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Abstract

In this paperwe presenta framework for creatingnaturallanguageinterfacesto action-basedapplica-
tions.Our framework usesanumberof reusableapplication-independentcomponents,in orderto reduce
theeffort of creatinga naturallanguageinterfacefor a givenapplication.Usinga type-logicalgrammar,
we first translatenaturallanguagesentencesinto expressionsin an extendedhigher-orderlogic. These
expressionscanbeseenasexecutablespecificationscorrespondingto theoriginal sentences.Theexe-
cutablespecificationsaretheninterpretedby invokingappropriateproceduresprovidedby theapplication
for which a naturallanguageinterfaceis beingcreated.

1 INTRODUCTION

Theseparationof theuserinterfacefrom theapplicationis regardedasa sounddesignprinciple. A clean
separationof thesecomponentsallows differentuserinterfacessuchas GUI, command-lineandvoice-
recognitioninterfaces. To supportthis feature,an applicationwould supply an application interface.
Roughlyspeaking,an applicationinterfaceis a setof “hooks” that an applicationprovidesso that user
interfacescanaccesstheapplication’s functionality. A userinterfaceissuescommandsandqueriesto the
applicationthroughthe applicationinterface;the applicationexecutesthesecommandsandqueries,and
returnstheresultsbackto theuserinterface.We areinterestedin applicationswhoseinterfacecanbede-
scribedin termsof actionsthatmodify theapplication’sstate,andpredicatesthatquerythecurrentstateof
theapplication.We referto suchapplicationsasaction-basedapplications.

In this paper, we proposea framework for creatingnaturallanguageuserinterfacesto action-based
applications.Theseuserinterfaceswill acceptcommandsfrom the userin the form of naturallanguage
sentences.We do not addresshow the userinputs thesesentences(by typing, by speakinginto a voice
recognizer, etc), but ratherfocus on what to do with thosesentences.Intuitively, we translatenatural
languagesentencesinto appropriatecallsto proceduresavailablethroughtheapplicationinterface.

As anexample,considertheapplicationTOYBLOCKS. It consistsof a graphicalrepresentationof two
blockson a table,thatcanbemoved,andput oneon top of theother. We would like to beableto take a
sentencesuchasmoveblock oneonblock two, andhaveit translatedinto suitablecallsto theTOYBLOCKS

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 architectureis sketchedin Figure1. The diagramshows an applicationwith several
differentuserinterfaces.Thebox labeled“NLUI” representsthe naturallanguageuserinterfacethatour
framework is designedto implement.Our framework is appropriatefor applicationsthatprovideasuitable
applicationinterface,which is describedin Section2. We expectthatmostexistentapplicationswill not
provide an interfaceconformingto our requirements.Thus,an adaptermight be required,asshown in
the figure. Otheruserinterfacescanalsobuild on this applicationinterface. The userinterfacelabeled
“Other UI 1” (for instance,a command-lineinterface)doesjust that. Theapplicationmayhave someuser
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interfacesthat interactwith theapplicationthroughothermeans,suchasthe userinterface“Other UI 2”
(for instance,thenativegraphicalinterfaceof theapplication).

Thetranslationfrom naturallanguagesentencesto applicationinterfacecalls is achievedin two steps.
Thefirst stepis to usea categorial grammar(Carpenter,1997)to derive anintermediaterepresentationof
thesemanticsof theinput sentence.An interestingfeatureof categorial grammarsis that thesemanticsof
thesentenceis compositionallyderivedfrom themeaningof thewordsin thelexicon. Thederivedmeaning
is a formula of higher-order logic (Andrews, 1986). The key observation is that sucha formula canbe
seenasanexecutablespecification. More precisely, it correspondsto anexpressionof a simply-typed

�
-

calculus(Barendregt,1981).Thesecondstepof our translationis to executethis
�
-calculusexpressionvia

callsto proceduressuppliedby theapplicationinterface.
We implementthe above schemeasfollows. A parseracceptsa naturallanguagesentencefrom the

user, andattemptsto parseit usingthecategorial grammarrulesandthevocabulary from theapplication-
specificlexicon. Theparserfails if it is not ableto providea uniqueunambiguousparsingof thesentence.
Successfulparsingresultsin a formula in our higher-orderlogic, which correspondsto an expressionin
anactioncalculus—a

�
-calculusequippedwith a notionof action.This expressionis passedto theaction

calculusinterpreter, which“executes”theexpressionby makingappropriatecallsto theapplicationvia the
applicationinterface.Theinterpretermayreportbackto thescreentheresultsof executingtheactions.

Themainadvantageof ourapproachis its modularity. Thisarchitecturecontainsonly afew application-
specificcomponents,andhasa numberof reusablecomponents.More precisely, thecategorial grammar
parserandthe actioncalculusinterpreteraregenericandreusableacrossdifferentapplications.The lex-
icon, on the otherhand,providesan application-specificvocabulary, anddescribesthe semanticsof the
vocabulary in termsof aspecificapplicationinterface.

In Section2 we describeour requirementsfor action-basedapplications.We definethe notion of an
applicationinterface,andprovidea semanticsfor suchaninterfacein termsof a modelof theapplication.
In Section3 we presentan actioncalculusthat canbe usedto capturethemeaningof imperative natural
languagesentences.Thesemanticsof thisactioncalculusaregivenin termsof anaction-basedapplication
interfaceandapplicationmodel;thesesemanticspermitusto evaluateexpressionsof theactioncalculusby
makingcalls to theapplicationinterface.Section4 providesa brief introductionto categorial grammars.
Section5 shows how thesecomponents(action-basedapplications,actioncalculus,andcategorial gram-
mar)areusedin our framework. We discusssomeextensionsto theframework in Section6, andconclude
in Section7.

2 ACTION-BASED APPLICATIONS

Our framework appliesto applicationsthat provide a suitableApplication ProgrammerInterface(API).
Roughly speaking,such an interfaceprovides proceduresthat are callable from external processesto



“drive” the application. In this section,we describein detail the kind of interfaceneededby our ap-
proach.We alsointroducea modelof applicationsthatwill let usreasonaboutthesuitability of thewhole
framework.

2.1 APPLICATION INTERFACE
Our framework requiresaction-basedapplicationsto have an applicationinterfacethat specifieswhich
externallycallableproceduresexist in the application.This interfaceis meantto specifyproceduresthat
canbecalledfrom programswrittenin fairly arbitraryprogramminglanguages.To achievethis,weassume
only that thecalling languagecandistinguishbetweenobjects(the term‘object’ is usedis a nontechnical
sense,to denotearbitrarydatavalues),andBooleanvalues� � (true)and ��� (false).

An applicationinterfacespecifiestheexistenceof a numberof differentkind of procedures.

(1) Constants: Thereis a setof constantsrepresentingobjectsof interest.For TOYBLOCKS, thecon-
stantsare ��� , ��� , and 	�
���
�� .

(2) Predicates: Thereis a setof predicatesdefinedover the statesof theapplication.A predicatecan
beusedto checkwhetherobjectssatisfycertainproperties,dependentonthestateof theapplication.
Predicatesreturntruth values. For TOYBLOCKS, we considerthe singlepredicate��� ����������� �"!$#&% ,
thatcheckswhethera particularblock �'� is in a particularposition �"!$# (on anotherblock or on the
table).Eachpredicate( hasanassociatedarity, indicatinghow many argumentsit needs.

