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Fraditional scheduling algorithms (using the techniques of PERT
charts, decision analysis or operations research) require well-defined,
quantitative, complete sets of constraints. They are insufficient for
scheduling situations where: the problem description is ill-defined,
involving incomplete, possibly inconsistent and ‘generally qualitative
constraints. The NUDGE program uses an extensive knowledge base to debug
scheduling requests by sﬁpplying typical values for qualitative
constraints, supplying missing details and resolving minor
inconsistencies. The result is that an informal request is converted to
a complete description suitable for a traditional #cheduler.

To implement the NUDGE program, a knowledge representation language
-- FRL-0 -- based on a few powerful generalizations of the traditional
property list representation has been developed{ The NUDGE knowledge
base defined in FRL-0 consists of a hierarchical set of concepts that

- provide generic descriptions of the typical activities, agents, plans and
purposes of the domain to be scheduled. Currently, this domain is the
management and coordination of personnel engaged in a group project.

- NUDGE constitutes an experiment in knowledge-based, rather than
power-based AI programs. It also provides an example of an intelligent
support system, in which an AI program serves as an aid to a decision
maker. Finally, NUDGE has served as an experimental vehicle for testing
advanced representation techniques. -

This report describes‘research done at the Artificial Intelligence
Laboratory of the Massachusetts Institute of Technology. It was supported in
~.part by the Advanced Research Projects Agency of the Department of Defense under
Office of Naval Research contract N00014-75-C-0643.
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1 This paper has been submitted to the Fifth International,tonference on
Artificial Intelligence.



1. INTRODUCTION

A classic issue in Al ‘1s the knowledge versus power controversy [Minskv & Papert
74]. The knowledge position‘ advocates that intelligence arises mainly from the use of a
large storé of specific knowledge, while the power theory argues for a small collection
of general reasoning mechanisms. This paper reports on an experiment in which a
knowledge-based program NUDGE has been implemented for the scheduling domain, a domain
in which‘ power-based programs have long been the dominant paradigm.

Traditionally, scheduling programs apply; simple but powerful decision analysis
techniques to findihg the optimal schedule under a well-defined set of constraints. The
performance of NUDGE confirms that for well-defined, formal situations, the traditional
power-based approach is appropriate. But for the problem of defining these formal
situbations whén given only informal specifications, a knowledge-based approach is

necessary. By an informal specification, we mean a scheduling request that 1is

potentially incomplete, possibly invconsistent and qualitative. (See Balzer [74] for an

analysis of informal program specifications.) Thus, the NUDGE prbgram accepts informal
requests and produces a calendar cdntaining possible conflicts and an asinciated set of

strategies for resolving those covnflicts. A domain-independent search algor.thm BARGAIN

then resolves these conflicts by traditionai decision analysis techniques.

~ informal |Knowledge-based| formal  |Power-based|

| mememeeeeeee > Program |---==-==<===>| Program |-->Schedule
scheduling |----c--cccccee- |  request |----c---e-- | :
request NUDGE - ' BARGAIN

NUDGE uses a broad data base .of knowledge to expand and debug: informal -cheduling

're'quests. The database is used to supply missing details, resolve inconsistencies,

determine available options, notice neceSsary prerequisites and plan for expected
outcbmes. To manage ;his'vlarge store of knowledge, a repf‘esentation language -- FRL-0
=~ has been implemented. FRL-0 vextends the traditional attribute/value descripfion of
properties by allowing properties’ to be described by: comments, abstraction:, de?'aulis.
constraints, 1ndifect pointers from other properties, and attached procedures.

These are not new representation techniques. Abstraction, for example, was
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discussed in Quillian [68], and attached procedures have become a common property of Al
languages since PLANNER [Hewitt 69]. However, the strengths and weaknesses of these
representation techniques and their potential interactions is still not well understood.
For this reason, we have chosen.not to include as many representation capabilities as
are currently being implemented in KRL [Bobrow and Winograd 76] and OWL [Martin 77]. We
view FRL-0 as an experimental medium to study the utility of a few specific capabilities
and their interactions. 7

Because a knowledge-based approach requires a larg‘e store of specific data, it was
necessary to choose a particular domain. tb carry out our experiment. Our criterion was

to select a realm in which scheduling_requeéts are typically informal. This criterion

‘ruled out such scheduling problems as those of an assembly line. (See Tonge [63] for an

Al treatment of this problem.) instead, we selected office scheduling; in particular,
assisting_ a manager in scheduling his team. This environment includes scheduling
meetings, mohitoring the progres;s of subgoals assigﬁed to team members, alerting the
managef to deadlines, and real-tipe rescheduling.

In providing NUDGE wiih the ;kn:owledge necessary forf these functions, our research
sérves'a third purpose béyond (1)'exploring the relation b_etween knowledge-ba.2d and
pb'wer-based scheduling and (Z)Iexer'cisring various representation strategies. It
provides-insight'into thé categories of knowledgé that are necessary for office

scheduling (independent of their representation). NUDGE contains a hierarchy for

activities involving information transfer, for people in various roles related to this '

transfer, for the plans governing these transfers, and for the associated demands on
time, space and personnel. The hierarchy is on the average five levels deep and
1nc1udés approximately 100 objects, each described by a geheralized property list called

a frame. An abridged version of this hierarchy appears below, with specialization

