects together, first get the fastenings, then loosely
fasten them, then tighten them, The initial QGET statement retrieves
the properties of the fasteninas themselves (length, diameter,
number, and so on). The PBUILD statement instructs the apprentice to
physically get the tastenings, The two PBREAK statements tell the

apprentice what to do with the fastenings to make the connection.,

TIGHTENBOLT (QLAMBDA (TIGHTENED BOLT (~ROLT ~«0))
(QPROG (- WRENCH{ ~WRENCH2 «~ NUT)
(COND ((OR (NULL §0)
Tin (NOT (EQ (GETP (MATCHG ~nNUT (FLAST $0)) (QUOTE TYPE))
,;- (QUUTE NUT)))))

(PGOAL (FIND A WRENCH TO FIT1 THE BOLT HEAD)

®
(ONHAND WRENCH «~ ARENCH2)
o APPLY (LOUKFUROBJ) TYPE WRENCH)
- (PDENY (ONHAND WRENCH SWRENCH2))
L3
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(PGOAL

.............

(USE THF WRENCH TGO TURN ['HE BOLT

CLUCKWLISE UNTIL FALRLY TIGHT)
(APPLIED SWREWNCH?2 s8OL1)
APPLY (USEWRENCH)))

(PGUOAL (FIND A WRENCH TO FIT THE NUuT)
(UNHAND WRENCH‘ihRENCHl)
APPLY (LOUKFOROBJ)

TYPE wWRFNCH)

(PDENY (UNHAND WRENCH $WRENCH1))

(PGUAL (FIND A WRENCH TC FIT THE BOULI HEAD)
(UNHAND WRENCH ~WRENCH2)

APPLY (LOOKFUROBJ) (YPE WRENCH)
(PDPENY (ONHAWD wRENCH $WRENCH2))
(PGUAL (UStk THE FIRST wRENCH TU
(APPLIED SWRENCH]1 gNUT)
APPLY (USEWRENCH))
t¥GOAL (USE THE SECOND WRENCH TO TURN THE BOLT
CLUCKWISE UNTIL FAIRLY TIGHT)

(APPLIED $WKE~NCH2 $BOLT)

APPLY (USEWRENCH))

(PASSERT (ONHAND WRENCH gWaRENCH1))))

(ONHAND WRENCH S$WRENCH2))]
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This 1is an example of a particular tightenina function,
(I'IGHTENSCREW, TIGHTENMACHINESCREW, and TIGHTENSETSCREW are Similar,)
The process requires the apprentice to get the tools and uSe them.
“hile tre tools are in use, they are declared to be "unavailable" by
the PDENY statements, They are later made available again by

PASSERT.,

It {s important to notice that none of the
SOUP=functions described in this section actually refer to an air
compressor in any way. Tiey refer to members of a COMPUNENTS 1ist
and to a set of CONNECTION relations that are stored in the world
model., Tools are explicitly referred to {n the lower level

functions, as are fastenings such as Screws, nuts, and bolts,

All the specific informetion about the air
compressor is coded into a single initializing function that sets up
the world model before any of the procedural net is built. The

initializatjion function contains mnany expressions of the following

form:

(ASSERT (CONNECTION PUMP PLATFORM)
FASTENFN BOLTON
FASTENING (-BOLT PUMPBASE PLATFORM ~wWASHER ~ NUT)
LENGTH 1,25
DIAMETER ,3125

NUMBER 4)

(Other examples were shown In Table 1 above,)
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Thus we expect that {t would be relatively easy to
ConvVert the current planning and eXxecut{on monitoring program to

another example ot electromechanical equipment.

4, Examples trom a Demonstration System

a, A Detalled Iirace of the Planning Algorithm

The NOAH system {s {nvoked with a tope~level
godl as {ts argurent, An initial procedural net {s built, with the
structure shown in Figure 9(a). The body o»f the GOAl, node 1is the
value of a QLISP varjaole that {s bound to A 1{St of all top-leVel

SOUP tunctions (in this case, ASSEMBLE and DISASSEMBLE),

The planning algorithm {s then applied to the
most detailed plan {in the 1{nitial net, At this point, the most
detailed plan consists ot the single GUAL node, Tne GUAL node {s
simulated, which means that the tunctions {in {ts body, namely
ASSEMBLE and DOISASSLMBLE. are applied i{in turn to {ts pattern
(ASSEMBLED AIRCOMPKESSUR) wuntil some functi{on doesS not fail. (Note
that this is essentially equivalent to evaluating the QLISF statement

(GUAL (ASSEMBLED AIRCUMPRESSUR) APPLY (ASSEMBLF DISASSEMBLE)),)

The tunction ASSEMBLE was Trebroduced 1in
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Try To Achieve
{Assembled Aircompressor)

(a)

Install
Pump

Install
Pump Brace

Install
Pump Pulley

\

Install
Belt

Install
Belt Housing Cover

Install
Aftercooler Elbow

Install
Aftercooler

(b)
SA-3805-9a

FIGURE 9 PROCEDURAL NET OF THE DEMONSTRATION SYSTEM



Section 3 above. 1t evaluates the exoression (PAND (PGUAL (Install
COMP=1) (1WNSTALLED COMP=]) APPLY (INSTALLOBJY) ,,., (PGUAL (Install
COMP=n) (INSTALLED COMP~n) APPLY (INSTALLUBJ))), for components COMP={
through COMP=n of the dir comPressor. Evaluation ot the PAND
staterent results in the evaluation of each ot the PGOUOAL statements,
Ahen each PGOAL statement {s evaluated, the expression (INSTALLED
COMP=1) s asserted in the current world model, and a new node |s
placed in the procedural net. The new node will have (INSTALLED

COMP=1) as {ts pattern, and Will have (INSTALLOBJ) as {ts body,

Because the PGOALSs are insjfde a PAND
statement, the nodes that they generate in the procedural net are not
linked linearly. Rather, they are linked in parallel to special SPLIT
and JOIN nodes, as depicted in Figure 9(b), [his completes the

Simulation of this level of the Plan,

At tnis 1level the critics do not vet have a
sutficiently detailed model to analyze, ana so they proonose no

dlterdtions to the plan.,

Next the new, more detailed plan {s
Simulated. This mears that each of 1{ts nodes, {in turn, will be
simulated, First, the SPLIT node {s simulated, and this results in
the creation of a new SPLIT node at a lower level of the procedural
net. Then, each ot the GOAL nodes is simulated, by applyinag tne

tunction INSTALLOHBJ to its pattern, INSTALLOBJ con“ains a PAWD
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statement. (see Section 3 above), Each application of INSTALLUOBJ
represents the i{nstallatlion of a particular component, Evaluation of
the PANL statement {n 1STALLOBJ will result in the generation of a
parallel qro"p ot GUAL nodes sp.cifying all the connections to be
mnade to the aiven component in the fully assembled air compressor.
FinallY, the JOIN node {s simulated, resulting in the creation of a
new JOIN node, The new, most detailed level of the procedural net
looks 1ike Fiqure 9(c) at this point. Now, if preconditions had been
det!ned ‘o' each connection, the critics w#ould he able to modify this
structure to appedr as in Figure 9(d), However, the gpreconditions
have rot as Yet been encoded, and so the demonstration system relies
on the intelligent irit{al coriering of the components 1list by tne
detiner ot the domain, The <critics do, however, clean up any

superfluous SPLITs and JGINs,

Expansion of the net proceeds in this manner,

unti{l a pradetermined depth has been reached, In the future the

depth of expansion wjill be determined by a model of the apPprentice’s

capabilities, Further expansion <can, of <course, occur during
execution of the plan it the apprentice regquires more detailed

instructions,




Connect Pump To Platform

Connect Pump Brake To Pump

Connect Pump Brace
Tu Belt Housing Cover

FIGURE 9

Connect Pump Pulley To Pump

=

J

Connect Belt To Pump Pulley

Connect Belt To Motor Pulley

Connect Belt Housing Cover
To Belt Housing Frame

{c)
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b. A Sample Dialoa

A sample dialog was aiven {n Section I1,.,B.3 W
above, It exnibited an interaction vetween the CBC expert (FE) and “ne :?E
apprentice (A) andi contained a few annotacions and explanations of ::ﬁ
the interaction, This type of dialo3 is produced from the execution ;mj
0f a previously=constructed procedural net, althougn it is possible 4
to have the net constructed "in real time" as the apprentice gives f.f
answers to the instructions ot the expert. A given procedural net can =2
produce many variations ot dialoa accordina to the level of %71
experience of the apprentice, This makes it a powerful base on which :'i
to bujld the rest of the system’s capanilities, as will be descriped L:‘

in succeeding sections of this report.

Ce A Geometric Model tsed far Pointina {n the CRC Proie_ t

1. Introduction

We have devised a method »f cnmnuter mndeling of the
shapes of mechanical parts and assemblies, and we have devised a
number of algorithms for maniopulating the models, These have bheen

incorporated inte a deronstration nroaram modelinag the alr

compressor. The proaram constructs mndels of *he corpressor from

symbelic descrintions, displays an imaage {n Persprecti{ve, And mav be

P
YI“
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-

’

used to {dentify or point tn various nparts of the compressor, by

B 2n B A
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means of a television camera ani laser Painter,
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The computer representatjon of compleX assemblies {s W

puilt from rrimitive soliAds (cubes, wedaes, and cvlinders,) In this

L
resnect, the mndels are similar to those descrihed by Praid [24] and EE
others (25, 26), The nrinciral characteri{stics which we bhelieve to ag
be unique in this implementation are the use 0f symbolic "attachment ij
points" to specify the relative positions of parts with Trespect to :£

.4
one another, and the retainina »nf svymholic and descriptive 'j
information alona with purelv neometric inforratinn, Ji

%

"

We use the ncadels Iin the followina ways: An ﬁ
apprentice may "point to" various parts of the compressor by touchnina ﬁ
that part with a wand with a3 small 1l1iaght bulbh at {ts tip. The 1
computer respon-s by namina the part, Alternatively, the S
apprentice may ask the computer to aim the laser pointer at a named ﬁ

part, .

The Ssystem At present maVv be AHescribed as "araphics
oriented", in the sense that it iInfers aprearances from geometric
models, rather than inferrina aceometrv and structuyre fror appearances

as a "vision oriented" system would, we Are in a preliminary phase in

the system wi]ll pe extended to bprovide a hasis for scene

the Adevelopmert of the modelinn capability. As we gain exberience, |
understanding ir the workshop domain, and to do geometric reasonina

for rlannina purnoses,
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The demonstration system consists of two modUles f(or
"forks" in TFNFX parlance), one operating in a LISP environment and
one operatima under SAIL, The §L1ISP nbportinan mananes Symbholic
descriptions to determine the structural and smratial rejations amona
parts. The SAII nortion keeps the specitic aeometric descriotions and
absolute spatial rositions, And al1so contAa{ns algorithms fnr
manipulatina visibtle onutlines, The symholic/structural data
structures and a3lgorithms are dascribed {n the next subsectirn, and

the qeometric/spatial in the one follnwinag,

?. Symbolic and Structural Madels

The bAasic unit ot structure In our modelina system isg
the "part", Descrintions of cempleX nbjects are bujilt hierarchically
from simpler otjects, Thus a part may represent somethina as si{mple
as & primftive buildina block, nr as complex as the entire
workstation, Associated with each part are a number of prooerties
that describe {its structure and positien, and define attachment

points for use in assemblina parts frto hi{ther-level assemblies,

Two kinds of narts are used, "HModel parts" make use
¢t dummy parameters to specify their variatle dimensions, and are
USuallv described in a canonical position, "Actual parts" are conies
0f model parts that have a specific position and orientation in space

and dummy parameters replaced by actual numbers, Model parts are

.
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created by a pProarammer or desianer in spPeclifying a bplece of ]
equipment; actuAal parts are created by the nrearam, In either case,

ail information about a part {s carried on the property list of the

LISP Atom representina the part,

The system is best descrihed by example. Consider
the description of the Air compresSar’s oumb, For the purposes of
ageometric modelina, the pumo is modeied as two rectilinear mlocks
Stacked as sho¥n {n Figure 10, The model Part PUMP ecantains on {ts

oroperty list the followinrqa:

STRUCTURE
[ (CRANKCASE (RRICK 5,0 3,5 5.5))

(PISTON-CYLINDER (BRICK 3,1 3,1 5,0) (RFF CRANKCASE TOP)) ]

This descriptionr says that the pump is the vnion nf
two simpler parts, The first {tem in each subl{st {is a symbolic name
to be used within the context of the nump to refer to the subparts.

