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Abstract

This paperdescribes framavork for multimodalcateyorial systemsi.e. systemghatallow
differentmodesof logical behaviour to bedisplayedwithin asinglesystem.Fromalinguistic
point of view, this characteristiamountsto making available multiple modesof linguistic
descriptionwithin a singleformalism. A key adwantageis thatwhenit comesto treatinga
given phenomenonthe multimodalapproachallows thata level of descriptionbe exploited
thatencodesonly thoseaspectf linguistic structurethat arerelevantto the phenomenon.
Thisadwantagss illustratedin relationto theanalysisof bindingphenomenaThetreatment
of commandasymmetriesn bindingis basedon adoptingan approachwheregrammatical
hierarchyis encodedvia catgyorialagumentorder This treatmenbf grammaticahierarchy
is itself madepossibleby adaptinga proposafor thetreatmenof Englishin which obsened
word ordermay resultfrom local verbmovement calledheadpromotion

1 Intr oduction

The theory of grammaticalrelationsproposedn Dowty [3], in which grammaticalhier

archyor relative obliquenesss encodedvia cateyorial agumentorder(i.e. subcatgorisa-
tion order),hasprovidedthe basisfor accountof a rangeof phenomenavithin Montague
Grammayincludingrelationchangingcontrol,andcommandelationsin binding. It is well

known thatthis approachis not compatiblewith a purely concatenatie treatmenbf string
formation,requiringin MontagueGrammaruseof the non-concatenaie string operation
wrap [1]. Of variousattemptgo reconstructvrap within alternatve frameworks, we note
particularlythe proposabf Jacobso#f8], in which Englishhasan‘underlying’ orderwhere
verbsfollow their directobjects,with obseredword orderresultingfrom headpromotion

i.e. boundednovementof theverbto VP initial position.

In this paper an approactto formulatingmultimodal cateyorial systemds described.
Then,it is shavn thatanagumentorderbasedreatmenbf grammaticahierarchycanbe
emplo/ed within a multimodalgrammay whenit is combinedwith a treatmentof word
orderthatis inspiredby Jacobsors proposal. This grammaris thenappliedto the treat-
mentof bindingrelations. The multimodalapproactallows usto choosefor ary linguistic
phenomenoraddresseda level of descriptionthat encodesonly the aspectf linguistic
structurethatarerelevantto the treatmenof thatphenomenonln the caseof binding, this
allows usto handlethe alternatve boundusesof eachanaphormwr personapronounwhilst
avoiding the needfor multiple lexical assignments.



2 Multimodal Categorial Grammar

Recentwork in Cateyorial Grammarhasseenthe proposalof a numberof ‘multimodal’
approachesyhich malke available multiple modesof constructionfealisedin syntaxvia
differentproductoperators, — eachwith associatedmplicationals—, &, its left and
right residuals. For eachproductoperatorthereis a correspondingperatoiin theunderly-
ing interpretve semanticsandthe behaiour of the formerreflectsthe axiomsthatgovern
the latterin the interpretve semantics.Suchaxiomscanbe divided into threesubgroups:
() modeinternal axioms which involve only a singlemodality e.g. familiar associatiity
z o; (yo; z) = (xo; y) o; 2 (ii) interaction axioms wheremore than one modality is
involved, e.g. z o; (y oj 2) = (z o; y) o, #; (iii) linkage or inclusionaxioms which allow
derivationfrom onemodeto anothere.g.z o; y — x o; y. Intuitively, themove from one
modeto anotherllowedby alinkageaxiomis akinto movementfrom onedescriptiorof a
linguistic objectto anothedessinformative description.

2.1 A Natural Deduction Formulation

We adoptalabellednaturaldeductiorformulation,emplgying inferencerules(1-3) below.
In this formulation, labelledformulaetake the form: m F A : s, with A atype, s a ‘se-
mantic’ lambdaterm, andm a marker term. Marker termsare structuredobjectsthatare
built up asdeductionproceedsandthe structuralinformationthey recordis usedin ensur
ing appropriatestructuresensitvity in deduction(andhencethis systemis an instanceof
a labelleddeductivesysteni4]). In linguistic derivations,assumptionshat correspondo
lexical itemshave lexically provided marker andsemanticcomponentgloosely theword’s
‘string’ or ‘phonology’ andits meaning) Otherassumptionbave asimplevariablefor their
marker andsemantiderms(which may be given asthe samevariable,to aid readability).
Theuseof marlkertermsto recordsignificantstructurainformationcloselyparallelsheuse
of structuredconfigurationof typesin varioussequentind naturaldeductionlogical for-
mulations. However, marker termsprovide a more concise/readableepresentationf the
proofs significantstructuralinformation? In alinguistic context, a marker maybeviewed
asdescribinghelinguistic structureof the objectderived.

Q) sFAEB:a tI—B:b(a_ [vEB:v]
E
. so,V)FA:a
(s0at)FA:(ab) (soav)FAia
sHFAEB: M.
2) tFB:b sFB3A:a [vFB:v]
NS :
(toa 5) F A:(ab) oas)FAta |
sFB3A: \v.a
3) [vFB:v]JwFC:w] tFBo,C:b sFA:a tFB:b
s[(voa w)FAa (s0at)FAcyB:(a b)oal
0o E o a= AT

st]FA:[b/(vow)]a

'We note particularlyHepple[5, 7] andMoortgat& Oehrle[10], who introducemultimodalframevorks
of the similar charactetto the onethatis describedn this paper althoughthereare otherproposalghat are
multimodalin the senseof including multiple groupsof operatorswithin a single system,e.g. Morrill [11],
Morrill & Solias[12].

