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Abstract

CLase tepassification of scenarios and plans) is a knowledge representa-
tion syvstem that extends the notion of subsumption from frame-based lan-
grages 1o plans. The CLAsp representation language provides description-
forming operarors rhat specifv temporal and conditional relationships between
actions reprezented in CLASSIC (a current subsuiption-based knowledge rep-
resentation language). C1ASP supports subsumption inferences hetween plan
concept~ and other plan conceprs, as well as between plan concepts and plan
instances.  These inferences support the automatic creation of a plan tax-
ooy, Stithsuwmption in cLase builds on term subsumption in CLASSIC and
illustrares how termn snbsimupiion can be exploited to serve special needs. In
particular. the cLase algorithms for plan subsumption integrate work in au-
tomata theory with work in rerm subsumption. \We are using CLASP to store
and retrieve information about fearure specifications and test scripts in the

context of a large software developinent project.
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1 Introduction

Terminological systems {21] are in the KL-ONE family [3] of knowledge represen-
talion languages. and provide representational support in many areas of Artificial
Intelligence. Central to terminological approaches are the interpretation of frames
as descriptions. the use of classification and term subsumption inferences! to orga-
nize frame taxonomies. and differentiation between terminological and assertional
aspects of knowledee., A major limitation of current terminological systems, how-
ever, s an mability to represent and rveason with plans. Plans, compositions of
actions that achicve given goals. play a central role in many areas that use termino-
logical knowledge representarion systems (natural language processing [28], expert
svstems [32]. user interlaces [L0. 35]. plan synthesis [36]. software information svs-
tems [7]). While the gencration and vecognition of plans has been the focus of much
research i antonatic reasoning. the knowledge representation task of managing col-
lections of plans has Targely been unaddressed. Tn this paper we present a knowledge
representation and reascning system that extends the notion of subsumption (rom
terminological linguages 1o plans.

To motivate the necd tor o plan-based terminological representation system.
consider the nse of terminological representation syvstems in the area of software
development. As 1he size, cost. and Tiletime of software systems continue to grow.
it becomes increasingly nportant to find ways 1o help programmers understand
aud maintain these svstains (Lo 6] There are several practical systems [5, 31] that
store and query information about control and data relationships using relational
databases. There are also several tools [27] that are designed to present such infor-
mation visnally in a comprehensible and useful manner. Ilowever, the information
stored in such svstems s of a purely synfactic nature; information collection and
retricval are based on simple string matching. Such syvstems do not address the
semantics of the specilic domain of application. the architecture of the system, or
how the architeetnre ix destened to service the needs of the application domain.
Fischer aud Selincider [12] <ngeested that a laree software project should instead
use n knowledee base 1o collect and disseminate information about all aspects of
the svstem ander construction. For example, if information was stored in a termi-

nological knowledze baseo classification could be used as an organizational tool, and

'We assine the standard inerpratation for these terms. as described in [2]. Briefly, subsump-
tion determines whether ane frame is more general than other. Classification uses subsumption to

find the coreect plaes for a frame in a taxonoamy.



subsumption used to process queries semantically. The LASSIE software information
svstem [7] in fact pursued this idea, using the terminological knowledge representa-
tion language CLASSIC [2] ? to describe the architecture. domain model, and code of
the AT DefininyY 75785, which is a scalable Private Branch Exchange (PBX)
switching produiet.

By using a rerminological language such as CLASSIC, LASSIE could organize de-
scriptions into a taxonomy and do retrieval based on the semantics of the query
and the stored descriptions. A taxonomy of the actions and objects in the tele-
phony domain formed the core of the LASSIE knowledge base. However, LASSIE has
representational needs bevond the capabilities of crLassIC. Because terminological
languages (including cLassic) have no meaningful way to represent or reason with
pluns (temiporal compogitions of actions). LASSIE can not be used to deseribe se-
quences of actions that achieve particular goals (e.g.. Call Forwarding. as found in
most modern telephone systems ). Context-dependent. temporal, and other relation-
ships cannot be captured. A~ we will see. plan-like knowledge is important to the
entire ranee ol activities associated with software development. In addition, action
subsumption and classification do nol support standard inferences [ound in planning
svstems. For example. determining how an action changes the state of the world
depends on reasoning <pecitic to action roles such as preconditions and ellects.

Motivated by suelissues. we have designed and implemented a plan-based knowl-
cdge representation svstem called crase (Crasiication of Scenarios and plans).
CLASE is designed to represent and reason with large collections of plan descriptions.
much in the same way cnrrent terminological svstems reason with object descrip-
tions. CLASE ercates plan descriptions from action and state descriptions, using
a restricted plan language containing temporal and conditional operators. CLASP
uses the semantics of these descriptions to associate plan deseriptions with sets of
plan individuals, and to orzanize plan descriptions into taxonomies based solelv on
terminological inferences.

Figure | shows an example ol scstimple cLase plan taxonomy. Plan-Class ! and
Plan-Clazs 2 ave plan descriptions. The internal arrows show temporal and condi-
tional relationships hetween action descriptions (e.g., Goto) that compose the plan
descriptions.  Plan individuals or instances are specific sequences of action indi-
viduals. Plan classes correspoud to scts of plan instances that satisfy the descrip-

tions. lFor example. Plun-Cluss{ describes all plan instances in which an instance

“Lassie was oricinally implomented using the terminological language KANDOR [20].
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Figure 11 Terminological Plan Reasoning in CLASP

of a Goto activn temporally precedes an instance of an Attend-Conference ac-
tion. which temporally precedes zero or more sequential instances of the action
Visit-Research-Institution. which temporally precede an instance of the action
Leave. plun-instuuce vepresents o temporal sequence of the three action individuals
shown. The cLase terminological inferences use the semantics of the representations
to organize plan classes and nstancees into taxonomics, For example, plan-instance is
an instanee of Plun-Classt because (1) the action individuals 4/21-fly-to-Boston,
attend-KR91. and 4/25-fly-from-Boston arc (abstractly) described by the action
classes Goto. Attend-Conference, and Leave, and (2) the sequence of the three
actions in plan-instanee satizties the temporal and conditional constraints of Plan-
Class 1. In contrast plan-instance is notl an instance of Plan-Class2. because there is
no action individual deseribed Ty the non-optional action class Visit-University.
Finallv. plan subsimprion cau compute that Plan-Clasz2is a subclass of Plun-Classl.
because any plan instances described by Plan-Class2 are necessarily also described
by Plan-Classi.

crLase is designed as a companion to the CLASSIC [2] terminological knowledge
representation svstem. i order 1o allow CLASP 10 make use of CLASSIC'S well-

defined subsumption inference. Thus, in the above example, CLASSIC tern sub-



sumption can be used toinfer that 4/21-fly-to-Boston is an instance of Fly-In,
4/21-fly-to-Boston is an instance of Goto. Fly~-In is a subclass of Goto. and so
o, To determine the instance and subelass velationships between the plans. the
CLASP algorithms then nse results in awlomala theory to extend the terminolog-
ical inferences 1o plans. Indeed. one contribution of our work is to demonstrate
how term subzumption can serve as a springhoard for nmplementing special purpose
representation and reasoning mechanisms.

