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A b s t r a c t . T r a d i t i o n a l s c h e d u l i n g a l g o r i t h m s ( u s i n g t h e 
techniques of P E R T charts, decision analysis or operations r r s r a r r h ) 
requ i re wel l -def ined, quant i ta t ive, complete sets of constrainls*. They 
are i n s u f f i c i e n t f o r s c h e d u l i n g s i t u a t i o n s w h e r e t h e p r o b l e m 
descr ipt ion is i l l -def ined, involving incomplete, possibly inconsistent 
and general ly qua l i ta t i ve constraints. The N U D G E program uses an 
extensive knowledge base to debug scheduling requests by supp ly ing 
typ ica l values for qua l i ta t ive constraints, supplying missing detai ls 
and resolving minor inconsistencies. The result is that an in fo rma l 
r e q u e s t i s c o n v e r t e d to a comp le te d e s c r i p t i o n s u i t a b l e f o r a 
t rad i t i ona l scheduler. 

To implement the N U D G E program, a knowledge representat ion 
language — FRL-0 — based on a few powerful generalizations of the 
t r a d i t i o n a l p r o p e r t y l i s t representa t ion has been developed. T h e 
N U D G E knowledge base defined in FRL-0 consists of a h ierarchica l 
set o f concepts t ha t p rov ide generic deser ip t ions of the t y p i c a l 
ac t iv i t ies , agents, plans and purposes of the domain to be scheduled. 
C u r r e n t l y , t h i s domain is the management and c o o r d i n a t i o n of 
personnel engaged in a group project. 

N U D G E const i tutes an experiment in knowledge-based, ra ther 
than power-based AI programs. It also provides an example of an 
in te l l igent suppor t system, in which an AI program serves as an aid 
to a decision maker. Final ly, NUDGE has served an exper imental 
vehicle fo r test ing advanced representation techniques. 

1. I N T R O D U C T I O N 

A classic issue in AI is the knowledge versus power controversy 
[ M i n s k y & Paper t 74] . T h e knowledge pos i t ion advocates t ha t 
intel l igence arises mainly f rom the use of a large store of specific 
knowledge, whi le the power theory argues for a small col lect ion of 
general reasoning mechanisms. This paper reports on an experiment 
in which a knowledge-based program N U D G E has been implemented 
fo r the schedul ing domain, a domain in which power-based programs 
have long been the dominant paradigm. 

T rad i t i ona l l y , scheduling programs apply simple but power fu l 
decision analysis techniques to f inding the opt imal schedule under a 
wel l -def ined set of constraints. The performance of N U D G E conf i rms 
t ha t f o r wel l -def ined, formal si tuations, the t rad i t ional power-based 
approach is app rop r i a t e . B u t fo r the prob lem of d e f i n i n g these 
f o r m a l s i t u a t i o n s when g i v e n on ly i n f o r m a l s p e c i f i c a t i o n s , a 
knowledge-based approach is necessary. By an informal speci f icat ion, 
wc mean a scheduling request that is potential ly incomplete, possibly 
incons is ten t and q u a l i t a t i v e . (See Balzer [ 74 ] fo r an analys is of 
i n fo rma l program specifications.) Thus, the N U D G E program accepts 
i n f o r m a l requests and produces a calendar con ta i n i ng possib le 
c o n f l i c t s and an associated set of s t ra teg ies fo r reso lv ing those 
conf l ic ts . A domain-independent search a lgor i thm B A R G A I N then 
resolves these conf l ic ts by t radi t ional decision analysis techniques. 

N U D G E uses a broad data base of knowledge to expand and 
debug in formal scheduling requests. The database is used to supply 
missing detai ls, resolve inconsistencies, determine available opt ions, 
not ice necessary prerequisites and plan for expected outcomes. To 
manage th is large store of knowledge, a representation language --
F R L - 0 — has been implemented. F R L - 0 extends the t r a d i t i o n a l 
a t t r i b u t e / v a l u e descript ion of properties by al lowing propert ies to be 
described by comments, abstractions, defaul ts, constraints, ind i rect 
pointers f r o m other properties, and attached procedures. 

These are not new representation techniques. Abst ract ion, for 
example, was discussed in Qui l l ian [68], and attached procedures have 
become a common property of AI languages since P L A N N E R [Hew i t t 
69]. However, the strengths and weaknesses of these representat ion 
techniques and the i r potential interactions is s t i l l not well understood. 
For th is reason, we have chosen not to include as many representat ion 
capabi l i t ies as are cur ren t l y being implemented in K R L [Bobrow & 
W i n o g r a d 7 6 ] and O W L [ M a r t i n 7 7 ] . W c v iew F R L - 0 a s a n 
e x p e r i m e n t a l m e d i u m to s t u d y t he u t i l i t y o f a few s p e c i f i c 
capabi l i t ies and the i r interactions. 

Because a knowledge-based approach requires a large store of 
specif ic data, it was necessary to choose a par t icu lar domain to car ry 
ou t ou r experiment. Our cr i ter ion was to select a realm in which 
schedul ing requests are typical ly in formal . Th is c r i te r ion ru led out 
such schedul ing problems as those of an assembly line. (See Tong r 
[63 ] fo r an AI t reatment of this problem.) Instead, we selected of f ice 
schedul ing; in par t icu lar , assisting a manager in scheduling his team. 
T h i s e n v i r o n m e n t inc ludes schedul ing meet ings, m o n i t o r i n g the 
progress of subgoals assigned to team members, a ler t ing the manager 
to deadlines, and rea l - t ime rescheduling. 

I n p r o v i d i n g N U D G E w i t h the knowledge necessary f o r these 
funct ions, our research serves a th i rd purpose beyond (1) exp lor ing 
the re la t ion between knowledge-based and power-based schedul ing 
and (2) exe rc i s ing va r ious representa t ion s t ra teg ies . I t p rov ides 
ins ight in to the categories of knowledge that are necessary for o f f ice 
schedul ing (independent of thei r representation). N U D G E contains a 
h ierarchy fo r act iv i t ies involving informat ion t ransfer, for people in 
var ious roles related to this transfer, for the plans governing these 
t r a n s f e r s , and f o r t h e assoc ia ted demands on t i m e , space and 
personnel . T h e h i e ra r chy is on the average f i ve levels deep and 
includes approximately 100 objects, each described by a generalized 
proper ty l is t called a frame. An abridged version of th is h ierarchy 
appears below, w i t h specialization indicated by nesting. 