(3) Actions: Finally, thereis asetof actionsdefinedby theapplication.Actionsessentiallyeffectastate
change.Actionscanbegivenarguments,for example,to effect a changeto a particularobject.For
TOYBLOCKS, we considera singleaction, )*�,+��-����� � �"!$#.% , which movesblock ��� to position ��!.#
(on anotherblock or on the table). As with predicates,eachactionhasan associatedarity, which
maybe / , indicatingthattheactionis parameterless.

We emphasizethattheapplicationinterfacesimply givesthenamesof theproceduresthatarecallable
by externalprocesses.It doesnot actuallydefineanimplementationfor theseprocedures.

In order to prevent predicatesandactionsfrom beinggiven inappropriatearguments,we needsome
informationabouttheactualkind of objectsassociatedwith constants,andthat thepredicatesandactions
take asarguments.We make the assumptionthat every object in the applicationbelongsto at leastone
of many classesof objects. Let 0 be sucha set of classes.Although this terminologyevokesobject-
orientedprogramming,weemphasizethatanobject-orientedapproachis notnecessaryfor suchinterfaces;
a numberof languagesandparadigmsaresuitablefor implementingapplicationinterfaces.

We associate“class information” to every namein the interfacevia a map 1 . More specifically, we
associatewith every constant2 a set 13��2�%5460 representingthe classesof objectsthat canbe associated
with 2 . We associatewith eachpredicate( a set 13�7(8%*490;: (where < is the arity of the predicate),
indicatingfor which classesof objectsthepredicateis defined.Similarly, we associatewith eachaction =
a set 13��=,%>4?0;: (again,where < is thearity of theaction,which in this casecanbe / ). As we will make
clearshortly, weonly requirethattheapplicationreturnmeaningfulvaluesfor objectsof theright classes.

Formally, anapplicationinterfaceis a tuple @BAC��DE�GFH��IJ��03��1;% , where D is a setof constantnames,F
is asetof predicatenames,I is asetof actionnames,0 is thesetof classesof theapplication,and 1 is the
mapassociatingevery elementof the interfacewith its correspondingclassinformation. Theprocedures
in the interfaceprovide a meansfor an externalprocessto accessthe functionalityof the application,by
presentingto the languagea generallyaccessibleversionof the constants,predicates,and actions. Of
course,in ourcase,wearenot interestedin having arbitraryprocessesinvokingproceduresin theinterface,
but specificallyaninterpreterthatinterpretscommandswritten in a naturallanguage.

In a precisesense,themap 1 describestyping informationfor theelementsof theinterface.However,
becausewe do not want to imposea particulartype systemon the application(for instance,we do not
wantto assumethattheapplicationis object-oriented),we insteadassumeaform of dynamictyping. More
precisely, we assumethat thereis a way to checkif anobjectbelongsto a givenclass.This caneitherbe
performedthroughspecialguard predicatesin theapplicationinterface(for instance,aprocedure��� �K
��;L&M
that returnstrue if the suppliedobject is actuallya block), or a mechanismsimilar to Java’s instanceOf
operator.



Example 2.1: As an example, consider the following interface @'N for TOYBLOCKS. Let @'NOA��DE�GFH��IJ��03��1;% , where,aswe discussedearlier,DPARQ����"���3�;�S	&
T�K
���UFVARQ&��� �-��UI?AVQ$)*�,+��"U
We consideronly two classesof objects, ���W!�XZY , representingtheblocksthatcanbemoved,and �"!$#\[^]_[�!.` ,
representinglocationswhereblockscanbelocated.Therefore,0aAPQT�'�b!�XZYc����!.#\[^]�[�!d`eU .

Todefine1 , considerthewayin whichtheinterfacecouldbeused.Theconstant��� representsanobject
that is botha block thatcanbemoved,anda positionto which theotherblock canbemovedto (sincewe
canstackblocksontopof eachother).Theconstant�3� is similar. Theconstant	�
T�K
�� representsanobject
thatis a positiononly. Therefore,wehave:13�f����%�AVQT�'�W!&XZY8� �"!$#\[^]_[�!.`�U13�f���-%�AVQT�'�W!&XZY8� �"!$#\[^]_[�!.`�U13�f	&
T��
���%�AVQ���!.#\[^]�[�!d`eUhg
Correspondingly, we canderive theclassinformationfor ��� �-� and )*�,+�� :13����� �-��%�ARQh�G�'�b!�XZY8����!.#Z[^]_[�!.`i%\U13��)*�,+-�T%�AVQ,�����W!�XZY;� �"!$#\[^]�[�!d`;%ZUjg
2.2 APPLICATION MODEL
In orderto reasonformally aboutthe interface,we provide a semanticsto theproceduresin the interface.
This is doneby supplyinga model of the underlyingapplication. We make a numberof simplifying
assumptionsabouttheapplicationmodel,anddiscussrelaxingsomeof theseassumptionsin Section6.

Applicationsaremodeledusingfour components:

(1) Interface: Theinterface,aswesaw in theprevioussection,specifiestheproceduresthatcanbeused
to queryandaffect the application.The interfacealsodefinestheset 0 of classesof objectsin the
application.

(2) States: A stateis, roughly speaking,everythingthat is relevant to understandhow the application
behaves.At any givenpoint in time,theapplicationis in somestate.Weassumethatanapplication’s
statechangesonly throughexplicit actions.

(3) Objects: This definesthe set of objectsthat can be manipulated,or queried,in the application.
As we alreadymentioned,we usethe term ‘object’ in thegenericsense,without implying that the
applicationis implementedthroughanobject-orientedlanguage.Every objectis associatedwith at
leastoneclass.

(4) Interpretation: An interpretationassociateswith every elementof theinterfacea “meaning”in the
applicationmodel. As we shall see,it associateswith every constantan objectof the model,with
everypredicateapredicateon themodel,andwith everyactiona state-transformationon themodel.

Formally, anapplicationis atuple klAC��@���mn�Zop�Sqi% , where@ in aninterface(thatdefinestheconstants,
predicates,andactionsof theapplication,aswell astheclassesof theobjects),m is thesetof statesof the
application,o is thesetof objects,and q is theinterpretation.

We extendthe map 1 definedin the interfaceto alsoprovide classinformationfor the objectsin o .
Specifically, we definefor every object rpsto a set 13��rd%E4u0 of classesto which thatobjectbelongs.An
objectcanbelongto morethanoneclass.

Themap q associateswith everystateandeveryelementin theinterface(i.e.,everyconstant,predicate
andaction)theappropriateinterpretationof thatelementat thatstate.Specifically, for a state vwstm , we
have q��_v&%���2�%xsyo . Therefore,constantscandenotedifferentobjectsat differentstatesof theapplications.
For predicates,q��_v&%��7(8% is a partial function from o{z|g�g�gizto to truth values� � or �W� . This meansthat
predicatesarepure, in that they do not modify the stateof an application;they aresimply usedto query



the state. For actions, q��_v&%���=T% is a partial function from o}z~g�g�g3zuo to m . The interpretationq is
subjectto thefollowing conditions.For a givenpredicate( , theinterpretationq���v$%'��(-% mustbedefinedon
objectsof theappropriateclass.Thus,thedomainof thepartial function q���v$%'��(-% mustat leastconsistofQh��r��$��g�g�g���r : %��'13��r��&%�z�g�g�g�z513��r : %T�B13�7(8%��AP�JU . Similarly, for agivenaction = , thedomainof thepartial
function q���v$%'��=,% mustat leastconsistof Qh��r��$��g�g�g���r : %��$13��r���%Hz�g�g�g�z�13��r : %;��13��=T%E�AV�JU . Furthermore,
any classassociatedwith aconstantmustalsobeassociatedwith thecorrespondingobject.In otherwords,
for all constants2 , wemusthave 13��2�%H4�13�fq��_v$%'��2�%S% for all statesv .
Example 2.2: We give a model k N for our sampleTOYBLOCKS application,to go with theinterface @ N
definedin Example2.1. Let ktN�A���@�N��Smx�Zop�Sqi% . We will consideronly threestatesin the application,m�APQ.v.�$�Gv&���Gv&�.U , which canbedescribedvariously:

in statev.� , blocks1 and2 areon thetable
in statev&� , block 1 is on block2, andblock2 is on thetable
in statev&� , block 1 is on thetable,andblock 2 is on block1.

