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Abstract

In this paperwe presenta framevork for creatingnaturallanguageinterfacesto action-based@pplica-
tions. Ourframevork usesa numberof reusableapplication-independesbmponentsin orderto reduce
theeffort of creatinga naturallanguagenterfacefor a givenapplication.Usingatype-logicalgrammay
we first translatenaturallanguagesentenceto expressionsn an extendedhigherorderlogic. These
expressionganbe seenasexecutablespecificationcorrespondindo the original sentencesThe exe-

cutablespecificationsretheninterpretedy invoking appropriateorocedureprovidedby theapplication
for which a naturallanguagenterfaceis beingcreated.

1 INTRODUCTION

The separatiorof the userinterfacefrom the applicationis regardedasa sounddesignprinciple. A clean
separatiorof thesecomponentsallows differentuserinterfacessuchas GUI, command-lineand voice-
recognitioninterfaces. To supportthis feature,an applicationwould supply an application interface
Roughly speaking,an applicationinterfaceis a setof “hooks” that an applicationprovides so that user
interfacescanaccesshe applications functionality. A userinterfaceissuescommandsindqueriesto the
applicationthroughthe applicationinterface;the applicationexecuteshesecommandsand queries,and
returnsthe resultsbackto the userinterface. We areinterestedn applicationavhoseinterfacecanbe de-
scribedin termsof actionsthatmodify the applications state andpredicateshatquerythe currentstateof
theapplication.We referto suchapplicationsasaction-basedpplications

In this paper we proposea framework for creatingnaturallanguageuserinterfacesto action-based
applications. Theseuserinterfaceswill acceptcommanddrom the userin the form of naturallanguage
sentencesWe do not addresshow the userinputsthesesentencegby typing, by speakinginto a voice
recognizer etc), but ratherfocus on what to do with thosesentences.Intuitively, we translatenatural
languagesentencemto appropriatecallsto proceduresvailablethroughthe applicationinterface.

As anexample,considertheapplicationToyBLOCKS. It consistof a graphicalrepresentatioof two
blockson a table,thatcanbe moved, and put oneon top of the other We would like to be ableto take a
sentencesuchasmoveblodk oneon blodk two, andhave it translatednto suitablecallsto the Toy BLOCK S
interfacethat would move block 1 on top of block 2. (This requiresthat the interfaceof ToyBLOCKS
suppliesa procedurefor moving blocks.) While this exampleis simple, it alreadyexposesmostof the
issueswith which our framework mustdeal.

Our framework architecturds sketchedin Figurel. The diagramshavs an applicationwith several
differentuserinterfaces.The box labeled“NLUI” representshe naturallanguageuserinterfacethatour
framawork is designedo implement.Our framework is appropriatdor applicationghatprovide a suitable
applicationinterface,which is describedn Section2. We expectthat mostexistentapplicationswill not
provide an interfaceconformingto our requirements.Thus, an adaptermight be required,as shovn in
the figure. Otheruserinterfacescanalsobuild on this applicationinterface. The userinterfacelabeled
“Other Ul 1” (for instancea command-lindnterface)doesjust that. The applicationmay have someuser
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interfacesthat interactwith the applicationthroughothermeans suchasthe userinterface“Other Ul 2”
(for instancethe native graphicalinterfaceof the application).

Thetranslationfrom naturallanguagesentenceso applicationinterfacecallsis achievedin two steps.
Thefirst stepis to usea cateyorial grammar(Carpenter1997)to derive anintermediaterepresentationf
the semantic®f theinput sentenceAn interestingfeatureof cateyorial grammarss thatthe semanticof
thesentencés compositionallyderivedfrom themeaningof thewordsin thelexicon. Thederivedmeaning
is a formula of higherorderlogic (Andrews, 1986). The key obsenationis that sucha formula canbe
seenasan executablespecification More precisely it correspondso an expressiorof a simply-typedA-
calculus(Barendrgt, 1981). The secondstepof our translationis to executethis A-calculusexpressiorvia
callsto proceduresuppliedby the applicationinterface.

We implementthe abore schemeasfollows. A parseracceptsa naturallanguagesentencdrom the
user andattemptgo parseit usingthe cateyorial grammarnulesandthe vocahulary from the application-
specificlexicon. The parseffails if it is notableto provide a uniqueunambiguougparsingof the sentence.
Successfuparsingresultsin a formulain our higherorderlogic, which corresponds$o an expressionin
anactioncalculus—al-calculusequippedwith a notion of action. This expressioris passedo theaction
calculusinterpreterwhich “executes'the expressiorby makingappropriatecallsto the applicationvia the
applicationinterface.Theinterpretermayreportbackto the screertheresultsof executingthe actions.

Themainadwantageof ourapproachs its modularity Thisarchitectureontainsonly afew application-
specificcomponentsandhasa numberof reusablecomponentsMore precisely the cateyorial grammar
parserandthe actioncalculusinterpreterare genericandreusableacrossdifferentapplications.The lex-
icon, on the other hand,providesan application-specifizocalulary, and describeghe semanticof the
vocahulary in termsof a specificapplicationinterface.

In Section2 we describeour requirementgor action-baseapplications.We definethe notion of an
applicationinterface,andprovide a semanticgor suchaninterfacein termsof a modelof the application.
In Section3 we presentan actioncalculusthat canbe usedto capturethe meaningof imperatve natural
languagesentencesThe semantic®f thisactioncalculusaregivenin termsof anaction-based@pplication
interfaceandapplicationmodel;thesesemanticpermitusto evaluateexpression®f theactioncalculusby
makingcallsto the applicationinterface. Section4 providesa brief introductionto cateyorial grammars.
Section5 showvs how thesecomponentgaction-based@pplicationsaction calculus,and cateyorial gram-
mar)areusedin our framewvork. We discusssomeextensiongo theframeawork in Section6, andconclude
in Section?.

2 ACTION-BASED APPLICATIONS

Our frameawork appliesto applicationsthat provide a suitableApplication Programmeinterface (API).
Roughly speaking,such an interface provides procedureghat are callable from external processeso



“drive” the application. In this section,we describein detail the kind of interface neededby our ap-
proach.We alsointroducea modelof applicationghatwill let usreasoraboutthe suitability of thewhole
framework.