Knowledge 
257 

■4: Goldste in 



T h e t e r m " f r a m e " a s used i n F R L - 0 w a s i n s p i r e d b y M i n s k y ' s [7 .5 ] 

deve lopment o f f r ame theory . Frame theory contends t ha t ( ! ) 
intel l igence arises f rom the application of large amounts of h igh ly 
s p e c i f i c k n o w l e d g e , a t opposed to a few g e n e r a l i n f e r c n o n g 
mechanisms, and (2) th is is accomplished th rough the use of a l ib rary 
of frames, packets of knowledge that provide descriptions of typ ical 
ob jec ts and events . These descr ip t ions conta in bo th an abs t rac t 
template prov id ing a skeleton for describing any instance and a set of 
de fau l ts fo r typical members of the class. The defaul ts allow the 
in fo rmat ion system to supply missing detai l , maintain expectations, 
and notice anomalies. 

We have yet to inves t iga te w i t h equal care re la ted a rea* of 
knowledge not s t r i c t l y involved in scheduling the in format ion f low 
between members of a research team — this includes space al locat ion, 
budge t ing , and t ravel scheduling. The last of these is the focus of 
the GUS system developed by Robrow ct al [76]. Gus IS is a f r ame-
based dialog system that addresses many of the issues raised here. 
T h e ma jo r d i f f e rence is t h a t GUS focusses on the use of f r a m e 
rep resen ta t i ons to suppo r t d ia log comprehension wh i le N U D G E 
focusses on thei r use to support sophisticated scheduling. 

F inal ly , a l though developed for the off ice scheduling domain, the 
NUDGE knowledge base does have a broader appl icabi l i ty. The use 
of a h ierarchy of successively more abstract concepts allows h igh ly 
specif ic in fo rmat ion to be clearly segregated f rom more general facts 
about the wor ld . Fur thermore, some of the concept hierarchies such 
as those fo r t ime and place apply in toto to many other applications. 

2. SCENARIO 

T h e fo l lowing request is typical of those understood by N U D G E . 

(SI) NUDGE* schedule a meeting with Bruce for next Tuesday. 

SI is an in formal specif ication in tha t such facts as the fo l lowing are 
le f t unsaid: 

Where the meeting is to be held. 
Which Tuesday is next Tuesday. 
What t ime on Tuesday is preferred. 
How long the meeting is should last. 
Whether there arc any prerequisites. 
What to do i f Rruce is unavailable. 

As such it is typ ical of the requests made by people of one another. 
Given a knowledge of the individuals involved, their roles and the 
c o n t e x t , N U D G E expands S I t o the more complete S 1 \ where the 
added in format ion is in ital ics. 

(SI ' ) I U N D E R S T A N D YOUR REQUEST TO M E A N : S C H E D U L E A 
M E E T I N G W I T H BRUCE AND ME AT 3 IN THE AFTERNOON 
N E X T T U E S D A Y ONE WEEK FROM TOMORROW LASTING 
ONE HOUR IN MY OFFICE TO DISCUSS THE PERSONAL 
ASSISTANT PROJECT. 

When processed by the the language comprehension component of 
N U D G E [ B u l l w i n k l e 77 ] , S I causes the c o n s t r u c t i o n o f a f r a m e 
g c s t a l t , a da ta s t r u c t u r e o f i ns tan t ia ted f rames c o n t a i n i n g a l l 
i n fo rmat ion in SI* . (The actual text of SI* is generated by the text 
o u t p u t procedures associated w i th the frames in this gestalt.) 

T h e knowledge-based phase of the scheduling concludes w i t h 
the conversion of the informat ion in the frame gcstal t to a calendar 
conta in ing possible conf l ic ts and an associated set of strategies fo r 

resolv ing those conf l icts. The B A R G A I N program then reports the 
h ighest u t i l i t y compromise to the user. 

( R l ) YOUR PREFERRED T I M E FOR M E E T I N G W I T H BRUCE ON 
T U E S D A Y IS A L R E A D Y F I L L E D BY A M E E T I N G W I T H M A R K . 
H O W E V E R , M A R K ' S P U R P O S E I S T O D I S C U S S L A N G U A G E 
R E S E A R C H A N D C A N D Y I S A V A I L A B L E . S H A L L I 
R E S C H E D U L E M A R K TO SEE HER I N S T E A D . 

Mark ' s purpose is not specifically to se I ra , and hence, a member of 
I ra 's g roup can be subst i tu ted to see Mark. Observe that access to a 
diverse set of scheduling strategies has made it unnecessary to jugg le 
the possible t ime of the meeting between I ra and Rrucc, producing a 
compromise not ent i re ly sat isfactory to ci ther. Instead, a su f f i c ien t l y 
b road perspect ive has a l lowed N U D G E to i d e n t i f y the o p t i o n o f 
f i nd ing an al ternat ive part ic ipant by referencing the purpose of the 
con f l i c t i ng appointment. A knowledge-based phase in the schedul ing 
thus avoids the myopia a purely power-based approach can exh ib i t . 

Cont inu ing the scenario: 

(52) Yet. 

(R2) T H E M E E T I N G W I T H BRUCE I S S C H E D U L E D . S H O U L D 
B R U C E PREPARE A W R I T T E N PA PROGRESS REPORT? 

(53) Yes. 

(R3) I W I L L R E M I N D BRUCE ABOUT T H E REPORT. 

Sect ion 3 descr ibes the f rame gcs ta l t rep resen t ing N U D G E ' s 
complet ion of the SI request. Section 4 discusses the representat ion 
techniques of FRL -0 support ing the creation of the gcstal t . Section 5 
analyzes the u n d e r l y i n g knowledge o f ac t i v i t i e s and i n d i v i d u a l s 
represented w i t h these techniques. 

3 . T H E FORMATION OF FRAME GESTALTS 

A f rame gestalt consists of a set of generic frames, instant lated 
a p p r o p r i a t e l y f o r a p a r t i c u l a r schedul ing request . T h e gener ic 
f rames are selected on the basis of clues impl ic i t in the schedul ing 
reques t ; knowledge-based reasoning begins w i t h a r e c o g n i t i o n 
process. In fo rmat ion missing in the request is then computed f r o m 
d e f a u l t s , c o n s t r a i n t s , and procedures - - a l l associated w i t h these 
generic frames. For S I , the gcstalt includes the frames shown below, 
w i t h daughters of a frame representing i ts specializations. Many 
o ther in terre lat ions among these frames arc not shown. 

TMIN6 

, , I , , 

T h e goa l o f the knowledge-based phase is to compu te t h i s f r a m e 
gestal t . 

T h e input to the gestalt format ion process is a set of par t ia l l y 
instant ia ted frames representing the informat ion actual ly present in 
the in fo rma l request. Th is input is generated by a na tu ra l language 
f r o n t end cons is t i ng o f the Wa i t - and -See -Pa rse r developed by 
M . M a r c u s [ 7 6 ] and a f r a m e - b a s e d s e m a n t i c s d e s i g n e d b y 
C B u l l w i n k l e [ 77 ] . T h e r e are f o u r p a r t i a l l y i n s tan t i a t ed f r a m e s : 
M E E T I N G 3 7 , SCHEDULE21, I N TER VAL17 , MOMENT54. 