The two subparts of the pump are 3ssiqgred the SYmbolic names

CRANKCASE and PISTON=CYLINDER, The second {tem {n each sunlist

describes how to bufld each subpart. The CRANKCASE {s tn Le modeled

As a brick of dimenstions 5.0 x 3,9 X 5,5 {nches and the

o PISTON=CYLINDEF as a brick of dimensions 3,1 x 3,1 x 5.0 {nches.

o'l The remajnder cf each sublist tells how the subparts
B are to be Dosftioned wWithin the assambly., Since the crankcase

description contains no explicit position, the location of the
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FIGURE 10 GECMETRIC MODEL OF PUMP :
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crankcase s the same as the location of the pumo {tself, The
location information for the PISTON-CYLINMDFR states that {t is to be
placed at the top ot the crankcase, To find the definition of "too",
it is necessarv top examine the descrinption of BKICK, 1The compblete

description of RRICK §s as follows:

STRUCTURE PRIMITIVE

PARAMETERS (WIDTH DEPTH HEIGHT)

ATTACHMENTPOINTS
[(RASF (MTRSP 0 0 (MINUS (FQUOTIENT HFEIGHT 2)))3
(TOP (MTRSP 0 0 (FQUOTIENT HEIGHT ?2)))

(BACK (MTRSP 0 (FQUOTTENT DEPTH 2) 0) (MROT "X" = 90,0))))

The attrinute PRIMITIVF under the proverty STRUCTURE
implies that there are no subparts to a brick, (There exist routines
in both the LISP and SAIlL oproarams for dealina aeometrically and
spatially with bricxs and other primjtive parts,) The PARAMETERS 1ist
contains symbolic names for the brick’s dimensions, which are
indicated in F{gure 11. Finally, attachment points are provided for
olacing other obiects on or near an example of a brick, Since our

description of ¢the pump depended on the TNP of a brick, let us

examine {ts attachment points in areater detatil,

An attachment point is a rule for findinc a specific
point on the surface of a part from an arbitrarv ocint on or within

the part, A brick is defined qeome*rically in the SAIL fork in a
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SA -3805-11
FIGURE 11 BRICFK,
canonical rosition And orjentation centered on the oriain of
coordinates, 'lowever, it 1is Tere coavenient to think of the Jocation
0ot a brick as the 1locatisan of a Point on Which the brick may he
placed, The BASE attachment point Allows us to perform this
transtormation Aautomatically. When we wish to specify :hat A cuhe nf

2 iInches {s to be placed on a table 30 i{nches off the floor, the HASE

attachment point tells us the base i{s located HETGHT/2 (or 1 {neh)

below the cube’s Center. (The function YTRSP TeNTeSents A transiati{on

e
Rl

’
ettt

'

l’!l
3

-

[TRLE

Pl s )
£y

e Ty

in x, v and z.) Thus the center is one inch above the tabletop, or 31 EL;
inches above the tloor. Furthermnre, the top of the cube {s located ggi
one inch above the cuhe’s center, or 32 {nches ahove the floor, (Whenp F;j
a part contains no explicit BASE attachment point, as 1in the case of Eﬁg
the pump, the null transformati{ion is assumed, Tne RASE of the pump {s ;és
the same as the point on which the CPANKCASE {s to be placed,) SE?
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Tre attachmert point BACK J§s {nterestina in that (¢t i
{s a combination of two rrim{tive transtormations, To Aattach a4 nart
to the back of a hbrick, must he fi{rst moved DEPTH/2 back from the
brick’s center, then Trotated 90 Aesgrees abnut the x=axis sc that {ts

base may rest on the vertical back face of the brick, (The function

MROT aenerates a rotation about an ax{s.)

A fair ammunt of ProceSsina i{s necessarv to determine
where a part s to be placed, PRut the main purnnse {in the use of
attachment points {s that once thev are defined, the proarammer need
not be aware of it. He need only svecify the symknlic name of an

attachment point and the comrutation proceeds automatiecailly.,

Parameters have not been well exploited {n our
description of the air compressor, Mevertheless we expect them to
be Very Uusefi]l Wwhen e rmodel tn a areater level of detail. For
example, a sinale structural Adescrintion may specify a generic BULT,
with lenath, diameter, and head tvne to he supolied in each specific
instance, Adashers, nuts, hearinas, shaf*s, and other common parts

may also be specifled Iin this wav,

Usina the mechanismrs described above, model
descriptions ot the relevant ohjects {n the workstation may be buflt

up, Such a descrintion {s shown in Ficures 12(a) throuah 12(h),

o g ;.' ’
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ROOM: STRUCTURE [ (TABLE (TABLE) o
(MTRSP 6.0 30.0 0)) i
(COMPRESSOR (COMPRESSORONBASE)
(REF TABLE TOP)) ]

TABLE: STRUCTURE [ (TABLE (CYLINDER .7 54.0)
(MTRSP 0 0 27.8)) i
(TURNTABLE (CYLINDER .7 36.0)
(REF TABLE TOP)
(MTRSP 0 0 .95)) ]
ATTACHMENTPOINTS [ (TOP (REF BASE TCP)) ]

COMPRESSOR-ON-BASE

TURNTABLE

TABLE

TABLE

(Table Legs Are Not Modelled)

(a) ROOM
SA-3805-12. .50

FIGURE 12 GEOMETRIC MODEL OF WORKSTATION
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COMPRESSORONBASE:
STRUCTURE [ (COMPRESSORBASE (COMPRESSORBASE))
(COMPRESSEOR (COMPRESSOR)
(REF COMPRESSORBASE TOP)) ]

COMPRESSORBASE:
STRUCTURE [ (BASE (BRICK 31.625 15.0 1.5)) ]
ATTACHMENTPOINTS
[ (TOP (REF BASE TOP)) ]
COMPRESSOR:

STRUCTURE [ (TANX (TANK))
(PUMP (PUMP)
(REF TANK PUMPPLACE))
(MOTOR (MOTOR)
(REF TANK MOTORPLACE))
(BELTHOUSINGFRAME (BELTHOUSINGFRAME)
(REF TANK PLATFORMBACK)) )
(PRESSURESWITCH (PRESSURESWITCH) 3
(REF TANK PRESSURESWITCHPLACE)) ] Ty

PRESSURE SWITCH

MOTOR L

BELTHOUSING
FRAME

(b) COMPRESSOR
SA-3805-12b ‘A

FIGURE 12 GEOMETRIC MODEL OF WORKSTATION (Continued)
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™ TANK: STRUCTURE [ (TANK (HORIZONTALCYLINDER 26.0 12.4)
A (MTRSP 0 0 1.6))
‘ (LEFTLEG (BRICK 2.5 8.0 3.1)
o (MTKSP -8.0 0 0))
(RIGHTLEG (BRICK 2.5 8.0 3.1)
(MTRSP 8.0 0 0))
{ (PLATFORM (BRICK 20.5 9,125 3153
1S (REF TANK TOP)
(MTRSP .375 0 -2.5)) ]

208 ATTACHMENTPOINTS
o) [ (PUMPPLACE (REF PLATFORM TOP) (MTRSP 5.85 2.45 0))
, (MOTORPLACE (REF PLATFORM TOP)

(MTRSP -3.15 0 0) (MROT "Z" -90.0))
(PLATFORMBACK (REF PLATFORM BACK) )
(PRESSURESWITCHPLACE (REF TANK TOP)

(MTRSP -11.5 0 0)) ]

MOTOR PLACE
T ATFORM BACK

- -N/':

= PLATFORM
A PRESSURE- .

2 SWlTCH- J \\.\

| PLACE

/ ;:i e PUMP PLACE
\Jt _

-
LY

" TANK

AR xF

|
|
|
|
LEFT LEG [ = k
= éf RIGHT LEG

el TANK
SA-3805-12¢

9 FIGURE 12 GEOMETRIC MODEL OF WORKSTATION {Continued)
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PUMP: STRUCTURE [ (CRANKCASE (BRICK 5.0 3.5 5.5))
(CYLINDER (BRICK 3.1 3.i 5.0)
(REF BOTTOM CYLINDER)) ]

"

(d) PUMP

MOTOR: STRUCTUKE [ (MOTOR (HOR1ZONTALCYLINDER 6.75 5.5)

(MTRSP 0 0 .15)) ]

f/\

(e} MOTOR
SA-3805-12d

FIGURE 12 GEOMETRIC MODEL OF WORKSTATION (Continued)
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o BELTHOUSINGFRAMEL:

iy STRUCTURE [ (BELTHOUSINGFRAME (BRICK 21.0 3.0 12.0)
! (MROT "X" 90.0)

! (MTRSP 1.1 1.5 =.7)) ]

{f) BELT HOUSING FRAME

o PRESSURESWITCH:
STRUCTURE [ (SUPPORT (CYLINDER 3.7 1.0))
(COVER (BRICK 3.€ 2.7 3.0)
(REF SUPPORT 10P))
4 (GAUGE (CYLINDER 1.0 2.2)

i (MTRSP 0 ~.5 2.4)
J (MROT "X" -90.0)) ]
! COVER
i l
! CL/,
f s
Y GAUGE i SUPPORT
S
J

(g) PRESSURE SWITCH
SA-3805-12e

FIGURE 12 GEOMETRIC MODEL OF WORKSTATION ({Continued)
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HORIZONTALCYL INDER:
PARAMETERS (LENGTH DIAM)
STRUCTURE [ (CYLINDER (CYLINDER LENGTH DIAM)
(MTRSP (MINUS (FQUOTIENT LENGTH 2))
0
(FQUOTIENT DIAM 2.0))
(MROT "Y" -90.0)) ]
ATTACHMENTPOINTS
[ (BASE NIL)
(TOP (MTRSP 0 O DIAM))
(END (REF CYLINDER TOP)) ]

(h} HORIZONTAL CYLINDER

SA-3805-12f

FIGURE 12 GEOMETRIC MODEL OF WORKSTATION (Concluded)

Since descriotions exist only as nroperty 1lists
attached to the Aatoms renresentina mnde]l parts, and SinCe any nvrart
may be represented several times in A given scene or assemnbly with
A{fferent actual parameters, 3 function fs necessary that will create
actua) parts ac cobies of the model Pparts, The function CREATE

accomplishes this in two passes throuagh the data structure,

CRFATF must be aiven a part name from which to create
A copVvy, actual paraneters (if aprropriate), and a nosition in which
to Dlace the comrleted assemhly., In the first rass, the hierarchv of

tne part is explored, conies ot each part createq, actual parameters
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evaluated, and relative positions calculated witnin each leve) of Sy
hierarchy, In the second nass, the relative positions are accumulated E{:
to aive an acutal position for each member nf tne Assenbly, The ;;
primjitive objects that torm the terminal nodes of the hierarchv are fj?
passed to the SATI, seament with treir actual d{mensions and rositions EZE
for incorporation into the polVhesral data structure, The result of }ff
the call on CREATE is a copy cf the model oart, with all actual ET;
parameters, sizes, ard posit{ons evaluated, J