“indicated by ‘nestihg .
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(THING (ACTIVITY (EATING (LUNCH) (DINNER))
( TRANSPORT (FLY) (DRIVE) ...)
(MEETING (PA-MEETING)
(COMMUNICATION-AT-A-DISTANCE (PHONECALL)
( CORRESPONDENCE (US-MAIL)
(NET-MAIL)))
(ONE-WAY-COMMUNICATION (READ)
(WRITE (DRAFT) (EDIT))
(TELL (LECTURE))
(LISTEN)))
(RESEARCH (PA-PROJECT) (VLDB-PROJECT) ...))
(PEOPLE (GROUP (AI-LAB (VLDB-GROUP) (PA-GROUP) ...) ...)
(PERSON (PROFESSOR (IRA))
(STUDENT (GRADUATE-STUDENT (MITCH) (CANDY))
(UNDERGRADUATE-STUDENT) )
(VISITOR (ACADEMIC-VISITOR)
(GOVERNMENT-VISITOR) .
(REPORTER))))
(PLACE (CITY (CAMBRIDGE) (SAN-FRANCISCO) ...)
(SCHOOL (MIT) (STANFORD) ...)
(BUILDING (HOUSE (25-WILDWOOD))
(OFFICE-BUILDING (545-TECHNOLOGY-SQUARE))
(RESTAURANT (DODIN-BOUFFANT)))
(ROOM (OFFICE (NE43-819))
( SEMINAR-ROOM (AI-LOUNGE))))
(TIME (INTERVAL) (MOMENT))
(OBJECT (INFORMATION (REPORT (PROPOSAL)
(PROGRESS-REPORT)
(FINAL-REPORT))
(LETTER)
(MEMO))
(VEHICLE (CAR) (PLANE) ...)
(REMINDER)
(CALENDAR)))

|
The term "frame" as used in FRL-0 was inspired by Minsky's [75] development of frame
ﬁheory. Frame theory contends that (1) intelligence arises from the application of
large amounts of highly specific knowledge, as opposed to a few general irferencing

' mechanisms, and (2) this is accomplished through the use of a library of frames, packets

of knowledge that provide descriptions of. typ1ca1 objects and eveats. - hese

descriptions contain both an abstract template providing a skeleton for describing any
1Instance and a set of defaults for typical members of the class. The defaul:s allow the
:lnformation system to supply missing detail, maintain expectations, and notice
anomalies. ' |

| We'have yet to investigate with equal care related areas of knowledge not .trictly
involved :ln*scheduling, the information flow between members of a research t-am -- this

Vincludes,spece allocation, budgeting, and trével scheduling. The last of these is the



focus‘ of -the GUS system developed by Bobrow et al [76]. GUS is a frame-bascd dialog
system that addresses many of the issues raised here. The major difference is that GUS
focusses on the use of frame representations to support dialog comprehension while NUDGE
focusses on their use to support sophistica.ted scheduiling.

Finally, although developed for the office scheduling domain, the NUDGE knowledge
| base does have a broader applicability. The use of a hierarchy of successi ely more
abstract concepts allows highly specific information to be clearly ségregatc:d from more
general facts about the world. Furthermore, some of the concept hierarchies such as

those for time and place apply in toto to many other applications.

2. SCENARIO
The following request is typical of those understood by NUDGE.
(S1) > NUDGE, schedule a meeting with Bruce for next Tuesday.
S1 is an informal specification in that such facts as the following are left unsaid:
Where the meeting is to be held.
Which Tuesday is next Tuesday.
What time on Tuesday is preferred. _
How long the meeting is should last.
Whether there are any prerequisites.
What to do if Bruce is unavailable.
As such it is typical of the requests made by people of one another. Given a xnowledge
of the individuals invoived,* their roles and the context, NUDGE expands Sl to the more
complete S1', where the added information is in italics.
(S1') > I UNDERSTAND YOUR REQUEST TO MEAN: SCHEDULE A MEETING WITH BRUCE AND ME AT 3 IN
THE AFTERNOON NEXT TUESDAY 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 NUDGE [Bullwinkle 77],

S1 causes the constructioh of a frame gesfalt, a data structure of instantiated frames
containing all information _in S1'.  (The actual text of S1' is generated by the text
output procedures associated with the frames in this gestalt.) '

- The knowledge-based phase of the scheduling concludes with i:he conve;-~ion of the
1nfoﬁnation in the ffame gestalt to a calendar containing possible conflic.s:; and an
associated set of strategies for resolving thos-e conflicts. The BARGAIN program then

reports the highest utility compromise to the user.
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(R1) YOUR PREFERRED TIME FOR MEETING WITH BRUCE ON TUESDAY IS ALREADY FILLED BY A
MEETING WITH MARK. HOWEVER, MARK'S PURPOSE IS TO DISCUSS LANGU:GE RESFARCH AND
CANDY IS AVAILABLE. SHALL I RESCHEDULE MARK TO SEE HER INSTEAD.

Mark's purpose is not specifically to see Ira, and hence, a member of Ira's group can be

substituted to see Mark. Observe that sufficient knowledge has made it unnccessary to

Juggle the possible time of the méeting between Ira and Bruce, producing : compromise

not~ entirely satisfactory to either. Instead, a sufficiently broad persper ve has

allowed NUDGE to identify the option of finding an alternative ’parti. pant by
referencing the purpose of the conflicting appointment. A knowledge-based phase in the
scheduling thus avoids the myopia a purely power-based approach can exhibit.

Continuing the scenario:

(S2) > Yes.

. (R2) THE MEETING WITH BRUCE IS SCHEDULED. SHOULD BRUCE
’ PREPARE A WRITTEN PA PROGRESS REPORT?

'(83) >‘Yes.
(R3) I WILL REﬁIND BRUCE ABOUT THE REPORTf
Section 3 describes the frame gestalt repreSenting NUDGE's completion of the Sl
request. Section 4 'discusses the representation techniques of FRL-0 supporting the

creation of the gestalt. Section 5 analyzes the underlying knowledge of activities and

individuals represented with these techniques.