2.1 APPLICATION INTERFACE
Our framework requiresaction-basedpplicationsto have an applicationinterfacethat specifieswhich
externally callableproceduresxist in the application. This interfaceis meantto specify procedureshat
canbecalledfrom programswrittenin fairly arbitraryprogrammindanguagesTo achievethis, we assume
only thatthe calling languagecandistinguishbetweerobjects(the term‘object’ is usedis a nontechnical
senseto denotearbitrarydatavalues) andBooleanvaluest (true)and ff (false).

An applicationinterfacespecifieghe existenceof a numberof differentkind of procedures.

(1) Consgtants: Thereis a setof constantgepresentingbjectsof interest. For ToyBLocks, the con-
stantsarebl, b2, andtable.

(2) Predicates: Thereis a setof predicateslefinedover the statesof the application. A predicatecan
beusedto checkwhetherobjectssatisfycertainpropertiesdependentn the stateof theapplication.
Predicateseturntruth values. For ToyBLocks, we considerthe single predicateis_on(bl, pos),
thatcheckswhethera particularblock bl is in a particularpositionpos (on anotherblock or on the
table).Eachpredicatep hasanassociatearity, indicatinghow mary argumentst needs.

(3) Actions: Finally, thereis asetof actionsdefinedby theapplication.Actionsessentiallyeffecta state
change Actions canbe givenargumentsfor example,to effecta changeto a particularobject. For
ToyBLoOcCKsS, we considera single action, move(bl, pos), which movesblock bl to position pos
(on anotherblock or on the table). As with predicateseachaction hasan associatearity, which
maybe0, indicatingthatthe actionis parameterless.

We emphasizéhatthe applicationinterfacesimply givesthe namesof the procedureshatarecallable
by externalprocessedt doesnotactuallydefineanimplementatiorfor theseprocedures.

In orderto prevent predicatesand actionsfrom being given inappropriateargumentswe needsome
informationaboutthe actualkind of objectsassociatedvith constantsandthatthe predicateandactions
take asamguments. We make the assumptiorthat every objectin the applicationbelongsto at leastone
of mary classesof objects. Let C be sucha setof classes. Although this terminology evokes object-
orientedprogrammingwe emphasizéhatanobject-orientedpproachs notnecessarjor suchinterfaces;
anumberof languagesindparadigmsaresuitablefor implementingapplicationinterfaces.

We associatéclassinformation” to every namein the interfacevia a mapo. More specifically we
associatavith every constantc a seto(c) C C representinghe classeof objectsthat canbe associated
with ¢. We associatewith eachpredicatep a seto(p) C C™ (wheren is the arity of the predicate),
indicatingfor which classe®f objectsthe predicateis defined.Similarly, we associatevith eachactiona
aseto(a) C C™ (again,wheren is the arity of theaction,which in this casecanbe0). As we will make
clearshortly, we only requirethatthe applicationreturnmeaningfulvaluesfor objectsof theright classes.

Formally, anapplicationinterfaceis atuplel = (C, P, A,C, o), whereC'is asetof constannames P
is asetof predicatenames A is asetof actionnames( is thesetof classe®f theapplicationande is the
mapassociatingvery elementof the interfacewith its correspondinglassinformation. The procedures
in theinterfaceprovide a meangfor an externalprocesgo accesghe functionality of the application,by
presentingto the languagea generallyaccessibleversionof the constantspredicatesand actions. Of
coursejn ourcasewe arenotinterestedn having arbitraryprocesseswvoking procedureén theinterface,
but specificallyaninterpreterthatinterpretscommandswrittenin a naturallanguage.

In aprecisesensethemapo describedyping informationfor the elementf theinterface. However,
becauseve do not wantto imposea particulartype systemon the application(for instance,we do not
wantto assumehatthe applicationis object-oriented)we insteadassume form of dynamictyping. More
precisely we assumehatthereis away to checkif anobjectbelongsto a givenclass. This caneitherbe
performedhroughspecialguard predicatesn theapplicationinterface(for instancea procedurds_block
thatreturnstrue if the suppliedobjectis actually a block), or a mechanisnsimilar to Java’s instanceOf
operator



Example2.1: As an example, considerthe following interface I+ for ToyBLocks. Let Iy =
(C, P, A,C,o), where,aswe discussecarlier,

C = {bl,b2,table}
P = {is_on}
A = {move}

We consideronly two classef objects,block, representinghe blocksthatcanbe moved, and position,
representindocationswhereblockscanbelocated.ThereforeC = {block, position}.

Todefines, considethewayin whichtheinterfacecouldbeused.Theconstanb1 representanobject
thatis botha block thatcanbe moved,anda positionto which the otherblock canbe movedto (sincewe
canstackblocksontop of eachother). Theconstanb2 is similar. Theconstantable representanobject
thatis a positiononly. Therefore we have:

o(b1) = {block, position}
o(b2) = {block, position}
o(table) = {position}.

Correspondinglywe canderive the classinformationfor is_on andmove:

o(is_on) = {(block, position)}
o(move) = {(block, position)}.

2.2 APPLICATION MODEL

In orderto reasorformally abouttheinterface,we provide a semanticgo the proceduresn the interface.

This is doneby supplyinga model of the underlying application. We make a numberof simplifying

assumptionaboutthe applicationmodel,anddiscusgelaxingsomeof theseassumptionin Section6.
Applicationsaremodeledusingfour components:

(1) Interface: Theinterface,aswe saw in the previoussection specifiegdhe procedureshatcanbeused
to queryandaffect the application. The interfacealsodefinesthe setC of classef objectsin the
application.

(2) States: A stateis, roughly speaking everythingthatis relevantto understandow the application
behaes.At ary givenpointin time, theapplicationis in somestate.We assumeéhatanapplications
statechange®nly throughexplicit actions.