¥rat we bhave, then, s a methad of sprecifvina a o
hierarchical oraanizatinn of parts and subparts, wusina some verv
SimPle primitives a: the terminals, This method §s more human A
oriented than rreviously punlished methods in that {t allows the use -
of symbolic attachment points, and it allows the nse nf rarameters to %L}-
Specity dimensions and other Variaole {nformation tnat w{1) be }iji
suoplied at evaluation time, fﬁ;

The data structures and functinns already implemented }gjg
could form the basis tor an interactive parts desion svstem, Although -H.
we have not done so, it Would be relatively eaSv to add facilities to ’Ti
display a continuously undated picture of an asserbly as the PE;
prodrammer or desianer specifies a new part, Tn fact, we intend to R
implement a minimal Such facility to Specify new Darts when a new ;&fa

domain for the CRC project is chosen,

A class of marts that have not been well modeled by
our method are norriaid parts, such as cables and belts, To deal

with these in the future, We bropose to {mplement A new class of
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primitive called "snakes," These will consist of a cross section ,i:
descrintion and a set of cnnstraints on a sbace c!irve Aalona Which the %;E
cross section {s traced, Such an aporoach to ohject descriptions has f%f
been deScribed by Agin [(27], Altrouah Adetalls have yet to be +#orked :fg
out, it seems likelv that soecification of the lenath of a snake and lfﬂ
the positisns of {ts end points will be useflUl for mosSt of the E;i
purncses we envision, ;E

-—

3. Geometric and Spatial Models~«Visitle Nutlines

This section Aiscusses the alanrithms that use the
symbolic models In order to iden*ify and poaint to narts of a real
compressor with the TV camera and laser pointer, Rut first, a brief g

di{scussion of the SAlL=ha.ed data stricture js in order.

Informatign aAbaut polyhedra s contAained in sheort

contiaquous blocks of core that we ca3ll nodes, A node {s 14 worAis

rrr"",'

lona, and contains a mix ot two types of Aata: addresses of related
nodes, and tloatina point numbers representina dimensions,

coordinates, or vectors.

AN TR e m ey

Correspondina to each Actual primitive mart in the

LISP data structure is a oolyhedral reoresentation called a ‘'"body

node," (Cylinders are approximated by eiaht-sidea prisms, Bricks
and wedaes are themselves polyhedra.) The hodies are linked together 1
rierarcnically to torm "obiects," duplicatinag some of the structural b

information of the LISP rAarts, Relow the level of bndies Are "faces,"

"edqes," and "vertices," 90 ;
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ﬂ. The structure of & body, and {ts faces, edaes, and
K vertices follows the winged=edqe representation Adescribed rv Raumaart

(28], which may te summgqri{zen briefly as follows,

Most of the tonnleogical conmectivity {nfarmation
aboutr the tody is carried in erqe nodes. Frach edge norde contains
Pointers to the faces on each Side of the edire, tn the vertices or
each end, and to four neighberina edaes, The vertex rodes cnrtain the
actual x=y=z coordinates of the vertex, while the tace nodes contain
\ A 4d-element Vector agfvina the Dlane eluation of the face in
homoaeneous coordinates, Tn addition, tnere {s snace in each face and
vertex node fer transformed coordinates ajving the same information
in the coordinate frame of the TV camera ar laser pointer, (Froaquent
meéntion wWill be made {n this seéction of hamoaeneaus coordinates, and
of translations, rotatiors, ard prajective transformations based on
homoaeneois caordinagtes, Tt {s bevond tne scooe ot this report to
descrite them, The interested reader is advised tn refer to NDuda and

Hart T[?2q]),

Pssociated with each oskject fs an "enclosing sphere",
Contained 1in the object nocde are the radi{us and the I1ncation of the
center of a sphere within which the object will be entirely enclosed,
These spheres are eXtremely USeful in sore of the Alaetrithms to he
described later for minimizing search, For an object composed of

onlv one primitive rolvhedror, this sphere m3y phe =alriiated from the

dimensions ar4d 1locratien of the DpolVYhedran. 'r the process of
91
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combining ¢two or more obhijects to form a more complex one, a simple
geometric calculation will find a Sphere (but not necessarily a
minimal one) that encloses the union of the enclosing spheres of the

individual parts,

A stralahtforwvard use of the polvhedral models {s 1{n
the presentation of a visuval displav of the compresscr., A set of
subroutines can convert the polvyhedral renresentation of bodles to a
set of vectors {n homoaeneous coordinates. The term "wire model" is

appropriate here hecause, as sho¥Wn in Fiqure 13, hidden 1l1ines and

SA-3805-47

FIGURE 13  WIRE MODEL OF THE COMPRESSOR
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back faces are net removed, and the dAi{splay looks like a collection
of "wires" alona the edaes of the model, The user has control (from
the keyboard) of the virtuval camera threauth which the scene 1s
viewed, Thus tre 4i{splay mav be rotated, translated, shrurk, or
enlarged, A speclal sprlftescreen viewar allows viewinng the imaage ir

binocular stereo,

The commands to alter the display are not now {n a
form SUCh that an apprentice cnu1Ad easilv control i{t, Rut it should
not be Aifficult {n the future to design A control 1ArnaquAge to yse

such commands as "move left," "zaam {n," "tiltt un," or "rotate,"

The alaor{thms for pointina at arnd fdentityinag parts
0f the comrressor derend unon precise kno#ledge of their positions
and nrjentations, This 1{s because the locations of the polvhedral
models are a4ssumed to be Correct, and TeferenCe {S not made tn the
image of the compressor as such., We presume we can calculate from the
LISP model exactlv vwhere the {maade of each bart would appear on a TV
picture, and make no checks to ascertain that this is actually the
case, (We are currently enaaaed in efforts to identitv the compressor
in images obtained from the TV camera or from the laser used as ;3
rangje finder. Tnis informatior will be used to Calculate the Actual

posit{on of the compressor, and Update Aur smat{al mpdels.)

"Calibration" is the procedure bv which we cAlculAate

the transforms an4 {nternal parameters for the laser pninter and TV
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camera, These transforms Are necessary {f we are tpo be able tn
calculate imaage coordinates trom positions in space and vice versa. A
Semjfautomatic pPracedure tor calibration entails aiming the laser at
various olaces about the room where pieces of araph paper have bheen
precisely 1located on the wall or tahle ton, and tvpina {nto the
compUter the arabh coordinates at which the beam hits the paber,
Based on these locations and the detlectioans applied to the 1aser, it
is possible to calculate (by an fterative "hill climrina"” alaorfthm)
a transform that aives the rest correspondence hetween predicted and
actual araph coordinates, The TV camera may be similarly <calibrated
by using the raster coordinates of the bright spot in the image where

the laser strikes the aranh raper,

To check the correspondence of the model, the actual
Combressor, and the TV calibration, {t {S SometimesS usefu] to
sunerimoose on the sare display a diaitized TV {mace and the "wire

model"” of the comnressor, Fi{aure 14 shaws such a displav,

Nnce corresonndence 1is estahlished, we can find the
fntersection of a ray in space with the compressor, This is how we
{dentifv parts pointed to bv the aprrentice, He points with a wand
with a small liaht bulb at 1ts tip. The liaht bulb is {identified as
the briaohtest spot ir A 1V picture nf the Scene. '(The 1aSer nointer
miaht also create a briaht snot in the nicture, dependina on where it

is aimed., PBut a areen filter Iin front of the camera eliminates this
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FIGURE 14 WIRE MODEL SUPERIMPOSED ON TV IMAGE

possible ambiauity.) The straiaght l{ne connectina the camera center

and the light bulb defines the ray in space, whose intersection with

the compressor model we are ton find,

to the part
for him to
determininag

just the tip

of its imaqge

The 1iaht bulb nust ke touching or i{n close proximity
the aoprentice wishes ldentitied, {(To make it possible
point to the part from a distance would Trequire
the position of the wand in three dirensions, Locatina

0t the wand entalls only a two=-dimensional determination

coordinates,)
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Far intersectiny the rav «ith tne model, {t is useful
tn work in the projective conordinate svstem of the TV ecamera, The
ray, 1In tris coordinate snrace, is a line nt constant I and .J (thre
image coordinates neasured for the nriaht snnt,) Starting with tne
object node representina tne entire workshon domain, nbiects whnse
transtormed enclosina srheres do not include the conrdinates of fthe
ray are eliminated, and those that Ao afe rroken down {nto
subobiects, until we arrive at a set of candl{date hkndies that cannot
be ruled out on the bhasis of their enclosina spheres, Further
Analysis of the polyhderal representation nf each bodv vields etither
(1) the distance from the camera at wrich the rayv strikes a face of
the polvhedron or (2) tne fact that the taVv 4oes nnt strike the bndy

At all. Rased on these distances, the body closest to the camera 1{s

{dentitled as the one Pointed to,

En alternate nprocedire {s someti{mes used, This
entalls subdividing the scene (As  seen by the 1V camera) into a
coarse "visibilitv matr{x" of 49 x 40 points. Aqin and Nitzan [30]
describe a procedure by which a matrix reoresentation of the edqes of
A polyhedron may be Aerived, anij the ({nterior of ¢the resultina
outline marked or "colored {n" , All of the obiects In the Scene are
sorted by their distance from the camera, Then startina with the
tarthest object, the polvhedra that make un the nbiect are "colored"
With a numper {dentifvying that obiect. Wherea the {mages of two
objects overlap, the number of the nearer overwrites the number of
the farther, [Figure 15 shows the result of Aapplying this nprocedure

to the model of the compresser,
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With this ©precomnuted matrix, determinming what {s

N beina pointed tn by the 1ight wanA requires only convertina the
: coordinates of the briaght spot into the acoropriate {ndices of the
matrix, and retrievinag the {dentifyira numher stored there,
.
E: This visihility matrix procedure provides a faster
Zf- response to each {dentification reauest, at the cost of {ncreased
;u computatjon during the mnAdel=rU{lding pbhase, In addition, the matri{x
must pe recomputedi each time the relative positions of the camera and
, compressor chanae, The sortinma of obiects bv distance of sphere
:b Centers ‘rom tLhe camera {s not 3l4ays aquarantead to work, hut for the
f— €cAses we have tried, the resvits have heen adeauate, Thus, althouah
% the visibility matrix approach {s the one we agenerally use, we are
; aware of its limjtations, and have the mnre reliable rav intersection
'ﬁi method to fall bpack on shouid cases arise where the faster method
- fatls,
::;:?
f?‘ Peaardless of which procedure {s used, the SAIL fork
;ii passes to tne LISP fork the address of the obicct node 1t found. Ry
:;' Tefelring to &a takle of node=part corresSpondencCesS., a particular
EE- orimitrive part {s retrieved, There remainrs the oroblem cf translatina
%E this orimi{tive ynto a meaningful response to the ori{ainal auestjon,
;:: "what {s this?" A npossible solutinn would be to-return the entire
L ancestry of the part {n 1its nhierarchry, such as (RODM COMPRESSOR
?f\ COMPRESSOR=NN=BASF COMPRPESSOR  PUMP PUMP PISTOM-CYLINDER BRICK), But
:: such an answer i{s unnecessarily lon? and redundant, For lack of a
. 98
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better model of what 1{s wanted, our solutfon {s to renly with the
srallest nonprimitive par. te Which the orimitive nelonas, And the

symbolic substructure name of the crimitive, The above examplr

reduces to (PUMP PISTON«CYV.TNPER), A tew special=case rules take care

of instarces where such an AnsSwer would be inapprorriate or

ridiculous. Clearlv, here {s a case where models of the dialor and a
maodel of the aprrentice would held in formulating an appronrjate