We consideronly threeobjectsin themodel, o�A�Q$� � �G� � �S�ZU , where � � is block 1, � � is block 2, and � is
thetable.We extendthemap 1 in theobviousway:13������%�ARQ,���W!�XZY8����!.#\[^]�[�!d`eU13���\�$%�ARQ,���W!�XZY8����!.#\[^]�[�!d`eU13�f�S%�ARQ'�"!$#\[^]_[�!.`�U
The interpretationfor constantsis particularlysimple,asthe interpretationis in fact independentof the
state(in otherwords,theconstantsreferto thesameobjectsat all states).q���v$%'������%�A~� �q���v$%'���3�-%�A~�\�q���v$%'��	�
T�K
���%�A��\g
Theinterpretationof the ��� ��� predicatesis straightforward:

q���v.��%'����� �-��%��f�8%�A � � � if ��s�Q,�����.�S�S%\�&���\���S�S%\U�W� if ��s�Q,�����.�G���\%'���_���.�Z�\��%'�����'���Z���'%'�����'�d�G�'��%ZUq���v&�$%'����� �-��%��f�8%�A � � � if ��s�Q,�����.�G�\��%'���_�\�����S%ZU�W� if ��s�Q,�����.�S�S%\�&�����.�G����%\�&���\���G����%\���_�\�d�Z�\��%\Uq���v&�$%'����� �-��%��f�8%�A � � � if ��s�Q,�����.�S�S%\�&���\���G����%ZU�W� if ��s�Q,�����.�G���\%'���_���.�Z�\��%'�����'�����S%\���_�\�d�Z�\��%\U .
Theinterpretationof )*�,+�� is alsostraightforward:

q���v � %'��)��,+��T%'���-%�A��� � v � if �wAC��� � �G� � %v � if �wAC��� � �G� � %v � if �asyQh��� � �S�S%'���_� � �Z� � %'����� � �S�S%'���_� � �Z� � %\Uq���v � %'��)��,+��T%'���-%�A � v.� if �wA��_���$���S%v&� if �asyQ,�����.�G���'%\���_���d�G�\��%'���_�\�����S%\�&���\���G����%\���_�\�d�Z�\��%\Uq���v&�$%'��)��,+��T%'���-%�A � v.� if �wA��_�\�d���S%v&� if �asyQ,�����.�S�S%'�������$�G���'%\�&�����.�G�\�&%\�&���\���G����%\���_�\�d�Z�\��%\U
If a block is unmovable(that is, if thereis anotherblock on it), thenthestatedoesnot changefollowing a
moveoperation.

3 AN ACTION CALCULUS

Action-basedapplicationinterfacesaredesignedto provide a meansfor externalprocessesto accessthe
functionality of an application. In this sectionwe definea powerful and flexible languagethat can be
interpretedascallsto anapplicationinterface.Thelanguageweuseis asimply-typed

�
-calculusextended

with a notionof action.It is effectively a computational
�
-calculusin thestyleof Moggi (1989),although



we give a nonstandardpresentationin orderto simplify expressingthe languagesemanticsin termsof an
applicationinterface.

Thecalculusis parameterizedby a particularapplicationinterfaceandapplicationmodel. Theappli-
cationinterfaceprovidesthe primitive constants,predicates,andactions,that canbe usedto build more
complicatedexpressions,while theapplicationmodelis usedto definethesemantics.

3.1 SYNTAX
Everyexpressionin thelanguageis givenatype,intuitivelydescribingthekind of valuesthattheexpression
produces.Thetypesusedin this languagearegivenby thefollowing grammar.

Types:���W� A type�n�� 
object¡c¢,¢�£
boolean¤�¥\¦
action� �¨§ � � function

Thetypes� correspondcloselyto thetypesrequiredby theaction-basedapplicationinterfaceswe defined
in the previous section: the type

¡c¢,¢�£
is the type of truth values,with constants	�©.ª�� and «¬
�
��&� corre-

spondingto theBooleanvalues� � and �W� , andthetype
�E�S 

is thetypeof genericobjects.Thetype
¤�¥\¦

is
moresubtle;anexpressionof type

¤�¥'¦
representsanactionthatcanbeexecutedto changethestateof the

application.This is anexampleof computationaltypeasdefinedby Moggi (1989).As weshallseeshortly,
expressionsof type

¤�¥'¦
canbeinterpretedascallsto theactionproceduresof theapplicationinterface.

The classes0 definedby the applicationinterfacehave no correspondingtypesin this language—
instead,all objectshavethetype

�E�S 
. Incorporatingtheseclassesastypesis anobviouspossibleextension

(seeSection6).
Thesyntaxof thelanguageis astraightforwardextensionof thatof the

�
-calculus.

Syntax of Expressions:­ �b� A value	�©.ª��p�&«_
"
��&� boolean� � � � g ® function��M;�f¯ null action® �b� A expression� variable­ value[�°"±&�_% constant[�°h²���®d�.��g�g�g��G® : % predicate[�°"³,��®d�$��g�g�g���® : % action®d��®$� application®d�'´&®$� � ®$� conditional® �$µ ® � actionsequencing

The expressions[�°�±&�_% , [�°h²���®d�$��g�g�g���® : % and [�°"³,��®d�.��g�g�g��G® : % correspondto the procedures(respectively,
constants,predicates,andactions)availablein the applicationinterface.1 So, for TOYBLOCKS, the con-
stantsare ��� , �3� , and 	�
���
�� ; theonly predicateis ��� ��� ; andtheonly actionis )��,+�� . Theexpression®d�'´&®$� � ®$� is a conditionalexpression,evaluatingto ®&� if ®d� evaluatesto 	�©.ªe� , and ®$� if ®.� evaluatesto«¬
�
��&� . Theexpression®d� µ ®$� (when ®d� and ®&� areactions)evaluatesto anactioncorrespondingto perform-
ing ®d� followedby ®$� . Theconstant��M;�f¯ representsanactionthathasno effect.

1Constantsarewritten ¶b·�¸�¹»º asavisualreminderthatthey areessentiallyfunctions: ¶W·&¸'¹»º mayyield differentvaluesat different
states,asthesemanticswill make clear.



Example 3.1: Considerthe interfacefor TOYBLOCKS. The expression���8��% representsblock 1, while	�
���
��-�_% representsthetable.Theexpression)��,+��-�f���-�_%\�S	&
T�K
��8��%�% representstheactionof moving block
1 on the table. Similarly, the action )*�,+-�������8��%'�S	�
���
��-�_%S% µ )*�,+-�-���3�i��%'�S���c��%S% representsthe composite
actionof moving block1 on thetable,andthenmoving block2 on top of block1.

3.2 OPERATIONAL SEMANTICS
Theoperationalsemanticsis definedwith respectto theapplicationmodel.More precisely, thesemantics
is givenby atransitionrelation,written ��vj��®.%�¼ § ��v&½��G®$½b% , wherevj�Gv&½ arestatesof theapplication,and ®h�G®&½
areexpressions.Intuitively, this representsthe expression® executingin state v , andmakinga one-step
transitionto a (possiblydifferent)statev�½ anda new expression®$½ .