(3) Objects: This definesthe setof objectsthat can be manipulated,or queried,in the application.
As we alreadymentionedwe usethe term‘object’ in the genericsensewithout implying thatthe
applicationis implementedhroughan object-orientedanguage.Every objectis associatedvith at
leastoneclass.

(4) Interpretation: An interpretatiorassociatewith every elementof theinterfacea “meaning”in the
applicationmodel. As we shall see,it associatesvith every constantan objectof the model,with
every predicatea predicateon the model,andwith every actiona state-transformatioan the model.

Formally, anapplicationis atuple M = (I, S, O, ), wherel in aninterface(thatdefinesheconstants,
predicatesandactionsof the application,aswell asthe classe®f the objects),S is the setof statesof the
application,O is the setof objects,andr is theinterpretation.

We extendthe map o definedin the interfaceto also provide classinformationfor the objectsin O.
Specifically we definefor every objecto € O aseto(0) C C of classego which thatobjectbelongs.An
objectcanbelongto morethanoneclass.

Themapn associatewith every stateandevery elemenin theinterface(i.e., every constantpredicate
andaction)the appropriatdnterpretationof that elementat that state. Specifically for a states € S, we
have 7(s)(c) € O. Therefore constantsandenotedifferentobjectsat differentstatesof the applications.
For predicatessr(s)(p) is a partial functionfrom O x ... x O to truth valuest or ff. This meansthat
predicatesare pure, in thatthey do not modify the stateof an application;they aresimply usedto query



the state. For actions,n(s)(a) is a partial functionfrom O x ... x O to S. The interpretationr is

subjectto thefollowing conditions.For a givenpredicatep, theinterpretationt(s) (p) mustbedefinedon

objectsof the appropriateclass. Thus,the domainof the partial function 7 (s)(p) mustat leastconsistof

{(01,.-.,0n) | 0(01) X ... x0(0on)No(p) # @}. Similarly, for agivenactiona, thedomainof thepartial

functionn(s)(a) mustatleastconsistof {(o1,...,0,) | 6(01) X ... X o(0p) No(a) # @}. Furthermore,
ary classassociateavith a constanmustalsobe associateavith the correspondingbject.In otherwords,
for all constants, we musthave o(c) C o(n(s)(c)) for all statess.

Example 2.2 We give amodel Mt for our sampleToyBLocCK S application.to go with theinterface Iy
definedin Example2.1. Let My = (Ir,S, O, w). We will consideronly threestatesin the application,
S ={s1, 82, s3}, which canbedescribedrariously:

in statesy, blocks1 and2 areonthetable
in statess, block 1 is onblock 2, andblock 2 is on thetable
in statess, block 1 is onthetable,andblock 2 is on block 1.

We consideronly threeobjectsin themodel,O = {b1, bs,t}, whereb, is block 1, b, is block 2, andt is
thetable.We extendthemapo in the obviousway:

o(by) = {block, position}
o(by) = {block, position}
o(t) = {position}

The interpretationfor constantds particularly simple, asthe interpretationis in factindependendf the
state(in otherwords,the constantseferto the sameobjectsat all states).

7(s)(b1) = by
7(s)(b2) = by
m(s)(table) = t.

Theinterpretatiorof theis_on predicatess straightforvard:

if z € {(by,1), (ba, 1)}

if 2 € {(b1,b1), (b1,b2), (b2, b1), (b2, b2)}
if z € {(b1,b2), (b2,1)}

if £ € {(b1,1), (b1,b1), (b2, b1), (b2, b2)}

if z € {(by,1), (b2, b1)}

if z € {(b1,b1), (b1,b2), (ba, 1), (b2, b2)}.

Theinterpretatiorof move is alsostraightforvard:

m(s1)(is-on)(z) =

m(s2)(is_on)(z) =

S L EFL

m(s3)(is_on)(x) =

S9 if 2= (b1, b2)
m(s1)(move)(z) =< s3 if = (ba,by)
s1 it @ € {(b1,1), (b1,b1), (b2, 1), (b2,b2)}
_ S1 if r = (bl,t)
7T(82)(m0ve)($) B 52 if z € {(b17 bl): (b17 b2)7 (b27t)7 (b27 bl): (b27 b2)}
_ S1 if r = (bg,t)
m(s3)(move)(z) = s3 if & € {(b1,1), (b1,b1), (b1, b2), (b2, b1), (b2, b2) }

If ablockis unmovable(thatis, if thereis anotherblock onit), thenthe statedoesnot changefollowing a
move operationll

3 AN AcTION CALCULUS

Action-basedapplicationinterfacesare designedo provide a meansfor externalprocesse$o accesghe
functionality of an application. In this sectionwe definea powerful and flexible languagethat can be
interpretedascallsto anapplicationinterface. Thelanguageve useis a simply-typedA-calculusextended
with a notionof action. It is effectively a computational-calculusin the style of Moggi (1989),although



we give a nonstandargresentatiorin orderto simplify expressinghe languagesemanticsn termsof an
applicationinterface.

The calculusis parameterizetby a particularapplicationinterfaceandapplicationmodel. The appli-
cationinterfaceprovidesthe primitive constantspredicatesand actions,that can be usedto build more
complicatedexpressionsyhile the applicationmodelis usedto definethe semantics.

3.1 SYNTAX
Everyexpressiorin thelanguages givenatype,intuitively describinghekind of valueghattheexpression
producesThetypesusedin this languagearegivenby thefollowing grammar

Types:
I 1
T = type

Obj object

Bool boolean

Act action

™ = Ty function

Thetypesr correspondaloselyto thetypesrequiredby the action-base@pplicationinterfaceswe defined
in the previous section: the type Bool is the type of truth values,with constantgrue and false corre-
spondingto the Booleanvaluestt and ff, andthe type Obj is the type of genericobjects. Thetype Act is
moresubtle;anexpressiorof type Act representanactionthatcanbe executedto changehe stateof the
application.Thisis anexampleof computationatypeasdefinedby Moggi (1989).As we shallseeshortly,
expression®f type Act canbeinterpretedascallsto theactionprocedure®f theapplicationinterface.