response,

The corverse ot part fdentitication {5 nointina., An
apprentice may ask "where {s the platform?" and exrect the computer
to point to the platform (on top of tnhe tank) withn the laser pointer,
Satisfving this request entails tws sters: find{no an nutline of the
PlAattorm (takino f{nto account anV 0arts that mav be in front ot the

platform and hide a portion of it), and leccating a point near the

centroid of the ontifne at #hich to roint,

The first npart mav pe accomnlished by usina a

Visibility matrix such ag the one previously shown in Fiaure 15,

(In this case, ‘he ratrix must be compuyted ir laser coordinates

rather - an TV coordinates, so a Sebparate matrix {s necessary,) nr

the outline of the desired cArt may bhe obtained bv the method of Reft,

1. Those objects whose enclosing spheres i{ndfcate the possibility

of nidina a portion of the olatform wil] be s{mf1arlv outlined and

their ‘"colored in" rortions subtractedA fron the nrioinal, The

brocedures for recoanizinag 0CClUSinn an1d ¢or subtracting the marked
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areas are described in detail by Nitzan [31]), Glve- the matrix
reoresentation of the visSible partion of the Adesired oblect, {ts
centroid may be found by the methnd of "chanterina," descrihed {n
Ref, 312, The x and v Indices of the controid point are converted to
the appropriate 1laser deflection constants, and the laser pointer

w111l ther mave so as to point neAar the center o’ the nart,

Do Deductive Retrieval mMechanisms for State Description MoAdels

1. Introduction

This section describes some modelinag facilities that
nave been developed as part of the CBC, The models “hat we are
concerned about here could be descriptions of any environment of

interest at specific 1instances in time. Each such description is

sty Y~y 8

Ssaid to model a "state" ot the environment, and .a stute can be
transformed into a new state by an event that alters the environment,
For the CBCs these models describe the state of the workstatione-
including the device, tools, test equipment, and so on==and the
events are primarily maintenance and repair ooerations performed by

the apprentice,

Proaramming focilities for gquerying state description
models ard for updating them to reflect the occurrence of an event

are vital {in many Al systems, particularly those that do question
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answerina and those that do automatic generationr and execution €3
monitoring ot planrs. Plinners, for example, use these models to -
d simulate potential operator (event) seauences and to investigate

their consequences,

4
'

The modeling mechanisms to oe descrihed here are

‘ basically extensions and modifications of facilities tynically foupd

. - PR
. ¥

LY

e g an Ao 2 F _ [ &

in recent plannina progranms implemented in lanauages such as CONNIVER

(33), PLANNER [34), and QA4 [{3s5], Tre need for such additional

F i
B e aon aEERL

knowledge representation mechanisms 1s evident as Al projects

continue to move in the direction of considerina rmwose complex task

domains. The presentations here are meant to add an increment ton

our ability to desian and build such large systens,
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2. Expressions, States, and Contexts %

Our modelinq system is implemented as an extension of
the QLISP proagramming language [18]. Each state description model can
be thought of as a set gt QLISP expressions, with each expression
haviig a truth value associated with {t, An expression typlcally {is
a statement of a relationship among entities in the task domain such
as objects, concepts, or other relationships, For example, the
expression (CONNFCTED PUMP PLATFURM) is a statemeng that the pump s
Connected to the platform, and the exoression (FASTENER (CONNECTION
PUMP PLATFORM) LOLT:1) is a statement that BOLT:1 i{s A tastener of

the pump=platform connection.
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We use the QLISF context mechanism, which allows the
system to build and manipulate a tree of state descriptions witheout
having to <create and maintain a complete cooy of each state, Eact
node in this "context tree" denotes a state., To represent the new
state that 1{s produced by the occurrence of an event {n some state
Si, the system creates a new node in the context tree as a direct

descendent of the §{ node. All information in state S{ that {s rot

explicitly changed in the new state {35 assumed to also hold 1in the
new state, That is, each state inherits model {nformation from the

state that (s {ts parent {n the context tree,

The QLISP context mechanism depends on the fact that
all 1Information associated with an expression in the data base is
stored on the expression’s property 1ist, The presence of an
expression in the data base {implies only that there has been a
reference to the expression (as with LISP atoms), but says nothing
about any of {its properties, including {its truth value, A GLISP
expression actually nas a collection of property 1ists, one for each
state in which some information has been stored about the expression,
Hence, when an expression is asserted as being true in some State St,
TRUE 1is stored as the value of the property TRUTHVALUE on the

expression’s S1 property list,
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3. Queryina State Description Models

a. Truth Values

A state description model {s a source of
information about a particular situation, and {ts primary use is as A
data base for answering aueries about “he situation., tur modelina
system interacts with {ts wusers (both people and proqrams) as {f
QLISP expressions with truth values attached were the only
representations being used, Hence, all gqueries from outside the
modelina system concern the truth value of expressiors in some qivep

State,

vhen answerina A guery about a particular
expression in some given state, the system searches for a truth
ValUe. The search begins Wwith the ProPerty 1iSt for the given State.
[f the property TRUTHVALUE has no value on that property 1list, tre
property 1list tor the given state’s parent (in the context tree) is
checked. 7The search continues in this manner unti]l a value is foune
or until all the states in the context are considered, If no value 1Is
tound, the search returns UNKNOAN as its resiilt. Since any expressinn
can be stored Aas the vajue of property IRUTHVALUE, this retrjeval
mechanism allows use of an N=valued logic. For examrle, one could
navVe "fuzzy" truth valueS repreSented as integers ¢trom =100 to +100,
For our models, we currently are using a4 3=valued logic that allows

the system to distinauish expressions that Are "known true”", "known

103

o e
{1y

ey ey
Y

ol (e




AT false", or "have unknown truth value" in any given state., This {s the
simplist logic that meets & modelina system’s needs since state
descrivtion models are inherently incomnlete, and {t {s important for ~
b ‘ the system to be aware of what it does not know as well as what f{t

does Know,

:::::

;}: b. Generators Instead of Backtracking

r

el QLISP provides facilities for associatively
. retrieving expressions trom the data base that match any given
Y pattern, where a pattern is defined to be an expression that contains
- unbound variables, The QLISP statements for querying the data bhase
;ii use this pattern matching facility and are similar to the query
_-’ statements found in PLANNER and QA4. They are designed to find a
:,. Sinale instance of a given pattern, To cause the patterr matcher to
- continue its search and obtain another such instance, the user’s
'_;: Program must return to the gquery statement via the language’s
2?_ backtracking mechanism ({,e,, by "failing"),

i;% Using backtracking 1in this way to sequence
,:$‘ throuah a class of expressicns that all match a given pattern has
(li' severe limitations in that it ties the sequential production of each
ﬁ?f expression to the control structure of the user’s proaram. in
_? Particu’ar, it requires that the same portion of the user’s program
Fﬁé be executed for each expression (namely, the statements immediately
ii} followina the query statement). Also, since all the backtrackable
.
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effects of that portion are being "undone" after each faflure, it
makes cumbersome the saving ot results tor each e»pression aenerated,
Such a backtrackina mechanism is best suited to a "generate-and-test"”
situation wnere the USer deSires a single eXpressjfon tnat not oanly
passes the query statement’s tests, but also passes additionel tests

included in the user’s Program,

We have adopted the COMIIVER sSolution to
these limitations in our modeling system bV providina tunctions that
are generators cf expressions from the data base, Ffor example, there
s a generator version ¢f the QLISP 1S statement called GEN:IS that
finds instances of a given pattern havina truth value TRUFE in a g{ven
state, Each time a generator function such as GEN:1S {s called, it

produces as many expressions as 1s ¢~nvenient for 1it, These

éxpressions are put on a "pPossibjlities 1ist" dlong with a "tag" that

indicates how the generator can be restarted when more expressions

dre requested, and this possibilities 11st i: returned by the

generator as i{ts value,

It the function TKY:4EXT {s called with a
possibilities 1ist as an arqument, {t will remove the first
expression from the 1list and return it as a value, It the
Possibilities 1ist ccatains no expressions, tnhen TRY:NEXT attemots to
produce new ones by usinag the tag to restart the aenerator, Since

each call to TRY:NEXT can be made from anyv#here 1{in the user’s

PreJyram, generators of this form successfully separate the production

of a next data element from tne processina that s done on each

element, 105
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consider, for example, a set of queries
concerning which components are connected to the pumg in state Si,

They can be initialized as follows:?

(SETQ PI. (GENg1IS (CONNECTED PUMP ~C) S{)).

Then whenever one of these components {is needed, evaluation of
(TRY¢NEXT PL) wi{ll return a true {nstancCe of the pattern (CONWNECTED
PUMP ~C) and will set the value of the QLISP variable C to be the

"found" component,

We have implemented programming facilities to
support the writing and use of generator functions using INTERLISP
FUNARGS, A FUNARG {s a data object that conCeptually represents a
copy of a tunction and a private data environment for that copy. This
FUNARG {mplementation allows the definition of a generator function
to include a set of variables (i,e., a data environment) whose values
wiil be saved and reStored each time the generator {s restarted.
These "own varlables" allow the generator function to save pointers
indicating where it 1is In {ts searcn for dJeneratable items. The
FUNARG is added to the possibi.ities 1ist as the "tag" that TRY:NEXT
uses to restart the generator. Included in the gmplementation are
CONNIVER=style functions such as NOTE, AU=KEVODIR, ADIFEU, and

TRY:NEXT, which make the definition and use of generators convenient

and practical,.




€ The Query Functions

e can now describe our model queryinag

mechanism, The followina query functions Aare available:

(DEDUCE:UNE <pattern> <context>),
(DEDUCE:EACH <pattern> <ccntext>),

(DELUCE:ALL <pattern> <context>),

(REFUTE s ONE <pattern> <context>),
(REFUTE:EACH <pattern> <context>),

(REFUTE : ALL <pattern>» <context>),

The DEDUCE functinns find {nstances ot the
pattern that are true in the given context, and the REFUTE tunctions

find instances of the pattern tnat are false in the given context,

The !ONE functions find only a single instance and are not

restartable; the :EACH functions are generators and retury

possibilities 1lists:; and the *ALL functions return a list of all the

tindable instances.