I the next section we further motivate CLASP by detailing the importance of
plan-like knowledge in progranmuning activity. In Section 3 we describe the details
of the CLASE svstem. an integration of automata and terminological theory., \We
first discuss the representation language for representing plan descriptions and plan
instances, then discuss the terminological inference mechanisms lor computing the
plan subsnmption and instance wnlerences. In Section |} we show an application of
crAsEe in the programming domain. Finally, in Sections 5 and G, we relate CLASP
to existing research in 1axonomic plan reasoning. and conclude with some thoughts

oir futnre directions,

2  Why Plan Knowledge?

Plans plav a centeal vole inmany areas that provide applications for frame subsump-
tion syvstems. o this paper we focus on the application area of software develop-
ment to both motivate ind dlhisteate the CLasy plan-based terminological system.
Plan-like knowledee is pervasive e all phases of software development activity, As
discussed above. the need 1o represent and reason with plan-like knowledge in the
LASSIE software idormation <vstem was in fact the original impetus for our devel-
opment of CLASE,

The relationship hetween plans and software information has been explored most
widely in the coutest of automatic and computer-assisted programming [23]. Plans
allow the representanion of the sequence of events in a program and the assertion of
pre and post conditions that are apphicable at various pomts. As another example.
the PROUST{L] system nses a representation of programs in the form of plans to
recognize and classilv fanlis in student programs.

Fanpirical studies have shown that plan-like knowledge structures can serve as
effective models for nnderstanding human programming behavior [29, 30]. For exam-
ple. plans play an important vole i the recognition and comprehension of program

fragments [20]: both correct comprehension as well as misunderstanding of pro-



arams are hest explained by postulating the existence of plan-like cognitive struc-
tures. In {305, progranmiers perform a task involving changing a function that is
part of a larger conceptnal plan: when the entire plan is made available prior to the
maodification. performance iimproves significantly.

Besides the role played by planning knowledge in programming activity, there is
also a need for plans during other phases of software development. In the domain of
telephone switching software that was addressed in LASSIE, plan-like structures are
particularly usclul in vepresenting frature descriptions such as “call lorwarding” and
“call waiting.” While a full deseription of a feature describes behavior under differing
conditions. a teature is often illustrated i terms of a fealure scenario representing
Just one aspect of the behavior. Thus, a scenario illustrating one successful use of
“call waiting” might ber =A picks up the phonc. gels dial-tone and dials B: since B is
ofl-hook. A yels u speciad vivging tone and B gcls a call-wailing signal: B flashes hook
and connects with 4.7 A full feature description is a generic description of actions
and assoctated voals. mnch Tike o plan, while a scenario is a specific manifestation
el like o plan exccention trace,

Plin-like stractinres are also used during the testing phase ol software devel-
opment. In switehine <oftwares tests are usually represented as test seripls. Test
seripts specify sthmnh to the switeh along with expected responses, for example,
“Pick oup the pliowe: the sy=tem produces a dial-tone.” N test seript is thus repre-
sentationally verv mach like o scenario deseription described above, i.e.. a plan-like
seriex of actions. Civen the nuimber of test scripts — a large project can have on the
order of 10000 scripts  the ability 1o represent and manage such scripts within a
LasstE-like svstem wonld he extremely useful.

Plans can also he nseful in explaining the behavior of distributed soltware sys-
tems. like the AT Definine PV 75/85 switeh. The processing of a typical stimulus
to a switelrinvolves the exchange of messages between several processes. These mes-
sages are logeed 1o o file and examined off-line. The comprehension ol these message
traces s an important step in understanding the software. and involves constructing
explanations that are very plan-like. For example. a message trace might show a
regiest to a tronk handling process 1o open a connection to another switch: this
might be followed Dy a series of messages requesting packet transmission, followed

S0

by another message to close the transmission. The explanation of this trace would
be a plan with a sequence of actions: the first action connects the trunk and makes it
ready for transmission: a series ol actions send the messages: a final action closes the

connection. [t wonld he usetul 1o create and store snch explanations for subsequent
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3 CLASP

CLASE is a plan-based knowledge representation syvstem that 1s a “complement” to
crassic, the rerm subsumption system used in LASSIE. That is, just as CLASSIC
allows uzers to define descriptions and create instances of terms, CLASP allows users
to define plan concepts and create secpario instances. Similarly, just as snbsump-
tion and classification are the central inferences in CLASSIC, plan subsumption and
classification are the core mferences in CLASP. In particular, CLASP can compute
the generalization relationships that organize plan concepts into taxonomies. and
can associate plan concepts with sets of scenarios (plan individuals). To integrate
the 1wo representation systems, we use the framework shown in Figure 20 All plan
operations arc handled by cpase. which itself internally calls CLassicC.

Section 3.1 introdaces the use of CLASSIC in representing terms. Section 3.2
presents the CLASPE pepresentation lauenage that allows plans and scenarios (the
nodes of the CLAsE taxonomy) to he compositionally defined from CLASSIC terms.
Section 3.3 presents the algorithis computing terminological inferences involving
plans and scenarios (compnting the ares in the CLASP taxonomy). as well as algo-
rithms for additional 1vpes of plau-based reasoning. Complexity analyses associated
with onr aleorithms are also presented. As we will see. the plan-based inferences of
CLASE use resnlts in antomata theory to extend the capabilities already available in

CLASSIC,

3.1 Terms: The Building Blocks of CLASP

CLASE complements the term langnage of CLASSIC by providing plan operators to
form plans from CLassIC terms, o particular. actions are the main building blocks
ol CLASPE plans and scenarios. Sinee actions can be represented adeguately in current
terminological svstems such as CLAssIC. the representation of actions in CLASSIC s
Lirietly discussed here,

Frames in CcLASSEC ave called coneepts. They are (potentially complex) descrip-
tions and are formed by restricting other deseriptions using a small set of description-
forming operators. For eximmnple. existing concepts can be conjoined using the op-
erator “AND." Roles vepresent properties and can also be further constrained. The

“ALL™ value restyiction restricrs all lillers of & particular role to be ol a certain type.
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while the number restrictions = AT-LEAST™ and “AT-MOS'T™ specify constraints on
the number of dillers for a parvticnlar role. “F1LLS™ specities particular individuals
that Gl the vole. While there are other types ol vestrictions in CLASSIC, they will
not bhe needed 1o understand the examples in this paper. Individuals are specific
mstances of coneeprs. and are created using the same restrictions as for coneepts,
The extension of o concept s the set of individuals described by the concept.
CLASE 1ises CLASSIC to detine hinilt-in concepts Action. State. and Agent. o
example, cLasPe defines the CLASSIC concept Action to represent a STRIPS action
operator [T where role restrictions specifyv the chiaracteristics of the roles ACTOR.
PRECONDITION. ADD-LIST. DELETE-LIST. and GOAL®. In particular, an action is de-

fined thns:

(DEFINI-CONCEDPT
Action
(PRINITTINE
i AND) Classic-Thing

oo uformal nedation. Concept-Names will he shown in eapitalized typewriter font,
individual-names in lower case Ivpewriter font. ROLE-NAMES in upper case typewriter font, and
CLASSIC-OPERATORS Gond Bater CLASP-OPERATORS) in upper case,



( AT-LIZAST 1 ACTOR)

(ALL ACTOR Agent)