2Notethatin (3), s[(v o, w)] ands[t] referto marker termsthat areidenticalexceptthatwhere(v o, w)
appears@sasubtermin one,t appearsn theother



Additional structuil rules which directly reflectaxiomsof the underlyingsemantics,
actto modify the form of the marker andtherebyplay a crucial role in determiningthe
propertiesof the derivability relation. For example,the associatiity structuralrule [a] in
(4), whichmirrorstheassociatiity axiom (zo; (yo;z)) = ((zo;y)0;2), is requiredo allow
derivationof the‘composition’theoremX <Y, Y <Z = X<-Z, asillustratedin (5), andalso
the further example(6). Thetheoremof (5,6) mirror the theoremsX/Y, Y/Z = X/Z and
(X/2)IY, YeZ = X of theassociatie Lambekcalculus(L ). Indeed a systemwith only the
singlemodalitys plusthe rules(1-4) constitutesa formulationof L. Furtherexamplesof
structuralrulesaretherulesof permutatiorandlinkageshavn in (7,8).

(4) s[(xo; (yoi2))]FA:a (5) zFXEYie ykFYEZiy [2FZ:7]

sl((woiy)oiz)]FAa [a] (yoiz) FY:i(yz)
(z 0 (y i 2)) F X: (x(yz2)) .
((zoi y) 0i 2) F X: (x(yz2))

(zo; y) F X:Az.(2(y2))

(6) zFXEDEY e [ykYiyl [2FZ:2] whkYoZ:iw
(osy) F XEZ: (2y)
(@ oi y) 0 2) F X: ((zy)2)
(zoi (yoiz)) FX:((zy)z)
(z0i w) = X:[w/(y o 2)].((xy)z)

7 sl(zoiy)lFAa (8) s[(xoiy)|FA:a

s[(z o5 y)] }—A:a[z i s[(y o; x)] I—A:a[p]

The questionremainsof how thelinearorder(i.e. word order)consequencesf deriv-
ationsare determined.We cannotsimply look at the linear order of assumptionsvritten
on thepage,sincenot all modalitiescarry simpleorderingimport. For example,for a per
mutative modalityo; (i.e. subjectto (8)), we cannottake amarler (z o; y) asindicatingthat
aword correspondingo theassumptiomabelledz precedesnefor theassumptioabelled
y. Insteadwe mustidentify a subsef modalitieswhich do have simplelinearorderim-
port, andtake word/linearorderto beindicatedonly by marlkersthatareconstructedising
only thosemodalities.

2.2 Atomic Decompositionof Structural Relations

ThemultimodalapproacHavoursalinguistic modelwith rich lexical encodingof syntactic
information,i.e. not only word orderandsubcatgorisation,but also(e.g.) default brack-
etting, head-dependemelations,etc. Wherepart of this informationis not neededjt can
bediscardedn amoveto alessinformatve modeof descriptionpnethatencode®nly the
informationthatis relevantto thetreatmenof the phenomenomtissue.Suchanapproach,
however, threatens bewildering proliferationof modes,eachwith its own associate@x-
ioms. Partly in responséo this problem,this paperwill exploretheideathatthe multiple
modesare not simply individually stipulated,but insteadarisevia a setS of structual
atoms with eachmodebeingindexed by somesubsef S, i.e. eachmodebeingrealised
via anoperatoro,,, wherea: C S. Underthis approachpnly the singlelinkageaxiom (9)
is required. Otheraxiomsare specifiedschematicallyi.e. requiringthat certainatomsbe
present/absensincestructuralatomscanonly bediscardedandgiventhatlinkageallows



movementto lessinformative descriptionsit follows thatstructuralatomsshouldin general
correspondo restrictionson structuralfreedom,i.e. sothatasatomsarediscardedgreater
structuralfreedomandhencdessinformative descriptionsresult.

(9) Toay —>Topy (BCa)

Somenotationalcorventionsarerequired. The atom setsthatindex modesare written as
atom'strings’, e.g.asin o, for {z,y}. Obviously o,, = o,,. We will usea.s to indicate
anatomsethaving subsetsx andg which are disjoint Hence for example,equatinge, =
o,z indicateghata = fU{z} andthatz ¢ g.

Forillustration,let usconsidema systemhaving two structuralatomsn ando, which cor
respondo thestructurakestrictionsof non-associativitandnon-permutativityf‘ordered’),
respectiely. The systemrequiresthe axioms(10a,b),whoseside conditionsexcludethe
presencef the relevant atoms. This atomsetgivesrise to four modes,.e. the modesin-
dexed by the subsetsi{n, o}, {n}, {0} and(). Takenalone thesemodeswould correspond
to thefamiliar systems\L (hon-associate Lambekcalculus)NLP (non-associate Lam-
bekcalculuswith permutation)L. (associatie Lambekcalculus)andLP (theLambek-an
Benthemcalculus) respectiely.