To accommodatethe transitionrelation,we needto extendthe syntaxof expressionsto accountfor
objectvaluesproducedduringtheevaluation.Wealsoincludeaspecialvalue¾ thatrepresentsanexception
raisedby thecode.This exceptionis usedto capturevariouserrorsthatmayoccurduringevaluation.

Additional Syntax of Expressions:­�¿ s�o objectvalue­ �b� A valuegbgWg­�¿ object¾ exception

The transitionrelationis parameterizedby the functions À ± , À ² and À ² , givenbelow. Thesefunctions
provideasemanticsto theconstant,predicate,andactionproceduresrespectively, andarederivedfrom the
interpretationq in the applicationmodel. The intuition is that evaluatingthesefunctionscorrespondsto
makingcallsto theappropriateprocedureson thegivenapplicationinterface,andreturningtheresult.

Reduction Rules for Interface Elements:À�±&�_v���[�°�±Z%�Áuq��_v$%'��[�°-±G%ÀZ²���vj��[�°h²T� ­ �d��g�g�g'� ­ : %�Á � q���v$%'�S[�°,²�%'� ­ �.��g�g�g�� ­ : % if 13� ­ ��%Hz�g�g�g"z�13� ­ : %;��13��[�°,²�%n�A~�¾ otherwiseÀ�³,�_vj��[�°"³h� ­ �$��g�g�g�� ­ : %�Á � q���v$%'�S[�°"³d%�� ­ �d��g�g�g'� ­ : % if 13� ­ �&%�z�g�g�g�z�13� ­ : %;�w13��[�°�³d%n�A~�¾ otherwise

Notethatdeterminingwhetheror notaprimitivethrowsanexceptiondependsonbeingableto establishthe
classof anobject(via themap 1 ). We canthusensurethatwe nevercall anactionor predicateprocedure
on theapplicationinterfacewith inappropriateobjects,andsowe guaranteea kind of dynamictype-safety
with respectto theapplicationinterface.

Reduction Rules:

(RedApp 1)��vj��®d�'%Â¼ § ��vj��®$½� %�_vj��® � ® � %Â¼ § ��vj��®$½� ® � %
(RedApp 2)�_v��G®d�'%�¼ § �_vj� ¾T%��vj��® � ® � %H¼ § ��vj��¾T%

(RedApp 3)

��vj��� � � � � g ® � %e® � %�¼ § ��vj��® � Q&�8Ã�® � U$%
(RedOCon)

�_vj��[�° ± ��%�%H¼ § �_vj��À ± ��vj��[�° ± %S%
(RedPCon1)��vj��®$Ä¬%�¼ § �_v��G®$½Ä % for someÅ�sÇÆ�ÈjgWg <8É��vj��[�° ² �Sg�g�g���®$ÄS��g�g�g %�%�¼ § �_v���[�° ² ��g�g�g��G®$½Ä ��g�g�gÊ%S%

(RedPCon2)�_vj��®$Ä�%�¼ § ��vj� ¾�% for someÅ�sÇÆWÈ�gbg <8É��vj��[�°,²T��®.�.��g�g�g��G® : %�%H¼ § �_vj� ¾T%
(RedPCon3)

�_v���[�°j²�� ­ �d��g�g�g�� ­ : %S%H¼ § ��vj� ­ % À ² ��vj��[�° ² � ­ � ��g�g�g'� ­ : %�A ­



(RedIf 1)�_vj��® � %�¼ § ��vj��® ½ � %�_vj��®d�'´&®$� � ®$��%�¼ § ��vj��®$½� ´&®$� � ®$��%
(RedIf 2)��vj�G® � %�¼ § �_v���¾T%��vj�G®.��´&®&� � ®&�&%�¼ § �_v���¾T%

(RedIf 3)

��vj� ­ ´&®�Ë ÌSÍ�Î � ®&ÏbÐ�ÑÊÒ Î.%H¼ § �_vj��®$Ód%
(RedSeq1)��vj��® � %H¼ § ��v&½_��®$½� %�_vj��®d� µ ®&��%H¼ § ��v&½_��®$½� µ ®$��%

(RedSeq2)

��vj� ¾ µ ®.%�¼ § ��vj��¾T%
(RedSeq3)

��vj����M;�f¯ µ ®.%�¼ § �_v��G®.%
(RedACon1)��vj��® Ä %H¼ § �_v��G®$½Ä % for someÅ�stÆ�ÈjgWg <8É�_vj��[�°�³,�Sg�g�g���® Ä ��g�g�g %�%H¼ § �_v���[�°�³,��g�g�g���®$½Ä ��g�g�g %S%

(RedACon2)��vj�G® Ä %�¼ § �_vj� ¾T% for someÅ�sÇÆWÈ�gbg <8É�_v���[�°�³,��®d�d��g�g�g'�G® : %�%H¼ § �_v���¾T%
(RedACon3)

�_vj��[�°�³,� ­ �.��g�g�g�� ­ : %�%H¼ § ��v&½_����M;�f¯K% À ³ ��vj��[�° ³ � ­ � ��g�g�g'� ­ : %�A~v&½
(RedACon4)

�_vj��[�°�³,� ­ �.��g�g�g�� ­ : %�%H¼ § ��vj��¾T% À&³,��vj��[�°�³h� ­ �$��g�g�g�� ­ : %�A|¾
Theoperationalsemanticsis acombinationof call-by-nameandcall-by-valuesemantics.Morespecif-

ically, actionsareevaluatedin a call-by-namefashion,while theremainderof thelanguageis evaluatedin
acall-by-valuefashion.Intuitively, actionsareevaluatedundercall-by-namebecauseprematureevaluation
of actionscould leadto actionproceduresin the applicationinterfacebeingcalled inappropriately. For
example,undercall-by-valuesemanticsfor actions,evaluationof thefollowing expressionwould call the
actionprocedurefor Ô , assumingÔ is anactionin theapplicationinterface: � � � � ¤�¥\¦ g «¬
�
��&�,´�� � ��M;��¯K%3Ô .
Thisdoesnotagreewith theintuitiveinterpretationof actions.Moreimportantly, themappingfrom natural
languagesentencesto expressionsin our calculusnaturallyyieldsa call-by-nameinterpretationof actions.

3.3 TYPE SYSTEM
We usetype judgmentsto ensurethat expressionsare assignedtypesappropriately, and that the types
themselvesarewell-formed. Roughlyspeaking,atypeis well-formedif it preservestheseparationbetween
purecomputations(computationswith no side-effects)and imperative computations(computationsthat
may have side-effects). The type systemenforcesthat purecomputationsdo not changethe stateof the
application.This capturestheintuition thatdeclarativesentences—correspondingto purecomputations—
shouldnot changethe stateof the world. (This correspondencebetweendeclarative sentencesandpure
computationsis madeclearin thenext section.)Therulesfor thetypewell-formednessjudgmentÕ �5Ö�×
aregivenin thefollowing table.