Known truth values are usuAally not atl
explicitly stored in a model, Instead, the user provides derivation
functions that compute them When they are needed, These functiors
may embody forial theorem proving strategies or sinply be staterents

of implicational rules derived from the semantics of the task domain,
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They serve to extend each model in the sense that, from the callina ;h;‘

program’s point of view, the derived 1i{nstances of a3 pattern are

indistinguishable fr¢r: instances actually found in the model,

Qur query tunctions are similar to a | LANVER
or GWA4 GOAL statement in that they first use the pattern matcher to
find suitanle instances of the pattern in the 4ata hase and then, it
more instances are needed, they call user supplied functions to
attempt derivations of the desired instances. These functions are

assumed to be generators that produce derived 1instances of the

pattern,

A typical deduction function {in the CBC
system finds and generates true instances of patterns of the form
(POSITIONED -~ X ~Y) by using DEDUCE:EACH to find true instances of the
pattern (ATTACHED s$X sY), since components that are ATTACHED are
assumed to be POSITIONED, A typical refutation function tinds and
geuerates false instances of patterns ot the form (POSITIONED «X 1Y)
by using DEDUCE:EACH to find true instances of the pattern (REMOVED

$% $Y), since components that are REMUOVED are Aassumed to be not

L‘ PCSITIONED,

%

E

- These derivation functions are the user’s
4

b primary means of expressing the semantic links amony the Telations
% occurring {in the state description models, Also, they can provide an
k. interface tc information that is stored in representatinns other than
%

oy
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QLISP expressions, That is, it #say ope mich more convenjent and

efficient tc store some informetion in Arravs, trees, or on Aisk

tiles; deduce and retute actions serve as the access functions to

these alternate data vases,

d. Stsrage and ketrieval of Actinn Functions

The first elenent of each nonatomic
expression {n the model i{s assumed to be the nAame of a relation (or a

QLISP variable that is to be bound to a relation). Therefore, the

DEDUCE and REFUTE furctions can use relation names &s an i{ndex to

determine which derivation functions should be called, Accordinaly,

We associate with esch Trelation Nname two 1ists of derivation

functions that can derive instances of patterns that begin with the

relation, One 1list contains the "deduce actions”" uysed hy the three

forms of DEDUCE and the other contains the "retute actions" used

oY
the three forms of REFUTE,
4, Savina Derived Results
When a mode] auery causes derivations to ne

attempted, we want tte results of those derivatiors to he stored AaAng
retained in Succeeding states as lonj as they remain valia., In this
wWay the system achieves the maximum benefit trom derivations and

minimizes unnecessary rederivations,
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A model aquery Is an attempt to find true (or false)

instances ot a given pattern, Fach time such an instance s

determined, osur DEDUCE and REFUTE auery functions save the derlived
result by as5s5i{gt.ing 8 truth value to the instance (i.e., put it as
the value of TRUTHVALUF on the expression’s oroperty ifst) so that
the value will not have to be rederjved if it is needed again., ror
example, if a deduce actlion for ASSEMBLED determines .hat the pump is
dssembled by queryina the model about each of the pump’s components,
then the expression (ASSEMBLED PUMP) will pe assianed a TRUTHVALUE of

true,

If a query is one of the :ALL forms, or {f it {s an
tEACH form and the ageneration continues until all derivable instances
of the pattern are produced, or if the query pattern contains no
unbound variables (and therefore has only one PoSSible instance),
then the system also records the fact that all 1instances of the
pattern have been derived., If the same query i{s repeated, the system
will know that the cction functions cannot tind any new instances and
can therefore prevent {ll=-fated attempts at rederivation, For
example, {f durinag a query ail the components that are positioned
with respect to the pump have been found as instances of the pattern
(POSITIONED PUMP TC)' then, when that information {s requested in a
later query, derivation tfunctions such as the one that looks for

components attached to the pump will not be recalled,

These "set completeness indi{cators" are also
frequently useful to indicate the case where there are no derivable
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instances of a pattern. For example, {f all derivdation attempls are

unsuccessfu] at determinina wnether the pump is assembled, then tie

set of derived instances is empty and marked As complete,

Our algorithms for maintaining these derived results
in succeeding states depend on availabvility ot the "sunport" for each
derivation. The "support" tor a derived instance is detined to pe
those expressions from the model that are wused as axioms in
constructing the derivation. For example, {f an action function
queries the model for the locations of twn ohjects and concludes that
one ot the objects is above the other, then the locatinns of the two
Oobjects form the support set for the result., Actually, since any
model query may return a derived result, tne support set tor the
"above" result would be the union of the support sets for the two

location exPres: ions.

A derived result remains valid in Succeeding states
as long as {ts support remains valid, We therefnre nave the system
do the required maintenance on derived instances in new states by

including the foliowing facility:

whenever an expression with a known truth value has
its truth value changed during a model update, the

truth value ot each of the expression that {t supnnarts

is set to UNKNUWN in the new state,




The truth values of tnese "supportees" may not in

fact have changed in the new state, but the derivations that made the
truth values known are no longer valid. If a model auery needs to
know one of the deleted truth values 1{n the new state, a new
derivation must be attempted, For example, {f (ATTACHED FPUM4P
PLATFORM) {s the support for (POSITIONED pUMP PLATFORM) and a detach
pump from platform action causes a new state to he created, then the
truth value of (POSITIONED PUMP PLATFORM) w{ll be Set to "upknown":
the pump may still be in position on the platform, but the
justification tor the earlier conclusion about the pump’s position is

no longer valid,

A similar mechanism {s used to saVe and maintain the
"completeness 'ndicators" that are attached to derived sets ot

instances,

5, State Transitions

a, Updating Functions

The models of state chanaing operators that a
system works with must contain sufficient {intormation about the
effects of each operator so that they can be simulated and a
description produced of the expected resulting state, As in most
planning systems, we are assuming that the application of an operator
in some state SO is modeled by producing a new state Si1 that {s

conceptually an uvpdated copy of SO (i.e,, Si1 is a direct descendent

112
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of SO in the GULISP context tree), FThe effects ot the operatoi are
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indicated by asserting, denying, and deleting expressions in the new

state S1,

In our modeling system we rrovide tre

following set of model updating statements:

(STM:ASSERT <expression> <context>),
(SIM:DENY <expression> <context>),

(STM:DFELETE <pattern> <countext>),

SIM:ASSERT (SIM:DENY) cnanges the truth value of the given expression
to TRUE (FALSE) in the state indicated by the aiven context,
SIM:DELETE changes the truth value of all expressions that match the
given pattern to UNKNOWN in the state indicated by the ajven context.
These statements also call a set of user supplied functions (like
PLANNFER antecedent theorems) that typlcally make additional chanaes
in the new model that are direct results of the assertion, denial, or
deletion beingd done. These user supplied functions play an important

role in simplifvying operator models in that they allow the user to

express in one place side effects of particular assertions, deniels,
or deletions that alwdays nccur no matter what operator does them, In
this way, these side effects do not nave to Le repeated in each

ocperator that causes them to occur.

.D
E

F As in the case of the D[EDUCE and REFUTEH

N
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functions (and for similar reasons), we have elected to store the
User supplied updating tunctions on each Trelation’s bproperty 1ist.
Hence, a relation can have a list of ASSERT:ACTIONS, DENY 2ACTIONS,
and DELETE:ACTIONS. These 1ists 1indicate how a model updatina
Operation should proceed for anr expression having the given relation

as {ts first element,

The updating functions also perform the
maintenance operations on derived results, This means that if the
expression had a known truth value and that value is beling changed,
then all the expression’s supportees must he deleted. AlSo, checks
are made to determine if any set completeness 1{ndicators should bne

removed,

b. Model Updatina Using Deduce and Refute

Actions

Consider now a consistency checking procedure
that could be applied as a standard part of model updatina. The
purpose of the procedure would be to perform additional assertions,
denials, and deletions that are implied by the given expressinn’s
truth value change without requiring the user to write additional
action functions, For example, {f the user has written a deduce
action that embodies the rule "X implies Y", then we do nct want him
to also have to write a deny action for Y that removes from the model

any truth values that could be used to derive X, The Iinformation
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Jf?ﬁ necessary to do these chanqges at the appropriate time is included in 1
= 1
';if the original deduce action. i
’ This procedure would work as follows. The -
truth Vvalue ot the eXpression being updated would be Set to UnKuOsl
i) and an attempt would ve made to deduce the expression. If this :
£
5 attempt produces a successful derifvation, then the new State contains )
- support for the truth of the expression even tnhouah it s beina _
;. denied, The inconsistency can be eliminated by removing the support '
tor the derivation, If the support s2t has exactly one eXpressjion f{n 1
( it, then that expression can have {ts truth value reversed. (Tnis 1s :
; the "X implies Y" case where the denial of ¥ is {mplyina tre denial
g of X.) The reversed truth value would be stored as a derived result 3
¥ with the original expression being upaoated (Y) 4s its support, when ]
|-". .'_
| the support set contains more than one exrression, we know that at i
'ﬁ least one of the expressions must have {ts truth value changed, ¢ttt :_
3 :
= #e do not know which one(s), Therefore, the best we can do is to X
(, delete (i.,e.,, make truth value unknown for) all of the supoort
ﬂ expressions, y
: N
If the system knows which relations are Py
k: changeabie by events and which ones are true in all states, then it N
--' \.‘
k. can decrease unnecessary deletions by removing the unchanaeable "2
\ expressions from the support set before considering deletions or a
- truth value reversal, After the support for the derivation has bheen fj
‘% Temoved, a new derivation is attempted and the bDrocess {S repeated E
'; until no new derivation can be found, #
-l‘ ..-\
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This updAatina procedure does not guvarantee

consistency in the new state nor does {t prevent later chanaes to the
state from {introducing new inconsistencies. However, {t uoes
automatically take care ot manY model updatina details and it removes
all existina 1inconsistencies 1in the state that are discoverabvle by
the system”’s deductive machinery, It the system cannot derive the
facts from which an inconsistencY follows, then the inconsSistency {s

irrelevant and can safely be ignored,

Obviously, there are situations In which this
procedure initiates computationally expensive derivations and causes
many unnecessa'y deletions. Hence, it must be selectively aprlied.
We .urrently have the entire process under user control by allowina
individual specitication of whicnhn deduce and refute actions are
employed to determine truth value deletions and reversals durina

model updatinqg,

Note that wusinj an "x {implies Y" deauce
action as a deny action tfor Y is not the same as writing 3 aeny
action for Y that simply denies X, The difterence {s that in the
latter case X would be denied each time Y {s denied, and the deny
actions associated with X would then triager off other assertions.,
denials, and deletions., Such a process could clutter up the mode)

with many jirrelevant {mplications ot the denial ot Y. However, 1iIn

the former case where the deduce action is used as the deny action

for Y, no changes are made in the model it X cannot be derived: and
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if X can be derived, cnly the supporters of the derivation are
changed, This means that only those truth values that are actuellv
inconsistant with the denial of Y are changed; no {rrelevanrt

implications are stored,

6. The Relations “AND’, ‘OR’, and °NOT*

AND, UR, and NOT are "built into" our modeling system
in the sense that deduce, retuUte, assert, deny, and delete actions
have been written for each of them, whenever possible, coniunctions,
disjunctions, and negations are decomposed into more primitive torms
by the action functions, For example, the assert action for AND also
asserts each of the conjuncts, and the deduce action for NUT strips

oft thes NOT from the query pattern and attempts to TFefute the

remaining pattern,

The refute actions tor AND and ORK translate the guery

into a call on DEDUCE:EACH by using the rules:

((NOT X1) AND ,,, AND (NOT Xn)) implies (NOT (Xi{ OR ,., OR Xn), and

((NOT X1) OR .., OR (NOT Xn)) implies (NOT (X1 AND sse AND Xn) ,

The deduce actions for AND and OR have a important

role to Play §n that they are the overlords of the derivations of

each conjunct or disjunct, They could each be expanded int. full

problem solving executives that would make Use oOf co~=routine
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facilities to explore alternative ogerivations {n parallel and
semantic {nformation to determine the order in which conjuyncts or
diz{iuncts are considerec, we have experi{mented with onlv
unsopnistjcated versions of these actions, but the {mportant reint to
note is that the query me¢hanism alves those actions control over the

derivation so that the option is there to exnand them when needed,

Sumnary

we have described a set of proaramming tacjilities for

building, majintaininag, and queryvina state description models, These

facilities are useful in systems such as planners, Qquestion

answerers, and simulators, They allow the storage and retrieval of
statements with true, false, and unknown truth values, and provide a
programming environment that allow#s derivation rules emrbodying the
semantics of a task domain to be easily added as tunctions to the
system, These rules can also be wused to Aassist in modeling the
effects of an operator that creates a new state, Facilitiles are
provided to save the results of these derivation functions, and to
delete the results in new states where the derivations are no lonqaer
valid, Finally, the semantics of <conjunctions, disjunctions, and

negations are provided as a part of the system,




. Use of Vo{ce Input aAapnd Nutput

14 Tmplementation of Voice Input Usina the VIP=1Nn

The CRC System employs a VIP-100 voice recoanition
device whieh is canable of recognizina A4 utterances of duration up

to two seconds earn, when trained for A snecific volce, The process

i{s as follows.