The classesC definedby the applicationinterface have no correspondingypesin this language—
instead all objectshave thetype Obj. Incorporatingheseclassesstypesis anobvious possibleextension
(seeSectionb).

Thesyntaxof thelanguagés a straightforvard extensionof thatof the A-calculus.

Syntax of Expressions:
I

V= value
true | false boolean
Az:T.e function
skip null action
en= expression
z variable
v value
id.() constant
idp(er,...,en) predicate
ido(e1,...,en) action
e1 e application
e1les : e3 conditional
e1; e actionsequencing
L ]
The expressionsid.(), idp(e1,-..,en) andidy(e, ..., ey) correspondo the proceduregrespectiely,

constantspredicatesandactions)availablein the applicationinterface! So,for ToyBLocks, the con-
stantsarebl, b2, andtable; the only predicateis is_on; andthe only actionis move. The expression
e1?es : ez is a conditionalexpressionevaluatingto e; if e; evaluatesto true, andes if e; evaluateso
false. Theexpressiore; es (Whene; andes areactions)evaluateso anactioncorrespondingo perform-
ing e; followedby e2. Theconstantkip representanactionthathasno effect.

LConstantarewritten id. () asavisualreminderthatthey areessentiallyfunctions:id. () mayyield differentvaluesat different
statesasthe semanticsvill male clear



Example 3.1: Considerthe interfacefor ToyBLocks. The expressionb1() representdlock 1, while

table() representthetable. The expressionmove(b1(), table()) representshe actionof moving block

1 onthetable. Similarly, the actionmove(b1(), table()); move(b2(),b1()) representshe composite
actionof moving block 1 on thetable,andthenmoving block 2 ontop of block 1. i

3.2 OPERATIONAL SEMANTICS
The operationasemanticss definedwith respecto the applicationmodel. More precisely the semantics
is givenby atransitionrelation,written (s,e) — (s', €'), wheres, s’ arestatef theapplicationande, e’
areexpressions.Intuitively, this representshe expressiore executingin states, and makinga one-step
transitionto a (possiblydifferent)states’ anda new expressiore’.

To accommodatehe transitionrelation, we needto extendthe syntaxof expressiondo accountfor
objectvaluesproduceduringtheevaluation.We alsoincludea specialvaluex thatrepresentanexception
raisedby the code. This exceptionis usedto capturevariouserrorsthatmayoccurduring evaluation.

Additional Syntax of Expressions:

v, € O objectvalue
V= value

Vo object

* exception

Thetransitionrelationis parameterizedby the functionsé., §, andd,, givenbelon. Thesefunctions
provide asemanticgo theconstantpredicateandactionproceduresespectiely, andarederivedfrom the
interpretationr in the applicationmodel. Theintuition is that evaluatingthesefunctionscorrespondso
makingcallsto the appropriatgprocedure®n the givenapplicationinterface,andreturningtheresult.

Reduction Rulesfor |nterface Elements:

Se(s,id.) = m(s)(id.)

w(s)(idp)(v1,...,vn) (fo(nn) x...xo(vp) No(idy) # @

. a
Op(8,idp,v1,.. . 0n) = % otherwise
5u(s.ide. v vy 2 | TONida) W1, o) i (o) X X 0(va) No(ida) # &
a\8,10a,V1,.--,Un) =g otherwise

Notethatdeterminingwhetheror nota primitivethrows anexceptiondepend®n beingableto establistthe
classof anobject(via themapeo). We canthusensurehatwe never call anactionor predicateprocedure
ontheapplicationinterfacewith inappropriateobjects,andsowe guarantea kind of dynamictype-safety
with respecto theapplicationinterface.

Reduction Rules:

I(RedApp 1) (RedApp 2) (RedApp 3)
(5761) — (Saell) (3761) — (Sa*)

(s,e1e2) — (s,€] e2)  (s,e1e2) —> (5,%)  (s,(AziT.e1) ea) — (s, er{z+ea})
(RedOCon) (RedPCon1l)
(s,e;) — (s,€ef) forsomei € [1..n]
(s,idc()) — (8,0c(s,idc)) (s idp(...,€4,...)) — (s,idp(... €},...))

(RedPCon2) (RedPCon3)
(s,e;) — (s,*) forsomei € [1..n]

5, (s, idyy, 01, vm) =
(Saidp(ela---aen)) — (S;*) (S,’idp(’l}h...,vn)) — (8,’0) p(S,'L p> V1, » U ) v



(RedlIf 1) (Redlf 2) (Redlf 3)
(8,61) — (8,6’1) (8,61) — (37*)

(s,e1?es : e3) — (s,€)7e2 : e3) (s,e1?es : e3) — (s,%) (8,v?€true : €false) — (8, €y)
(RedSeql) (RedSeq2) (RedSeq3)
(57 61) — (sla ell)
(5761;62) — (517611;62) (57*; e) — (57*) (s,skip;e) — (576)

(RedAConl) (RedACon2)
(s,ei) — (s,€;) for somei € [1..n] (s,e;) — (s,*) forsomei € [1..n]

(s,ida(---,€i,-..)) — (s,ida(...,€},...)) (s,idg(€1,---,€n)) — (s,%)

(RedACon3)
611 7-da7 y---yUn) = !

(5r idaon, - r0m)) — (' okip) 05 v ooovn) =8

(RedACon4)
6(1 ,'da, sy Un) =
(s,idg(v1,...,0,)) — (8,%) (8, ida, 01 Un) =*

Theoperationabemanticds a combinationof call-by-nameandcall-by-valuesemanticsMore specif-
ically, actionsareevaluatedn acall-by-nameashion while theremaindeiof the languagés evaluatedn
acall-by-valuefashion.Intuitively, actionsareevaluatedundercall-by-namebecaus@rematuresvaluation
of actionscould leadto action proceduresn the applicationinterfacebeing calledinappropriately For
example,undercall-by-valuesemanticdor actions,evaluationof the following expressionwould call the
actionproceduregfor A, assumingA is anactionin the applicationinterface: (\z:Act.false?z:skip) A.
Thisdoesnotagreewith theintuitive interpretatiorof actions.More importantly themappingfrom natural
languagesentencetn expressionsn our calculusnaturallyyieldsa call-by-namenterpretatiorof actions.