Judgments Õ �ÙØ"Ú�Û�Ü , Õ �ÙÝbÞ5Ø , and Õ �BÖ�× :

(PureObj)

Õ �n�S  Ø�Ú�ÛGÜ (PureBool)

Õ ¡c¢,¢�£ Ø�Ú�ÛGÜ (PureFun)Õ � � Ø�Ú�ÛGÜ Õ � � Ø�Ú"Û�ÜÕ � � § � � Ø�Ú"Û�Ü
(Imp Act)

Õ ¤�¥\¦ ÝbÞ5Ø (Imp Fun)Õ � � ÝbÞ5ØÕ � � § � � ÝWÞ5Ø (OK Pure)Õ �BØ�Ú�ÛGÜÕ �JÖ�× (OK Imperative)Õ �ÙÝbÞ5ØÕ �ÙÖ�×
ThejudgmentßyÕ�® ��� assignsa type � to expression® in a well-formedenvironment ß . An environ-

ment ß definesthetypesof all variablesin scope.An environmentis of theform � � ��� � ��g�g�g'�S� � < �"� : ,
anddefineseachvariable �-Ä to have type � Ä . We requirethatvariablesdo not repeatin a well-formeden-
vironment.Thetyping rulesfor expressionsareessentiallystandard,with theexceptionof thetyping rule
for functions,which requiresthatfunctiontypes� § � ½ bewell-formed.



Judgment ß�Õà® �d� :

(Typ Var)

ß��S� �d� Õp� �d� (Typ Obj)

ß�Õ ­�¿ � �E�S  (Typ True)

ß�Õá	�©.ªe� � ¡c¢,¢�£ (Typ False)

ß�Õà«¬
�
��&� � ¡c¢,¢"£ (Typ Exc)

ß�Õ5¾ �d�
(Typ App)ßâÕw®d� �d� § � ½ãß�Õw®$� �d�ß�Õw® � ® � �d� ½

(Typ Fun)ß��S� �d� Õw® ��� ½ Õ � § � ½ Öj×ßaÕ � � � � g ® �d� § � ½
(Typ If)ßâÕw®d� � ¡c¢,¢�£ ß�Õw®&� ��� ß�Õw®$� �d�ß�Õw® � ´&® � � ® � �d� (Typ Skip)

ß�Õw��M;�f¯ � ¤�¥'¦ (Typ Seq)ß�Õw®.� � ¤�¥\¦ ß�Õà®$� � ¤�¥'¦ß�Õw® �$µ ® � � ¤�¥\¦
(Typ ACon)ß�Õp®$Ä � �E�S åä Å�s�ÆWÈ�gbg <8ÉßâÕ�[�°"³,��®d�$��g�g�g���® : % � ¤�¥\¦ (Typ OCon)

ß�Õ�[�°�±��_% � �n��  (Typ PCon)ß�Õw®$Ä � �n�� åä Å�stÆWÈ�gbg <8Éß�Õâ[�°h²���®d�.��g�g�g��G® : % � ¡c¢h¢"£
It is straightforwardto show thatour typesystemis sound,thatis, thattype-correctexpressionsdo not

getstuckwhenevaluating.

Theorem 3.2: If Õ�® �;� , and v is a state, thenthere existsa state v&½ andvalue ­ such that Õ ­ �c� and��vj�G®$%�¼ §|æ �_v&½�� ­ % . Moreover, if Õ �JØ�Ú�ÛGÜ , then v&½-A?v .
Theorem3.2alsoimpliesthatthelanguageis stronglynormalizing:theevaluationof everyexpression

terminates.This is avery desirablepropertyfor thelanguage,sinceit will form partof theuserinterface.

Example 3.3: Considerthe following example,interpretedwith respectto the applicationmodelof Ex-
ample2.2. In state v � (whereboth block 1 and2 areon the table),let us tracethroughthe executionof
theexpression� � � � �n�S  g ��ç � �n�S  g )��,+��-�f�i� ç %S%��f���-�_%S%��f���i��%S% . (We omit thederivationindicatinghow each
stepis justified.) �_v � ��� � � � �n�S  g �"ç � �n�S  g )��,+��-�f�i� ç %S%��f���-�_%S%��f���;�_%S%�%Â¼ §��v � ��� �"ç � �E�S  g )��,+��-�f���-�_%\� ç %�%����3�i��%�%S%Â¼ §��v � ��)*�,+-�������8��%'�S���;�_%S%S%¨¼ §��v � ��)*�,+-���_� � ���3�i��%�%S%H¼ §��v.�.��)*�,+-���_���$�Z�\��%�%H¼ §��v&������M;�f¯3%\g
In otherwords,evaluatingthe expressionin state v.� leadsto state v&� , whereindeedblock 1 is on top of
block2.

3.4 A DIRECT INTERPRETER
The main reasonfor introducingthe actioncalculusof this sectionis to provide a languagein which to
write expressionsinvoking proceduresavailable in the applicationinterface. However, the operational
semanticsgiven above rely on explicitly passingaroundthe stateof the application. This stateis taken
from the applicationmodel. In the model, the stateis an explicit datumthat entersthe interpretationof
constants,predicatesandactions.Of course,in theactualapplication,thestateis implicitly maintainedby
theapplicationitself. Invoking anactionprocedureon theapplicationinterfacemodifiesthecurrentstate
of theapplication,puttingtheapplicationin anew state.This new stateis notdirectly visible to theuser.

Wecanimplementaninterpreterbasedontheaboveoperationalsemanticsbut withoutcarryingaround
the stateexplicitly. To seethis, observe that the stateis only relevant for theevaluationof the primitives
(constants,predicates,andactions).More importantly, it is alwaysthecurrentstateof theapplicationthat
is relevant,andonly actionsareallowedto changethestate.We canthereforeimplementaninterpreterby
simply directly invoking theproceduresin theapplicationinterfacewhenthesemanticstells usto reduce



via À&± , ÀZ² , or À�³ . Furthermore,we needto be able to raisean exception ¾ if the objectspassedto the
interfaceare not of the right class. This requiresqueryingfor the classof an object. As we indicated
in Section2.1,we simply assumethat this canbedone,eitherthroughlanguagefacilities (an instanceOf
operator),or throughexplicit proceduresin theinterfacethatcheckwhetheranobjectis of agivenclass.

In summary, givenanapplicationwith a suitableapplicationinterface,we canwrite an interpreterfor
ouractioncalculusthatwill interpretexpressionsby invokingproceduresavailablethroughtheapplication
interfacewhenappropriate.Theinterpreterdoesnot requireanapplicationmodel.Themodelis usefulto
establishpropertiesof theinterpreter, andif onewantsto reasonabouttheexecutionof expressionsvia the
aboveoperationalsemantics.

4 CATEGORIAL GRAMMARS

In the lastsection,we introducedanactioncalculusthat letsuswrite expressionsthatcanbeunderstood
via callsto theapplicationinterface.Theaim of this sectionis to usethis actioncalculusasthetargetof a
translationfrom naturallanguagesentences.In otherwords,we describea way to take a naturallanguage
sentenceandproducea correspondingexpressionin our actioncalculusthat capturesthemeaningof the
sentence.Our maintool is categorialgrammars.

Categorial grammarsprovide a mechanismto assignsemanticsto sentencesin naturallanguagein a
compositionalmanner. As we shall see,we canobtaina compositionaltranslationfrom naturallanguage
sentencesinto the action calculuspresentedin the previous section,and thus provide a simple natural
languageuser interfacefor a given application. This sectionprovides a brief exposition of categorial
grammars,basedon Carpenter’s (1997)presentation.We shouldnotethat theuseof categorial grammars
is not a requirementin our framework. Indeed,any approachto provide semanticsto naturallanguage
sentencesin higher-orderlogic, which canbeviewedasa simply-typed

�
-calculus(Andrews,1986),can

beadaptedto ouruse.For instance,Moortgat’s(1997)multimodalcategorialgrammars,whichcanhandle
awider rangeof syntacticconstructs,canalsobeusedfor ourpurposes.To simplify theexposition,weuse
thesimplercategorialgrammarsin this paper.