First the message Hdata {s fnnut, This corsists of up
to 64 display messadefs of up to 16 characters each. Fach of the 64
TeSsSages must have a uniaue 1ast character, sSince only the last
character {s transmjtted hy the VIP=100, After the messages have heen
read from parer tape or typed, the VIP=110 fs traired for a
partfcular vojce, Th{SsS process Consists of the VIP-1Q0n promptinag the
person by displavina a messaane, whereupon the person Speaks the wor.:
Or Phrase into the microphone, 1USually this {s dane 5 to 10 times:
for each of the messaaes, After all the messages have heen trained
for the nperson’s voice, a3 recoanition phase is entered in which the
person speaks anv nof the 64 messages, and the VIP=100 displavs the
recoanized rmressaqe -data on {ts 16 character display screen, If the
utterance {s not recoanized, the reject 1i{aht will he turned on,
Individual messades may be ehanqed or retrajned, and the final
acceptable messadge data and traininag data may he output on punched

tape for later use,

3 T
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Fvery time An utterance is received and recoanized

Auring the recoanition phase, a character |s ountput to the PDP=10 via

the PDP=15, This onutout character 1{s the last character of the
fA=charAacter display messaqe, An inverse bprocess {n the PDP=10
proqgram recelves the character and retrieves the aAassociated

utterance,

Table ? contajns A 1ist nf the utterances currentiv
used {n CHC demeonstrations, We have found this rreliminary Voice

{nput system to he quite adeauate for our current demnnstrations.

The evential spreech tacoanition system emploved bv
the CBC syster will Incorporate future advances 1in machine
recoanition of naturel lanauaae, usint acoustics, syntax, semantics.,
discourse analysis, and S0 on, Meanwnile, a few intetrim {mprovements

are planned in the current V]P=100 system,

Wwe will Aevelop the capahility to store messaae ard
training data in the PDP=10 and transfer it (via a PpPP=11) to the VIP
without havi{na to use paper tapes, This will make |{t rossible to
have a Jarger {input vocabulary, witn certain key words indicating
which qroup of 64 wnrds to use to recoanize certain utterances., This
will also make it possible to have trainina data tor many persons
avalilable simultaneouslv, poernaps with automatic selection bhased on

recoanition of a few samnle utterances,




- 22 SHOWMETHE (CONTROL Y) GHAPHICS

k? 23 TABLF W GRAPHICS
C

- 24 TANK PLATFORM Y GRAPHICS

-

fii 25 INSTALL Y

ix 26 REMOVE 7

l: 27 CONMECTED 1

E? 28 POSITIONFD 2

o 29 LASER 3
< 30 CAMERA a

h 31 DEDUCF. 5

32 STOP 6 PROC NFT § GRAPHICS

! 33 OBJFCTCENTER 7 GRAPHICS

o 34 CENTEROF R GRAPHICS

‘ 35 WHATIS 9 GRAPHICS

b 36 WHATS 0 GRAPHICS

:} 17 VISCENTER A GRAPHICS

:3 38 RELT B GRAPHICS

2) 39 PRESSURKSWITCH GAUGE c GRAPHICS

k; 40 CONSULTANT D

Eﬁ 41 POWERCORD E

P 42 PRESSURESWITCH COVER F GRAPHICS
ﬁﬁ 43 EXPERT G
f} 44 POTHTLASFR 1 GRAPHICS

= 45 WHFREISTHE J GRAPHICS

46 PAUSE K PROC NET & GRAPHICS

| 47 BRFAK 1L PROC NET & GRAPHICS
xf_ 48 ROOM N GRAPHICS
-
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49 HALT o PROC NFET & GRAPYICS
50 START P

51 PUMP TpP 0 GRAPHICS

52 PUMP ROTTOM R GRAPHICS

53 TANK LFFTLKFG S GRAPHICS

54 TANK RIGHTLEG T GRAPHICS

55 APPREMTICH u

56h FPUMPRRACE V'

57 TANK PLATFUERM ! GRAPHICS

58 TANK CYLIMDER 4 GRAPHICS

59 CYLINDER $ GRAPHICS

60 GRAPHICS £ PROC NET

61 QUIT < GRAPHICS

62 CONTINUE z

63 PLEASE sTNnP t PROC NFT g GRAPHICS

2. Impjementation of Voice Nutput Us{ny VOTRAX Phoneme

Synthesizer

The CBC system uses voice output when interacting
with a user/technician. For these purposes, we use a3 VNTRAX model
VS=6 phoneme synthesjzer, which {s a device canahle of producing
sounds corresoondina to 63 phonemes, each with a choice of four

inflection values, Phoneme and inflection are under the control of
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the CRC proaram, 1In addition, there are manual controls on nitch,

volume, and speech rate, Finally, the VOTRAX {tself contains a
bufltein anAalysis faciiity that empiovs onne Dhoneme look=dhead in
order to make the continuous speech sound more natural and
intelliaible, The result is a mechanical, but quite understandable,

Voice to Use for output inm the demonstraton proarars,

The VOTRAX conSists of a keyhpard, a control unit,
and a speaker, The kayboard {s used for manual {nput of pShonemes,
but {s not used when the VOTRAX {s under combuter cnntrol. The VOTRAX
is attached to the PDPP=10 throush the teletype patch panel. The
computer Dproaram sends speciAdl B=b{t codeS thAt Aare converted by the
VOTRAX control unit and output throuqh the speaker, (A future
modification to the VOTRAX will allow it to share a teletype line
with an ordinary computer terminal, This will be an added

convenience, but will not chanae the oberation o¢ the proagram,)

The current use of the VOTRAX I{s ¢for output of
prestored utterances (words or phrases), Each word is represented

phonetically, and this s an {nterestina ©oprohlem in {tself, The

VOTRAX {s designed to reproduce Mid-Western or standard American
English dialect, which {s the diaject used Aalmost exclusively oy the
nationwide medfa. Stfl1l, it s a skill to .renresent words
Phoneticelly (and 1t {s a3 matter or opinjion AS to how well a a{ven

word has been represented!),
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Table 3 contains a 1istina of the 63 phonemes with an
example or descriotjon of the assoriate- sound, It sho'lld ne nnticed
that soeme typical Fnalish sounds (long vewels, for examprle) reaqguire

tWo phonemes tc rerroduce them, Some ot these Are 1i{sted in Table 4,

Table 3: VOTPAX Phonemes And Filanht=R{t Condes

Phoneme Octal Tveical Use

Symbo] Code or Nescrintion
PAO n3 (pause)

Pat 76 (shorter rause)

A 40 (to get lona A sound use A,AY)
A né (shorter than A)
A?2 0% (shorter than A1)
AR HE hat

AF1 57 (shorter than AF)
AN 44 hot

AH1 25 (shorter than AH)
AH2 10 (shorter than AH1)
AW 75 awful

AW 23 (shorter than AW)

125

e .
.
-4-'—[
5
e

¥
F g B

: ..l"I!

[ 4 i
. . L] 3
e LT T ORI SR L SO S R,

1.
S

£

o 0 Em
. o
o ;
Pleat Bt O
O 50 >

L

QFTR -




.
3
fﬁ' AW?2 60 {shorter than AA1)
’ff AY 41 (to get lona A sound use 04,AY)
ii B 16 bob
;? cH 20 matcr, chair (CH {s T,CH or NT,CH)
b D 36 day
. DT 04 butter
l& E 54 (to aet lona & sound use F or 13,E1)
- E1 7¢ (shcrter than E)
g EH 73 ten
J EH1 02 (shorter than FH)
" EH2 01 (shorter than Fi1)
1;3 EH3 00 (shorter than F42)
2{? ER 72 her
. F 35 fire

;E? G 14 aet (not the G in Georae)
¢y
?2 H 33 hay, ahead
e I 47 kit (to get long 1 sound use AH,F1)
'%S T1 13 (shorter than 1)
Eg 12 12 (shorter than I1)
i I3 11 (shorter than I2)
-{r TU 66 (to aet long U sound use IU,U)
3: J 32 fet, Georqe (J is D,J or DT,J)

K 21 key, sick, car

L 30 lie, well

M 14 ny

N 18 nine
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00
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TH

THV

Ut
UH
UH{
UH2

UH3

Y1

ZH

24
46
A5
64
217

26

53
37
21
52
71
70
S50
67
63
62
61
43

17

R el
.
oy
R

-

kg

-

4

e

prinna 3
(to net lona N sound use UH{,01) ij

>

(snorter than 10)

(-‘-.
(shorter tham )1) %:
book EL

(shorter thar 00)

pot

area

see

shy

tea

three

then (the voiced TH)

(to aet long U seund use o,
(shorter than U)

out

(Shnorter than UH)

(shorter than UH1)

(sherter than UH

seven

won

Mary

(Y used as a consonant as in "ves")
zero

azure (the 2)

measure (the §)
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Table 4: Sourds Forned With Twe Phonemes

Sound Typical Use Phoreme representation
J jet D,J or PT,J
CH match T/CH or DT,CH
NOW or Nt cow AHY, 01
01 or 0Y nojse 0t,EHI, E
Q queer K,W
A name A,AY
E tree E or I3,E1
I hiah AH,E1
heiaht AHZ,EN
0 note UH1,01
U twe I,u

The octal ohoneme code 1{s six binary bpits of
information. These are preceded by two bits representina the
inflection 1level, In nractice, the inflection code is represented as
efaht bits (with the last s{x heing zero), and the code Sent to the

VOTRAX 1s the sum of inflection and phoneme codes,

Inflection Levels are

1 3n0 (lowest)

2 200 (normal/default)
3 100

4 nno (highest)
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The null code, wWhich is used for markina end of transmission tn the

o VOTRAX, is the octal code 377 (binary 11111111).

M TR

To date, the CBC prniect has used apcroximatelv /00
= phonetic words. Many were coried from a list suooled by the VQOTRAX i
. manufacturer, and nearly the same number were innut bv various users j
of the eauipment, A LISP proaram has been written to handle the 4

o stori{,~g, Tetrievinag, and fransmission o¢ Phoneme representations., A

few tvpical representations are reproduced below,

j’
j

|

A (PLEASE (2 P)Y(1 101 EX(L E1Y(2 2))

(ASSEMBLE (2 UH1)(2 S§)(2 EH1)(2 M)(2 43(2 B)(2 ""H3) (2 L

(ATR (2 RE)Y (Y EFR))

(COMPRESSOP (2 KY(2 UM1)(? M)(2 P)(2 RY(? FN)(3 S)(1 RY(t R)Y)

Addina to the dictionary is simnile, via the LISP

function ADDW, £in examrle {$S explained telow,

ArPWTESTING)

This line §s tyoed by the user,

TESTING: -

This line is typed by the proaram which then waits

tor the user to respond witn the 1ist of inflection and

phoneme palirs.

2T ?2FH 385 2T ING JUH3

The user {nputs a try at the phanere reoresentation,

The VOTRAX pronounces the {nput strina, then the proaram

types 0K? and waits for user response,
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: 0K?

:i The user has a cholce of four possible responses.

Y It the user types Y, the word wi)l be accepted in

tj its present pronetic form, Ei

LT R If the user types R, the word wi{ll he Spboken acain.