3. THE: FORMATION OF FRAME GESTALTS

A frame gestalt consists of a set of generic frames, instantiated appropriately for
a particular scheduling request. Thé generic frames are selected on the basis of clues
implicit in the scheduiing request; knowledge-based reasoning begins with a recognition-
process. Information missing in the request is then computéd from defaults,
constraints, and procedures -- all associated with these generic frar.:. For S1l, the
gestalt includes the frames shown below, with daughters of a frume ra2present:ng its

specializations. Many other interrelations among these frames are not she o..
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THING
]
| l | l '

TIME ACTIVITY PEOPLE ACTION
/7 \ . l |
MOMENT  INTERVAL  MEETING PERSON SCHEDULE
| l | /I \

MOMENTS54 INTERVAL17 PA-MEETING MANAGER STAFF  SCHEDULEZ21
MEF_TlING37 Illu\ BRL'JCE
The goal of the knowledge-based phase is to compute this frame gestalt.

The input to the gestalt formation process is a set of partially instantiated frames
representing the information actually present in the informal request. This input is
generated by a natural language front end consisting of the Wait-and-See-Parser
‘developed by M. Marcus [76] a.nd a frame-based semantics designed by C. Bullwinkle [77].
~There are four partially instantiated frames: MEETING37, SCHEDULEZ21, INTERVAL17,
HbHENTSA.

MEETING37 is the frame for the proposed meetihg and initiaily contains information
regarding the participants and time of the event extracted from the English request. We

give MEETING37 below in FRL-0 notation.

(MEETING37 : .
(AKO  (SVALUE ( PA-MEETING  (SOURCE: PRAGMATICS S1)))
(WHO (SVALUE ( .IRA .- (SOURCE: PRAGMATICS S1))
( BRUCE . - (SOURCE: SEMANTICS S1) )))
)

MEETING37 reports that the participants are Bruce and Ira. Bruce is known from the
semantic interpretation of -S1, while Ira is insertAed on’the basis of pragmatics, i.e.
that the person requesting the meeting wishes to be included among the participants.
MEETING37 has been identified by pragmatics as A-KIND-OF (AKO) PA-MEETING on the basis
of knowledge regafding the common -activities of Ira an;l Bruce. Had no such special
knowledge existed, the seﬁtence would simply have triggered an instance of the MEETING
frame. |

The' first element of these frame .structures is the name of the frame nam: and each
remaining item is a slot. Each slot has a value, explicitly marked by $VALL:. A slot
can have more than one yalue, as in the participant slot of MEETING37. A frame is thus

.siinply a multi-level association list. The semantics of attached procedures and



inheritance 1is enforced by the access functions.

4. REPRESENTATION TECHNOLOGY

The formation of a frame gestalt occurs by expanding the the frames extracted from
the initial request in terms of the knowledge stored in the FRL database. This section
discusses this process in terms of the contributions made by six representations
- techniques embedded in FRL-0: comments, abstraction, defaults, constraints ind ection
and procedural attachment.

(1) Comments. The first genei‘alization of property lists in FRL-0 is the inclusion
of comments attached to values. Comments are used in these examples to record the
v source of the value in each slot. So far, the only source is the semantic and pragmatic
interpretation performed by the language comprehension process. Alternative sources are
inferences made by attached prvocedures and inherited properties. Other kinds of
comment‘ary provide numerical utilities for use by the scheduler, and describe
differences between multiplé proc‘edu.ral methods attached to the same slot. |

This commentahy pr'o'vides Qui:delines both for BARGAIN to judge the reliability and
and strength of various constrair:its and for NUDGE to debug inconsistencies arising from
conflicting contributions by diffler:ent frames during the gestalt formation process. The
former would arise 1f_ conflicts éxisted between ihe generic information of the IRA and
BRUCE frames, while the latter is exemplified by Sl1 being part of a dialog. ‘The
sentence "The meeting should be tomorrow in my office." would override the defaulf
suggested by generic knowledge.; Our use of commentary to guide a debugging process
- derives from research by Sussman“[73] and Goldstein [74].

Self-knowledge, in the form ;)f machine understandable annotations, also faciliatés
the $ystems ability to explain its inferences to a user. This is critical if the user
is to become confident in the system's capabilities.

(2) Abstraction. The second property list generalization is to allow info:- 1i1tion to
be inherited between concepts. ‘In‘essence, this is an implementation ..° Quillian's

SUPERCONCEPT pointer, but between propérty lists rather than nodes in a se... _.ic net.

For example, details of the nieeting between Bruce and Ira are inherited from = generic
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~description of PA-MEETINGs. This description includes answers to such questions as
where such meetings are typically held, when, why, who is involved, what prerequisites
are rrequired and what consequences result.

Since the answers to some offthese questions is clearly applicable to a broader set
of activities than meetings of the PA-GROUP, the information is distributed in a
hierarchy of successively more general frames, thereby achieving both power and ‘bonomy.

Each frame points to its geﬁeralizétion by means of its AKO slot. The process by
which information in a generic fr;ame is acqqired by a specialized instance of that frame

is called inheritance. MEETING37, for example,vinherits information from its

generalization, the PA-MEETING frame.
( PA-MEETING
(AKO (SVALUE  ( MEETING ))) -
(WHY (SVALUE ( PA-PROJECT )))
(WHERE ($DEFAULT ( AI-PLAYROOM ))) '
(WHEN (SDEFAULT ( ((ON FRIDAY) (FOR 1 HOUR)) )))
(WHO (SDEFAULT ( (IRA '(ROLE: MANAGER))
~ (BRUCE (ROLE: FRL))
(CANDY (ROLE: SEMANTICS))
(MITCH (ROLE: SYNTAX)))))
| :

(3) Defaults. The third geJerélization_thét naturally accompanies a :ierarchy of
frames is defaultAinformation,Ea; the slois»of a genefic activity typicaily supply
default answers to the common ql:ies;ions asked aﬁout such events. The utility of such
default infomaﬁion was a major i’nsight of‘Hinsky's original frames research. Their use
is prevalent throughout the NUDG‘E; thabase, and Vgive the scheduler much of its power.