(10) a. (zoq (yoq 2)) = ((z 00 ¥) 0 2) (n ¢ a)
b. (zoqy) = (yonz) (0 ¢ a)

A simpletransitive verb sawmight have the lexical type (np*3s)¢np (i.e. emplg/ing
operatorof the mostrestrictve modeno, wherebothorderandbracletting arepresered)
allowing the derivation (11) of Kim sawLee For this systemi|t is naturalto accepteither
of the non-permutatie modeso or no asindicatingword order Hencethe final markerin
(11) doesindicatetheintendedword orderKim sawLee

(12) kim Fnp:kim’  saw F (np2$sy2np:saw  lee F np:led
(saw ono lee) F Np=3s: (saw le€)

(kim o0 (saw oy lee)) F s:(saw le€ kim')

Sincebracletting is presered in no, we cannot(e.g.) derive kim sawass®np. But,
sincemovementfrom modeno to modeo is possibleunderlinkage,we canderive kim saw
assé-np,i.e. asfollows:

(12) kim Fnp:kim’  saw F (np23s)&np:saw v - np:v
(saw one v) F NP=3s: (saw v)

(kim ono (saw ono v)) Fs:(saW v kim’)

(kim oo (saw o, v)) - s:(saw v kim’)

a
((kim o, saw) o, v) F s: (saw v kim”)

(kim o, saw) - s&np: \v.(saw v kim”)

Similarly, sinceorderis presered in the modeo, asit is in no, we cannotderive a type
suchassé-np for kim sawtoday (asin e.g. ...whokim saw_ today), but, sinceneither
braclettingnororderarepreseredin modef), we canderive atypes«np,asin (13) (using
undecorated- ando to representheoperatorof modef).



(13) kim Fnp:kim’  saw F (np$synp:saw v Fnp:v  today - s*$s: today
(saw 040 ) F NP™3s: (SAW V)

(kim ono (saw one v)) F s (saw v kim’)

((kim ono (saw 0no v)) 0no today) + s: (today (saw v kim')) o
((kim o (saw o v)) o today) - s: (today (saw v kim’))
(((kim o saw) o today) o v) I s: (today’ (saw v kim')) d

((kim o saw) o today) - s¢<—np: \v.(today (saw v kim’))

2.3 Eliminating Explicit Mark er Terms

Thelabelling of formulaewith both marker andsemantidermsis not a necessaryeature
of this multimodalapproachThetwo termscanbeeliminatedin favour of asinglelambda
term that fully recordsthe structureof the proof (i.e. which recordsnot only instances
of applicationsandabstraction$ut alsotheir associateanodalities). Sucha lambdaterm
makesexplicit markersredundantsincethesetof possiblemarkersthatcouldbeassociated
with ary proof thatis labelledwith this lambdaterm canbe directly computedfrom the
informationthat the term records. We shall develop a newv formulationalongtheselines
over the next three subsections.The ultimate value of this move, aswe shall see,is to
enablean approachn which lexical itemsmay be associateavith complex lexical string
terms,constructedisingtheoperatorof theprooflabellingalgebrato give whateffectively
amountgo lexical encodingof partialproof structure.

In thenew formulation,labelledformulaetake theform: A : s, with A atype,s arichly
labelledlambdaterm. The naturaldeductionrulesare now asin (14-16). Note thatthe
formulationincludesno structuralrules,sincethereareno explicit marker termson which
they couldoperate.

(14) A&B:a B:b [B:v]
——fE Aa
A:(ab): —&l
A&EB:Ava
(15) B:b B&A:aaE [B:v]
. - A
A(ba): —aiﬂ
B2A A v.a
(16) [B:v],[C:w] Bo,C:b A:a B:b
. — o4l
Aa AoaB:(a,b)aO

oo E
A:[b/(voq w)].a

The methodfor ensuringcorrectinferencinginvolvesreconstructingor ary proof the
marker termsthat could be associateavith comparablgroofsunderthe original formula-
tion. Theproof (17) illustrateskey aspectof the useof markersin relationto the original
formulation. Eliminationinferencescombinetogetherthe markersof precedingformulae.
Structuralrule usesmodify the end-formulas marker. Commonly thereis morethanone
way thata given marker canbe modified,i.e. thereis a setof possiblemarkersthatcould
resultfrom applying structuralrules. The final introductionstepmodifiesthe preceding
marlker, providedthatit satisfiescertainform requirements.



a7 e EXEY:ix ykFY®Ziy [2+Z:2]
(yono 2) F Y1 (y2)
(2 ono (y 0ono 2)) F X1 (x(yz)) -
(z 00 (y 00 2)) F X (2(yz)) ]
(% 00 y) 00 2) F X ((zy)2)
(2 0o y) F XEZ: Xz ((zy)2)

We will definea mappingX, which returnsfor ary prooftermof the new formulation,
thesetof marlersthatcouldbeassociatewvith correspondingroofsof theoriginal formu-
lation. The definitionwill includecasedor applicationstepsin proof termsthatcombine
subtermmarker sets,and casedor abstractiorstepsthat modify subtermmarkerswhich
satisfycertainform requirementsandso on. Whatwould be missingif eachcasesimply
reflecteda term constructiorstepis the effectsof structuralrules. Theseeffectscanbeal-
lowedfor by includingmarker rewriting stepsin someof thedefiningcasesThefollowing
definingclausesarerequired(in which p ~ ¢ indicatesthatg derivesfrom p undersome
sequencepossiblynull, of structuralrule rewrites):

1 X(w = {v|v € atomic }

22  X((ab)g) ={z|3z,y.z€X(a) N yeX(b) N (zoqy) ~ 2z}
X3  X((ab)y) ={z|3z,y.z€X(a) N ye Z(b) N (zoqy) ~ z}
24  E(Agv.a) = {z]|(z0qv) € X(a)}

L5 X(Ayva = {z]| (vo, 2) € X(a)}

.6  X(b/(vogw)].a) = {z]|z[(vogw)] €X(a) A y€eEXb) A zly] ~ z}
27 X({a,b),) ={z|lzeX(a) N yeE(b) N (zoqy) ~ z}

Note the casesherewhich lack marker rewriting. For X.1, the marker is atomicand so
cannotbe affectedby rewriting. For the abstractiorcases®..4 andX..5, marker rewriting
addsnothing(i.e. sinceary resultw thatcould be derived by arewrite z ~» w will also
resultfrom arewrite of theform (v o, 2) ~ (v o, w) atanearlierstepplussubtractiorof
y atthis step).