(ALL PRECONDITION State)
(ALIL ADD-LIST State)
(ALL DELETE-LIST State)
{ALL GOAL State})))

The above delinition states that “An Action is a Classic-Thing. with at least one
ACTOR. all of whose ACTORs are of type Agent. all of whose PRECONDITIONs are of
type State. all of whose ADD-LISTs are of type State. all of whose DELETE-LISTs
are of type State. and all of whose GOALs are of tvpe State”™ (assuming the previous
definition of the concepts Classic-Thing. State and Agent in CLASSIC). This ex-
ample has the role restrietions thar there must he at least one filler of the role ACTOR.
that all Gllers ol vodi ACTOR minst be of type Agent. aned so on. The PRINITTIVE
operator s nsed to specify that the concept defimtion is not necessary and suflicient.
that is. that the concept cannot be automatically placed into a concept taxonomy
via subsumption and classification inferences,

The concepr State is also pre-defined by CLASP - as a primitive CLASSIC con-
cept specializing Classic-Thing. [Furthermore, CLASP allows States to only be
restricted using the CLAsSIC deseription-forming operator AND. All States can
thus be redieed 1o o stiple conjunetion of other States. This representation will
facilitate stres-like trackine of state information. as discussed in Scction 3.3.3.

Actions can L restricted 1o deline varions specialized actions in the LASSIE
domain, As we will el these action concepts can be combined in CLASP to form
plans. while the judividual instances of the actions can be combined to form scenar-
ios. For example. the Action concept specializes into System-Acts and User-Acts.
System-Act is delined below:

(DEFINE-CONCEPT

System-Act

(AND Action
(NI, ACTOR Systam-Agent)))

This definition declares thin System-Act is a subconcept of Action, where all the
fillers of the (uheritedy role ACTOR are rvestricted to be individuals described by the
concept System-Agent twhich itself must be defined in CLASSIC as a subconcept
of Agent). Unlike the primitive concept Action. this concept is fully specified by

necessary and sollicient conditions.

e



The definition of System-Act can 1tself be restricted:

(DEFINE-CONCEPT
Connect-Dialtone-Act
(AND System-Act
(.\1.l. PRECONDITIGN
(AN Off-Hook-State
Idle-State))
(ALl ADD-LIST Dialtone-State)
{Al.l. DELETE-LIST Idle-State)
(ANl GOAL
{AND) Off-Hook-Stats
Dialtone-State))))

Informally. the svstem perforins a Connect-Dialtone-Act and generates a dialtone
after a nsger picks up o phone, Notice that this concept is delined by specifving more
properties that restrict System-Act.

CLASSIC can alzo he nsed vo ereate individuals that are described by (1.e., are spe-
cific instances of v coneepts. Ty particular, an individual must satisfy the restrictions
of the deseribing cowept. The following ¢LASSIC function creates an individual

actl that is deseribed by the concept System-Act (defined above):

(CRIEATE-IND
actt
{AND System-Act
(1"11.1.s ACTOR switching-system)))

Note that for act1 to satisfy the restrictions of System-Act. the specified filler of
the role ACTOR (the individial switching-system) must itself have been previously

created, and must Le deseribable by the concept System-Agent.
3.2 CLASP Represceutation

3.2.1 Plans

CLASE provides a representation language for plans, deseriptions that organize and
group together context-independent CLASSIC action descriptions. Thus. a CLASSIC

action tvpe sneh as Connect-Dialtone-Act will occur in many CLASP plans. As



we will see. by being defined in terms of CLASSIC actions. the algorithms for plan
classification can take advantage of CLASSIC inheritance and subsumption.

A plan s defined iy crase by specifving a name and resivicting the roles
PLAN-EXPRESSION (it plan concept expression. specified using the syntax below),
and optional roles INITTAL and GOAL. Plan concept expressions are compositionally
defined from action and state concepts using the plan description forming operators

SEQUENCE. LOOP. REPEAT. TEST. OR. and SUBPLAN:

<plan-concept-expression> =
<action-concept > |
(SEQUENCE <plan-concept-expression>+) |
(LOOP <plan-concept-expression>) |
(REPENT <integer
“plan-conceptexpression> ) |

(CTEST (<stite-concept =

< plan-concept-expression> )+ ) |
(OR <plan-concept-oxpression>+) |
(SUBPLAN <<vimbol >0

In other words, the deseription-forming term language of CLassiC is embedded in a
crast deseription-Tormine plan linguage. (<action-concept> and <state-concept>
refer 1o crasste concepas snbented by the concepts Action and State. Recall
that Action and State are pre-defined in cLassic by ¢rase.) Plan definitions
restrict the type, the iconditional) presence. and sequential temporal ordering of
action individuals in scenarios (plan individuals) described by the plan. We can
also specify partial orders, using the operator OR to explicitly specify that any
number of sequential descripiions are acceptable.

The Tollowing examples illnstrate the interpretation of the constructs listed

above:

o (SEQUENCE A B €1 A\ action of type A is [ollowed by an action of type B,

which is followed Tas oy action of 1vpe C.
o (LOOP A Zero or more actions of type A,
o (RIPENT 7 A Fauivalem 1o (SEQUENCITA A A A A A A).

o (T1FST iSt Ay 32 B« It the current state is of 1vpe St.othen action type A,

else i state AN 32 then action Ly pe B.

10



o (OIV A Bj): Either action ivpe A or tyvpe B,

o (SUBPLAN Plan-Name): Syntactically insert Plan-Name's plan expression.

Recursive definitions are not allowed.
The roor of the plan taxonomy is the built-in CLASP concept Plan, where

(DEFINE-PLAN
Plan
(PRINITEINE
{AN]) Clasp-Thing
{:\L.LI. INITIAL State)
i AlLl. GOAL State)
P ENANCTULY | PLAN-EXPRESSION)
v ALl PLAN-EXPRESSION
i LOOP Action)))))

ENACTLY (followed by a nunber) is onr notation for an operator that defines
precisely how many fillers arve allowed for a slot. In crLassic this would be expressed
using NT-MOST and AT-LFEAST operators with the same number,

As with terms, plan concepts can be specialized nto subtypes, and organized

TLO 1ANONOI T en:

(DEFINE-PLAN
Plan-Subtypel
(AND
Plan
(ALIL PLAN-EXPRESSION
(SIEQUINCE
Action-Subtypel
Action-Subtype?2
CORISEQUENCE Action-Subtype3
Action-Subtyped)

Actionii)i

Informally. Plan-Subtypel describes scenarios with three or four steps in which

an action (individual) of subtvpel precedes an action of subtype?2. which precedes

TOur algorithing for subsiaptea cuveently assumes that plans are expressed deterministically,

Nate than thas s thar the scors beseribed by concepts A and B must be disjoint.

]



cither a sequence (an action of snbiyped followed by an action of subtyped), or a
single action of any tyvpe. Of course. there must also be definitions for every action
in this defininion. defined nsng CLASSIC,

We can nze the plan taxonomy to represent and organize descriptions of Definity
13/85 features (recall Section 2). For example. the following are informal CLAsP
definitions representing an abstract view of POT'S (the default {eature or *Plain

Old Telephame Service™). as well as another plan used in the POTS definition:?