M E E T I N G 3 7 is the frame for the proposed meeting and in i t i a l l y 
contains in fo rmat ion regarding the part icipants and t ime of the event 
ex t rac ted f r o m the English request. 
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MEETING 37 

AKO SVALUE 

WHO $VALUE 

FA-MEETING [SOURCE: PRAGMATICS S I ] 

IRA [SOURCE: PRAGMATICS S I ] 

BRUCE [SOURCE: SEMANTICS S I ] 

PA-MEETING 

AKO SVALUE 

WHY SVAIUE 

WHERE SOEFAULT 

WHEN SOEFAULT 

WHO SOEFAULT 

M E E T I N C 3 7 reports that the part icipants arc Bruce and I ra . 
Bruce i t known f r om the semantic in terpretat ion of S I , whi le I ra is 
inserted on the basis of pragmatics, i.e. that the person reques tmr 
t h e m e e t i n g w ishes t o b e i n c l u d e d among t h e p a r t i c i p a n t s . 
M E E T I N C 3 7 has been i den t i f i ed by p ragmat ics as A - K I N D - O F 
( A K O ) P A - M E E T I N G on the basis o f knowledge r e g a r d i n g the 
common act iv i t ies of I ra and Bruce. Had no such special knowledge 
existed, the sentence would simply have tr iggered an instance of the 
M E E T I N C frame. 

T h e f i r s t element of these frame st ructures is the name of the 
f rame name and each remaining item is a slot. Each slot has one or 
more values, expl ic i t ly marked by the I V A L U E facet. A f rame is 
t hus s imply a mu l t i - l eve l association l ist. The semantics of at tached 
procedures and inheritance is enforced by the access funct ions. 

4. REPRESENTATION TECHNOLOGY 

T h e fo rmat ion of a frame gcstalt occurs by expanding the the 
f rames extracted f rom the in i t ia l request in terms of the knowledge 
stored in the FRL database. This section discusses this process in 
terms of the cont r ibut ions made by six representations techniques 
embedded in F R L - 0 : comments, abs t rac t i on , d e f a u l t s , c o n s t r a i n t s , 
ind i rec t ion and procedural attachment. 

O Comments. The f i r s t generalization of property l ists in F R L -
0 is the inclusion of comments attached to values. Comments are 
used in these examples to record the source of the value in each slot. 
So fa r , the only tourcc is the semantic and pragmatic in te rp re ta t ion 
p e r f o r m e d by the language comprehension process. A l t e r n a t i v e 
sources are inferences made by attached procedures and inher i ted 
propert ies. Other kinds of commentary provide numerical u t i l i t i es for 
use by t he scheduler , and descr ibe d i f fe rences between m u l t i p l e 
procedural methods attached to the same slot. 

T h i s commen ta ry provides gu ide l ines bo th f o r B A R G A I N t o 
judge the re l iab i l i t y and and strength of various constraints and for 
N U D G E t o d e b u g i ncons i s tenc ies a r i s i n g f r o m c o n f l i c t i n g 
c o n t r i b u t i o n s by d i f f e r e n t f rames d u r i n g the gcs ta l t f o r m a t i o n 
process. T h e f o r m e r wou ld ar ise i f con f l i c t s ex is ted between the 
generic in fo rmat ion of the IRA and BRUCE frames, while the L i t te r 
is e x e m p l i f i e d by Si be ing pa r t of a d ia log . T h e sentence " T h e 
mee t i ng shou ld be t o m o r r o w in my o f f i ce . " wou ld ove r r i de the 
de fau l t suggested by generic knowledge. Our use of commentary to 
gu ide a debugging process derives f rom research by Sussman [73 ] and 
Goldstein [74]. 

S e l f - k n o w l e d g e , i n t he f o r m o f m a c h i n e u n d e r s t a n d a b l e 
anno ta t i ons , also f ac i l i t a tes the system's a b i l i t y to exp la in i t s 
in ferences to a user. T h i s is c r i t i c a l i f the user is to become 
conf ident in the system's capabilit ies. 

(2) Abst ract ion. The second property l ist general izat ion is to 
al low in fo rmat ion to be inherited between concepts. In essence, th is is 
an i m p l e m e n t a t i o n o f Qu i l l i an ' s S U P E R C O N C E P T po in te r , b u t 
be tween p r o p e r t y l i s ts r a t he r than nodes in a semant ic net . For 
example, detai ls of the meeting between Bruce and I ra are inher i ted 
f r o m a gener ic desc r ip t ion o f P A - M E E T I N G s . T h i s d e s c r i p t i o n 
inc ludes answers to such quest ions as where such meet ings are 
typ ica l l y held, when, why, who is involved, what prerequisi tes are 
requ i red and what consequences result. 

Since the answers to some of these questions is clearly applicable 
to a broader set of act iv i t ies than meetings of the PA-GROUP, the 
in fo rmat ion is d is t r ibu ted in a hierarchy of successively more general 
f rames, thereby achieving both power and economy. 

Each f rame points to i ts generalization by means of i ts A K O slot. 
T h e process by which informat ion in a generic f rame is acquired by a 
specialised instance of tha t frame is called inheritance. M E E T I N G 3 7 , 
f o r example, i n h e r i U informat ion f rom i ts general isat ion, the P A -
M E E T I N C f rame. 
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MEETIN6 
PA-PROJECT 
AI-PLAYROOM 
((ON FRIDAY) (FOR 1 HOUR)) 
IRA [ROLE: MANAGER] 
BRUCE [ROLE: FRL] 
CANOY [ROLE: SEMANTICS] 
MITCH [ROLE: SYNTAX] 

(3) Defau l ts . The th i r d generalisation that natura l ly accompanies 
a h ierarchy of frames is defaul t in format ion, as the slots of a generic 
a c t i v i t y typ ica l ly supply defaul t answers to the common questions 
asked about such events. The u t i l i t y of such defaul t in fo rmat ion was 
a major ins ight of Minsky's or ig inal frames research. The i r use »s 
prevalent th roughou t the N U D G E database, and give the scheduler 
much of i ts power. 

For example, P A - M E E T I N G supplies the in format ion that such 
ac t iv i t ies typ ica l ly involve fou r people, occur on Fridays in the AI 
Lab Playroom and last one hour. The I D E F A U L T atom dist inguishes 
d e f a u l t s f r o m values. We shal l re fe r to the d i f f e r e n t k inds o f 
i n fo rma t ion associated w i th a slot as i ts facets. The role commentary 
i n fo rma t ion associated w i th the part icipants of P A - M E E T I N G s is 
used b y t h e P E R S O N - S W A P P I N G s c h e d u l i n g s t r a t e g y o f t h e 
B A R G A I N program. (Managers are opt imist ical ly defined to know al l 
of the team members* roles.) 