Considerhow X allows usto distinguishcorrectandincorrectproofs. Giventhe cor
respondenceetweenthe defining casesof ¥ andthe stepsof proof constructionfor the
original formulation,the existenceof any markerin X(¢) (wheret is aprooftermproduced
underthe new formulation)shaws thatthereis somesequencef logical andstructuralin-
ferenceghatwould allow usto derive the sameresultunderthe original formulation. If,
onthe otherhand,the setX(¢) is empty thereis no suchsequencef inferenceainderthe
original formulation, and so the proof at issueis not correct. In shortthen, a proof with
prooftermt is correctiff 3(t) # 0.

(18) X8Y:x Y¥Ziy [Z:2] (19) XEY:ix Y8Ziy [Z:2]
Y:i(yz) s Yi(yz) o
X (z(y2) ) X:(#(y2) )0
XEZ Aoz (z(y2) ) s XEZ: ez (x(yz)s) e

For example,proof(18)is correct,andproof (19)incorrect(thelattersincethecombin-
ationrequires(implicit) associatiity, but theresultindicatesa non-associate mode).The



prooftermof (18) hasasubterm(z(yz) ) «, whosemarker setincludes(z o,,, (y ono 2)),
plusits variantsunderrewriting from [C,a,p],including ((z o, y) 0, 2) and((z o y) o, 2).
Hence,the marler setof A\cz.(z(yz) ) & includes(z o, y) and(z o y), shawing thatthe
sameheorenis derivableundertheoriginalformulation(e.g.seeproof (17)w.r.t. (x o, y)).
Theprooftermof theincorrectproof (21), however, hasanemptymarler set.
Sinceproofsno longerincludeexplicit markers,we mustaccordinglymodify the basis
for identifying their word order consequencet® insteadrequirethe presencewithin the
proofterm’s marker setof amarkerthatis constructedisingonly appropriat€i.e. ordering)

modalities.

2.4 Normalisation and PossibleProofs

We candefine8-normalisatiorof the typedlambdatermsusedfor proof labelling via the
following contractiorrules(notated+4), which divide into two groups:betacaseg3) and
commutatie casegc).

(20)  ((Agva) b)g S
(b Mov.0))= Ly albfo]
[(b,¢)q /(v 00 w)].a Ly albfv,clu]
([¢/ (v 00 w)].a) b} s le/(woaw)(ab)s
(b ([¢/ (v 00 w)]-0)) S5 le/woaw).(ba)y
(e/ (v 00 w)].b) a)» Sy [ef(voaw).(ba)
(a (¢/ (v 00 w)]-5)) ¢ S le/(woaw)(ab)s
(([e/(@ ox y)]-0), b, s le/(@ony)](a,b),
(a, ([¢/ (@ ox 9)]D)), S5 le/(@ony)](a,b),
e/ (v o w)]B)/(z 0a ) S5 [e/ (v 0x w)].((b/(z 0a v)]-a)

Thebetacasesnirror unnecessaryletours’in proofswherea connectie is introducedand
thenimmediatelyeliminated. The commutationcasegelateto semanticallynon-distinct
alternatves for orderinga [oE] instancebeforeor after someotherinference. Commut-
ing contractiongmay be requiredto allow the identificationand elimination of otherwise
implicit betaredees,e.g.asin therewrite:

(([e/(z 0 y)].(Acv.a))b) e ~p [c/(z 0 y)].(Acv-0)b) ~g [c/(z 0 y)].alb/v]

Normalisationdefinesequivalenceof terms,i.e. two termsareequvalentiff they have
the samenormalform. However, consideratiorof equivalencebringsup anunusualchar
acteristicof the approachasit is currentlyformalised,namelythatit is possibleto have
termsthatareequialent,whereonedescribes correctproof andthe otherdoesnot. For
example, the terms(21a,b),correspondingo proofs (22,23) respectiely, are equialent
(having (21c) astheir normalform), but only proof (22) is correct. The proofsderive the
theoremX<-Y = X<&Y, differingin thatthefirst proceedwvia anintermediatdype X <Y
(again),whereaghe seconchasanintermediataype X<+ Y. The secondoroofis incorrect
becausdhis intermediatetype X<«+Y doesnot presere the modeinformationof the ini-
tial assumptionandhencethe marker setfor the subsequentliminationdoesnot include



ary elementf theform (a o, y) to licensethefinal introductionstep. In short,structural
informationthatis discardedat onestageis lostfor laterinferences.