(DEFINE-PLAN
Pots-Plan
(AND
Plan
(ALLl. PLAN-EXPRESS]ON
ISEQUIENCE
(SUBPLAN
Originate-And-Dial-Plan)
(TEsT .
1Callee-On-Hook-State
1SUBPIAN Terminate-Plan))
(Callee-0ff-Hook-State
(SEQUENCE
Non-Terminate-Act
Caller-On-Hock-Act
Disconnect-Act}))))))

(DEFINE-PLAN
Originate-And-Dinl-Flan
(AND
Plan
(ALL PLAN-EXPRESSION
(SEQUENCE
Caller-0ff-Hook-Act

Connect-Dialtone-Act

SUnlike INITTIAL and GOAL (Hlled by €LASSIC coneepts), PLAB-EXPRESSION is restricted by fully
specitving a phan concept robeer than by using restriction operators 1o specialize other concepts as
H CLASSICL Onee specitiod. howevo e plan subsumyption verifies that PLAN-EXPRESSION is indecd a

restriction.
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Figure 3: Plan Expressions as Finite State Automata

Dial-Digits-Act))))

Again. there muost also be defimitions [or every other action, state and plan in these
definitions (defined using CLASSIC and cLasP. respectively). For example, the def-
mition ol Connect-Dialtone-Act in CLASSIC was presented earlier. Informally,
Pots-Plan describes a plan tu which the caller picks up a phone. gets a dialtone.
and dials a callee. I 1the callee’s phone is on-hook. the call goes through: if the
callee’s phone i~ olf-hook, the caller gets a0 busy signal, hangs up. and is discon-
nected,

Note thar with the exception of TEST and SUBPLAN, plan expressions built
using the CLASE operators correspond to regular expressions.  lor example, Fig-
ure 3 <hows the finite state automaton which s equivalent 1o the plan expression
of Plan-Subtypel. presented carlier. Here. the nodes represent states of the world.,
and the transitions correspond 1o the action operators that transfori one state into
another, crase. in facts can transform all plan representations into regular expres-
stons. Firsto cLase can nse the semannics underlying irs action representation to
replace all TEST operators with expressions involving OR operators and new action
descriptions. Thi~ i~ hecause the preconditions of an action must describe the state
of the world helfore ancindividual deseribed by the action can be successhilly exe-
cuted. Similarly, in cach (State Action) argument of a TIST operator, the state
describes the stare of the world that must be satisfied before an action individual can
be deseribed by the action. Thus. for example, (T1EST (Statel Actionl) (State?2
Action2)i i~ equivalent 1o 1OR Actionlb Action2b). where Actionlb specializes
Actionl by speciiving that the 1vpe restriction of PRECONDITION of Actionlb is
the conjunction of tvpe Statel and the PRECONDITION tyvpe restriction of Actionl.

The constraction of action?b i~ sinnlar. This construction will also cover the case



when a complex plan expression takes the place of simple action deseriptions such as
Actionl. This is hecause the complex expressions are “unbundled” into such sim-
pler forms when constructing linite state machines. as discussed below. cLasp will
thus constrnet and deline such action descriptions. i order replace all expressions
involving the operator T1EST with equivalent expressions involving the operator OR.
As for SUBPLAN. recall that this construct was just a notational convenience. The
ability to perform this teansformation will have important implications with respect
to plan subsumption. In particular, plan subsumption will able to use results in
antomata theory 1o extend term subsnmption.

Although plans are defined within cLasp. they are internally represented using
CLASSIC. This can be done because CLASSIC provides hooks for storing information
(e.g.. via Common LISP types such as lists) that ¢LASSIC itself cannot meaningfully
represent. CLASE constructs o tinite auwtomaton recognizing the plan expression,
uses an array to represent this automaton, and stores the array using a CLASSIC
role restricted to fillers of ISP tvpe Array. Note that although “represented,”
the planning information i= cntside the scope of the crassic elassification and sub-
simption processes. fnstead. cLase construets a plan taxonomy nsing its own plan
subsimption aleorithms, as deseribed below.

-

3.2.2  Scenarios

A crasy plan endicidual i~ called o seenario. As in classical planners such as
STrEPS [HL a0 plan individual corresponds 1o a sequence of actions that when exe-
cuted inan initial state achieves a goal state. Like srrirs, the temporal ordering
of action sequences in scenarios must he total: e other words, CLASP scenarios
arc lincar, N scenario bs created in CLASP by asserting that it is described by (a
specialization of b the concept Plan. by specifving the individuals that satisly the
restrictions on the plan’s initial state as well as goal state. and by specifying a
scenario-expression that is deseribed by the plan’s plan-expression. (The initial
state ix the state i which the scenario begins to execute. the goal state is the state
that scenario excention achievessand the actions are the ordered sequence of action
individuals constivating vhe <ccuarion) Tn particular, scenario expressions are buailt

from CLASSIC action individnals:
LECONATIO-CXNPrOssion 3 A f action-idividual >4 ).

The following is an example of a scenario:



(CREATIE-SCENARIO
pots-busy-scenario
{AND Plan

(I11,].S INITIAL state-ulon-u2off)

(I'11.1.S GOAL state-ulon)

(I'11.].S PLAN-EXPRESSIDN
{caller-off-hook-ul
connect-dialtone-on-ul
dial-digits-ul-to-u2
non-terminate-on-u2
caller-on-hook-ul

disconnect-ul))))

With the callec off-hook norhe mitial state, this seenario represents the case where a
user picks< up the phone. the svstem generates a dialtone, the nser dials the callee, the
system generates a busy sienal tthe call failed to terminate). the user hangs up, and
the system disconnects. NMore precisely, we define pots-busy-scenarioto be a Plan
whose INITIAL is filled by state-ulon-u2off. whose GOAL is filled by state-uion,
and whose PLAN-EXPRESSION i filled by a sequence of action individuals that begins
with caller-off-hook-ut and continues through to disconnect-ui. The individ-
uals used here <nch as state-utlon-u2o0ff (the initial state in which the caller is
on-hook and the callee is off hook) and actions such as caller-off-hook-ul (the
caller ecoes off-hook. fen picks ap the phone) are assnmed to have been previously

defined in crasstes The following examples illustrate two such definitions®:
(CRENTE-IND

state-ulon-u2o0ff
{AND) State-Ulon State-U2off))

(CREATE-IND
connect-dialtone-on-ul

(AXD Connect-Dialtone-Act

"For elarity, wo reflecr the type of wcindividual inits name. For example, state-ulon-u2off
s anandividual o aoevpe that i o conjunetion of two specializations of type State: also, ut refers
to the caller and u2 1o the calle =te0 Due 1o the inability 1o express complex role relationships
i CLASSIC, i onr cbanain we cneode information about users using concepts rather than role

restrichions.



(1115 ACTOR switching-system)
(I'11.1.s PRECONDITION state-uloff-idle)))

When o scenario is ereated. CLASP confirms that the given sequence of actions
will indeed transform the specified initial state into the goal state (i.e., that the
scenario s well-formed). During this process any unspecified intermediate states
(the fillers of the precondition and goal roles of each action individual) are inferred,
using the sTries rules as discussed in Section 3.3.3. For example, such reasoning
would compuie the filler of the GOAL in connect-dialtone-on-ul. \Vhile such
information i< olten computed during plan synthesis, tepically it is not stored in the
final plan. A~ will be scen helow. CLASP needs such information to determine if a
scenario ix described by o plan. Work on plan reuse [13] hias shown a similar need
for the mamtenance of such information.