For example, PA-MEETING supblies the information that such activities typically
involve four people, occur on Fridays - 1n the Al Lab Playroom and last one hour. The
$DEFAULT atom dist1nguishes defaults from values. We shall refer to the dlfferent kinds
of information associated with a slot as its facets. The role comentary information
'associatedr with the participants of PA-MEETINGs is used by' the PERSON;SWAPPING
- scheduling strategy of the‘BARGAIN program. (Mangers are optimistically defined to know
all of the team members' roles.) | |

In forming a frame gestalt, the defaults of superior frames aré used unless they aré

overridden by information from a more reliable source, such as the explicit constralints
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of the original request. Thus, the WHERE default would apply to the MEETING37 gestalt.
The WHEN default, however, 1s overridden by the explicit request in S1 that the meeting
~occur on Tuesday.

’Defanlts are also useful to the natural language understanding system by supplying
expectations that aid thevparser and semantics in processing ambiguity »and ellipsis.
| However, we do not develop that epplication here.

(4) Constraints. A hnowledge representation language must accommodat. desc: .ptions
of properties if it is to support the recognition of new instances of a gene. .c concept.
FRL-0 allows constraints to be attached to a slot by means of facets for requirements
and preferences. These constraints are illustrated in the MEETING frame, which ls the
imm.ediate generalization of PA-MEETING.

(MEETING

(AKO (SVALUE ( ACTIVITY )))

- (WHO (SREQUIRE ( (EXISTS ?WHO (HAS-ROLE ?WHO 'CHAIRHAN)) )))

(WHEN ($PREFER ( (< (DURATION TWHEN) (HOWR 1.5)) )))
ces) | ]

Requirements are predicates which must be true of the values in a slot. Preferences can
~be relaxed yet leave a valid slot. The SREQUIRE facet of MEETING stipulates that a -
chairman be present at all meetings. The SPREFER facet states that meetings should not
last longer than 90 minutes.

It is possible to collapse defaults, preferences and requ1rements into a single
CONSTRAlNT facet. Hov{ever,, we have found it convenient to preserve. the dlstmction. '
given the use of these facets by a scheduler. ‘Requirements cannot be relaxed.

Preferences, however, can be negotiated Defaults are preferences that offer specific

alternatives. rather than actmg nas predicates on a set.

KRL's development of '-'perspectxves" in which a frame is described from a particular
viewpoint is a more elaborate k;ind of constraint than we typically employ. While a
frame pattern matcher can,-'»in ess:en;ce, specify a perspective, we have not generally used
such a device for the _narrowly defined world of office scheduling.' Whethe: an extended

description mechanism will be needed for more complex applications remains t oe seen.

Our current plans are to see where FRL 0 fails before we incorporate more powerful but

more complex techn1ques



(5) Indirection. Not all of the relevant description of MEETING37 is contained in
abstractions of the meeting concept. Frames in orthogonal hierarchies also supply
-constraints. For example, activ.ities involve agents, and the frames for these agents
have relevant information. The frame system has separate hierarchies for activities gnd

people, interconnected by indirection. The IRA frame exemplifies this.

IRA
( (AKO (SVALUE ( PERSON )))
((MEETING WHEN)  (SPREFER ( (DURING AFTERNOON) )
3 ( (ON FRIDAY) )))
((MEETING WHERE)  (SDEFAULT ( NE43-819 ))
| (SPREFER ( (IN 545-TECH-SQUARE) )))
( (PA-MEETING WHEN) (SDEFAULT ( (AT 3 PM) ) |
( (AT 10 AM) ))
(SPREFER ( (ON TUESDAY) )))

ees)

The first atomic slot idenfifies Ill'a as a person. The remaining non-atomic slots (ie,
slots with compound names) ﬁrovifde information regarding various activities with which
IRA is typically involved. For% example, in general IRA prefers MEETINGs on Friday
afternoons in his office. ‘This i.lnfbmation is not stored directly in the activity frame
since it not generically true:fqr the activity, but only applicable when IRA is |
involved. IRA's default of NE43-‘81:9 as the place to hold meetings supplies the value of
the WHERE slot of MEETING37. R

The indAirect informaf;ion appéars in thg framé gestalt if both the agent and activity
frames are triggered. For S1, tr.!iggeringy IRA and MEETING together resulted in the framé
gestalt ;upplying the miss'i.ng information regarding thé location of -the meeting. Thus,
indirection provides ‘links befweqn different hierarchies, extending the frame system to
1nc}lude & network of contingent ‘t‘jacts.' |

Indirection is a si-mplifieci:kind of mapping between ;:voncepts.. FRL differs' from
MERLIN [Moore & Newell 73] (i’n which general mapping is allowed) by providing a

restricted but more structured environment. Mapping occurs, in essence, only between

agent and activity frames through indirection and between concept and suberconcept

frames thf‘ough inheritance.
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(6) Procedural attachment. A knowledge representation must allow procedural as well

as declarative knowledge. Procedural attachment provides this capability in FRL-0. This
capability is found in most AI languages beginning with PLANNER [69].
There are typically three ki‘nds of procedural attachment, and all are provided in

!-;RL—O. These are if-added, if-needed, and if-removed met_hods. A difference from

traditional AI languages 1is that these procedures are attached to the slots :f a frame
‘rether than to assertions of ar\ arbitrary‘ form. FRL-0 is thus a rore structured
environment than. languages like PLANNER and CONNIVER [McDermcott & Sussman 72].
Providing a mechanism for triggering' arbitrary procedures by adding a value to a slot
supports the fundamental operatien of FRL-0 which is instantiation; that is, creating
an instance of a frame and filling in values. |

For example, when the time of MEETING37 is arranged (a value of the WHEN slot is
assighed) its name is entered in a calendar for easy reference. The method for doing

this is supplied by the WHEN slot of the ACTIVITY frame.