(21) a. /\<O—y-((/\<;’u.(.7,‘ U)%) y)<0_
b Agy.(Av.(z v)5) y)-
C. Asy-(zy)g

(22) XYz [Y:iu]  [Y:y] (23) X&EY:z [Y:iu]  [Y:y]
X (xv)e X (xv)e
XEY Aoz v)e XY A (z v)e
X:(Asv.(zv)s) ¥)e X (Av.(zv)s) y)-
XEY Aoy (Acv.(z v)<) y) e XEY Ay ((Agv.(z v)5) y)+

This paradoxicakituation(i.e. having equivalenttermsthat differ in correctnessgan
be resoled by modifying the correctnessriterion sothat X is appliednot to proof terms
themseles,but ratherto their normalforms. Sinceequivalenttermshave the samenormal
form, they cannotthendiffer in correctnessThe effect of adoptingthis modifiedcorrect-
nessconditionis to expandthe setof possibleproofs,e.g. allowing (23) asan additional
proof of the sametheoremas (24). Note that this move hasno effect on the derivability
relation. Firstly, ary theoremnow acceptedvaspreviously acceptedThus,atheoremnow
acceptecdhasa proof whoseterm hasa normalform having a non-emptymarker set, but
thatnormalform termitself describesa proof of the sametheoremthatis acceptedinder
boththeoriginalandmodifiedversionsof the correctnessondition. Secondlyary theorem
previously accepteds still now accepted.The proof of this point involvesfirstly shawving
for eachcontractionrule in (20) thatapplyingthe contractionrule to a term generatesin-
othertermwhosemarker setincludesthe marker setof theinputterm. It follows, by simple
induction,thatary term having a non-emptymarker sethasa normalform thatalsohasa
non-emptymarker set,andhencethatary proof previously accepteds still now accepted.

2.5 Including lexicalinformation in proofs

For the original formulation, the existenceof separatemarker and semantictermswith
eachformulaprovidesa straightforvard basisfor theinclusionof lexical stringandlexical
semanticdnformationin linguistic dervations,e.g. asin (11-13). How cansuchlexical
informationbeincludedin proofsof thenew formulation,wheretherearenoexplicit marker
terms,andwherethe lambdatermlabelsencodemodedistinctionsthatseeminappropriate
for naturallanguagesemantiqourposes?

Lexical assumption proofswill beassociateavith asingleterm (STRING, SEM), .,
which pairstogethetthelexical item’s stringandsemantiderms,sothatthe prooftermre-
turnedby ary derivationincludesbothaspect®f lexical information.Suchaterm,however,
canbevieweddifferentlydependingpnwhethemwe areinterestedn its ‘string’ or semantic
consequencedhisideaof ‘taking differentviews’ is implementedria two reductionpro-
cedures.Thefirst, ‘string reduction’(notatec~,), reducesa proof termto the appropriate
form for proof correctnessestingusing X, andrequiresthe contractionrulesfor normal-
isationin (20) plus the additional‘lexical projection’ rule in (24), which simply returns
the string componenbf a lexical pair. The ‘semanticreduction’procedurgnotated~,),
definedin (25), alsorequiresa lexical projectionrule, plus some‘delta’ rules (§) which



deleteunwantedmodality markings.We will alsoincludein the definitionthe contraction
rules(26) which effect betanormalisationalthoughthis is not requiredby the account.

(24) (@, 0)1op '\75(15 a

(25) (a,0) g Loy b

Asv.a g Av.a
Av.a '\6,)0 Av.a
@by S (ab)
ba)y S (ab)

(26) (\v.a) b) )
[(b,¢) /(wow)].a Ly albjv,c/u]
(([¢/(v o w)].a) ) ~6  [e/(vow)].(ab)
(a ([¢/(v o w)].b)) ~6  e/(vow)](ab)
[([e/(wow)]b)/(xoy)la 5  [¢/(vow).(b/(zoy)la)
{([¢/(z 0 y)].a),b) ~0 /(@ oy)](a,b)
(a,([c/(z 0 y)]-b)) ~0  le/(@oy)](a,b)

Considerthis approachin relationto proof (27). String reductionof the proof term
yields(kim (saw lee)+)—, whosemarker setincludes(kim o, (saw on,lee)), shawing that

no’

the proofis correctandthatthe word orderKim sawLeeis indicated. Semantiaeduction
yieldstheundecorateterm: ((saw le€) kim’).

(27) np: (kim,kim'), _ (Np=3sRenp: (saw,saw’), . [np:z]  np:(lee, lee’)
np=$s: ({(saw,saw’

s: ({kim,kim’),__, ({saw,saw’), _ x)

lex

.’L')(—

lex no

n

s&-np: Aox.((kim, kim'),__, ((saw,saw'), . ©))—

s: ((Acz.((kim, kim'),_, ((saw,saw’),  x) <)) (lee,lee’), )<

Giventhatstringreductioncombinedothlexical projectionandbetanormalisatiorinto
asingleprocedureaninterestingpossibilityarises Namelythatinsteadf providing aword
with a simpleatomfor its lexical stringcomponentwe might insteadprovide a comple
termthatis built usingthe operatorf the prooftermalgebra.Stringreductioncouldthen
actto fold this lexical termin with the proof term, so thatthe two togetherdeterminethe
correctnes®f a proof. Sinceary proof term encodeghe structureof a naturaldeduction
proof, sucha move would amountto allowing lexical encodingof partial proof structure.
We shallseesomeexamplesof this approachin thefollowing subsections.