Categorial grammarswere originally developedby Ajdukiewicz (1935) and Bar-Hillel (1953), and
later generalizedby Lambek(1958). The idea behindcategorial grammarsis simple. We start with a
set of categories, eachcategory representinga grammaticalfunction. For instance,we can start with
thesimplecategoriesnp representingnounphrases,pp representingprepositionalphrases,s representing
declarativesentencesanda representingimperativesentences.GivencategoriesI and è , wecanform the
functor categories IEédè and èëêdI . Thecategory I�é.è representsthecategory of syntacticunits that take
a syntacticunit of category è to their right to form a syntacticunit of category I . Similarly, thecategoryèëêdI representsthecategoryof syntacticunitsthattake a syntacticunit of category è to their left to form
a syntacticunit of category I .

Considersomeexamples.Thecategory <T(cêdv is thecategory of intransitive verbs(e.g.,laughs): they
take a nounphraseon their left to form a sentence(e.g.,Alice laughsor the reviewer laughs). Similarly,
thecategory ��<T(8êdv$%Gé$<T( representsthecategoryof transitiveverbs(e.g.,takes): they takeanounphraseon
their right andthenanounphraseon their left to form a sentence(e.g.,Alice takesthedoughnut).

Themain goalof categorial grammarsis to provide a methodof determiningthe well-formednessof
naturallanguage.A lexiconassociatesevery word (or complex sequenceof wordsthatconstitutea single
lexical entry) with oneor morecategories. The approachdescribedby Lambek(1958) is to prescribea
calculusof categoriesso that if a sequenceof wordscanbeassigneda category I accordingto therules,
then the sequenceof words is deemeda well-formedsyntacticunit of category I . Hence,a sequence
of wordsis a well-formednounphraseif it canbe shown in the calculusthat it hascategory <T( . As an
exampleof reduction,we seethatif 1-� hascategory I and 1�� hascategory IEêdè , then 18��1"� hascategory
B. Schematically, IJ��IEêdè�ìåè . Moreover, this goesbothways,that is, if 1-�¨1"� hascategory è and 1-�
canbeshown to havecategory I , thenwe canderive that 1�� hascategory IEêdè .

VanBenthem(1986)showedthatthiscalculuscouldbeusedto assignasemanticsto termsby following
thederivationof thecategories.Assumethateverybasiccategory is assignedatypein ouractioncalculus,
througha type assignmentí . A type assignmentí can be extendedto functor categoriesby puttingíJ��IEé.èë%ÙAîíB��èëêdIn%JA�íJ��èB% § íB��In% . The lexicon is extendedso that every word is now associated
with oneor morepairsof a category I andanexpressionï in our actioncalculusof theappropriatetype,



thatis, Õwï � íJ��IE% .
We usethe sequentnotation ï3� � IE�d��g�g�g��Gï : � I : ìðï � I to meanthat expressionsï3�$��g�g�g���ï :

of categories IE�d��g�g�g'��I : canbeconcatenatedto form anexpressionï of category I . We call ï � I the
conclusionof thesequent.WeusecapitalGreekletters( ß��Gñ ,...) to representsequencesof expressionsand
categories.We now giverulesthatallow usto derivenew sequentsfrom othersequents.

Categorial Grammar Sequent Rules:

(SeqId)

ï � I?ìòï � I
(SeqCut)ß � ìôó � è ß � �Só � èà��ß � ìõï � Iß��d��ße�d��ße�xì9ï � I

(SeqApp Right)ñöìôó � è ß � ��ï��fó�% � IÙ�Gß � ì9÷ � DßK�$�Gï � IEédèp�Zñà�Gßi�xì}÷ � D
(SeqApp Left)ñ6ì9ó � è ß � ��ï��fóe% � IÙ��ß � ì}÷ � Dß��.�Gñw��ï � èëêdIÙ�Gßi�xì}÷ � D

(SeqAbsRight)ß��S� � I?ì9ï � èßâì � �eg ï � èëé'I
(SeqAbs Left)� � IJ��ß�ì9ï � èß�ì � �ig ï � IEê.è

Example 4.1: Considerthefollowing simplelexicon, suitablefor the TOYBLOCKS application.Thefol-
lowing typesareassociatedwith thebasicgrammaticalunits:íJ�f<T(8%3A �n�� íJ�7(j(-%3A �n�S íJ��v$%�A ¡c¢h¢"£íJ��=T%�A ¤�¥\¦
Hereis a lexicon thatcapturesa simpleinput languagefor TOYBLOCKS:

block one ì9���8��% �Jøjù
block two ì9�3�i��% �Ùøjù
thetable ìô	&
T�K
��8��% �Jøjù
on ìú� � � � �n�S  g �-% �Ùùhù é øhù
is ìå� � � � �n��  g �"ç � �n��  g ��� ����� ç �S�8%S% � � øhù ê.ûG%Gé ùhù
if ìú� � � � ¡c¢,¢�£ g �"ç � ¤�¥'¦ g �-´ ç � ��M;�f¯3% � ��ü�é.üd%Gé$û
move ìý� � � � �n��  g ��ç � �n��  g )*�,+��8�f�e� ç %S% � ��ü�é ùjù %�é øjù

This is a particularlysimplelexicon,sinceeveryentryis assignedasingletermandcategory.
Using theabove lexicon, the sentencemoveblock oneon block two canbeassociatedwith the string

of expressionsandcategories
� � � �n��  g ��ç � �n��  g )*�,+��-�f�e� ç % � ��ü�é ùjù %�é øjù , ���-�_% �Âøhù , � � � �n��  g � �Âùhù é øjù ,���;�_% �Tøhù . Thefollowing derivationshows thatthis concatenationyieldsanexpressionof category ü . (For

reasonsof spaces,wehaveelidedthetypeannotationsin
�
-abstractions.)

���i��% �bøhù ìô���;�_% �Wøjù
���8��% ��øhù ìô���8��% �bøhù ��þ�%� �eg �"ç g )*�,+-�8�f�i� ç % � ��ü�é ùjù %�é øjù �S���-�_% �Wøjù ��� � �eg �8%H�f���;�_%S% �bùhù ì� � �eg �"ç g )*�,+-�c�f�e� ç %S%��f���-�_%S%��S� � �eg �8%H�f���;�_%S%�% � ü� �ig ��ç g )*�,+��8���i� ç % � ��ü�é ùhù %Gé øhù �����8��% ��øhù � � �eg � �»ùjù é øhù ���3�;��% �Wøhù ì� � �ig ��ç g )*�,+��c���i� ç %�%������8��%�%��S� � �ig �-%H���3�i��%�%S% � ü

wherethesubderivation ��þ�% is simply:

��þ�% � � � �eg �8%H�f���;�_%S% �bùhù ì� � �ig �-%H���3�i��%�% �bùjù � � �eg �"ç g )*�,+-�8�f�i� ç %S%��f���-�_%S%��S� � �eg �8%H�f���i�_%S%�% � ü�ì� � �ig ��ç g )*�,+��8���i� ç %�%������8��%�%���� � �ig �-%H���3�e��%�%S% � ü� � �eg �"ç g )��,+��8�f�e� ç %S%��f���8��%S% � ü�é ùhù ��� � �eg �8%H�f���;�_%S% �Wùhù ì� � �ig �"ç g )*�,+-�-���i� ç %�%��f���-�_%S%��S� � �eg �8%H�f���;�_%S%S% � ü



Hence,thesentenceis awell-formedimperativesentence.Moreover, thederivationshowsthatthemeaning
of thesentencemoveblock oneonblock two is � � � � �E�S  g �"ç � �E�S  g )*�,+-�����i� ç %�%3�f���8��%S%K��� � � � �n��  g �-%K���3�i��%�%S% .
Theexecutionof thisexpression,similar to theonein Example3.3,showsthattheintuitivemeaningof the
sentenceis reflectedby theexecutionof thecorrespondingexpression.