3.3 TYPE SYSTEM

We usetype judgmentsto ensurethat expressionsare assignedypesappropriately and that the types
themselesarewell-formed Roughlyspeakingatypeis well-formedif it preserestheseparatiometween
pure computationgcomputationsvith no side-efects) and imperatve computationgcomputationghat
may have side-efects). The type systemenforcesthat pure computationsio not changethe stateof the
application.This capturegsheintuition that declaratve sentences—corresponditgpure computations—
shouldnot changethe stateof the world. (This correspondencbetweendeclaratve sentencesnd pure
computationss madeclearin the next section.) Therulesfor the type well-formednesgudgment- 7 ok
aregivenin thefollowing table.

Judgmentst 7 pure, F 7imp,and F 7 ok:

I
(PureObj) (PureBool) (PureFun)
F 7 pure F 7 pure

F Obj pure F Bool pure F 71 — T pure
(ImpAct)  (ImpFun) (OK Pure) (OK Imperatice)
F 73 imp F 7 pure F 7 imp
" Act imp k7 — 7 imp F 7ok F 7ok

ThejudgmentT F e : T assignsatyper to expressiore in awell-formedenvironmentl’. An erviron-
mentT definesthetypesof all variablesin scope.An ervironmentis of theformzy : 7,...,2 : n : 7,,
anddefineseachvariablex; to have type ;. We requirethatvariablesdo not repeatin awell-formeden-
vironment. Thetyping rulesfor expressiongareessentiallystandardyith the exceptionof thetyping rule
for functions,which requiresthatfunctiontypesr — 7 bewell-formed.



JudgmentT'Fe: 7:
(Typ Var) (Typ Obj) (Typ True) (Typ False) (Typ Exc)

Lox:tkz:7 ThFov,:0bj T'kFtrue:Bool I'hfalse:Bool T'Fx:7

(Typ App) (Typ Fun)
I'ktey:7—=71 They:T Nz:tke:7 Fr—o1'0k
I'kejey: 7 'FXzire:m— 1
(Typ If) (Typ Skip) (Typ Seq)
I'ke:Bool T'hey:7 TT'hesg:r T'ke:Act T Fey:Act
I'kei?es:e3: 71 I' F skip : Act I'keg;es: Act
(Typ ACon) (Typ OCon) (Typ PCon)
I'Fe;:0bj Vie[l.n] I'Fe;:0bj Vie[l.n]

TFidg(er,...,en) :Act  Thide():0bj T Fidp(er,...,en): Bool

It is straightforwardto show thatour type systemis sound thatis, thattype-correcexpressionglo not
getstuckwhenevaluating.

Theorem 3.2 If - e : 7, and s is a state thenthere existsa states’ and valuev sud that+ v : 7 and
(s,e) —* (s',v). Moreover, if F 7 pure, thens’ = s.

Theorem3.2 alsoimpliesthatthelanguages stronglynormalizing:the evaluationof every expression
terminatesThisis avery desirablepropertyfor thelanguagesinceit will form partof theuserinterface.

Example 3.3: Considerthe following example,interpretedwith respecto the applicationmodel of Ex-
ample2.2. In states; (wherebothblock 1 and2 areon thetable),let ustracethroughthe executionof
the expressionAz:0bj.\y:Obj.move(z,y)) (b1()) (b2()). (We omitthederivationindicatinghow each
stepis justified.)
(81, (Az:0bj.Ay:Obj.move(z,y)) (b1()) (b2())) —

(31, 0:Obj-move(b1(),9)) (b2())) —

(51, move(b1(),b2())) —

(s1,move(by,b2())) —

(s1, move(by, b2)) —

(s2,skip).

In otherwords, evaluatingthe expressionin states; leadsto states,, whereindeedblock 1 is on top of
block2. 1

~— A~

3.4 A DIRECT INTERPRETER
The main reasonfor introducingthe action calculusof this sectionis to provide a languagen which to
write expressiongnvoking proceduresvailable in the applicationinterface. However, the operational
semanticgiven above rely on explicitly passingaroundthe stateof the application. This stateis taken
from the applicationmodel. In the model, the stateis an explicit datumthat entersthe interpretationof
constantspredicategndactions.Of coursejn theactualapplication the stateis implicitly maintainecby
the applicationitself. Invoking anactionprocedureon the applicationinterfacemodifiesthe currentstate
of theapplication puttingtheapplicationin a new state.This new stateis notdirectly visible to theuser
We canimplementaninterpretetasedntheabove operationakemanticdut without carryingaround
the stateexplicitly. To seethis, obsene thatthe stateis only relevantfor the evaluationof the primitives
(constantspredicatesandactions).More importantly, it is alwaysthe currentstateof the applicationthat
is relevant,andonly actionsareallowedto changethe state.We canthereforeimplementaninterpreterby
simply directly invoking the proceduresn the applicationinterfacewhenthe semanticgells usto reduce



via d., dp, Or d,. Furthermorewe needto be ableto raisean exception« if the objectspassedo the
interfaceare not of the right class. This requiresqueryingfor the classof an object. As we indicated
in Section2.1, we simply assumehat this canbe done,eitherthroughlanguagéfacilities (an instanceOf
operator) or throughexplicit proceduresn theinterfacethatcheckwhetheranobijectis of agivenclass.

In summary givenan applicationwith a suitableapplicationinterface ,we canwrite aninterpreterfor
our actioncalculusthatwill interpretexpressiondy invoking proceduresvailablethroughtheapplication
interfacewhenappropriate Theinterpreterdoesnot requirean applicationmodel. The modelis usefulto
establistpropertieof theinterpreterandif onewantsto reasoraboutthe executionof expressionyia the
above operationasemantics.