In fo rm ing a f rame gestalt, the defaults of superior frames are 
used unless they are overridden by informat ion f rom a more rel iable 
source, such as the expl ic i t constraints of the or ig inal request. T h u s , 
the W H E R E defau l t would apply to the MEKTING37 gestal t . T h e 
W H E N defau l t , however, is overridden by the expl ici t request in SI 
t h a t the meeting occur on Tuesday. 

De fau l t s arc also useful to the natural language understanding 
system by supply ing expectations that aid the parser and semantics m 
processing amb igu i t y and ellipsis. However, we do not develop tha t 
appl icat ion here. 

W C o n s t r a i n t s . A knowledge representa t ion language mus t 
accommodate descr ip t ions of proper t ies i f i t is to suppo r t t he 
r e c o g n i t i o n of new instances of a generic concept. F R L - 0 a l l ows 
c o n s t r a i n t s to be a t t a c h e d to a s l o t by means o f f a c e t s f o r 
requi rements and preferences. These constraints are i l l us t ra ted in 
the M E E T I N C frame, which is the immediate general ization of P A -
MEETING. 

MEETING 
AKO $VALUE 

WHO SREQUIRE 

WHEN SPREFER 

ACTIV ITY 

(EXISTS ?WHO (HAS-ROLE 'CHAIRMAN)) 

(NOT (> (DURATION 7WHEN) (HOUR 1 . 5 ) ) ) 

Requirements arc predicates which must be t rue of the values in a 
s l o t . P r e f e r e n c e s can be r e l a x e d ye t leave a v a l i d s l o t . T h e 
I R E Q U I R E facet of M E E T I N G stipulates that a chairman he present 
at a l l meetings. The IPREFER facet states that meetings should not 
last longer than 90 minutes. 

It is possible to collapse defaults, preferences and requirements 
i n t o a s ing le C O N S T R A I N T facet . However , we have found i t 
convenient to preserve the dist inct ion, given the use of these facets 
by a schedu ler . Requ i rements cannot be re laxed. Pre ferences , 
however , can be nego t ia ted . De fau l t s are preferences t ha t o f f e r 
specif ic a l ternat ives, ra ther than acting as predicates on a set. 

K R L ' s d e v e l o p m e n t o f " p e r s p e c t i v e s " i n w h i c h a f r a m e i s 
described f r om a par t icu lar viewpoint is a more elaborate k ind of 
const ra in t than we typical ly employ. While a frame pat tern matcher 
can, in essence, specify a perspective, we have not generally used such 
a dev ice f o r t he n a r r o w l y def ined wor ld o f o f f i ce schedu l i ng . 
Whether an extended description mechanism wi l l be needed fo r more 
complex applications remains to be seen. Our current plans are to see 
where F R L - 0 fai ls before we incorporate more power fu l , bu t more 
complex techniques. 
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( 5 ) I n d i r e c t i o n . N o t a l l o f t he r e l e v a n t d e s c r i p t i o n o f 
M E E T I N G 3 7 is conta ined in abs t rac t ions o f the meet ing r o n r r p i . 
Frames in o r t h o g o n a l h ie rarch ies also supply cons t ra in t s . For 
example, act iv i t ies involve agents, and the frames for these agents 
have r e l e v a n t i n f o r m a t i o n . T h e f r a m e s y s t e m has s e p a r a t e 
h ierarchies fo r act iv i t ies and people, interconnected by indirect ion. 
T h e IRA f rame exemplif ies this. 

T h e f i r s t atomic slot identif ies I ra as a person. The remaining non-
a tom ic s lo ts ( ie, s lo ts w i t h compound names) prov ide i n f o r m a t i o n 
regard ing var ious act iv i t ies wi th which IRA is typical ly involved. 
For example, in general IRA prefers MEETINGS on Friday afternoons 
in his of f ice. Th i s informat ion is not stored di rect ly in the ac t i v i t y 
f r a m e since i t no t gener ica l ly t r u e fo r the a c t i v i t y , but on ly 
appl icable when IRA is involved. IRA's default of NE43-819 as the 
place to ho ld meet ings suppl ies the value of the WHERE slot of 
M E E T I N G 3 7 . 

T h e indirect in format ion appears in the frame gestalt i f both the 
agent and ac t i v i t y frames arc tr iggered. For S I , t r igger ing IRA and 
M E E T I N G t o g e t h e r resu l ted i n the f rame gesta l t s u p p l y i n g the 
missing in format ion regarding the location of the meeting. Thus , 
ind i rec t ion provides l inks between di f ferent hierarchies, extending the 
f rame system to include a network of contingent facts. 

I n d i r e c t i o n is a s imp l i f i ed k ind of mapping between concepts. 
F R L d i f fe rs f rom M E R L I N [Moore & Newell 73] (in whieh general 
mapping is allowed) by providing a restr icted but more s t ruc tu red 
environment. Mapping occurs, in essence, only between agent ami 
a c t i v i t y f r a m e s t h r o u g h i n d i r e c t i o n and be tween concep t and 
superconcept frames th rough inheritance. 

(6) Procedural attachment. A knowledge representation must 
a l low p rocedu ra l as wel l as dec lara t ive knowledge. P r o c e d u r a l 
a t tachment provides th is capabil i ty in FRL-0. 

There are typical ly three kinds of procedural at tachment, ami all 
are provided in FRL-0 . These are i f -added, i f-ncedcd, and i f - rcmow-d 
methods. A dif ference f rom tradi t ional AI languages is that three 
p rocedures are a t tached to the slots of a f rame r a t h e r t han to 
assertions of an a rb i t r a r y form. FRL-0 is thus a more s t ruc tu red 
e n v i r o n m e n t t h a n l a n g u a g e s l i k e P L A N N E R and C O W I V K H 
[ M c D e r m o t t & Sussman 72]. Providing a mechanism for t r i gge r i ng 
a r b i t r a r y procedures by adding a value to a slot suppo r t s the 
f u n d a m e n t a l ope ra t i on o f F R L - 0 which is i n s t a n t i a t i o n ; t ha t is, 
c rea t ing an instance of a frame and f i l l i ng in values for i ts slots. 