Seenarios are described by (are instances of) plans. A scenario described by
a plan is i member of 1the class (the set of scenarios) corresponding to the plan.
Intuitivelv, a seenario is an instancee ol a plan il the temporal and conditional re-
strictions used 1o define the plan coneept are satistied in the scenario. As with plans,
CLASSIC can represent b e classily seenarios, In particular while CLASSIC can
determine if thee seenario fillers of INITIAL and GOAL meet the plan’s restrictions,
it cannot determine this with respect 10 PLAN-EXPRESSION. As will be seen. ¢ LASP
determines if a sequence of action individuals is described by a plan expression (a
“ermmmiar” of action deseriptions) by parsing. in conjunction with term subsump-
tion. For example. cLase will determine that pots-busy-scenario is described by

Pots-Plan.

3.3 CLASDP Inference

Frame-hased knowledee represcntation systems ave olten distinguished from object-
oriented progratmming svstems by the fact that they provide subsumption and classi-
fication ax well as inheritance inferences.” As discussed above, subsumption of plans
and scenarios is outside the scope of CLASSIC and is instead performed by cLasp. In
particilar. crase subsmuption creates a plan hierarchy within a CLASSIC knowledge

base. I this section. we present the algorithms for computing terminological plan

*Howevee, the eole that perfornune berminological infercnces plays with respect o designing

knowledge represcntation laingnag = s subjeet 1o debate. For example, Doyle and Patil {9] argue
ar e giling j i \ g

against restricting kuowledg representation languages in order te support eofficient subsumption,

as was dape in CLassIe,



inferences. ax well as algoritlnns for computing inferences more typical of planning
rather than knowledge representation systems. As we will see in Seetion 4. termino-
logical plan reasoning supports retrieval of scenarios given incomplete and abstract

queries ol plan descriptions.

3.3.1 Subsumption of Scenarios

[ this section we present the aleorithm for seenario subzumption, which computes
whetlier a plan deseribes a scenaro, As in CLASSIC, we nse the term “subsumption”
rather than the term “realization”™ to describe this inference, We will also sav. infor-
mallv. that a plan P deseribes a scenarvio s (or that s satisfies P) when P subsumes
s. Scenarvio clussification uses scenario subsumption to determine all plans that a
scenario satisfies. Scenario subsnmption enables CLasye to explicitly assert CLASSIC
instance relationships hetween plans and scenarios. Intuitively, a plan P is satisfied
by a seenario s il P deseribes s, that is, if the restrictions defining P are satisfied by
s. Recall that cvery plan has restrictions concerning the roles INITIAL, GOAL, and
PLAN-EXPRESSION.

Let tsubsume s and vsubwne s vefer 1o term aud instance subsumption, respec-
tivelv, as supported in curreat terminological systems such as CLASSIC. Also. let
sesubsumes and p-subsiones refer 1o two new inferences, namely CLASP subsumption
hetween PLAN-EXPRESSION rextrictions and fillers. and ¢LASP subsumption between
PLAN-EXPRESSION restrictions. respectively®. Then. since the restrictions regarding
INITIAL aned GOAL are c'LassIc restrictions, s satisfics Pl INITIAL and GOAL of s are
i-subsumed by INITIAL and GOAL of P. and if PLAN-EXPRESSION of s ix s-subsumed
by PLAN-EXPRESSION of P.

Informallv o plian expre-sion of a scenario (call it s-exp) 1s s-subsumed by that
ol a plan (eall it P-exp) il the action individuals ol s-exp are i-subsumed by the
action descriptions that constitute P-exp subject to the temporal and conditional
restrictions specified by the ¢pasy operators of P-exp. More formally, s-exp is
s-subsumed Ly P-exp if s-exp is a siring in the language defined by P-exp. Let
Y he the alphabet consisting of all concepts of 1ype Action, &; the sct of action

idividuals, and X7 all sivings of action individuals, e strings of individuals where

*An orthogonal plan taxonony oald also be orgauized via goals using g-subsuwmption. I[nfor-
mally. one play g--ubsnnes another Wil fillers of 11ie GOAL and INITIAL roles satisfy simple term
subsiption relanion<dips: a-<oleaption thus ignores any relationships (i.e.. s-subsumption and
p-stthainption) avong plan exprossiones, ad simply checks the conditions in 1he world before and

alier the execentionr of the plan
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cach individnal is described by aosyvinbol of £ A scenario expression is an element
ol 7. A plan expression over ¥ denotes a subset of X7 namely the set of strings
from ¥ in the linguage generated by the plan expression. P-exp s-subsumes s-exp
if s—expisin the subset of ¥ denoted by P-exp.
For example. assume Action-Subtypel i-subsumes actionl. and Action-Subtype3d

i-subsumes action3. Then. with P-exp equal to

(SEQUENCE (1LOOP (OR Action-Subtypel
Action-Subtype2))
Action-Subtype3)

and s-exp equinl 10
(actionl actionl action3:.

P-exp s-subsumes s-exp. lu contrast. il s-exp equals (actionl). P-exp does not
s-subsume s-exp. Every s-exp is s-subsumed by Plan’s P-exp, (LOOP Action).

As an examnple i the domain of software switching. with P-exp equal to

(SEQUENCFE {OR Caller-On-Hook-Act
Callee-On-Hook-Act)
Hangup-Act)

and s-exp equal 1o
(caller-on-hookl busy-hangupl10).

P-exp s-subsines s-exp assiining Caller-On-Hook-Act i-subsumes caller-on-hookl
and Hangup-Act i-subsiines busy-hangup10. Note that the nse of i-subsumption
enables the recoenition ol action dividnals that aee divect)y as well as abstractly
described by the action term- in P-exp. In contrast. the above plan expression
would not s-sulwume the scenarto expression (busy-hangup10).

Since cLAsE plan expressions can be trapsformed into regular expressions, s-
subsumption can be efficiently tmplemented. To test whether s-exp is s-subsumed
by P-exp. CLASE tests whetlior s-exp is accepted by the finite automaton recog-
nizing the langnnge denoled By P-exp. (CLASE builds @ finite automaton whenever
a plan s delined s Because el tennsition in the finite antomaton corresponds
to a subsimprion rather than equality cheek. we eall onr automata Ertended Fi-
wite Xulomwata (FFN)L The particular pattern matching algorithm used in CLASP

is QU r-~ubsumptions iu the worst case. where wis the size of the finite-state

—
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machine cquivalent of the plan and 2 is the number of action individuals in the
scenario [26]. The complexity of -subsumption will depend on the particular ter-
minological model nsed. In crassic, determining whether an individuoal satisfies a
description (no embedded defined coneepts) is unknown, while determining whether
an individnal matches a concept is believed to be NP-hard or NP-complete [22].
However, il the plans and scenarios are constructed [rom a stable ¢LASSIC knowl-
cdge base of action concepts and instances. CLASSIC can be used Lo pre-compute
and cache all the i-subsumptions between concepts and individuals inn a taxonomy,
for later use by crasp. Using i-snbsumption results that are computed and cached
“ofl-line”™ wonld allow the complexity of s-=subsumption to be simply O(mn).
Again. we cmphasize here that the cLasp algorithm performs i-subsumption