(ACTIVITY
(AKO - (SVALUE ( THING ))) :
(WHO (SREQUIRE  ( (ALL (AKO PERSON)) ))
' - (SIF-NEEDED ( (ASK) (TYPE: REQUEST) )
: : ( (USE TOPIC) (TYPE: DEDUCE) )))
(WHEN (SIF-ADDED ( (ADD-TO-CALENDAR) ))
(SREQUIRE  ( (AKO INTERVAL) )))
eee) ‘

ACTIVITY also illustrates IF NEEDED methods. These methods allow access to
-arbitrary procedures for supplymg values. For example, examine the WHO slot of»
ACTIVITY. There are two IF-NEEDED methods there. The fir'st. (ASK), is a function that
requests the value from the user. Its purpose is indicated by the comment
TYPE: REQUEST. The other method“, (USE TOPIC), attempts to deduce the parficipants by
accessing the WHO slot of the frame provided as the value of the TOPIC. Trhe comment on
this method indicates that it is of TYPE: DEDUCE. The TYPE commentrs‘ are used by the
function controlling the overall instentiation process (the IF-NEEDED method of INSTANCE
" in THING, which all frames inherit). Their function is to allow deductive nmeth is to be

used in preference to interactive requests if possible.

If-needed methods are'exceedingly powerful. For example, defaults -can be viewed as
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a special kind of if-needed method, so useful and widespread that a special facet of 'a
slot is devoted to it. Idiosyncratic forms of inheritance (using other than th.e AKO
link) can be imbedded in an if-needed for ahpropriate slots.

Attaﬁhed procedures are also used to maintain the integrity of the database. For
example, AKO and INSTANCE are slots that provide a two-way link between a frame ‘and its
generalization. This linkage is maintained by a pair of if-added and if-removed
methods. The procedures which implement this mechani#m appear in THING, t.hé most
general frame in NUDGE.

. (THING
(AKO (SIF-ADDED ( (ADD-INSTANCE) ))
(SIF-REMOVED ( (REMOVE-INSTANCE) )))
(INSTANCE = (SIF-NEEDED ( (INSTANTIATE-A-FRAME) ))
' (SIF-ADDED ( (ADD-AKO) ))
) (SIF-REMOVED ( (REHOVE-AKO). )))

Subtleties. We conclude our discussmn of FRL-0 as a representation language with a
.'consideration of first some of the subtleties involved in the use of these six
techniques and then some of FRL-O"s current limitations.

1. There is more than one kind of inheritance.

Additive aﬁd restrictive inheritan‘ce are two kinds of inheritance struiciles that
éorre#pond to two common forms of specialization. Additive inheritance is ajpropriate
wherg speciaiization adds new ﬁon-contradictory facts to the more ceneral concept.
Restrictive inheritancé is apprqpriate whereSpecialization overrides the information
contained in the more general conicept. Commentafy is employed to inform the inheritance
-mechanism whether to Astop or to éontinue up an AKO chain once the first datum is found.
2. Nethods can conflict. - -

Procedural &ttachment'can be'complex. For example, care must be taken to avoid
>loops: a ‘method in slot A may add_a value to slot B that in turn adds i value to
slot A. An endless loop results. We handle tt_xis by using :<‘:omment5vt'o deScribe the
source of 1nformation It is up to the individual method to access this commcntary.

Scheduling multiple methods associated with a single sldt imay be required, when the

methods have an a implicit order. Currently, the frame system executes the methods in a _
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fixed ‘order. If more subtle ordering is required, the user must combine the methods
into a single procedure, with this method responsible for performing the proper
ordering.

3. The distinction between value and requirement is not sharp.

| Requirements have been presented as predicates to filter out unwanted values. To
the extent that NUDGE can reason directly from them, however, they can be used in place
of values. For example, an IF-NEEDED procedure can use the reqﬁirement t¢ select the
generic category when instantiating a new frame to fj.ll a slot.

4. A jramei‘s more than the sum of its parts.

In our initial conception of a frame system, we did not provide for a SELF slot to
contain idiosyncratic information about the frame itself. Our hypothesis was that all
of the information in the frame could be represented in the individual slots. Howevgr.
the need arose to represent global 1nfor|hation about the frame, not local to any slot.
Tv;n) examples are knowledg‘e bf how to print the frame in English andAknowledge of the
'preferred order' ih which to in/stanti’ate the slots of the frame. For these reasons, a
.SELF slot waS introduced with aY set .of facets appropriate to the various classes of
‘globevxl information it contains. At present these area a SDISCUSS fécet which contains a
pfo&edure fof describing the frame in prose, and an- SORDER ,facetv: which contains a
procedﬁre that orders the slots at the time of ‘instantiation.

8. Inheritance of values and_ defa&lts can confli_ét. _
A given slot inay have both a default and a value in its generalization frame. Which

should ‘domi'nate? Currently, the frame system treats values as more important than

- defaults, s0 all of the values of superior frames are checked before a default is

accepted. However, this may not be appropriate in a11 cases. Wheh it is not, the user
of the frame system can obtain complete control by asking for the full heritage of the -
slot, i.e. all of the facets for the slot in the current frame and its superxors. The

user can then select the desired datum.



Limitations. The following are limitations of version 0 of FRL.