For example, when the time of MEETINC37 is arranged (a value 
of the W H E N slot is assigned) i ts name is entered in a calendar for 
easy reference. The method for doing this is supplied by the W H E N 
slot of the ACTIVITY frame. 

the value f rom the user. I ts purpose is indicated by the comment 
T Y P E : R E Q U E S T . T h e o the r method , (USE T O P I C ) , a t t e m p t s t o 
deduce the pa r t i c i pan t s by accessing the W H O slot o f the f r a m e 
provided as the value of the T O P I C The comment on th is method 
indicates that i t is of T Y P E : DEDUCE. The T Y P E comments are 
used by the funct ion contro l l ing the overall instant iat ion process (the 
i f -ncedcd method of I N S T A N C E in T H I N G , which all frames inher i t ) 
T h e i r func t ion is to allow deductive methods to be used in preference 
to in teract ive requests i f possible. 

I f -needed methods have widespread use. Defau l ts can be viewed 
as a special k ind of i f-ncedcd method, so useful and widespread that a 
special face t of a 6lot is devoted to i t . I d i osync ra t i c f o r m s of 
inher i tance (using other than the AKO l ink) can be imbedded in an i f -
necded method for appropriate slots. 

At tached procedures are also used to maintain the i n teg r i t y of 
the database. For example, A K O and I N S T A N C E are s lo ts t h a t 
provide a two-way l ink between a frame and its general isat ion. T h i s 
l inkage is maintained by a pair of i f-added and i f - removed methods. 
T h e procedures which implement this mechanism appear in T H I N G , 
the most general f rame in NUDGE. 

A C T I V I T Y also i l lustrates if-ncedcd methods. These methods 
• H o w access to a r b i t r a r y procedures f o r s u p p l y i n g va lues. For 
example, examine the WHO slot of A C T I V I T Y . There are two i f -
needed methods there. The f i r s t , (ASK), is a funct ion tha t requests 
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S u b t l e t i e s . We c o n c l u d e o u r d i s cuss i on of FRI . -O as a 
representat ion language w i th a consideration of f i rs t some of the 
subt le t ies involved in the use of these six techniques and then some 
of FRL-O's cu r ren t l imi tat ions. 

i. There i* more than one kind of inheritance. 
Addi t i ve and rest r ic t ive inheritance arc two kinds of inher i tanre 

s t ra teg ics that correspond to two common forms of special ization. 
Add i t i ve inheri tance is appropriate where specialization adds new non-
c o n t r a d i c t o r y fac ts to the more general concept. R e s t r i c t i v e 
i n h e r i t a n c e i s a p p r o p r i a t e where s p e c i a l i s a t i o n o v e r r i d e s t h e 
in fo rmat ion contained in the more general concept. Commentary is 
employed to in fo rm the inheritance mechanism whether to stop or to 
cont inue up an AKO chain once the f i rs t datum is found. 

2. Method* can conflict. 
Procedural at tachment can be troublesome. For example, care 

mus t be taken to avoid loops: a method in slot A may add a value to 
s lot B tha t in t u r n adds a value to slot A. An endless loop results. 
We h a n d l e t h i s by u s i n g commen ts t o d e s c r i b e t h e s o u r c e o f 
i n f o r m a t i o n . I t i s up to the i nd i v idua l method to access t h i s 
commentary. 

Schedul ing mul t ip le methods associated w i th a single slot may be 
requ i red , when the methods have an a impl ic i t order. Cu r ren t l y , the 
f rame system executes the methods in a fixed order. If more subt le 
order ing is requi red, the user must combine the methods into a single 
procedure, w i t h th is method responsible for per forming the proper 
o rder ing . 

3. The dittinction between value and requirement i* not nhnrp. 
Requ i remen ts have been presented as predicates to f i l t e r ou t 

unwanted values. To the extent that N U D G E can reason d i rec t l y 
f r o m t h e m , however , they can be used in place of va lues. For 
example, an if-needed procedure can use the requirement to select the 
generic category when instant iat ing a new frame to f i l l a slot. 

4. A frame it more than the turn of i f f parts. 
In ou r in i t ia l conception of a frame system, we did not provide 

f o r a SELF slot to contain idiosyncratic in format ion about the f rame 
i tse l f . Ou r hypothesis was tha t al l of the in format ion in the f rame 
could be represented in the individual slots. However, the need arose 
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to represent global in format ion about the frame, not local to any slot. 
T w o examples are knowledge of how to p r in t the f rame in Engl ish 
and knowledge of the preferred order in which to instant iate the solts 
of the f rame. For these reasons, a SELF slot was introduced w i t h a 
set of facets appropr iate to the various classes of global i n fo rmat ion 
i t con ta ins . At present these inc lude a SDISCIJSS facet w h i c h 
con ta ins a p rocedure f o r descr ib ing the f rame in prose, and an 
SORDER facet which contains a procedure tha t orders the slots at 
the t ime of instant iat ion. 

5. Inheritance of valuet and default* can conflict. 
A g i v e n s l o t may have b o t h a d e f a u l t and a v a l u e in i t * 

general izat ion frame. Which should dominate? Cur ren t l y , the f rame 
system t reats values as more important than defaul ts, so all of the 
values of super ior frames are checked before a defaul t is accepted. 
However, th is may not be appropriate in all cases. When it is not, the 
user of the f rame system can obtain complete control by asking for 
the f u l l her i tage of the slot, i.e. all of the facets for the slot in the 
cu r ren t f rame and i ts superiors. The user can then select the desired 
da tum. 

L imi ta t ions. The fo l lowing are l imitat ions of version 0 of FRL. 
1 . No p rov i s i on is made f o r m u l t i p l e wor lds in the f r a m e sys tem, 

a l t h o u g h t h e B A R G A I N p r o g r a m can cons ide r a l t e r n a t i v e 
calendars. 

2 . P rocedures cannot be at tached to a r b i t r a r y f o rms , b u t only to 
values. For example, there is no way to have a procedure irigger 
when a new requirement is added. 

3. A r b i t r a r y data s t ruc tures cannot be asserted. Only in fo rmat ion of 
the f o r m " f rame, slot, facet, datum, comment" can be placed in a 
f rame. 

4. Hash coding is not cur rent ly used. Hence, it is expensive to f ind 
a l l t h e f r a m e s w i t h a s l o t o f a g i v e n name and even m o r e 
expensive to f ind all the frames in which a given value appear* 

5. Comments cannot be associated w i th a rb i t ra ry parts of a f rame, 
b u t on ly c i t h e r w i t h i nd i v i dua l data o r the SELF slot o f the 
f rame. There is no way to associate a comment w i th a sub le t of 
the slots. 

6. M a p p i n g between f rames is res t r i c ted to m a t c h i n g s lo ts . A 
generalized mapping funct ion, as in M E R L I N [73] wherein one slot 
can be mapped to another, is not allowed. 

Eventua l ly , we may f ind that the more sophisticated capabi l i t ies 
of C O N N I V E R , M E R L I N , KRL, or OWL arc needed. But the rapid 
rise and fa l l of P L A N N E R argues for caution in the in t roduc t ion of 
complex new techniques. We plan to introduce addit ional techniques 
only as the simple generalized property l ist scheme of FRL -0 proves 
inadequate. At present, FRL is adequate to represent the knowledge 
descr ibed in the nex t sect ion which comprises the basis o f us 
schedul ing expertise. 