rather than equality checking between action concepts in ¥ and action individuals

in X, This integration of term subsumption with regular expression processing
provides a powerfnl facility for retrieving scenarios using incomplete and abstract

plan desceriptions,

3.3.2  Subsumption of Plans

Plan clossification is the determination of all plans that are more general and all
plans that are more specilic than a given plan. Plan classilication organizes plans
(classes) futo o taxonomy according ro rthe subset relation. Plan classification is
based on plun sub=wmption. determination of whether one plan desceription is more
ceneral than anorher. As we will see in Section 4. plan classilication supports a useful
class of gqueries. \ plan P s more seneral than a plan Q if any scenario that satisfies
Q necessarilv also <atishes Poosubsumption can be used to determine generality
for descriptions filling the pian roles INITIAL and GOAL. ¢LasP, however, must
provide a new inference which we call p-subsumption 1o determine PLAN-EXPRESSION

generality, Thus. a plan description plan-subsumes another plan description, if

INITIAL{Py t-<ubsmmes INTTIAT(Q).
GOALP) t-~snbsnmes GONLiIQ)Y. and
PLAN-ENXI'RESSION(P) p-=nbizumes PLAN-EXPRESSION(Q).

While s-subsumption compares “erannmars” and “strings.” p-subsumption compares
TWO graminars,
For plan expressions PEL and PE2. PE1 p-subsumes PE2 il the language described

by PE1L is necessarily i superset of that deseribed by PE2. 11 L1 is the set of scenarios
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satisfving PEL. and 12 the ~ot ~anisiving PE2. PE2 is p-subsumed hy PEVTIT L2 C L1.

For example. given action deseriptions AL B, and C. where A only t-subsumes C,
(SEQUENCE (LOOP A) (OR B A))

p-subsumes (SEQUENCLE & € B) but does not p-subsume (SEQUENCE B A). The
plan expression of the voot of the plan taxonomy. (LOOP Action), p-subsumes the
plan expression of every plan description.

P-subsimption can be nnderstond interms of an extension of regnlar expression
subsumprion. Cliven two plan expressions PE1 and PE2. we compute the equivalent

deterministic extended finite avtomatons, EF A and EF A2, and their Cartesian

product [ 1. The states of L1 AN are ordered pairs of the form < sl s? >,
where =/ ix one of the states of the machine E17AY. ;) = 1.2; EF AN would reach

state < &l ~? =oafter scanming throngh a scenario S just in case the machine EF A7
wortld be i staoe 7oy = 102 alver scanning throngh the same scenario S,

The Cartesian product mechine helps us deterine if all the scenarios accepted
by one RN Grealso aceepred b the otlier (ecs il one FFA p-subsimnes the other).
This is aecomphished by Jooking in the producr machine for states where one of
the machines wecopts and the orther doesn’ts as well ws states where both accept.
Wa state of the form <aeecplonon-accept > oceurs, that means there is a scenario
where EF A" aecepts and £ F 4 non-accepts. Now. if there are states of the form
<accepl.aceopl = non-aceploaceepl >0 and no states of the form <accept. non-
accept > then clearlv. all <cenavios accepted by 1F A ave also accepted by E F A?
(and EF A accepis additional seenarios): thus, in this case. PE1 is p-subsumed by
PE2. Likewiseo it the prodonct machine contains stanes of the form <wecept. aceept
>, <aecepl, nov-aceepl s and no <non-aceepl, aceepl > states, then the first plan
subsiwmes the ceonds ilvae are only states of the form <aceepl, aceept >. the
two plans aceept the sane language. We can also distinguish between cases where
there are not subsumption relationships hetween the two plans. If there are <aecept,
non-aceepl = -non-aceepl. acecpt >0 and <aceepl, accepl > states, PEL intersects
PE2. That is. while neither plan subsunes the other, it is possible to have a scenario
that conld hedeseriboed Bv Tl planse Otherwise, il there are no <acecpl, accept >
states, the teo plans are disaint as there can never he o scenario that is deseribed
by both plans, For example, consader the following plan expressions. where concepts

A and B are disjoint. and concopr A1 specializes A:

Pl (LOOP Ay
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R = regect

(a) (b)

Ficure 4: Constructing the Cartesian Product Machine

P2: (OR A1 Bl
P3: (SEQUENCE A1 A1)

The results of p--absimmption will determine that PLointersects P20 P1osubsumes
P3. and P2 disjoine from Pt

The constraction of #7F V heavever, is not sitiple. Recall that the transitions in
EF A fivolve cubstmption tests, not equality. Figure 1 illustrates the complexity
of computing the product when transitions involve subsumption tests. Portions (a)
and (b) of the ligure each ghow a sample machine consisting of one transition, corre-
sponding to the plan expressions (SEQUENCE A) and (SEQUENCE B), respectively.
Portion (¢} shows the carresponding product machine assuiming the transitions are
based on the standard equality tesis (note that the states are now pairs of individual
states i the original machinesy. Portion (d). in contrast. shows the extended cross
product mnachine if the transitions are instead mterpreted as subsumption tests, In
particular. here A and B odenore interseeting CLASSIC action descriptions. Thus.,
when constructing the cros~ product machine. we must ascertain relationships be-
tween tHhe concepts representing the transitions of each machine (i.e., does a concept
contain, equal. intersect or not intersect with the other machine’s concepts), in or-
der to generate all viable transitions in the cross product machine. ¥ By examining
the machine in o we can deterimine the p-subsumption relationship that the two
]’]}lll (,‘X"l".\\i“ll.‘ Intersect, see dhere are states of the form <aceepl, non-accepl >
(<20 R 2 <non-acecpl. acoopt = (<R > and <aecept, aceept > (<24 >).

[ Fiegure 50 we show a tall cross produet construction. The EFA in portion (c)

CCLASSIC provides tests for sulsmnption, disjointuess and equality between concepts: with
these, the meaningnlness of actibm concepts sneh as A & B A L& (not B3) can be checked for the
acttons A and B. Though crassic does not support negation. we construct these concepts merely

to verify thar 1the Cartesian prodoct machines can reach certain stales.
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is a cross product of the machines in (a) and (b). The machine in (a) corresponds

to the plan-expression

(SEQUENCE A
il.OOP B
C

while the nuchine in (b corresponds 1o the plan-expression

(SEQUENCF. 4
D
(1LOOP D)).