1. No provision is made for multiple worlds in the frame system, although the BARGAIN
program can consider alternative calendars.

2. Procedures cannot be attached to arbitrary forms, but only to values. For example,
there is no way to have a procedure trigger when a new requirement is added.

3. Arbitrary data structures cannof. be ‘asserted. Only information of the form “frame,
slot, facet, datum, comment"™ can be placed in a frame.

4. Hash coding is not currently used. Hence, it is expensive to find all the frames
with a slot of a given name and even more expensive to find all the frames in which a
given value appears.

5. Comments cannot be associated with arbitrary parts of a frame, but only either with
individual data or the SELF slot of the fraine. There is no way to associate a
comment with a subset of the slots.

6. Mapping between frames is restricted to matching slots. A generalized mapping
function, as in MERLIN [73] wherein one slot can be mappee to another, is not

allowed.

Eventually, we may find that the more sophisticated capabilities of - COWNIVER,
'>HERLIN‘,' KRL, or OWL areAneeded. But the rapid rise and fall of PLANNER arjues for |
caution in the introduction of complex newvtechniques. Ve plah to introduce additional
techniques only as the s'imple generalized property list scheme of FRL-0 proves
inadequate. At present, FRL is adequate to represent the knowledge described in the

next section which-comprises the basis of its scheduling expertise.

5. EPISTEMOLOGY OF SCHEDULING

NUDGE's ability to expand informal scheduling requests arises from the recognition
of the request as an instance of various generic frames. This section provides
snapshots of this generic knowledge, which includes frame hierarchies ic¢: activities,

people, time, and planvs.
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(1) Activities. Mosi; activities known to NUDGE involve information transfer. They
span a set of events central to the scheduling domain and interesting in the subtleties
they introduce for successfully debugging conflicting schedules. The "activity" subtree
of the frame hierarchy shown earlier illustrates these information i;ransfer activities
and their disposition along generalization chains.

The .use of concept hierarchies is an alternative to the unstructure. set of
primitives proposed by Schank [73]. We find this approach powerful in 1hat‘ it
facilitates the recognition of new objects and allows fine distinctions to be readily _
made. To illustrate the first point, S1 could have been treated as referring to an
instantiation of the MEETING frame, in the absence of recognizing a meeting between
Bruce and Ira as a PA-MEETING.: Later, if additional informatic: allows this
. recognition, th‘e AKO pointer of MEETING37 would simply be adjusted to point to PA-
MEETING. Otherwise no change is needed.

The fine distinctions between information transfer activities represented in the
activity hierarchy guides the time of scheduling, the preparations reguired, and the
pattern of the consequences. A:phone call need not be scheduled for a precise time
,-while a fornial meeting inust. We find a separate frame usefuI; rather than're;,mesenting
phone and mail as different instruments to a single conimunication activityr (as might be
Schank's npproach) because other infométion'is clustered around the choice of means. A
letter requires more preparation time than a phone call, implies a certain delay in
bcomunication, and leaves open whether a response will be received.

fZ) People. Beyond the straightforward record of pertinent facts aboutv a person --
their name,' address, phone number, office =-- lies the need to capture the alternate
roles people play in different situations. Roles exists in their own abstraction. tree.
For scheduling purposes, the roles define an order of importance that dictates, in the
case of conflicnng defaults and preferences, ‘the order in which they should be relaxed.
Acquiring properties by virtue of playing a role is identical to inheriting ‘nformation
as a specialized instance of a frame, the AKO/INSTANCE 1links define the .ath along

.which this information flows. A particular feature of roles is that they are often

transitory and conditional on the type of activity.
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Originally, we maintained a strict hierarchy in FRL with each frame pointing to a
single abstraction. Recently, we have allowed multiple AKO links. The m.tivat.on was
that it ﬁppeared natural for a person to inherit from se§eral roles. For example.’in a
given situation, Ira may be both a visitor and a professor. Insofar as the information
inherited from multiple parents is non-conflicting, no difficulty arises from this
bifurcation in the AKO path. If there is a conflict, it‘shows‘ up in the frume gestalt
wifh cource comments indicating the 'var.'ious sources of the conflicting information. It
is up to the process using the gest;ﬂt to decide on a resolu‘tion.

For example, as a professor, Ira's. preferences with respect to a meeting time Awould
take precedence over a student. As a Visitor to another university, they would not.
The techniques for debugging schgdules take account of this, treating the VISITOR role
as overriding the PROFESSOR role. |

People c'an:be members of groups. A group has many of the same characteristics as a
‘person insofar as it can appear in the imo slot of an activity'and .may have its own
‘personal'; ifacts: .a nhame, an address, etc. The MEMBER and AFFILIATE slots record this .
dual relation in NUDGE. V . |

| A(3) ‘_l‘_ip_l_g_.' In our 'eafliest work on NUDGE, time 'was represented simply as poiuts on a
real-n-mgber line._. This.wa.s adequafe for the formal analysis made by the scheduler, but
‘proved insufficient to vrepresent the infonnai time specifications supplied by users.
‘Pe(-:ple's time specifications are generally incomplete and océasionally inconsistent. To
‘handie these informal requests, we moved to a frame-based representation forv time
similar to the one described by Winograd [75].

Below is part of the generic frame for a moment in time:

(MOMENT |

(AKO (SVALUE ( TIME )))

(MINUTE o) | |
(HOUR  (SIF-NEEDED ( (ASK) (TYPE: REQUEST) ))

: (SIF-ADDED ( (DAYTIME-EQUATION) ))
(SREQUIRE  ( (INTEGER-RANGE 0 23) (TYPE: SYNTAX) )
| (DAYTIME-AGREEMENT) )))

(DAY (SIF-NEEDED ( (ASK) (TYPE: REQUEST) ))

(
(
(SIF-ADDED ( (WEEKDAY-EQUATION) ))
(SREQUIRE ~ ( (INTEGER-RANGE 1 31) (TYPE: SYNTAX) )
~ (' (DAY-MONTH-AGREEMENT) ) .