5. EPISTEMOLOGY OF SCHEDULING 

N U D C E ' s ab i l i t y to expand informal scheduling requests arises 
f r o m the recognit ion of the request as an instance of various generic 
f rames. Th i s section provides snapshots of this generic knowledge, 
w h i c h inc ludes f r ame h ie rarch ies fo r ac t i v i t i e s , people, t i m e , and 
plans. 

(1) A c t i v i t i e s . M o s t a c t i v i t i e s k n o w n t o N U D G E i n v o l v e 
i n f o r m a t i o n t r a n s f e r . They span a set of events cen t r a l to the 
schedul ing domain and interest ing in the subtlet ies they int roduce for 
successful ly debugging conf l ic t ing schedules. The " a c t i v i t y " subtree 
of the f rame hierarchy shown earlier i l lustrates these in fo rmat ion 
t rans fe r act iv i t ies and the i r disposition along general isation chains. 

T h e use o f concep t h i e r a r c h i e s i s an a l t e r n a t i v e t o t h e 
uns t ruc tu red set of pr imi t ives proposed by Schank [73]. We f ind th is 
approach power fu l in that i t faci l i tates the recognit ion of new objects 
and al lows f ine dist inct ions to be readily made. To i l l us t ra te the f i r s t 
po int , SI could have been treated as re fer r ing to an ins tant ia t ion of 
t he M E E T I N G f rame , in the absence o f recogn iz ing a m e e t i n g 
between B r u c e and I r a as a P A - M E E T I N G . La te r , i f a d d i t i o n a l 

i n fo rmat ion allows this recognit ion, the AKO pointer of M E E T I N G 3 7 
would s imply be adjusted to point to P A - M E E T I N G . Otherwise no 
change is needed. 

The f ine dist inct ions between informat ion transfer act iv i t ies 
represented in the ac t i v i t y hierarchy guides the t ime of schedul ing, 
the preparat ions required, and the pattern of the consequences. A 
phone call need not be scheduled for a precise t ime while a formal 
m e e t i n g m u s t . We f i n d a separate f rame u s e f u l , r a t h e r than 
r e p r e s e n t i n g phone and ma i l as d i f f e r e n t i n s t r u m e n t s to a s ing le 
communicat ion ac t i v i t y (as might be Schank's approach) because other 
i n f o r m a t i o n is c lus te red around the choice of means. A l e t t e r 
requires more preparat ion t ime than a phone cal l , implies a cer ta in 
delay in communicat ion, and leaves open whether a response wi l l be 
received. 

(2) People. Beyond the s t ra igh t fo rward record of pert inent facts 
about a person -- the i r name, address, phone number, of f ice -- lies 
the need to c a p t u r e the a l te rna te roles people play in d i f f e r e n t 
s i tuat ions. Roles exists in thei r own abstract ion tree. For schedul ing 
purposes, the roles define an order of importance that dictates, in the 
case of conf l i c t ing defaul ts and preferences, the order in which they 
should be relaxed. Acqu i r ing properties by v i r tue of playing a role is 
i den t i ca l to i n h e r i t i n g i n f o r m a t i o n as a special ized instance of a 
f rame ; the A K O / I N S T A N C E links define the path along which th is 
i n f o r m a t i o n f l ows . A p a r t i c u l a r f ea tu re of roles is t ha t they are 
o f ten t rans i to ry and conditional on the type of ac t iv i ty . 

Or ig ina l l y , we maintained a s t r i c t hierarchy in FRL w i th each 
f rame po in t ing to a single abstract ion. Recently, we have allowed 
mu l t i p l e AKO l inks. The mot ivat ion was that i t appeared na tu ra l for 
a person to i n h e r i t f r o m several roles. For example, in a g i ven 
s i t ua t i on , I r a may be both a visi tor and a professor. Insofar as the 
in fo rmat ion inher i ted f rom mul t ip le parents is non-conf l i c t ing , no 
d i f f i c u l t y arises f rom this b i furcat ion in the AKO path. If there is a 
con f l i c t , i t shows up in the frame gestalt w i th comments ind icat ing 
the var ious sources of the conf l ic t ing informat ion. It is up to the 
process using the gestalt to decide on a resolut ion. 

For example, as a professor, Ira's preferences w i th respect to a 
meet ing t ime would take precedence over a student. As a v is i to r to 
another un ivers i ty , they would not. The techniques for debugging 
schedules take account o f t h i s , t r e a t i n g the V I S I T O R ro le as 
over r id ing the PROFESSOR role. 

People can be members of groups. A g r o u p has many of the 
same character ist ics as a person insofar as it can appear in the WHO 
slot of an ac t i v i t y and may have i ts own "personal" facts: a name, an 
address, etc. The MEMBER and A F F I L I A T E slots record th is dual 
re la t ion in N U D G E . 

(3) T ime. In our earliest work on NUDGE, t ime was represented 
s imply as points on a real-number line. Th is was adequate for the 
fo rma l analysis made by the scheduler, but proved insuf f ic ient to 
represent the in formal t ime specifications supplied by users. People's 
t i m e s p e c i f i c a t i o n s a re g e n e r a l l y i n c o m p l e t e and o c c a s i o n a l l y 
i ncons is ten t . To handle these i n f o r m a l requests , we moved to a 
f rame-based representation for t ime simi lar to the one described by 
Winograd [75]. 

Below is par t of the generic frame for a moment in t ime: 

TIME 
MOMENT 

AKO 
MINUTE 

HOUR 

DAY 

SVALUE 

sIF-NEEDED 

$ IF-ADDED 

SREQUIRE 

SIF-NEEDED 

SIF-ADDED 

SREQUIRE 

SDEFAULT 

(ASK) [TYPE: REQUEST] 
(DAYTIME-EQUATION) 
(INTEGER-RANGE 0 23) [TYPE: SYNTAX] 
(DAYTIME-A6REEMENT) 
(ASK) [TYPE: REQUEST] 
(WEEKDAY-EQUATION) 
(INTEGER-RANGE 1 3 1 ) [ T Y P E : SYNTAX] 

(DAY-MONTH-AGREEMENT) 

(WEEKDAY-AGREEMENT) 

(CALENDAR-DAY (NOW)) 

Knowledge Renr . -U : Go lds te in 
261 



WEEKDAY SIF-NEEOEO (ASK) [TYPE: REQUEST] 
(WEEKDAY-EQUATION) [TYPE: DEDUCE0] 

SREOUIRE (WEEKDAY?) [TYPE: SYNTAX] 
(WEEKDAY-AGREEMENT) [TYPE: DEOUCEO] 

DAYTIME SIF-KEEDED (ASK) [TYPE: REQUEST] 
(DAYTIME-EQUATION) [TYPE: DEDUCED] 

SREQUIRE (DAYTIME?) [TYPE: SYNTAX] 
(DAYTIME-AGREEMENT) [TYPE: DEDUCED] 

MONTH " s i m i l a r to day' 
YEAR " s i m i l a r to day" 

T h e M O M E N T frame can represent an incomplete request by creatine; 
an instance w i t h only a few of the slots instantiated. T h r at tached 
procedures ~ W E E K D A Y - E Q U A T I O N and D A Y T I M E - E Q U A T I O N 
— der ive as many addit ional descriptors as possible. 