Onemight hopethattheexpressionsderivedthrougha categorialgrammarderivationarealwaysvalid
expressionsof our actioncalculus.To ensurethatthis propertyholds,we mustsomewhatrestrictthekind
of categoriesthat canappearin a derivation. Call a category I imperative if it is category ü , or if it is
of the form èëé�D or DÙêdè with è imperative. Let us saythat a derivation respectsimperative structure
if every category I with anembeddedcategory ü thatappearsin thederivationis animperative category.
Intuitively, aderivationrespectsimperativestructureif it cannotconstructdeclarativesentencesthatdepend
on imperative subsentences,i.e., a declarative sentencecannothave any “side effects.” We canshow that
any suchderivationwill produceexpressionsthattypecheckin thetypesystemof theprevioussection.

Theorem 4.2: For anyderivationof a sequentwith conclusionï � I that respectsimperativestructure, we
have Õwï � íJ��IE% .

So,givena naturallanguageimperative sentencefrom the user, we usethe lexicon to find the corre-
spondingexpressionsandcategorypairs ï3� � I��$��g�g�g���ï : � I : , andthenattemptto parseit, thatis, to find
aderivationfor thesequentïK� � IE�d��g�g�g'�Gï : � I : ì9ï � ü . If auniquesuchderivationexists,thenwehave
an unambiguousparsingof the naturallanguageimperative sentence,andmoreover, the actioncalculus
expressionï is thesemanticsof theimperativesentence.

5 PUTTING IT ALL TOGETHER...
Wenow havethemajorcomponentsof ourframework: amodelfor action-basedapplicationsandinterfaces
to them; an actioncalculuswhich canbe interpretedascalls to an applicationinterface;andthe useof
categorialgrammarsto createexpressionsin our actioncalculusfrom naturallanguagesentences.

Let’s seehow our framework combinesthesecomponentsby consideringan end-to-endexamplefor
TOYBLOCKS. Supposetheuserinputsthesentencemoveblock oneon block two whenblocks1 and2 are
bothon thetable.Our framework would processthis sentencein thefollowing steps.

(1) Parsing: The TOYBLOCKS lexicon is usedto parsethesentence.Parsingsucceedsonly if thereis
a uniqueparsingof the sentence,otherwisethe parsingstepfails, becausethe sentencewaseither
ambiguous,containedunknown wordsor phrases,or wasungrammatical.In this example,there
is only a singleparsingof the sentence(asshown in Example4.1), andthe result is the following
expressionin our actioncalculus,which hastype

¤�¥\¦
:� � � � �n��  g ��ç � �n��  g )*�,+��-�f�e� ç %S%��f���8��%S%���� � � � �n��  g �-%��f���;�_%S%�%\g

(2) Evaluating: Theactioncalculusexpressionis evaluatedusinga direct interpreterimplementingthe
operationalsemanticsof Section3. Theevaluationof theexpressionproceedsasfollows.��v � �&� � � � �n��  g ��ç � �n��  g )*�,+��-�f�e� ç %S%��f���8��%S%��S� � � � �n��  g �-%��f���;�_%S%�%S%H¼ §�_v � ��� ��ç � �n��  g )*�,+��-�f���-�_%\� ç %�%���� � � � �n��  g �-%����3�i��%�%S%S%Â¼ §�_v � ��)*�,+-�������8��%'��� � � � �n�S  g �8%��f���;�_%S%S%�%H¼ §�_v$�.��)*�,+-���_���$�&� � � � �n��  g �-%��f���i��%S%�%S%¨¼ §�_v$�.��)*�,+-���_���$�&�f���;�_%S%�%S%Â¼ §�_v$�.��)*�,+-���_���$�Z�\��%�%H¼ §�_v�������M;�f¯3%\g
In theprocessof thisevaluation,severalcallsaregeneratedto theapplicationinterface.In particular,
callsaremadeto determinetheidentity of theobjectconstants��� and ��� as � � and � � respectively.
Then,during the last transition,guardpredicatessuchas ��� ��
��;L&M���� � % and ��� ¯��-����	��������_� � % may
be called to ensurethat � � and � � areof the appropriateclassesfor beingpassedasargumentsto)*�,+�� . Sincetheobjectsareof theappropriateclasses,theaction )*�,+-���_� � �Z� � % is invokedvia the
applicationinterface,andsucceeds.



(3) Reporting: Following the evaluationof the expression,someresultmustbe reportedbackto the
user. Our framework doesnotdetailwhatinformationis conveyedbackto theuser, but they mustbe
informedif anexceptionwasraisedduringtheevaluationof theexpression.

In this example,no exceptionwasraised,sowhatto reportto theuseris at thediscretionof theuser
interface.If theuserinterfacehadagraphicaldepictionof thestateof TOYBLOCKS, it maynow send
queriesto theapplicationinterfaceto determinethenew stateof theworld, andmodify its graphical
displayappropriately.

Let’sconsiderwhatwouldhappenif anexception( ¾ ) wasraisedduringtheevaluationphase.For exam-
ple,considerprocessingthesentencemovethetableonblock one. Theparsingphasewouldsucceed,asthe
sentenceis grammaticallycorrect.However, prior to calling theaction )*�,+��-�f�\�Z���'% , theevaluationwould
determinethat the object � doesnot belongto the class �'�b!�XZY (by a guardpredicatesuchas ��� �K
��;L&M��f�S%
returning ��� , or by someothermechanism).An exceptionwould thusbe raised,andsomeinformation
mustbereportedbackto theuserduringthereportingphase.Notethattheframework hasensuredthatthe
action )*�,+��-�f�\�Z� � % wasnot invokedon theapplicationinterface.

6 EXTENSIONS

Several extensionsto this framework arepossible.Thereis a mismatchof typesin our framework. The
applicationmodelpermitsa rich notionof types:any objectof theapplicationmaybelongto oneor more
classes.By contrast,our actioncalculushasa very simplenotion of types,assigningthe type

�n�� 
to all

objects,andnotstaticallydistinguishingdifferentclassesof objects.Thesimplicity of ouractioncalculusis
achievedat thecostof dynamictypechecking,whichensuresthatactionsandpredicatesontheapplication
interfaceareinvokedonly with appropriateparameters.It would be straightforward to extendthe action
calculuswith a more refinedtype systemthat includesa notion of subtyping,to model the application
classes.Not only would thisextensionremovemany, if notall, of thedynamictypechecks,but it mayalso
reducethe numberof possibleparsesof naturallanguagesentences.The refinedtype systemallows the
semanticsof thelexicon entriesto befiner-grained,andby consideringthesesemantics,somenonsensical
parsesof a sentencecould be ignored. For example,in the sentencepick up the bookand the doughnut
andeatit thereferentof it couldnaively beeitherthebookor thedoughnut; if thesemanticsof eatrequire
anobjectof theclass ÿ ¢,¢�� andtheclassesof thebookandthedoughnutareconsidered,thenthe former
possibilitycouldberuledout.