4 CATEGORIAL GRAMMARS

In the lastsection,we introducedan actioncalculusthatlets us write expressionghat canbe understood
via callsto the applicationinterface. The aim of this sectionis to usethis actioncalculusasthetargetof a
translationfrom naturallanguagesentencesin otherwords,we describea way to take a naturallanguage
sentencaand producea correspondingexpressionin our actioncalculusthat captureghe meaningof the
sentenceOur maintool is categorial grammars.

Catagorial grammarsprovide a mechanismo assignsemantic4o sentence# naturallanguagen a
compositionalmanner As we shall see,we canobtaina compositionatranslationfrom naturallanguage
sentencesnto the action calculuspresentedn the previous section,and thus provide a simple natural
languageuserinterfacefor a given application. This sectionprovides a brief exposition of categorial
grammarspasedon Carpenters (1997)presentationWe shouldnotethatthe useof categorial grammars
is not a requirementin our framework. Indeed,any approachto provide semanticdo naturallanguage
sentencef higherorderlogic, which canbe viewed asa simply-typedX-calculus(Andrews, 1986),can
beadaptedo our use.For instanceMoortgat’s (1997)multimodalcateyorial grammarswhich canhandle
awiderrangeof syntacticconstructscanalsobeusedfor our purposesTo simplify theexposition,we use
thesimplercategorial grammarsn this paper

Cateagorial grammarswere originally developedby Ajdukiewicz (1935) and Bar-Hillel (1953), and
later generalizedoy Lambek(1958). The idea behind categorial grammarss simple. We startwith a
setof categories eachcateyory representinga grammaticalfunction. For instance,we can start with
the simple categyoriesnp representingioun phrasespp representingrepositionaphrasess representing
declaratve sentenceanda representingmperative sentencesGivencategoriesA and B, we canform the
functor categyoriesA/B and B\ A. The category A/B representshe category of syntacticunits thattake
asyntacticunit of category B to their right to form a syntacticunit of cateyory A. Similarly, the category
B\ A representshe catgory of syntacticunitsthattake a syntacticunit of category B to their left to form
a syntacticunit of category A.

Considersomeexamples.The cateyory np\ s is the catgory of intransitve verbs(e.g.,laughg: they
take a nounphraseon their left to form a sentencde.g.,Alice laughsor the reviewer laughg. Similarly,
thecateyory (np\s) /np representthe category of transitive verbs(e.g.,takes: they take anounphraseon
theirright andthena nounphraseon their left to form a sentencde.g.,Alice takesthe doughnuj.

Themain goal of cateyorial grammards to provide a methodof determiningthe well-formednes®f
naturallanguage A lexiconassociatesvery word (or complex sequencef wordsthatconstitutea single
lexical entry) with one or more cateyories. The approachdescribedoy Lambek(1958)is to prescribea
calculusof categoriessothatif a sequencef wordscanbe assigned category A accordingto therules,
thenthe sequencef wordsis deemeda well-formed syntacticunit of catejory A. Hence,a sequence
of wordsis a well-formednounphraseif it canbe shavn in the calculusthatit hascategory np. As an
exampleof reduction,we seethatif oy hascategyory A ando» hascatgory A\ B, theno; o2 hascatgory
B. SchematicallyA4, A\B = B. Moreover, this goesbothways, thatis, if o1 02 hascategory B ando;
canbeshavn to have category A, thenwe canderive thato, hascateyory A\ B.

VanBenthem(1986)shavedthatthis calculuscouldbeusedo assigrasemantic$o termsby following
thederivationof the cateyories.Assumethatevery basiccategory is assignedtypein our actioncalculus,
througha type assignmenfl’. A type assignmenfl’ can be extendedto functor cateyoriesby putting
T(A/B) = T(B\A) = T(B) — T(A). Thelexicon is extendedso thatevery word is now associated
with oneor morepairsof a catggory A andanexpressionx in our actioncalculusof the appropriateype,



thatis, - a : T(A).

We usethe sequenmnotationa; : Aq,...,a, : 4, = «a : A to meanthatexpressionsuy, . .., a,
of categoriesA4,,..., A, canbe concatenatetb form anexpressionn of catggory A. We call o : A the
conclusionof thesequentWe usecapitalGreekletters(T', A,...) to represensequencesf expressionsnd
catgyories.We now giverulesthatallow usto derive new sequentfrom othersequents.

Categorial Grammar Sequent Rules:

I(Seqld) (SeqCut)
F2:>5:B I‘l,ﬂ:B,F3:>a:A
a:A=>a: A Fl,FQ,F3:>CMZA
(SegApp Right) (SeqApp Left)
A=p8:B T',a):ATe=>~v:C A=p:B TI',aB):A,Ty=>~:C
Fl,Oz:A/B,A,F2=>’y:C Fl,A,OéZB\A,F2:>’YZC

(SegAbs Right) (SegAbs Left)
Nz:A=a:B =z2:ATl'=>a:B

I'=>M.a:B/A T = A.a:A\B

Example 4.1: Considerthe following simplelexicon, suitablefor the Toy BLock s application. The fol-
lowing typesareassociatedvith the basicgrammaticalnits:

T (np) = Obj
T (pp) = Obj
T(s) = Bool
T(a) = Act

Hereis alexiconthatcapturesa simpleinputlanguagégor ToYBLOCKS:

block one=>b1() : np

blodktwo=>b2() : np

thetable=- table() : np

on=- (Az:0bj.x) : pp/np

is = (Az:0bj.Ay:0bj.is_on(y, z)) : (np\s)/pp

if = (Az:Bool.\y:Act.z?y : skip) : (a/a)/s
move=> (Az:0bj.\y:Obj.move(z,y)) : (a/pp)/np

Thisis a particularlysimplelexicon, sinceevery entryis assigned singletermandcategory.

Usingthe above lexicon, the sentencenmove blodk one on blodk two canbe associatedvith the string
of expressionsand categories Az:Obj.Ay:Obj.move(z,y) : (a/pp)/np, b1() : np, Az:0Obj.z : pp/np,
b2() : np. Thefollowing derivationshavs thatthis concatenatioyieldsanexpressiorof categyory a. (For
reason®f spaceswe have elidedthetypeannotationsn A-abstractions.)