A set of t ime predicates (BEFORE, DURING, AFTER, etc.) have 
been implemented that allow a user lo ask questions regarding his 
calendar. For example, using the natural language f ront end, the 
system can be asked: " Is I ra free on Monday, February 7?" 

T h e pred ica tes take ins tan t ia ted t ime f rames as i npu t and 
pe r fo rm the i r analysis on a "need to know" basis. That is, (BEFORE 
Ml M2) w i l l r e t u r n T even i f Ml and M2 are incomplete, p rov id ing 
there is su f f ic ien t in format ion to make the required judgment . For 
example , Ml may speci fy a moment in January w i t h o u t sav ing 
prec ise ly when and M2 a moment in Feb rua ry . In t h i s case, t he 
B E F O R E question can be answered despite ignorance of the exact 
t i m e i nvo l ved . In t h i s fash ion , we go beyond Winog rad ' s o r i g i n a l 
discussion of frame-based time-representations in that he did not 
c o n s i d e r t h e issues ra i sed b y reason ing w i t h i n c o m p l e t e t i m e 
specif icat ions. Of course, the nature of the incompleteness may be 
such tha t no answer is possible. In this case, the t ime predicates 
repor t tha t the frames are too incomplete for an answer. 

T h e t i m e p r e d i c a t e s can also t o l e r a t e a c e r t a i n d e g r e e o f 
incons is tency . For example, suppose a user asks if a mee t i ng is 
possible w i th Bruce on Tuesday, January 20, 1977. In fact , January 20 
is Monday. Bu t if the frame system knows that Bruce is on vacation 
a l l of January, i t is more appropriate for i t to reply: " I assume you 
mean Monday, January 20. Bruce wi l l be on vacation then." ra ther 
t h a n f i r s t ask ing f o r a c l a r i f i c a t i o n and then t e l l i n g the user h is 
request w i l l f a i l . 

Incons is tency is detected by i f -added methods w h i c h , in the 
course of der iv ing values, observe that they have computed a slot 
value tha t conf l ic ts w i th a user supplied value. A comment regard ing 
the inconsistency is placed both at the slot level and at the f rame 
level. For example, the M O M E N T frame for the inconsistent t ime 
speci f icat ion given above would be: 

MOMENT12 
WEEKDAY SVALUE TUESDAY [SOURCE: USER] 

MONDAY [SOURCE: DERIVEO] 

SELF S lOGICAt -STATE INCONSISTENT [ S E E : WEEKDAY] 

T h e t ime predicates report the inconsistency, and then at tempt to 
answer the o r i g i n a l ques t ion by reduc ing the inconsis tency to an 
incompleteness. Th is is done by referencing an order ing on the slots 
corresponding to the i r relat ive re l iabi l i ty . Year dominates Month 
which dominates Day which dominates Weekday. The in fer io r slot 
values are ignored un t i l the inconsistency is removed. The quest ion is 
then answered using the resul t ing incomplete frame. At best, the 
t ime predicates have guessed correct ly and the user has learned the 
answer to his question. At worst, he is alerted to the consistency and 
responds w i t h a r e p e t i t i o n o f h i s o r i g i n a l r e q u e s t w i t h t h e 
inconsistency removed. 

(4) Plans. It is uncommon to schedule isolated events. Typ ica l l y , 
c lusters of related act iv i t ies are organized around a theme; a series 
of mee t ings to discuss the s ta te of a g roup ' s research, work bv 
several people on a jo in t paper. These clusters embody two kinds of 
i n t e r r e l a t i o n s i n add i t i on t o the A K O / I N S T A N C E bond a l ready 
discussed. F i rs t , there is a logical order ing of act iv i t ies, which in the 
realms of scheduling nearly always entails a chronological order ing to 
be en fo rced . Second, ac t i v i t i e s can be b roken down i n t o s u b -

ac t i v i t ies ; these represent sub-goals w i th respect to the purpose*; of 
t he a c t i v i t y i t se l f . Opposing P R E R E Q U I S I T E / P O S T R E Q U I S I T K 
l inks connect frames possessing a logical order ing. The values of a 
P R E R E Q U I S I T E slot name frames which must immediately precede 
i t . Analogous SUB/SUPER l inks connect frames subordinate one to 
another. A plan is a group of frames connected by these pointers. 
These imp lemen t a p rocedura l net in the s ty le of Sacc rdo t i [ 7 5 ] , 
which served to un i f y the ideas of ABSTRIPS and NOAH as schemes 
fo r represent ing planning knowledge. 

An example of us ing a plan is i l l u s t r a t e d in the scenar io . 
N U D G E ' s R2 response alludes to a PA Progress Report, whose f rame 
contains the fo l lowing planning l inks. 

Interconnect ions describing i ts subgoals and the order in which thr> 
mus t be accomplished permit the creation of an instance m i r r o r i n g 
th is s t r u c t u r e which satisfies the request. At R2 in the scenario, 
N U D G E makes a point of scheduling the preparat ion of a w r i t t e n 
p r o g r e s s r e p o r t f o r B r u c e w h i c h i s c l e a r l y s o m e t h i n g t o b e 
accompl ished be fore the newly scheduled meet ing w i t h I r a . T h e 
g e n e r i c f r a m e f o r P A - M E E T I N G has a P R E R E Q U I S I T E s l o t 
c o n t a i n i n g a r equ i r emen t f o r th i s and an I f -needed p rocedu re to 
accomplish i t . 

PA-MEETING 
PREREQUISITE SREQUIRE (AKO REPORT) 

lIF-NEEDED (INSTANTIATE-AS-REQUIRED) 

Frames and Knowledge. Frame systems have proved a eonvenient 
representat ion for knowledge that natura l ly fal ls into a taxonomy of 
s u c c e s s i v e l y m o r e g e n e r a l c a t e g o r i e s . I n d i v i d u a l f r a m e s a re 
convenient fo r representing concepts that have mul t i -d imens iona l 
desc r i p t i ons wh ich may be po ten t ia l l y incomplete or i ncons is ten t . 
However, the l im i ts of frames as a representational scheme are not 
yet c lear ly understood. We plan extensions into d i f fe rent domains to 
understand these l imi tat ions. 