Anotherstraightforwardextensionto theframework is to allow theuserto querythestateby entering
declarativesentencesandtreatingthemasyes-nointerrogativesentences.For example,block oneis on the
table? This correspondsto acceptingsequentsof theform ï � � I � ��g�g�g���ï : � I : ìåï � û , andexecuting
theactioncalculusexpressionï , which hastype

¡c¢,¢�£
. Thecategorial grammarcouldbeextendedto ac-

ceptotheryes-noquestions,suchasis block twoonblock one?A moreinterestingextension(whichwould
requireacorrespondinglymorecomplex applicationmodel)is to allow hypotheticalqueries,suchasif you
moveblock oneon block two, is block oneon thetable? This correspondsto queryingis block oneon the
table? in thestatethatwould resultif theactionmoveblock oneonblock two wereperformed.Thisexten-
sionwould bringour higher-orderlogic (thatis, our actioncalculus)closerto dynamiclogic (Groenendijk
andStokhof,1991;Harelet al., 2000). It is not clear, however, how to derive a direct interpreterfor such
anextendedcalculus.

In Section2.2wemadesomesimplifying assumptionsabouttheapplicationmodel.Chiefamongthese
assumptionswasthat an application’s statechangesonly asa resultof explicit actions.This assumption
maybeunrealisticif, for example,theapplicationhasmultiple concurrentusers.We canhowever extend
theframework to relax this assumption.Oneway of relaxingit is to incorporatetransactionsinto theap-
plicationmodelandapplicationinterface:theapplicationmodelwould guaranteethatwithin transactions,
stateschangeonly asa resultof explicit actions,but if no transactionis in progressthenstatesmaychange
arbitrarily. Theevaluationof anactioncalculusexpressionwould thenbewrappedin a transaction.

Another restrictionwe imposedwas that predicatesbe pure. It is of coursetechnicallypossibleto
permitarbitrarystatechangesduring theevaluationof predicates.In fact,we canmodify theoperational
semanticsto allow the evaluationof any expressionto changestates.If doneproperly, the key property
is still preserved: the evaluationof constants,predicatesor actionsrely only on the currentstate,andall



othertransitionsdo not rely on the stateat all. Thus,the semanticsremainsconsistentwith interpreting
expressionsusingcalls to theapplicationinterface.However, doingthis would losetheintuitive meaning
of naturallanguagesentencesthatdo notcontainactions;they shouldnot changethestateof theworld.

7 CONCLUSION

We have presenteda framework thatsimplifiesthecreationof simplenaturallanguageuserinterfacesfor
action-basedapplications.The key point of this framework is the useof a

�
-calculusto mediateaccess

to the application. The
�
-calculuswe defineis usedasa semanticsfor naturallanguagesentences(via

categorial grammars),and expressionsin this calculusare executedby issuingcalls to the application
interface. The framework hasa numberof application-independentcomponents,reducingtheamountof
effort requiredto createasimplenaturallanguageuserinterfacefor a givenapplication.

A numberof applicationshave naturallanguageinterfaces(Winograd,1971;Priceet al., 2000),but
they appearto bedesignedspecificallyfor thegivenapplication,ratherthanbeinga genericapproach.A
numberof methodologiesandframeworksexist for naturallanguageinterfacesfor databasequeries(see
Androutsopouloset al. (1995) for a survey), but we arenot awareof a framework for deriving natural
languageinterfacesto generalapplicationsin aprincipledmanner.

While the framework presentedhereis useful for the rapid developmentof simplenaturallanguage
userinterfaces,the emphasisis on simple. Categorial grammars(and other techniquesthat usehigher
order logic as the semanticsof natural language)are limited in their ability to deal with the wide and
diversephenomenathat occurin English. For example,additionalmechanismsoutsideof the categorial
grammar, probablyapplication-specific,would be requiredto dealwith discourse.However, categorial
grammarsareeasilyextensible,by expandingthe lexicon, andmany partsof the lexicon of a categorial
grammararereusablein differentapplications,makingit well-suitedto aframework for rapiddevelopment
of naturallanguageuserinterfaces.

It mayseemthata limitation of our framework is that it is only suitablefor applicationsfor which we
canprovideaninterfaceof thekind describedin Section2—theactioncalculusof Section3 is specifically
designedto beinterpretedascallsto anaction-basedapplication.However, all theexamplesweconsidered
canbe provided with suchan interface. It is especiallyinterestingto notethat our definition of action-
basedapplicationinterfacesis compatiblewith the notion of interfacefor XML web services(Barclay
et al., 2002). This suggeststhat it may be possibleto derive a naturallanguageinterfaceto XML Web
Servicesusingessentiallytheapproachwe advocatein this paper.

ACKNOWLEDGMENTS

Thanksto Eric Breck andVicky Weissmanfor commentson earlierdraftsof this paper. This work was
partially supportedby NSF undergrant CTC-0208535,by ONR undergrantsN00014-00-1-03-41and
N00014-01-10-511, and by the DoD Multidisciplinary University ResearchInitiative (MURI) program
administeredby theONRundergrantN00014-01-1-0795.

REFERENCES

Ajdukiewicz, K. (1935).Die syntaktischeKonnexität. StudiaPhilosophica, 1:1–27.

Andrews,P. B. (1986). An Introductionto MathematicalLogic andTypeTheory:To Truth throughProof.
AcademicPress.

Androutsopoulos,I., Ritchie,G., andThanisch,P. (1995). Natural languageinterfacesto databases—an
introduction.Journalof LanguageEngineering, 1(1):29–81.

Bar-Hillel, Y. (1953).A quasi-arithmeticalnotationfor syntacticdescription.Language, 29:47–58.

Barclay, T., Gray, J.,Strand,E., Ekblad,S.,andRichter, J. (2002). TerraService.NET:An introductionto
webservices.TechnicalReportMS–TR–2002–53,Microsoft Research.

Barendregt, H. P. (1981). The LambdaCalculus, Its Syntaxand Semantics. Studiesin Logic. North-
Holland,Amsterdam.



Carpenter, B. (1997).Type-Logical Semantics. TheMIT Press.

Groenendijk,J.andStokhof,M. (1991). Dynamicpredicatelogic. LinguisticsandPhilosophy, 14(1):39–
100.

Harel,D., Kozen,D., andTiuryn, J. (2000).DynamicLogic. TheMIT Press,Cambridge,Massachusetts.

Lambek,J.(1958).Themathematicsof sentencestructure.TheAmericanMathematicalMonthly, 65:154–
170.

Moggi, E. (1989). Computationallambda-calculusandmonads. In Fourth AnnualIEEE Symposiumon
Logic in ComputerScience, pages14–23.IEEE ComputerSocietyPress.

Moortgat,M. (1997).Categorial typelogics. In vanBenthem,J.andter Meulen,A., editors,Handbookof
Logic andLanguage, chapter2, pages93–177.TheMIT Press/ Elsevier.

Price,D., Rilofff, E., Zachary, J. L., andHarvey, B. (2000). NaturalJava: a naturallanguageinterfacefor
programmingin Java. In IntelligentUserInterfaces, pages207–211.

vanBenthem,J.(1986).Thesemanticsof varietyin categorialgrammar. In Buszkowski,W., vanBenthem,
J.,andMarciszewski, W., editors,Categorial Grammar, number25 in LinguisticsandLiterary Studies
in EasternEurope,pages37–55.JohnBenjamins.Previously appearedasReport83-29,Departmentof
Mathematics,SimonFraserUniversity(1983).

Winograd,T. (1971). Proceduresasa representationfor datain a computerprogramfor understanding
naturallanguages.ProjectMAC technicalreportMAC-TR-84,MIT.