(b2()):pp =

)
Az Ay.move(z,y):(a/pp)/np, b1():np, (\z.z)
b2():np = b2():np (Az.\y.move(z,y)) (b1()) ((Az.z) (b2())):a

Az.\y.move(z,y):(a/pp)/np, b1():np, Az.z:pp/np, b2():np =
(Az.\y.move(z,y)) (b1()) ((Az.z) (b2())):a

b1():np = b1():np (t
x.
2(

wherethe subdenation(t) is simply:

(Az.z) (b2()):pp = (Az.Ay.move(z,y)) (b1()) ((Az.z) (b2())):a =
() : (Az.z) (b2()):pp  (Az.Ay.move(z,y)) (b1()) ((Az.z) ( 2())):a
(Az.\y.move(z,y)) (b1()):a/pp, (Az.z) (b2

(b2()):pp
(Az.dy.move(z,y)) (b1()) (Az.2) (b2())):a



Hence thesentencés awell-formedimperatve sentenceMoreover, thederivationshavs thatthemeaning
of thesentencenoveblock oneonblock twois (Az:Obj. A\y:Obj.move(z, y)) (b1()) ((Az:0bj.z) (b2())).
Theexecutionof this expressionsimilarto theonein Example3.3, shavs thattheintuitive meaningof the
sentencés reflectedby the executionof the correspondingxpressionll

Onemight hopethatthe expressionglerivedthrougha cateyorial grammarderivationarealwaysvalid
expression®f our actioncalculus.To ensurethatthis propertyholds,we mustsomevhatrestrictthe kind
of categoriesthat canappearn a derivation. Call a category A impefative if it is cateyory a, or if it is
of theform B/C or C\B with B imperatve. Let us saythata derivation respectsmpeative structue
if every category A with anembeddedtategyory a thatappearsn the derivationis animperatve category.
Intuitively, aderivationrespectémperatve structuref it cannotconstrucdeclaratve sentencethatdepend
onimperative subsentencesg., a declaratve sentenceannothave ary “side effects” We canshaw that
ary suchderivationwill produceexpressionghattypecheckn thetype systemof the previoussection.

Theorem 4.2: For anyderivationof a sequentith conclusionx : A thatrespectsmpemtivestructue, we
havet o : T'(A).

So, given a naturallanguagamperative sentencdrom the user we usethe lexicon to find the corre-
spondingexpressionandcateyory pairsa; : Ay, ..., a, : Ay, andthenattemptto parseit, thatis, to find
aderivationfor thesequenty; : Ay, ..., a, : 4, = « : a. If auniquesuchderivationexists,thenwe have
an unambiguougarsingof the naturallanguagemperative sentenceand moreover, the action calculus
expressiony is the semantic®f theimperative sentence.

5 PUTTING IT ALL TOGETHER...

We now havethemajorcomponentsf ourframeawork: amodelfor action-basedpplicationsandinterfaces
to them; an action calculuswhich canbe interpretedas calls to an applicationinterface;andthe useof
catgyorial grammargo createexpressionsn our actioncalculusfrom naturallanguagesentences.

Let's seehow our framewnork combinesthesecomponent$y consideringan end-to-endexamplefor
TovyBLOCKS. Supposéghe userinputsthe sentencenove blodk oneon block two whenblocks1 and2 are
bothonthetable. Our framewnork would procesghis sentencén the following steps.

(1) Parsing: The ToyBLOCKS lexicon is usedto parsethe sentenceParsingsucceedsnly if thereis
a uniqueparsingof the sentenceptherwisethe parsingstepfails, becausehe sentencavaseither
ambiguous containedunknonvn words or phrasespr was ungrammatical.In this example,there
is only a single parsingof the sentencdasshavn in Example4.1), andthe resultis the following
expressiorin our actioncalculus which hastype Act:

(Az:0bj.Ay:Obj.move(z,y)) (b1()) ((Az:0bj.z) (b2())).

(2) Evaluating: Theactioncalculusexpressionis evaluatedusinga directinterpreteiimplementingthe
operationakemantic®f Section3. The evaluationof the expressiomproceedasfollows.

(s1, (Az:0bj. Ay:0Obj.move(z,y)) (b1()) ((Az:Obj.x) (b2()))) —
(81, (Ay:Obj.move(b1(),y)) ((Az:0bj.z) (b2()))) —
(s1, move(b1(), (Az:0bj.z) (b2()))) —
(s1, move(by, (Az:0bj.z) (b2()))) —
(81, move(b, (b2()))) —
(s1, move(by, b2)) —
(s2,skip).

In the procesof this evaluation,severalcallsaregeneratedo theapplicationinterface.ln particular
callsaremadeto determinetheidentity of the objectconstantd1 andb2 asb;, andb, respectiely.
Then,during the last transition,guardpredicatesuchasis_block(b) andis_position(b;) may
be calledto ensurethatb; andb, areof the appropriateclassedor being passeds argumentsto
move. Sincethe objectsareof the appropriateclassesthe actionmove(by, b2) is invokedvia the
applicationinterface, andsucceeds.



(3) Reporting: Following the evaluationof the expressionsomeresultmustbe reportedbackto the
user Our framework doesnot detailwhatinformationis corveyedbackto theuser but they mustbe
informedif anexceptionwasraisedduringthe evaluationof the expression.

In this example,no exceptionwasraised,sowhatto reportto the useris at the discretionof the user
interface.If theuserinterfacehadagraphicaldepictionof thestateof Toy BLOCKS, it maynow send
gueriegto theapplicationinterfaceto determinethe new stateof theworld, andmodify its graphical
displayappropriately

Let'sconsidewhatwouldhappernif anexception(x) wasraisedduringtheevaluationphase For exam-
ple,considemprocessinghesentencenovethetableonblodk one Theparsingphasevould succeedasthe
sentences grammaticallycorrect. However, prior to calling theactionmove(t, b, ), the evaluationwould
determinethat the object¢ doesnot belongto the classblock (by a guardpredicatesuchasis_block(t)
returning ff, or by someothermechanism).An exceptionwould thus be raised,and someinformation
mustbereportedbackto theuserduringthereportingphase Note thatthe framewvork hasensuredhatthe
actionmove(t, by ) wasnotinvokedon theapplicationinterface.