We assime here that 4, B, € are pairwise disjoint, and B t-subsumes D. The rcader
18 encouraved to nse the stiaple example in Figure 1 as a gnide and follow through
the constraction of the vrose product n Fignre 5.0 Sinee there are no states of the
fortn <acecpl. accopt = vhat 0 no state <303 > ), p-subsumption will return that
the two plan expressions are Jisjoint,

As discussed, p-subsamption uses CLASSIC t-subsumption from concepts to con-
cepts. t-subsumption for descriptions (no embedded defined concepts) is polyno-
mial. while t-subsnmption allowing defined concepts is believed to be NP-hard or
NP-complete.{22] As with i-subsumption between concepts and individuals. if such
results are cached, t-subsimption is a constant time operation once computed. The
subsumption ol reaubar expressions ix P-SPACE hard [36]. The intractability of
this praoblem avi=es Trovo the Tact that regular expressions and their equivalent non-
deterministic finite state machines are very compact representations. In fact, if they
arc converted 1o their equivadent deferministic finite state machines (leading to an
exponential increase in the <ize of the machines) the subsumption can be done in
polvnomial time. \While computing p-subsumption we convert the CLASE plan ex-
pressions directhy nto finite state machines. prior Lo computing the cross-product.
he the passte doniadn, we Badd that the resulting findte state machines are generally
quite smadl, and tn practice. posabsamption rarely tiakes more than a few hundred
mitliseconds, (1t <honbd also Lo nored, as belore, that ¢LASSIC t-subsumptions were

previoushv comprted amd cached: theyv were essentially constant time operations.)

3.3.3  Action-Based Reasoning about Scenarios

In addition 1o supporting terminological inferences, namely plan and scenario sub-

sumption, CLASPE also perforims reasoning more typical of planning than of knowledge
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Figure 50 Fall Cavtesian Praduet of Two Machines (where B t-subsumes D)




representation svstems. [u particular. when a scenario is created, CLASP uses the
STRIPS [L1] rule to compute the state individuals that would result after perfor-
mance of ceory action in the seenario. Informally, the STRIPS rule specifies that
when an acticn is applied in a pacticular world state, the new world state satisfies
cvery state deseription in the action’s ADD-LIST and every previously satisfied state
description not in the DELETE-LIST.

If all intermediate states tien the fillers of the PRECONDITION and GOAL roles of
every action in a scenario) are specified when a scenario is created, CLASP uses this
type of reasoning to just verily that the scenario indeed transforms the plan’s initial
state (the filler of the plan role INITIAL) into the plan’s goal state (the filler of the
plan role GOAL 1. However. if complete information is not specified when the scenario
i< created, crase will also assert the information in the form of appropriate fillers
for the PRECONDITION andd GOAL roles of the action individuals. As discussed above,
CLASE needs complete state information to transform plan expressions into regular
expressions, and 1o perform both plan and scenario subsumption. As will be seen
in the next section. <tate individuals also provide further information for scenario
retrieval.

Let s he o scenarto of plan type P. Let the plan expression of s be the sequence
of action individuals taclion, ... aclion,). where each acltion; is ol tvpe Action;.
Recall Trom Section 300 that, <inee the state taxonomy is built using only the oper-
ator ANDL evers state des :ip! jon can be reduced 1o a silnpl(z‘ L‘Olljl.ll](‘liOH of other

state descripticns. For 7 lvan Do, ler

statey = INITIAL(s).

state; = PRECONDITION Cuuctrom;).
state, 1 = GOAL(uction,).

slate,., = GOAL(s)

Then. given action and indiveidual state; of 1vpe State,. we can compute state;y

of fype Slale sl such than
State;py = Stalo, - DELETE-LISTI Acfion;) + ADD-LIST(.Action;)

Once computed, CLASP can create a new individual stale ;o of type State;y within
CLASSIC, and assert that 11 dills the GOAL and PRECONDITION roles of the actions
actron; and aclron g, respectively,

Asan examplesJet us apply the above processing to pots-busy-scenario. pre-

sented in Section 5220 Recall that state-ulon-u2o0ff (corresponding to statey in
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the above formnlas) is described by (AND State-Ulon State-U20ff) (correspond-
ing to Stafeyt. Also. since actron; corresponds 1o caller-off-hook-ul. Action,
is the action concept Caller-0ff-Hook. Assume that the fillers of ADD-LIST and
DELETE-LIST of .{¢fion, are restricted to (AN Idle-State State-Uloff) and
State-Utlon. respectively. We can then use the above rule to compute that state,

(the state of the world alter caller-off-hook-ul) is described by States:
(AND Idle-State State-Uloff State-U2off).

cLAsP will either (1) verify that the individual specified as state, (if specified
within an action individual) satislies this tvpe, or (2) use CLASSIC to create a
new individual state, of tvpe Stale,, and assert that sfates FILLS the GOAL of
caller-off-hook-ul and FILLS the PRECONDITION of connect-dialtone-on-ul

in pots-busy-scenario {again. assiiming that these roles are not already filled).

3.4 Sunnnary

This section has presented the plan representation and inference facilities found in
CLASE. CLASE provides o representation langnage for defining plan descriptions as
sequential, iteratives deterministic, amd non-deterministic compaositions of CLASSIC
action desceriptions. ¢ ase abro allows the creation of scenarvio individuals as specific
sequences ol Ciassic action individnals,

CLASE supports several inferences to compute information implicit in the plan
representations, Scenario subsumption determines whether a plan describes a sce-
nario. Plan subsumption determines whether one plan is more general than another
plan.  Finallv, <pecial purpose state analysis reasons with Action concepts and
individuals. i order 1o provide the state information needed by the plan-based

terminological fsabsinaions imferences,

4 Usig CLLASP

This section illustrates the use of CLASE in enhancing subsumption-based retrieval
systems, The examples illustrate the power of combining term subsumption with
plan processing. To date we have used CLASP Lo represent and query a small set of
feature deseriptions and feature seenarios added to a LAassIE knowledge base, as will

he described Lelow, coase cepresentation and subsumption is fully implemented



in Common Lisp and crassie. A manual. along with example knowledge base
specifications qnd trace outputs of CLASP. can be found in [18].

As we have seen. CLASE enables the representation ol classes of temporal and
conditional compaositions of actions, supporting the representation of feature infor-
mation in the LASSIE domain. The same mechanisms {or representing and organizing
[eature deseriptions such as Pots-Plan (Section 3.2.1) also provide a very [lexible
method for rofro ring leature <cenarios such ax pots-busy-scenario. In particular,
definitions o plan deseriptions containing action “wildeards™ can be used 1o retrieve
scenarios atisfving particnlir planning relationships. The set of scenarios retrieved
are just those scenarios that are subsumed by the query plan description during
CLASP scenario subsumption. For example, a plan description containing the fol-
lowing plan expression can he used to find all the conterts in which specializations

of the CLASSIC description Connect-Dialtone-Act occur:

(SEQUENCE (LOO Action
Connect-Dizltone-Act
(1LOO A-tioni:.

Here. CLASE ropresents context while CLASSIC adds context-independent action ab-
straction. Plan descriptions van also be used to retrieve scenarios satisfying temporal

context relationships:

(SEQUENCLE (LOOI” Action
Caller-On-Hook-Act
Callee-On-Hook-Act).

Here cLase s nsed taspectls then a ealler coes on-hook itnmediately before a callec,
and that all other actions i the scenario precede these actions.

Weo can also retrieve seenarios by specifying restrictions on intermediate states:
(SEQUENCE

(LOOP Action)

(AND Action

(AlLL PRECONDITTONS Busy-State))
(LLOOP action

This plan description is satishied by any scenario in which a phone is busy at some
point: the retrieval is hased on information about role fillers of action individuals

asserted into the knowledee base by the CLASP state computations.
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Finallve plan subsmimption can support retrieval of [eature descriptions rather
than scenarios. This capability could he used 1o determine il any existing features
handle a targer hehavioral deseription. For example. plan classilication could de-
termine that a call forwarding plan description deseribes all plans in which a user
dials the ninher of one phone, bintanother phone actually rings.