—
no

2.6 Linguistic Example 1: Quantification

Thepotentialvalueof allowing lexical encodingof partialproof structurecanbeillustrated
for quantification. A possiblelexical assignmenfor someonas givenin (28). Notethe
comple string term, which is onethatwould ariseundera ‘type raising’ transformation
suchas np= s«—(s<np). This type allows the derivation (29) of John gave someone



mong. (Notethat, dueto spacdimitations, the proof hasonly lexical string termsin the
placewherelexical string/semantipairsshouldappeal)

(28) S¢—(s¢-np): (Av.(v someone),someon§), .
(29) (someone) (john) (gave) (mong)
s¢(s¢<—np): A—v.(v someone)— np:john  ((np*$s}¥2npy2np:gave [np:v] np:mong
(np=$sR2np: (gave v)
np=%s: ((gave v) = money) +

s: (john ((gave v) . money) <) -,

$np: A<v.(john ((gave v) . money) )

—
no

S: (A=v.(v someone) ) Av.(john ((gave v) = money) ) =)~

Stringandsemantiaeductionof the prooftermyield the results(30a,b). The notation—y;
in (30a)is usedto point out a significantelementof the reducedterm’s marlker set, one
indicatingthe word orderJohn gavesomeonenong (shavn to theright of =). Note how
the quantifiers ‘type raised’stringtermcombineswith thetermfor therestof thesentence
andappliesit to the stringatomsomeongsothatit is ultimately the verb that determines
the quantifiers word orderposition? Multiple quantifiercasesarehandledby this account
asit standsj.e. with alternatve scopingseingderived.

(30) a. ~y (john ((gave someone)s money)<)-»
=y (john on, ((gave opn, someone) o,, money))
= Johngavesomeonenong

b. ~s, someon§\v.(gaveé money v john’))

2.7 Linguistic Example 2: Extraction

Anothercaserequiringa comple lexical string termis wh-movement. Adaptinga stand-
ard approachwithin categyorial grammaytherelative pronounassignmen{31) treatsit asa
functionthatcombineswith a‘sentencamissingNP’, thelatterbeingcateyorisedsimply as
s«<np, allowing thatthe NP canbe ‘missing’ from arywherewithin the embeddedtlause.
Theassociatedtringtermis onethatappliesthe proof term of the ‘sentencemissingNP’

to €, the'null string’ atom,andtherebyfixesthe site of the missingNP asbeingempty An

examplederivationis givenin (32) (againwith only stringtermsincluded),andtheresults
of applyingthereductionprocedureso its prooftermareshavn in (33). Theuseof thenull

stringatomplaysa key role herein allowing thatthe full structureof the embeddedlause
is recoveredundernormalisation Withoutit, thenormalisedstringtermwould still involve

abstractiorover the positionof the missingNP, andthis termwould notyield a marker that
wassuficient to determineword order Thelexical stringtermof (28), unlike the quanti-
fier's, doesnot encodeto a correctproof. In its useof the null string atom, it effectively

involvesaninstanceof deletion.We might view thetermasimporting proof structurethat,
by lexical stipulation,goesbeyondthelimits of thesyntactidogic to abroadetogic includ-

ing rulessuchdeletion,andsoon.

(31) rel2 (s<-np): </\;b—os.(whz'ch (s€)o)e, which’>

lex

3SeeMorrill & Solias[12], Hepple[6], andOehrle[13] for relatedproposals.



(32) (which) (john) (bought) (today)
reR2(s¢<—np): A =s.(which (s €)«)+~  np:john  (np*3s}@2np:bought [np:v] s™3s:today
np=3$s: (bought v)
S: (john (bought v) <)

s: ((john (bought v) +-) - today) -

$np: A<v.((john (bought v) ) - today) -
rel: (A gs.(which (s €)«) ) (A=v.((john (bought v) <) - today) = ))

(33) a. ~p ((Ags.(which (s €)«)c) (Av.((john (bought v)+ ) today) )+
=y (which one ((john one (bought oy, €)) oo today))
= which john boughttoday

b. ~» (which’ (A\v.(today’ (bought’ v john'))))

3 HeadPromotion within a Multimodal Grammar

Accordingto atheoryof grammaticatelationsthathasbeenusedwithin MontagueGram-
mar, grammaticalkelationsmapto specificagumentplaces,e.g. a subjectis the lastar
gumentsoughtby averb, a directobjectthe next-to-lastagument,andso on (Dowty [3]).
Lexical agumentorderprovidesan orderingover grammaticakelations,onethat corres-
pondsto thetraditionalnotionof grammaticahierarchyor relative obliqueness, e. sothat
ary earlieragumentof the verbis moreobliqguethanary later algument,the subjectbe-
ing the leastobliqueargumentof all. Combiningthis theorywith a purely concatenatie
grammaticaframevork leadsto a predictionthat (e.g.) the mostoblique agumentof a
verb shouldalways appearadjacentto it, which is contradictecby examplessuchasLee
gaveKim vodkawherethesecondbjectvodkais mostoblique.Suchproblemsareavoided
within MontagueGrammaurby useof the non-concatenatt stringoperatiorwrap [1] (e.g.
with the TVP string gavevodkabeing ‘wrapped’ aroundthe objectstring kim in derving
the VP gaveKim vodkg.