"

:; N If the user types N, the word {s not acceptable and a ﬁ,

i% new list of phonemes must he {irout, =

:ﬂ F If the user types F, the wWord {s not accentable hut the :

:-‘ user is allowed to edit the previous 1ist of ophonemes, L
» ‘;‘

e This process recvcles unt{l the user types "Y", at which time the %

.’ word s added to the dictionary list and stored in the special data |

i; space described helow,

l: The storage of phoneme representations of words makes

g? use of LISP’s Aabilitv to swap data {nto an inferior fork, In this

;:‘ case, we use the fork {nto which LISP swaps compiled code, The space

72 for the rhoreme data {S a larqe swanped array, Phoneme and {nflection

;f' pairs are stored four to a word, and A pointer is kept of the address

H; of the 1last phoneme stored, W“hen a new word4 {s to be Stored, the

3f pointer i{s incremented by 1, the value of the pointer 1{s stored in

z% the system hash array Iin the hash address for the word, and the Rebit

'ké codes are stored with an additional leadina "0" (making 9-hits each)

° sequentially into the swapped data arravy, The last code stored

[ contains a "1" in the left most bit, sianaling that the end Of the

2 word representation hasS been reached,
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When a word 1{s to be spoken, the "handle" te the

nhoneme representation is obtaineq by GETHASH(word) and the 1list of
Phoneme Codes §s retrjeved from the swapped data space and put fnto a
buffer (a LISP array) to he sent to the VNTRAX, The canacity of the
buffer {s 34 words or 136 ohonemes., A cointer is kept to the current
end of data in the buffer, and many words Aand nhrases may be stored
into the bhUffer hetore they are actuallv transmitted. Transrission
to the VOTRAX (across the teletype 1inmes by the TENFX oreratinn
system) takes bplace either «when the huffer i{s filled, or vhen the
oroaram determines that no more words Are to be titterred, The end of
transmission {s sianralled teo the VOTRAX by placina a code "377" at
the end of the data {n the bufter, The VOTRAX ftself has a buffer,

Voice output is initjated bv the VOTRAX when {ts huffer is half full,

Thus, {t {s possi{hble toq send a seconAd transwission to the VOTRAX

Y
fone

y v
’ W
1: . « '

B S

e T N e

before the buffer is comnpletely emopty, makina continuous speech

possible,

Provision s made for savinag and TeStoring

'3

W E YD
v o
ot et

R

dictionaries so that phoneme representations tust anly be input nnce,

o

The LISP functions MAKFRICT and LOADDPICT accemnlish this task. They

1. .
=
14 {‘

i
depend on A 1ist of words being saved as the value of the LISP atom fﬁq
called "DTCT". (In demonstration proarams, we frequenptly set DICT to i?j

~'u\_‘.‘
NIL to save the space required to 1ink all the dictionary words {nto ﬁ;i
j
a single 1li{st, This means, however, that we cannot save an updated he
r RV,
E version of the dictionarv: but this i{s not usually a hindrance.) In ]
g
; the case of MAKFDICT, a disk file is orened, and each word on DICT is
[3
-
t* 131
g
his
¢ o
e e Tt Jen ey A Rt DO DO YA C Bt T4 (% T 4 1 BESS U RO 1y, Ry R T ety ?:Li”
Ei?‘a~;¢q ; ST e L e R SiEda B I N Aol - DL LY &) ___*




_A.'}'{.) F - it
P r

o ’
THFS

]

o e
[ e R

i .
O R
[Pt P
2 o i S A
P T AR

-

written on thke ¢file Ww{th {ts correspondinq Phoneme 1{St (not the
binary form==-rather the form that explicitly contains {inflection
numbers and PhonenesS). LOADDICT operates {n TrevVerse, otenina a
speciflied disk file for input, readinag sequential entries, convertina
phonemes and {inflections to binary codes, and storina them {- the

swanped data area,

The use of coTputer voice output has been very
satisfactory in all the demonstrations we have conducted thus far. we
intend to continue ?o use the VOTRAX for the forseeable future,
Refinements will be made in the renresentatjons of existina words and
new words will, of course, he added. A program wi{l1l be wri{tten that
will attempt to make {ts own ohonetic representation of a new word,
Another new proqram will provide tor dynamic inflec*tion of a Wwhole

utterance, which will he a agreat improvement over the current method

ot prestorina the inflections for each imAividual word,

F, Svstem Intearation

The ultimate form of the Computer Based Consultant |{s
expected to be a sinale comouter nronaram which may be, Iin fact, a
comhination of manv ditferent, pbut {nterlinked, computer programs,
The system buildina task is a bia and important one.and there are few
precedents or thenries for how to do {t. The main philosoohy that has
guided system bufldina of the CBC up to now {s that as different

proarams and "abilities" bhecome available (even {f thev are only |{in
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preliminary or simble form) they are included i{n the system as soon

As possible, Ihis anprroach has several advantanjes,

The main advantaace {s that we can aet a "flavar" of what the
eventual system will be 1ike, For example, an ear]v system was just
the procedural net nrroaram, exranded with alr compressor semantt. s
and knowledage about tools, [t soon hecame apnarert that voice inout
and output would be "nice", so that was added by takina advantane of

AVallable devices that uSe DresSelected words and nphrases for innut

and outout,

Thinas that are seen as deficiencies by cAasunal observers of
the demonstrations are taken as important next steps for the system
bullders. For example, it snon became anparent that manv auestiosns an
aborentice would logically ask, such as why?, wherte?, what {f ,..? ,

and so on, could rmot bhe handled, The mechan{sms ¢nr a few of these

were coded in rudimentary form so that thelr effects could be tested,

Bnother important consequence of continual svystem building {is
learnina where different parts of the system overlar, For example,
Several different "models" are Alreadvy {n Use ({.e., o connectivity
mode] for deductive question answerina, and a ovolvhedral model for
araphical display and rointing). We must ask shether the models can
be combined, Are thev compatible? Can A1]1 models he kept up=tp=date
simultaneously without too miuch trouhle? <vhere can one program qet

fntormation from another nroaram’s model?
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summary, the current (April 1975) system has the folliowina

cabpabilities:

(1)

(2)

(3)

(4)

(5)

(6)

(7)
(8)

(9)

It knows ahout top level compbonents of a Specific air
compressor,

It knows about some basic hapd tools (screwdrivers,
vrenches, allen=wrenches) snd fasteninas (screws,
machine=-screws, nuts and bolts, set-screws, washers),

1t knows about assembly and disassembly seaquences
(positionina, connectina, tastenina, removing, extractinal.
It know: about parts adjacent to other parts, both in tie
connectivity (assembly/disassembly) mndel and in the
polyhedral (araphics) model,

Jt can use a laser beam to point at the location of a part.
It can determine which part {s indicated by a
liaht/pointer or laser beanm,

It can use voice input and output {n a simple form,

1t can create plans for accomplishina tasks and answer

questions about the plans,

It can execute the plan ({.e,,

tell a user how to Perform

a task at levels of detail based on the user’s varving

responses),

(10)

(11)

It can answer auestjions about the changed state of the

equipment at any time,

1t can perform simple execution monitorina of the

progress of the arprentice in executina a plan.

e
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(12) 1t can pertorm™ calibraticr ot the l13ser=ranasfinder and

the TV camera in a semiautomatic mnAde,

This 1s an impressive 1ist of capanilities fnr a Fraqram that %
Is sti1l in its early stages, Fach of the capabilities needs more b%
develnpment, and certain important capabilities are included only in F%
rudimentary form (such as execution monitoring, natural lanauade, ang zé
vision), Still other cacabilities such as troubleshoating are not ;ﬂ

included at all, Yet, bv makina an {ntearated system out of
available parts we are able to envision the final system much mare ;

readily and recnanize where aur efforts should he directed,

The "top level executive" or Ariver prodram for this system
i{s expected to be the execution mnonitori{na onrtion of the Procedural
net (NOAH), because this s the proaram that carries on the basic
interaction with the user, This may be ~loSely assoclated with the
eventual speech understandino proaram, with the semantic net model
oecoming one of the primarv sources of infarmation ahout the tAask

(and world) domatin,

The system is currently implemented oy tarina advantaage of

the fork structure under the TENEX operatina system, The main

drogrammina l1anauaqges are LISP and QLISP, with use of SATIL, FORTRAN,

TR

An4  machire lanaquaae where Approprfate, The fnrk structure i{s shown

in Figure 15,
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QLisp
procedural net
assembly/disassembly model
voice input/output routines

LISP

INFERIOR FORK
swapped comiled code
stored phonemes for utterances

LISP
SUB-FORK

graphics model, pointing, etc.
voice input/output routines

FIGURE 16

I

r

A

LISP
INFERIOR FORK
swapped compiled code
stored phonemes for utterances

FORTRAN
and/or SAIL SUB-FORK
display routines
matrix routines
polyhedral models
outline, centroid, etc.

SA-3805-13

STRUCTURE OF THE CBC DEMONSTRATION PROGRAM
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I131. COMPONENYS OF SURSFAUFENT SYSTFMS

A, Introduction

in parallel with constructina the oresent system, we have put
in a areat deal of desian work on components of future (:97a through
1978) CHC svstems, In Section ITT,B we npresent 3 detailed description
of our work to oprovide a powerful natyral ranciyaage understandinag
system, Our intention is that beainnina {n 1976 we will be able to
brocess some text {nnrut to the svstam, (Tha text {nrut system {s
beina desianed to be nart of a system that will ultimately handle
speech,) Durina 1977 we plen to make extensive additions to the power
Of the text system, and finallVv in 1978 we expect to extend it to
handle utterences spoken by the apprentice, Garv Kendrix and Rarbara
Deutsch have been responsihle for our natural languaqe research

workina {n conjunction with the SR1 speech understandinag proiect.,

In Section IT1.C we describe two pieces of additional prohlem
solvina work., First we present Some Tresearch verformed bv Marty
Rattner on how to model and compute the ‘"freaedom of movemrent"
DProperties of equipment, Next we disScuss the Preliminary results of
Richard Duda and Nils Nilsson toward buildina a system for diaanosis

of eauipment malfunction.
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Our work in vision i{s described in Section T1T,D, Tt wil)
ultimately bDrovide the cAapahility of answerina duestions about the
equipment and the wcrkstation by direct observation. The Vision work
represents the combhined efforts of several preorle, notably Martv
Tenenbaum, Harry Barrow, and Thomss Garvey (doing Ph,D, dissertation

work),

B, Natural Language

i, Introduction

The goal of our work in language i{s to provide a two
way communications 1link between the consultant and the apprentice
that {s both naturai and convenient. We are persuaded that the most
appropriate communjcaticns medium {s that of spoken English, The
reason for this is twofold., First, speech trees the apprentice from
the purdens of Interacting mechanically with the consultant while
performing his tasks, Second, the use o¢f FEnglish makes it
unnecessary for the apprentice to cope with a tormal language, thus
allowing him to concentrate all his etforts on the performance of the
work task, It {s anticipated that by 1978 the lanquzge component
will have the ability to understand the user’s spoken guestions and
remarks reqgarding the state of his task and - the use of tools.
Further, the system will have the ability to produce spoken responses

to verbal inputs,
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in developing a tecnnology tor the understanding of
continuous spvech, our research cefforts are being carefully
coordinated with those of the SRI speech project [36). AS a resuit
ot cooperation during the past year, a commun bpasic gqgrammar 4nd a
common semantic interpretation system have been developed. further,
the tocused parser desianed for the Speech project has been adapted
for (interim) text processing by the CBC, while various acoustic
processing techniques are being developed, this parser will allow us
to conduct experiments during the next two vears using text and wi{l}

facilitate the eventual conversion to acoustic input in 1978,

In keeping with the goal of providing natural
communications between consultant and apprentice, we have, during the
last year and a half, collected and analyzed numerous protocols
between human consultants and apprentices, within the past year, tils
analysis has aided us in the selection of a working vocabulary and in
the development of a tentative performance grammar (which extends the
grammar developed jointly with the SPeech prroject). Having used the
protocol experiments to clarify the language requirements of a
computer based consultant, we have been developing a system
architecture and a semantic representation scheme capable of dealina
with the 1linquistic problens likely to arise in consulting

situvations., Details concerning each of these achievements follow,
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2. Protocol Collection