The capabilities supporting feiture processing can also be used to flexibly retrieve
test. SCripts. Suppose a tester wanted to run scripts to ensure that a particular
process wrote o report to a log file every time any feature (call forwarding. call
waiting. selective call reject) was enabled or disabled at a phone. Because many
devices can be considered to be “phones™ and not all features operate on these
devices, finding all relevant seripts is an extremely difficult task. \With cLASP.

however, the tester may issue a simple query:

(SEQUENCI
(LOODP Actioni
(OR {AN!]) Feature-Enable-Action
(ALl HAS-OPERAND Phone))
(AN]) Feature-Disable-Action
(ALl HAS-OPERAND Phone)))
(LLOOP Actionii.

Again. we see how scenario and term subsumption can be combined to support re-
trieval given ncamplete andd abstract deseriptions. This query also illustrates how
the taxonomic reasaning of cLAsSIC can be combined with the regular expression
facility of crase to hielp reduee the “cognitive load™ on testers. For example. the
tester does not have vo remeriber that ISDN stations. ordinary handset telephones,
incoming trunks. and many othier devices are all considered to he “phones™; addi-
tionally. the nser doesu’s have to remember all the different features and how theyv
are enabled.

CrLask can be nsed ta query collections of message traces to identify those traces
that show a cortain bheliavior, For example. if we wanted to make sure that the
switeh diddn’t allow o particalar incoming trunk to make an ontgoing call*?, we
conld chieek that there wore no snessage traces where o tncoming trunk made a call
into the svstem. and <ubscquentlv was able 1o dial onrs This could be determined

by construering the following grery:

P this were albowed . then it would Le possible 1o dial into a PBX, and then dial ont and make

a Tree long-distanec eall



(SEQUIENCI
(1.OODP Action)
(AND O0ff-Hook-Action
(I"11.1.5 ACTOR incoming-trunkl}))
(1.LOOP Action)
(AND Connect-Action
(I'11.1.5 ACTOR incoming-trunkl)
(ALl RECIPIENT Toll-Trunk))
(LOODP Action)).

If any answers are retrieved. then there are some violations.

5 Related Work

Taxonomic reascning has lareely been the concern of rescarch in knowledge repre-
sentation. particnlarly in Kt oNE-like sestems. While plan reasoning has typically
been the concern of fairly orthiogonal research arcas. namely plan recognition and
plan synthesis. there are a few examples where abstraction in planning plays an
important role'

A plan abstraction lierarchiy is central to the plan recognition work of Kantz [16].
However, in his taxonomy, plin nodes are analogous to terms rather than structures,
Also. no aspect of Nantz s representation is specilied using a terminological system.
and the suitabiline of bis representation for computing terminological plan inferences
is not of concern.

In the field of plan synthesis. Tenenberg [33] uses a plan hierarchy to construct
abstract plan <olntions that constrain later search. where any abstract solution can
alwavs he specialized by clioosing a specialization of each abstract plan step. Thus,
while plans i Tenenherg's hicrarchy are compositions of actions (like in CLASP).
plans must alwivs be stractaeally isomorphic across abstraction levels. Tn other
words, the focus of such anstiies [23] juspived work (in planning as well as in
machine learning ) is to nse and wencrate abstraction hierarchics of action opcrators
(hased on elimination of thewr preconditions). [17) Also. as with Kauntz, this work is
not at all integrated with or motivated by any concerus ol work in terminological

representation.

BPlan deccrnpesition hicrarchios alsa play a role in several systems[24, 16).



The notion of abstraction is also central to Wellman’s plan synthesis work [36],
which is in et the most similar approach to CLAST. Plans are built from actions
represented in the term subsmmplion language NIKL [34], and plan classes are or-
ganized into a hierarchy based ¢ a notion of subsumption. However, the actual
language for consiructing plan Jdescriptions is quite different (largely due to dif-
ferences i domain): for example. Wellman's language is totally atemporal while
CLASP allows the representation of sequence. Correspondingly, the algorithms for
classifving and subsuming plan descriptions must differ.  Furthermore. Wellman
only represents and subsumes plan classes. while CLASP is also concerned with plan
individuals.

Several rescarch projects have nsed existing terminological knowledge represen-
tation syvstems 1o direct]lyv represent and organize plans. Swartont and Neches [32]
use NIKL 1o orcanize plans o @ taxonomy by the semantics of the goals achieved
(rather than the methods thar are used to achieve the voals). [n our terminology, the
plan hicrarchy i< thus orzantzed via g-subsnmption. rather than by s-subsumption
and p-subsmmnption as i crases The coMET multimodal generation project [10]
nses the terminglogical laneaee 1LOOM [19] to “represent”™ sequential plans. COMET
uses huitive role-naming conventions (the first step ol a plan is stored in a role
called “stepl.” the second n o role called =step2.” and so0 on) that are understood
by the gencration programs. This information is not understood. however. by the
representation svstent dioring 11s subsumption processes. CLASP provides a princi-
pled way to explicitly represent temporal and other planning relations within the
representation svsteni. so that plan and seenario subsumption based on information
such as Segienee Can Iser ‘l(’.\'l;'lh“,l and in'1|;>len'u:‘n!n?«il.

Terminological models have been integrated with other paradigms besides plans,
namely rule-hased svstems. For examiples in the work of - [37]. rules are composed
from terms delined within the knowledge representarion svstem LOOM. and a classifi-
cation algoritlin coustructs o rule taxonomy based on the semantics of the left-hand
side of such rules. The lncorporation of term subsiwmption into a production system

lramework this supports semandie pattern matcehing.

6 Conclusion

CLASP is a0 play-bosed knowledoe representation aud reasoning svstem that combines
terminological and reqular espression processing. In this paper we presented the

CLASP Jangnage for defining plan descriptions corresponding to classes and for cre-
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ating plan individuals that =atislv such descriptions. As in terminological systems,
descriptions and individuals are organized into taxonomies based on subsumption
inferences. We have discussed subsumption inferences relevant to plans and sce-
narios - p-<nb=umption and s-subsumption - and have shown how such inferences
are related to core notions of terminological and instance subsumption. \We have
also shown how inferences specilic 1o action representations can be used to support
computation of the plan-based terminological inferences. We have motived our work
by demoustrating the importance ol muanaging large collections of plans. In partic-
ular, we have nsed CLASPE to provide a viable data model as well as a framework for
representing and retrieving information in software information systems.

Several extensions 1o CLASE would he particularly useful. Alchiongh the current
representation lanenaee can cncode s interesting class of plans in the telephony do-
main. the lanciaec - not as eoneral as many representations nzed in plan synthesis,
For exavmple, the standard operators for composing plans not only include sequence
and choice, b also iieration. recursion. and coneurrency [13]. Some current models
of plan representation are in fact extremely temporally complex [1]. However, to
extend the exprossive power ([or example. allowing the representation of parallel
actions). new aleorithms lor plan subsumption would be needed. One might also
add inheritance and an elemnentary notion of assertions to CLASP. Assertions would
allow the delinition of constraints on execution patterns and could be used during

software debnzzine 1o cheek cxeontion traces for anomalous behavior.
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