Jacobsoff8], workingwith ahybrid cateyorial/phrasetructureframenork, avoidsthese
problemsin a differentway, by adoptingthe ideathat English hasan ‘underlying’ order
where verbsfollow their direct objects,and henceare adjacentto ary secondobject, if
presentObseredword orderresultsvia boundednovementof theverbto VP initial posi-
tion, giving e.g.: [ve [v gavel; [np KIM] [Tve ti [ne vodka]] ]

In this section,a treatmentof English word orderis describedwhich is inspiredby
Jacobsors proposalandwhich allows the abore treatmenbf grammaticahierarchyto be
adoptedvithin a multimodalgrammar Thefollowing structuralatomsarerequired:

- left elements head
< : rightelemenis head

o : non-permutind‘ordered’)
¢ : ‘commandpresered’

i internalargument

U non-abstract utterable’)

Following Moortgat& Morrill [9], the accountemplg/s modesthat distinguishbetween
headsanddependentsasindicatedby the presencef eitherthe structuralatom > or <.
In (z ovq y), z is headandy its dependentwhereasy is headin (z o<, y). To make



head-dependemnelationsmoreexplicit, we will allow thata headednodesuchaso. ,, can
bewrittenas>,, e.g. asin (z >, y). (This notationis intendedto be reminiscenbf the
‘arrow structures’'of dependencgrammarwhereheadspoint’ attheir dependents.Yhe
atomc marksargumentgor which commandnformationis presered,aswill beexplained
in thenext section.As before,atomo indicatesnon-permutatity, andatom: identifiesthe
internal(i.e. non-subjectyerb aguments.The accountmalescrucial useof a distinction
betweenabstractand non-abstractnodes: only the latter, which includethe atomu, are
‘phoneticallyinterpretable’j.e. allow for word orderdeterminationMore specifically it is
stipulatedthatword orderdeterminatiorshouldinvolve only the non-abstracinodeo,,, .
Theessencef theaccounis thatinternalagumentsof Englishverbslack thew atom,
but, in the spaceof possiblemarker terms,this featuremay be gainedasa sideeffect of a
restructuringn whichthe headelements (left) ‘promoted’overtheamgument.Thata head
may undego suchpromotionis lexically marked by the presencef the operator®. For
example,the ditransitive verb gavehasa lexical assignmenasfollows, whoseamgument
orderaccordswith obliquenessandwhoselexical stringis markedwith 2.

(34) (NP (Np$“s) << np: <Agave, gave'>

lex

(35) (lee) (kim) (gave) (vodka)

<oci <ocu

np:lee np:kim (np='(np = S))><Einp:Agave np: vodka

< oci <ocu

np = (np="s): (Agaﬂe Uodka);o—ci

np*S“s: (kim (* gave ﬂodka)><o—i) -

ci’ <oci

s: (lee (kim (* gave vodka);- ) =)

oci’ <oci’ <ocu

The dervation (35) yields the resultsshavn in (36a,b)underreduction. To allow for the
promotionoperatorthe definitionof 3 mustbe extendedwith the extra clause(37), which
not only provides a correspondingperatorin the marker domain, but also introducesa
null string atomthat senesasa placeholdeffor the verb atomasit promotes.The string
term (36a)yieldsthe ‘maximal’ marlker (36c¢). This marker containsabstract'modes(i.e.
lackingu) andsocannotitself provide a directbasisfor determiningword order

(36) a. ~y (lee (kim (“gave vodka) « ) - ) -

»=oci’ <oci’ <ocu

b. ~ (gav€ vodka kim’ le€)
c. =y (lee <oeu (kim <oei (2 gave oy €) >oci vodka)))

(37) .8 Y(%a) = {(Py e |zES(@) Az~ y}

Additional marker axiomsthatinvolve the promotionoperatorare shavn in (38). Axiom
(38a) allows a promotionoperatorto be discarded. Axioms (38b,c)allow a headthatis
markedwith the promotionoperatotto be promotedover its internalargumentsthoseargu-
mentsbeingmadenon-abstracasa sideeffect. Sucha patternof restructurings shavn in
(39), wherethefinal marker is onethatindicateshe word orderLeegaveKim vodka

(38) a. Lz —=z

b, (Pz >0 y) =iz = 2T >a (Y =piu 2)

c. 2=pi(PT=ay) = 220 (2 < Y)



(39) (lee <oeu (kim <oei (2 gave =gy €) >oci vodka)))
~ (lee <oeu (Kim <oei (2 gave oy (€ =ociu vodka))))
~ (lee <ocu (©gave =ou (Kim <ociu (€ =ociu vodka))))
~ (lee <ocu (gave =ou (Kim <ociu (€ >=ociu vodka))))

~> (lee o4y gave o4y kim o4y, € 04y, vodka)

Note how this accountdoesnot strictly involve ‘movement’. Rather amongsthe mul-
tiple description®f a derived objectthatthe multimodalapproactallows, thosewhich are
relevantto word orderdisplaya restructuringanalogougo verb movement.Note alsothat
the ‘movement’allowed by this methodis inherentlyboundedj.e. would notallow a head
to move out of its own domain. This approacthaspotentialfor applicationto otherphe-
nomenanvolving boundecheadmovementge.g. of thefinite verbin V2 languages.

4 CommandRelationsin Binding

Oneapproacho handlingreflexivesin Cateorial Grammarhasinvolved makingthema
functionover verbtypes,with a semanticghat equateswo verb agumentpositions[15].
Challengedor suchan approachincludeincorporatingthe limitations on binding thatare
handledvia c-commandn PSGapproachewnhilst still allowing thepermissiblecasesother
thanby simply assigninga list of lexical catajoriesthatseparatelyencodesachpossibility
Within MontagueGrammayBach& Partee[2] handlecommandtonstraintsia a condition
F-commandn argumentstructure(wherebyary amgumentF-commandsry ‘earlier’ (and
hencemore oblique) algumentsof the samefunctor andtheir subconstituents)A related
o-commanaonditionhasbeenusedwithin Head-dnen PhraseStructureGrammaywhich
recreate$-commandn termsof subcatgorisationlists [14].