Ve have extended the <ollection of protocols
described {n our previous annual report (37) to {ncluce di{fterent
tasks and apprentices at different skill levels. One new task has
entailed working on a suncomponent of tne compressor, namely the
pump, This task introduced new vocabﬁiéry and, more importantly, the
need to describe and understand questions about more complex tools,

parts, and operations, A sample from one of tne pump assemblY dialogs

{s shown in Figure 17,

We have an experimental setup now that allows us to
record new protocols easily, we plan to run additional experiments on
new pleces of equipment, Tasks for these experiments will entail

troubleshooting as well as assembly and disassembly,

3, The Concordance Programs

As an ald to our analysis ot the lanquage used |{n
expert/apprentice situations, we have developed a package ot
concordance programs, A sample output from theSe Pprograms,
illustrating several of the features of tne cancordance produced, 1is
shown in Fiqure 18, This sample shows a collection of results from
concordances done Separately for several dialoge. .(The dates Wwere
added to make the separation clearer,) For each of the that which
occur, the concordance shows a frequency count and a 1list of the
different contexts in which that word appears,
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APPHE'ITICgX, @wHAT NEXT?
00159:44

00359251
CONEULIANT Y LACE TAr CYLIVLER HEAD GASKET (4 THE TNP OF THE CYLINDER
cl1snCs12

(1300227
UtWHAT D0FS TAE CYLINDER HAEAD GASKFT LDOK LIKE?
(0138002135

0130023R

CtTrk CYLINVPER HEAD GASKRT 1S A S2AUaME PAPER SHEET WITH A LARGE ROUND
HOLE 1IN Trk CEWTEPR, AGD 4 BILT S0LFS OV [HF auvrsior,

018n1231

fi1101244
Ushk, T ®¥nlieg IT, I°VE FLACER IT, 4WAT NEXT?
013101282

C12712854
C3INSTALL THE CYLINCER HEAD,
G1:02202

(13N2:1K
tgan]Ch w2y DUES IT &I?
01802222 ;

01152226

CeTrnk JNTA<r LPEATHEF SHOULD BE 07 YOUR RIGHT AS YOU FACE THE
Tie CRANKERAFT,

01303821

01303248
UsChy IS 1518 PIGHT?
(18173849

1:74102
Centy YOU AAVE 1T BACKWAPDS,
C1su4:09
1304322

Ugwr2Y Trol 0t T USKE TO ATTACH IT?
(1204225

FIGURE 17 SAMPLE PUMP ASSEMBLY DIALOG
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Knowing the context in which a word appears aids in
determining both the different semantic and the ditferent syntactic
uses of the word, we have used this information in constructing our
working con-epts and our working grammar. B8y pulling all of the uses
of a word together, the concordance enables us to determine which
word senses are used most often., It would be difficult to get this

same Iintormation from the raw dialog because the word uses are so

spread out, As an example, consider the uses of the “ord "all" shown
at the top of Figure 18, TheSe are rebresentative of the uses we
found, In only one case {s "tall" used {n the quantificational
sense (in the FEB12 dialoa, ", . . 1l’ve got all four bolts {n

place'), This result (and similar ones tor the other quantifiers) was

unexpected,

The number to the 1left of each entry in the
concordance {s the 1line number 1in the dialog where this entry
appears., This allows wus to examine the total context of the word
USe, We have uUsed this to distinguish eXpert and apprentice word
uses. For example (see Figure 18) the use of "bolt" as a present
tense VeIb comes eXcluSivelY from the eXpert, The apprentice uses

the verb form of bolt only in the past tense,

It 1s possible to merge the concordance results for
several dialogs, We have obtained a merged concordance for all of the
dialogs, Which enables us to di{stinguish indivic '‘al differences from

general trends, Those words and syntactic structures that appear

.........
o« 0 e 5 .

. g
o RSl s LBt l o M s s
T o o ey A U S S

»
v

. - ‘. »
o o, 9 = 5
« 'y o
iy s Tl .
S e - =
z .ﬁ_ ¢ Yo Tl
e T o o
"'l' .. S .
sast b Al Ly

K AN
|

S
1

>

»

.
[

-4
x

3
£y
£
&

o, b’

PR W e

A
o




T e e R W W R T W WS oy PRI LY Dy arowerea

.
L.f

across several dialogs are incorporated in our working vocabulary and :;
By

working grammar, Later, individual modes of e.pression will be :j
'—‘-.“

handled in the user model, N
4

N

4, Dialog Analysis i

e

.

Pt it

As mentioned previously, a major motivation in

collecting the dialog protocols has been to determine the lanquaqe
requirements of the CBC. Analysis ot the collected dialogs has
Proceded on several levels. On the moSt pasic level, We have Uused
the oprotocols {in establishing our workina vocabulary and gqrammar,
These are discussed more fully in separate sections. In both these
undertakings, analysis ot the dialogs ajided us no' only by
illustrating what language usages there were but also by making us
aware of what problems did not arise., For example, as noted before,
We Were surprised by the {nfrequent use of quantification by the
apprentices, Quantifier words, like "all", did appear in apprentice

statements, but mainly in phrases like "i{s that all" meaning "have I

finished?",

S P SOy ST ety ot

There are many well known discourse level problems in

natural language understanding; for example the problems of resolving

o reference and completing partial utterances. In the CBC domain there
L4

S are also the closely related problems of describing and understanding
b~

xf' descriptions of objects and actions, We have been using the dlalogs
'J' !~

L:; as gujides for our research on these more global discourse level
o

e problems,
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We have been interested not onlyY {in the forms of

[

these CBC discourse level problems, but also in discoverina what

inherent information there was in the dialog context that would aid

~ha

in "solving" the problems.
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The dialog context is actually a composite of three
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different component contexts: a verbal context, a task context, and
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a context of general world knowledge. Ine verbal context includes the
history of preceding utterances: their syntactic form, the objects

and actions discussed 4in them, and the particular words used. The

task context {s tne focus supplied by tne task being worked on., It
includes such things as: wnheye does the current subtask tit {n the
overall plan, what re {ts subtasks, w«hat actions are likely to
follow, and what objects are important, The conteXt of general world
knowledge |{s the information that reflects a background
understanding of the properties and interrelations of objects and
actionsy for example, the fact that tool boxes typlcally contain

tools and that attacning involves some kind of fastering,

An important aspect of the Treference Problem |{s
determining what sources of knowledge should pe accessed to resolve a

reference, becisions must be made concerning how much effort may be

spent testing one antecedent candidate and Now much effort may be
spent investigating the different context perspectives from which

that candidate may be viewed,
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In the context ot

"T{ghten the setscrews #ith an allen wrench"

consicder the question

"Wwhere are the setscrews?"

The phrase "the setscrews" must be resolved as the previously
mentioned ones, This resolution comes from the verbal context (or

dialog history). However, in the context

"Attach the pump pulley next"

the question "where are the setscrews?" can only be understood if
the consultant is aware that installing and tightening some screws {is
part of the operation of attaching the pump pulley, The resolution
comes from knowledge of the task. Any screws mentioned in the
previous dialog would probably pe irrelevant, Finally, if We consider

the context

"I have the parts box,"

the resolution can be found only by knowinag that screws are typically

stored {n a parts box.
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The reterence resolver must consider Aas candidates
tor antecedent not only objects and Actions that are explicitly
represented in the dialog history (which would work only for the
first of our examples), but also tne interconnections of those
objects and actions in the task domain and {n the "general real
world", This means deciding which kinds of connections to consider
tirst and how lonna to investigate them before looking at others, It

also entails deciding how much etfort to put into looking at all the

connections of one object or action before considering others. The
implementation ot the reterence resolver is being designed so that we
can easily experiment with aifferent strateqgies for looking at the
various contexts., The separation between the three context
components is made explicit, The task context is supplied by a
connection to the procedural net. The ditference between the local
Verbal context and reale-world knoWwledge connections is reflected {n
the way the semantic representation ot the discourse history is kept.
Essentially, the 1local context is «kept seParate trom global
Knowledge, but contains a few links to that knowledge, How this {s
done will be discussed more fully after the semantic representation

is presented,

The problem of object description is closely related
to the reference problenm, This {s obvious since the description
Problem is basically the inverse of the reference resolution problem:
an object is unambl!zuously described if the description given can bpe

Used to locate a unique object. Any object has a multitude of
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attripbutes, Some are simple (e.g.,, color, shape) and others involve
connections to other objects (e.a,, on-top-ot, inside)., However, at
any one time only a few of these properties are needed to uniquely
specify tne object, This is because context limrmits tne other objects
from which any one obifect rieeds to be distinguished, AsS an eXamble,
consider the situation when the apprentice s using 8 1/2=inch
box=end wrench and a 1/2=inch socket wrench to tighten a nut/bolt
tastening, The two wrenches may be distinguished »y tyce: "the
wrench" is ambiguous, but both "the box-end wrench" ard "the socket
Arench" are unambiguous, However, {f the aoprentice is using two
1/2=-inch box=end wrenches for his task then they need to be

distinguished by other criteria, such as which is on the nut,

We have been designing the discourse history
component of the system In a way that will allow us ¢to Kknow which
attributes of an object Aare most important in a given context. Again
this is closely tied to the semantic representation and will be

discussed in Section 9 below,

Se Selection of Working Vocabulary and working Concepts

The concordance proarams have ajided us in finding
which words are likely to occur in the worKstatipn. Surprisingly,
only 620 different words were used in all of the dialogs, Gur initial
working vocabulary of approximately 6S0 words includes some
additional words we know will appear as ne+ tasks are added (e.Q..

some part names),
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As a tirst step toward builaing a semantic
representation of the Knowledge base necessary to unaderstand CBC
related dialoas, we have divided the vocabulary into conceptual
categories, (Our semantic representation {s discussed in Section &
below, For present purposes, it suttices to know that objects and

actions are represented by nodes 1in a semantic network. Various

hierarchical relationships between categories of objects and actions
are also represented. In addition, it is important to know that the
Fesult of parsing an utterance {s the production of a semantic
network,) At present there are 21 conceptual cateqories, The

categories, along with a sample of the wWords in each category, are

shown {n Fjgure 19,

There are several characteristics of this cateqgory
list that will be important in building our network representation,
First, the categories are hierarchical. For example, in the cateqgory
of location operators there are general Position change words (e.q.,
adjust) and also position change words which specity that a tool be
used (e.g., pound)., Note that some of the nierarchies that are
important {n the CHC domain are not Shown in this category 1ist,
because subclasses are not shown to all levels, (To do tnis wauld
require showing the complete_semantic net). For example, under tools

we do not show the hierarchy tool- wrench- box-end wrench,

Note that some of the catedqories are quite closely
related, The best example of this is the set of cateqgories:

location, location operators, locate, The location categoryY contains
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those words that express the different places and positions in which
an object may be found, The location operators are those words that
have to do with effecting change (or no change) on those positions,
The words in the locate category have to do with whether or not the

location of an object 183 known, The representations corresponding to
the words in these categories will be closely linked,

In addition to the categories that have to do vwith

ey objects (e.9., tools) and actions (e.g., fasten) in the domain, there
224 are categories that have to do with expert/user interaction (those in

od |
e Qaoretuipt e 0. .




the communication category), The presence of tnis category indicates

the importance of the subtask of communicatina {intormation between

the the expert and the apprentice,

There are also categories that in essence concern the
syntactic structure of {ndividual Utterances. Ihe linquistic
operators category contains that which #ill not themselves have
specific representations in the semantic net, The words in this
category help gquide the construction of the semantic Fepresentation
being bpuilt up tor an utterance, not by adding new semantic
constituents, but rather by indicating tne relationships between
existing constituents, For eXample, the prepositions help supply the

mapping between surface cases and deep c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>