( (WEEKDAY-AGREEMENT) ))
(

(SDEFAULT (CALENDAR-DAY (NOW)) )))
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(ASK) (TYPE: REQUEST))
(WEEKDAY-EQUATION) (TYPE: DEDUCED) ))
(WEEKDAY?) (TYPE: SYNTAX) )
(WEEKDAY-AGREEMENT) (TYPE: DEDUCED) )))
(ASK) (TYPE: REQUEST) )
(DAYTIME-EQUATION) (TYPE: DEDUCED) ))

(WEEKDAY  (SIF-NEEDED
(SREQUIRE
" (DAYTIME  (SIF-NEEDED

L R L N R e R

(SREQUIRE (DAYTIME?) (TYPE: SYNTAX) )
(DAYTIME-AGREEMENT) (TYPE: DEDUCED) )))
(MONTH "similar to day" )
(YEAR "similar to day and month® ))

The MOMENT frame can represent an incomplete request by creating an instance wi ': only a
few of the slots instantiated.. The attached procedures -- WEEKDAY-EQUATION and DAYTIME-
EQUATION -- derive as many additional descriptors as possible.

A set of time predicates (BEFORE, DURING, AFTER, etc.) have been implemented that
allow a user to ask questions regarding his 'calendar. For example, using the natural
| language front end, the system can be asked: "Is Ira free on Monday, February 77"

ﬁe predicates take instantiated time frames as input and pe_rform their analysis on
; *need to know" basis. That is, (BEFORE M1 M2) will return T even if M1 and M2 are
incomplete, providing there is sufficient information to make the required judgment.
For example, Ml may specify a moment in January without saying prec1sely when and M2 a
moment in February. 1In this case, the BEFORE question can be answered despite ignorance
‘of the exact time involved. In this fashion, we go beyond W1nograd'~ vriginal
discussion of frame-based time-representations in . that he did not consider tae 1issues
i‘aised by reasoning with incomplete time Specifications.. Of course, the nature of the
incemnleteness may be su;ch thet no answer is possible.' In t.his case, the Vt‘ime
predicates report that the framesl are too incomplete for an answer.

The time predicates can also tolerate a certain degree of 1ncon51stency. For
vexample, suppose a user asks if a meeting is possible with Bruce on Tuesday, January 20,
1977. In fact, January 20 is Mondny. But if the frame system knows t.hat Bruce is on
'vacation all of January, it is more approprlate for it to reply: "I assume you mean
Monday, January 20. Bruce will be on vacation then." rather than first asking for a
~clarification and then tellingA the user his request will fail.

Inconsistency is detected by IF-ADDED methods which, in the course of deriving

values, observe tnat they have computed a slot value that conflicts with a user supplied



value. A comment regarding the inconsistency is placed both at the slot level and at
the frame level. For example, the MOMENT frame for the inconsistent time specification
given above would be: | |

(MOMENT12 -

(WEEKDAY (SVALUE ( TUESDAY (SOURCE: USER) )
- ( MONDAY (SOURCE: DERIVED) )))
( SELF (LOGICAL-STATE (SVALUE ( INCONSISTENT (SEE: WORKDAY) )))))

The time predicates report the inconsistency, and then attempt to an.wer the
or'iginal.question by reducing the inconsistency to an incompleteness. This is done by
referencing an ordering on the slofs corresponding to their relative reliability. . Year
dominates Month which dominates Day which dominates Weekday. The inferior slot value;
are ignored until the 1nconsisten‘cy' is removed. fhe question is then answered using the
l;'esulting incomplete frame. At b‘est,. the timer predicates have guessed correctly and the
user has learned the answei" to hiiis question. At worst, he is alerted to the consistency
and responds with a repetition oif his original request with the inconsistency rexn'oyed.

(4) Plans. It is uncommon fo #chedule isolated events. Typically, clusters of
related activities are organized% around a theme; a series of meetings to discuss the
state of a group's reseabcﬁ, wor;k 'by several ‘people on.ra joint paper. These clusters
embody two kinds of 1ntérre1afiidns in éddition to the-AKOIINSTANCE bond already
discussed. First, there is a ltlagiéql ordering of activities, thch in the -ealms of
scheduling nearly always entail?s a chronological ordering to be ‘enforced. Second,
activities can be brt;ken down i.ntﬁ sub-activities; these reprlésent sub-goals with
respect to the purposes of the;activity itself‘. - Opposing PREREQUISITE/POSTREQUISITE
links conhect— frames possessing a lo'gical ordering. The values of a Prerequisi_te slot
name frames which must immédiately precederit. Analogous SUB/SUPER links connect frames
subordinate one‘ to another. A plan is a group of 'frames connected by these pointers.
These implement a procedural net in the style df Sacerdot; [75], which se‘rve_d <0 unify
the ideas of ABSTRIPS ;nd NOAH as schemc;.s fdr representing planning know: -~ Te. ‘

An example of using a plan is illustrated in the scenario. NUDGE . -~esponse R2

alludes to a PA progress report, whose frame contains the fol'lowing planning links.
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PROGRESS REPORT
I

sub § | sub sub

b/
DRAFT<---pre-----EDIT---post-->DISTRIBUTE

Interconnections describing i;ts subgoals and the order in which they must be
‘ .
accomplished permit the creation of an instance mirroring this structure which satisfies

the request. At R2 in the scenario, NUDGE makes a point of scheduling the preparation
of a written progress report for Bruce which is clearly something to be accomplished
before the newly scheduled meeti’ng with Ira. The generic frame for PA-MEETING has a

PREREQUISITE slot containing a’requirement for this and an If-needed procedure to
accomplish it. :
(PA-MEETING :
(PREREQUISITE ($REQUIRE ( (AKO REPORT) ))
(SIF-NEEDED ( (INSTANTIATE~-AS-REQUIRED) )))
oo.) .