6 EXTENSIONS

Several extensiongo this framework are possible. Thereis a mismatchof typesin our framewnork. The
applicationmodelpermitsarich notion of types:ary objectof the applicationmaybelongto oneor more
classes.By contrast,our actioncalculushasa very simple notion of types,assigningthe type Obj to all
objects andnotstaticallydistinguishingdifferentclasse®f objects.Thesimplicity of ouractioncalculusis
achievedatthecostof dynamictypecheckingwhichensureshatactionsandpredicate®ntheapplication
interfaceareinvoked only with appropriateparametersit would be straightforwardto extendthe action
calculuswith a morerefinedtype systemthat includesa notion of subtyping,to modelthe application
classesNot only would this extensionremove mary, if notall, of thedynamictypechecksput it mayalso
reducethe numberof possibleparsesof naturallanguagesentencesThe refinedtype systemallows the
semanticof thelexicon entriesto befiner-grained,andby consideringhesesemanticssomenonsensical
parsef a sentenceould be ignored. For example,in the sentenceick up the bookand the doughnut
andeatit thereferentof it couldnaively be eitherthebookor thedoughnut if thesemanticof eatrequire
anobjectof the classFood andthe classe®of the bookandthe doughnutare consideredthenthe former
possibility couldberuledout.

Anotherstraightforward extensionto the framework is to allow the userto querythe stateby entering
declaratve sentenceandtreatingthemasyes-nointerrogative sentenced-or example blodk oneis onthe
table? This correspondso acceptingsequent®f theform oz : A4,...,a, : A, = « : s, andexecuting
the actioncalculusexpressionr, which hastype Bool. The categorial grammarcould be extendedto ac-
ceptotheryes-noquestionssuchasis block two on block one?A moreinterestingextension(whichwould
requirea correspondinglynorecomplex applicationmodel)is to allow hypotheticalqueries suchasif you
move block oneon block two, is blodk oneon the table? This correspondso queryingis blodk oneon the
table?in the statethatwould resultif theactionmoveblock oneon block two wereperformed.This exten-
sionwould bring our higherorderlogic (thatis, our actioncalculus)closerto dynamiclogic (Groenendijk
andStokhof,1991;Hareletal., 2000). It is not clear however, how to derive a directinterpreterfor such
anextendedcalculus.

In Section2.2we madesomesimplifying assumptionabouttheapplicationmodel. Chiefamongthese
assumptionsvasthat an applications statechangesnly asa resultof explicit actions. This assumption
may be unrealisticif, for example,the applicationhasmultiple concurrentusers.We canhowever extend
the framawork to relaxthis assumption Oneway of relaxingit is to incorporatetransactionsnto the ap-
plicationmodelandapplicationinterface:the applicationmodelwould guaranteghatwithin transactions,
stateschangeonly asaresultof explicit actions but if notransactioris in progresghenstatesmaychange
arbitrarily. Theevaluationof anactioncalculusexpressiorwould thenbewrappedn atransaction.

Anotherrestrictionwe imposedwas that predicatese pure. It is of coursetechnically possibleto
permitarbitrary statechangesiuring the evaluationof predicatesIn fact, we canmodify the operational
semanticdo allow the evaluationof ary expressionto changestates.|f doneproperly the key property
is still presered: the evaluationof constantspredicatesr actionsrely only on the currentstate,andall



othertransitionsdo not rely on the stateat all. Thus,the semanticgemainsconsistenwith interpreting
expressionaisingcallsto the applicationinterface. However, doing this would losethe intuitive meaning
of naturallanguagesentencethatdo not containactions;they shouldnot changethe stateof theworld.

7 CONCLUSION

We have presentedh framework that simplifiesthe creationof simplenaturallanguageuserinterfacesfor
action-basedapplications. The key point of this framework is the useof a A-calculusto mediateaccess
to the application. The A-calculuswe defineis usedasa semanticdor naturallanguagesentencegvia
catgyorial grammars),and expressiondn this calculusare executedby issuingcalls to the application
interface. The framavork hasa numberof application-independemomponentsteducingthe amountof
effort requiredto createa simplenaturallanguageauserinterfacefor a givenapplication.

A numberof applicationshave naturallanguageinterfaces(Winograd,1971; Price et al., 2000), but
they appearto be designedspecificallyfor the givenapplication ratherthanbeinga genericapproach A
numberof methodologieandframeawvorks exist for naturallanguagenterfacesfor databasejueries(see
Androutsopoulost al. (1995)for a surwey), but we are not aware of a framework for deriving natural
languagenterfacesto generalapplicationsn a principledmanner

While the framework presentechereis useful for the rapid developmentof simple naturallanguage
userinterfaces,the emphasiss on simple. Cateyorial grammars(and other techniqueghat use higher
orderlogic asthe semanticf naturallanguage)are limited in their ability to dealwith the wide and
diversephenomendhat occurin English. For example,additionalmechanism®utsideof the categorial
grammay probablyapplication-specificwould be requiredto dealwith discourse. However, categorial
grammarsare easily extensible,by expandingthe lexicon, and mary partsof the lexicon of a categorial
grammararereusablen differentapplicationsmakingit well-suitedto aframework for rapiddevelopment
of naturallanguageuserinterfaces.

It may seemthata limitation of our framework is thatit is only suitablefor applicationgor which we
canprovide aninterfaceof thekind describedn Section2—theactioncalculusof Section3 is specifically
designedo beinterpretedascallsto anaction-basedpplication.However, all theexampleswe considered
canbe provided with suchan interface. It is especiallyinterestingto note that our definition of action-
basedapplicationinterfacesis compatiblewith the notion of interfacefor XML web services(Barclay
et al., 2002). This suggestghat it may be possibleto derive a naturallanguagenterfaceto XML Web
Servicewusingessentialljthe approactwe adwocatein this paper
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