6. B A R G A I N I N G B E T W E E N GOALS 

N U D G E t rans la tes an i l l - d e f i n e d , under -spec i f i ed s c h e d u l i n g 
reques t i n t o a complete spec i f i ca t ion , represented by the f r a m e 
gestal t . Th i s gcstal t becomes the input to a scheduling p rogram, 
B A R G A I N , t ha t seeks the best t ime for the requested ac t i v i t y i f the 
desired t ime is unavailable. Other t radi t ional scheduling programs 
could be employed as the gestalt is a complete and formal request. 
We use B A R G A I N since it improves upon t radi t ional decision analysis 
p r o g r a m s by i n c o r p o r a t i n g A I techniques to con t r o l the search 
process. 

B A R G A I N is power-based in the sense t h a t i t s competence is 
predicated on ef f ic ient search. It engages in a best - f i rs t search, as 
c o n t r o l l e d by a s t a t i c eva lua t ion f u n c t i o n t h a t measures (1) the 
number of violated preferences, (2) their respective u t i l i t i es and (3) 
t he n u m b e r o f r ema in ing con f l i c t s . B A R G A I N was o r i g i n a l l y 
designed by Go lds te in [ 7 5 ] and implemented in C O N N I Y E R by 
F. Ke rn [ 7 5 j 

B A R G A I N employs a set of 8 search operators which cons t i tu te 
d e b u g g i n g s t r a teg ies f o r t ime con f l i c t s . One set are " r e s o u r c e -
d r i von " , i.e. they are experts on the physics of t ime and el iminate a 
con f l i c t by a l te r ing the dura t ion , in te r rup t ing , sharing or moving the 
event. T h e second set are "purpose-dr iven" and go outside the t ime 
domain to examine the topic of the meeting and a l ternat ive methods 
f o r accomplishing i t An application of any one of these techniques 
produces a new calendar w i t h the conf l ic t resolved, and possibly new 
conf l i c ts in t roduced. Each strategy has a cost associated w i t h i t . 
B A R C A I N ha l ts when i t has found the best sequence of debugg ing 

Knowledge Repr . -U : Go lds te i n 
262 



s t r a teg i es t h a t generate a c o n f l i c t f ree calendar w i t h i n v a r i o u s 
computat iona l constraints. 

The appl icabi l i ty of a search operator — especially the purposc-
dr iven k ind — can depend on the overall knowledge context. Hence, 
the power-based approach benefits f rom some hetcrarchy w i th the 
preceding knowledge-based phase. A given search operator may ask 
the f r a m e sys tem whe ther i t appl ies. For example, a s t r a t e g y to 
change par t ic ipants must rely on knowledge of available candidates 
and the goals of the ac t iv i ty for suggesting sui table replacements. 

T h e r e l a t i v e preference fo r d i f f e r e n t schedu l ing s t r a teg ies i s 
contro l led by specific assertions in the HOW slot, which contains the 
names of strategies applicable to the act iv i ty in which it appears. 
For example, PA meetings can be postponed as a last resort and only 
re luc tan t l y i n te r rup ted ; as can be seen in th is excerpt f rom the P A -
M E E T I N G frame. 

PA-MEETING 
HOW SDEFAULT POSTPONE [ U T I L I T Y : H IGH] [MAXIMUM: 

INTERRUPT [ U T I L I T Y : MEDIUM] 
n 

O u r a p p r o a c h t o p o w e r - b a s e d s c h e d u l i n g p a r a l l e l s t h e 
conservat ive development of the knowledge-based component in tha i 
the w e l l - u n d e r s t o o d techniques of decision analysis have been 
augmen ted only as requ i red . T h i s augmen ta t i on has i nvo l ved 
apply ing AI search techniques to improve the eff iciency w i th which a 
best compromise is found. 

7. CONCLUSIONS 

(1) F R L - 0 p r o v i d e s a s i m p l e , b u t p o w e r f u l r e p r e s e n t a t i o n 
technology. Frames are generalised property l is t , sharing much of 
the s impl ic i ty of t radi t ional a t t r i bu te /va lue representation schemes. 
Ye t t he add i t i on o f a few capab i l i t ies - - comments , c o n s t r a i n t s 
defau l ts , procedural attachment, inheritance -- provides a great deal 
more power and economy in the representation. K R L and O W L are 
more ambi t ious and more complex, and may well apply to contexts in 
which F R L - 0 proves insuff ic ient. But this remains to be seen. We 
plan f u r t h e r experiments w i th FRL-0 to ident i fy i ts s t rengths amd 
weaknesses. 

(2) Whether FRL-0 or some other AI language is employed, ou r 
experience w i th the nature of informal requests, the issues raised by 
mu l t i p l e inheritance paths, the interaction between a searrh p rogram 
and a r i c h knowledge base, and the epis temology of i n f o r m a t i o n 
t rans fer act iv i t ies, t ime, place and people wi l l surely be relevant to 
the design of knowledge-based AI programs. 

(3) F R L is an exper iment in the u t i l i t y o f the f rames. O u r 
experience is tha t c luster ing the answers to common questions about 
the f rame s t r uc tu re for a concept provides a useful representat ion 
p a r a d i g m . T h e f r ame ges ta l t der ived f r o m th is f rame s t r u c t u r e 
supplies missing in format ion simi lar to that generated by competent 
human schedulers to handle informal requests. 

(4) The ent i re system can be viewed f rom another perspective. 
Since a frame's behavior is actual ly governed largely by the attached 
procedures, it can be viewed as an accessing scheme to the under ly ing 
p r o c e d u r a l knowledge. T h u s , f rames implement g o a l - d i r e c t e d 
invocat ion (as in PLANNER) , but w i th pattern matching replaced by 
the more general process of frame instant iat ion. 

(5) N U D G E is a step towards an AI system w i th common sense. 
By generat ing a complete frame gestalt, the system minimr/.es the 
possib i l i ty of over looking obvious alternatives. Defau l ts , preferences 
and r e q u i r e m e n t s a l low much to remain unsa id . A to le rance f o r 
m inor inconsistencies is a benchmark of a robust knowledge system. 

(6) N U D G E and B A R G A I N are steps towards the creat ion of an 
automated of f ice. Given the enormous informat ion f low in a modern 
o f f i ce , th is is an impor tant area for applied AI research. 

T h i s paper describes research done at the A r t i f i c i a l Intel l igence 
Labora tory of the Massachusetts Ins t i tu te of Technology. I t was 
supported in par t by the Advanced Research Projects Agency of the 
D e p a r t m e n t o f Defense under O f f i ce o f Nava l Research c o n t r a c t 
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