"Frames »andrKnowledgg. Framo systems have proved a convenient representation for
knowledge that naturally falls irito a taxonomy of _successi#ely more general categories.
Individual frames are convenient for répresenting concepts that have multi-dimensional
descriptions which may be ‘potentially incomplete or inconsistent. Howeve~, the limits.
of frames as a represent';ationélscheme are not 'yet cleorly understcod. We plan

extensions into different domains to understand these limitations.

6. BARGAINING BETWEEN GOALS

NUDGE translates an iil-defined. under-specified scheduling request into a complete
_specification, representedrby thé frame gestalt This gestalt becomes the input to a
scheduling program, BARGAIN that seeks the best time for the requested activity if the
desired time is unavailable. Oth‘er trnditional scheduling programs could be employed as
the gestalt 1s .a complete and formal request We. use BARGAIN since it improves upon

traditional decision analysis programs by incorporatmg Al techniques to control the

{

search process . '

BARGAIN is power-based in the sense that its competence is predicated on efficient

search. It engages in a best-first search, as controlled by a static evaluation
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function that measures (1) the number of violated preferences, (2) their respective
utilities and (3) the number of remaining conflicts. BARGAIN was originally designed by
Goldstein [75] and implemented in CONNIVER by F. Kern [75].

BARGAIN employs a set of 8 search operators which constitute debugging strategies
for time conflicts. One set are "resource-driven®, i.e. they are experts on the physics
of time and e'liminate a conflict by altering the duration, interrupting, .A.arir’lg or
moving the eQent. The second set‘.t are "pur;pose-driven' and go outside the time domain to
examine the topic of the meetidg and alternative methods for accomplishing it. An
application of any one of‘ these;vtech‘niques produces a new calendar with the conflict
- resolved, and possibly new conflicts introduced. Each strategy has a cost associated
Qith it. BARGAIN halts when it has found the best sequence of debuggmg strategies that
'generate a conflict free calendar within various computational constraints.

The applicability of a searcl; operator -- especially the purpose-driven kind -- can
dep'end on the ovefall knowledge t’:ontext, Hencé, the power-based approach benefits from
some heterarchy with the preceding knowledge-based phase. A given search operator may
ask the frame syst.em vvvhether' it applies. _For example, a strategy to change participants
‘l‘nust rely on'knowledge of avai;:l‘able’ candidates and the goals of the ac.ivity for
suggesting suitable ‘replacementrs.; -

The relative preference for 'differ.ent 'scheduling.'strategies is controlled .by
specific assertions in the HOW sidt,_ which contains the names of strategies applicable
to the activity in whiéh it appéars. For eXample, PA méetings can be postponed as é
last._resor‘t'. and only reluctantly interrupted; Aaé can be seenh in th'is excerpt frbm the
PA-MEETING frame. - | ' |
 (PA-MEETING

- -(HOW  (SDEFAULT ( (POSTPONE (MAXIMUM: 2)) (UTILITY: HIGH) ))

) ( (INTERRUPT (UTILITY: HIGH) ))))

: Our approach to power-based scheduling -parallels the cons;ervativa dev.. - >pment of the
knowledge-based component in that the well-understood techniques of deci: 1 analysis
have been augmented only as required. This augmentation has involved ..plyirn AI scarch

techniques to improve the efficiency with which a best compromise is £ .ad
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7. CONCLUSIONS

(1) FRL-0 provides a simple, but powerful representation technology. Frames are
generalized p‘roperty list, sharin‘g much of the simplicity of traditional attribute/value
reprosentation schemes. Yet the addition of a few capab111t1es -- comments,
constraints, defaults, procedural attachment, inheritance -- provides a great deal more
.power and economy in the representation. KRL and OWL are more ambitious and more
complex, and may well apply to contexts in which FRL-0 proves insufficient. But this
remains to be seen. We plan further experiments with FRL-O to identify its strengths
and weaknesses. | |

(2) Whether FRL-0 or some other AI language is employed, our experxence with ‘the
nature of informal requests, the issues raised by multiple inheritance paths, the
interaction between a search program and a rich knowledge base, and the epistemology of
information transfer_ activities, time, place and people will sorely be relevant to the
design of knowledge-based Al programs. ‘

(3) FRL is an exper‘iment in the utility of the frames. Our experienoe is that
clustering the answers to ‘common questions about the frame structure 7 r~ a (oncept
provides a useful representation paradigm. The gestalt derived fru,.. this frame
structure supplies missing 1nformation similar to tnat generated by com etenr; human
schedulers to handle informal»requests. |

| (4) The éntire Ssystem can be viewed from another perspective. Since a frame's
behavior is actually governed largely bs' the attached procedures, it can be viewed Aas an
'vaccessingvscheme to the underlying procedural knowledge. Thus, frames imp;emont goal-
directed invocation (as in PLANNER), but with pattern matching repllaced' by the more
general process of frame. instantiation B

(5) NUDGE is a step towards an Al system with common sense. By generating a
complete frame gestalt, the system minmizes the possxbllity of overlookmg obvious
altennatives. Defaults, preferences and requirements allow much to_remai:; unsaid. A
tolerance for minor inconsistencies is a benthmark of .a robust knowledge syswm‘

(6) NUDGE and BARGAIN are steps towards the creation of an automated offlce.- Given

the enormous informatlon flow in a modern office, this is an important area for applied
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Al research.
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