As in the previous section,we usean approachwhererelative obliquenesss encoded
via lexical agumentorder This encodingprovidesthe basisfor handlingcommandrela-
tions. A key advantageof the multimodalapproachs thatit will allow usto exploit alevel
of descriptionwhereinformationrelevantto thetreatmenbof bindingis encodedbut where
otherinformationhasbeendiscardedwith the benefitof avoiding the needto assignmul-
tiple lexical entrieswherethis would otherwisehave beenrequired.Thelevel of description
werequireis onewhereheadednessill countsbut linearorderdoesnot, sotheaxiom(40a)
is included,which undermineghelatterwhilst maintainingtheformet

(40) a. z>=qy = y=<azx (0 ¢ a)

b z=<a(y>p2) = (T<ay)>p2 (cgavecgp)

Theaxiom (40b) is a form of associatiity — onewhich reversesthe relative hierarchical
positionof two dependentsf the samehead.If freely operatve, this axiomwould under

mine therelative obliquenessnformationinitially encodedoy lexical agumentorder but

theaxiomis insteadrestrictedto apply only provided oneor both dependencielack the ¢

(‘commandpresered’) atom.Hence two dependenciethatretainthisatommustmaintain
the relative hierarchicalpositionbetweerthemthatwaslexically given. Theflexibility of

this level of descriptionis suchthata marler canrestructurdo theform ((z >, y) >, 2)

iff z correspond$o anamgumentthatF-commandg. Furthermoresincey andz mustbe
dependentsf thesamehead aform of locality is imposedpnewhichis comparabléo that
usedin the bindingaccountof Pollard& Sag[14]. Thereflexive assignmen(41), usedin

thederivation (42) of JohnshowedViary himself exploits this level of description.

(41) (sEEnpx—(se<npEEnp): (Af.(f himself ), \fAz.(fzz)),,,



(42) (himself) (mary) (shaved) (john)

»~oci

(SEEnpK—(sEEnpesnp)  [np:z]  npimary  (NPSH(npSUs)y & np  [np:y]  np:john
s Mf-(f himself )~ : 2 showed

<oci <ocu

np%* (Np™S"s): (2 showed y)>‘;i

np=$"s: (mary (% showed y) )

oci’ <oci

s:(z (mary (“ showed y) « ) - ) -

»oci’ <oci’ <ocu

<;;'u,
SenpEnp: XeyAez.(z (mary (% showed y) « ) =)

sEnp: ((Af.(f himself)«) (A—yA—z.(z (mary (* showed y)><;ci) =) = ))e

<oci’/ <ocu

S: (((Mf-(f himself)«) (Aeyrez.(z (mary (“showed y) « ) - ) — )+ john)

=oci’ <oci’ <ocu

s&Enp: Aez.(z (mary (© showed y) — )

. — .
=oci’ <oci

=
<ocu

(43) a. ~y (john (mary (“showed himself) ) )

i ) =
oci’ <oci’ <ocu

s (John <oeu (showed oy (Mary <ocin, (€ =ociu himself))))
b. ~s (shaved john’ mary’ john’)

Notethatthe proofincludesadditionalassumptionsorrespondingo the binderandreflex-
ive positions(labelledwith variablesz andy respectrely). Theseassumptiong€ombine
with theverb, plusafurtherNP, to derive a sentenceateory subproofwith the stringterm
shawvn in (44a),which yields,amongsithers,the marlkerin (44b). Marker (44b)restruc-
turesto theform ((a >, y) =, 2z), asshavn in (44c). Consequentlythe assumptions
labelledz andy canbe dischagedin introductioninferencedo yield a resultsé<np&np,
which formsthe agumentof thereflexive type. Normalisationensureshatthe word order
positionsof boththereflexive andthe binderareasdeterminedy theverh

(44) a. (z (mary (“showed y) « ) - ) —

>oci’ <oci’ <ocu
b. =y (Z ~ocu (mm"y =oci (AShowed > oci y)))

c. ~ (z <c (mary < (Dshowed =, 7))
~ (2 =c ((mary < “showed) . y))
~ (((mary < Ashowed) e Y) »c 2)

This approaclreadily extendsto allow for non-localcommandrelations. Rewriting a
marler (z > (y > z)) ~ ((z = y) > z) effectively amountgo moving the‘embedded’
dependent upwardsto actasadependerditahigherlevel. Axiom (45a)allows arestricted
form of suchrestructuringprovidedall dependenciesremarkedas‘commandpreserving’,
andensuringthatthe upwardly moved dependencis marked with ¢ (indicating‘ non-local
commandpreseration’) ratherthanc (for ‘local commandpreseration’). The local re-
structuringaxiom mustbe modifiedto take accountof both ¢ andeé, asin (45b). In this
systema marker canrestructurgo the form ((z >z y) =, z) iff aumentz non-locally
F-commandg, i.e. y originatesfrom within anamgumentthatis locally F-commandedy
z. Hence thelexical assignmen{46) canbe usedfor non-locallyboundpronounusesge.g.
asin Everyboy; thinksMary likeshim;.

(45) a. = >qc(Y>62) = (T >acy) ms5e2z  (j €{cc})
b. z<aW>p2) = (x<ay)>p2z (c,c¢aVccdgp)

(46) (SEENpk—(sEnp&Enp): (A f.(f him) e, A\fAz.(fzz)),,,
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