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Abstract

In this pap er, w e sho w that Higher{Order

Coloured Uni�cation { a form of uni�cation

dev elop ed for automated theorem pro ving

{ pro vides a general theory for mo deling

the in terface b et w een the in terpretation

pro cess and other sources of linguistic, non

seman tic information. In particular, it pro-

vides the general theory for the Primary

Occurrence Restriction whic h (Dalrymple

et al., 1991)'s analysis called for.

1 In tro duction

It is w ell kno wn that Higher{Order Uni�cation

(HOU) can b e used to construct the seman tics of

Natural Language: (Dalrymple et al., 1991) { hence-

forth, DSP { sho w that it allo ws a treatmen t of VP{

Ellipsis whic h successfully captures the in teraction

of VPE with quan ti�cation and nominal anaphora;

(Pulman, 1995; Garden t and Kohlhase, 1996) use

HOU to mo del the in terpretation of fo cus and its

in teraction with fo cus sensitiv e op erators, adv erbial

quan ti�ers and second o ccurrence expressions; (Gar-

den t et al., 1996) sho ws that HOU yields a sim-

ple but precise treatmen t of corrections; Finally ,

(Pink al, 1995) uses linear HOU to reconstruct under-

sp eci�ed seman tic represen tations.

Ho w ev er, it is also w ell kno wn that the HOU

approac h to NL seman tics systematically o v er{

generates and that some general theory of the in-

terface b et w een the in terpretation pro cess and other

sources of linguistic information is needed in order

to a v oid this.

In their treatmen t of VP{ellipsis, DSP in tro duce

an informal restriction to a v oid o v er{generation: the

Primary Oc curr enc e R estriction (POR). Although

this restriction is in tuitiv e and linguistically w ell{

motiv ated, it do es not pro vide a general theoretical

framew ork for extra{seman tic constrain ts.

In this pap er, w e argue that Higher{Or der

Colour e d Uni�c ation (HOCU, (cf. sections 3,6), a

restricted form of HOU dev elop ed indep enden tly for

theorem pro ving, pro vides the needed general frame-

w ork. W e start out b y sho wing that the HOCU

approac h allo ws for a precise and in tuitiv e mo del-

ing of DSP's Primary Occurrence Restriction (cf.

section 3.1). W e then sho w that the POR can b e

extended to capture linguistic restrictions on other

phenomena (fo cus, second o ccurrence expressions

and adv erbial quan ti�cation) pro vided that the no-

tion of primary o c curr enc e is suitably adjusted (cf.

section 4). Ob viously a treatmen t of the in terpla y of

these phenomena and their related notion of primary

o ccurrence is only feasible giv en a precise and w ell{

understo o d theoretical framew ork. W e illustrate this

b y an example in section 4.4. Finally , w e illustrate

the generalit y of the HOCU framew ork b y using it

to enco de a completely di�eren t constrain t, namely

Kratzer's binding principle (cf. section 5).

2 Higher{Order Uni�cation and NL

seman tics

The basic idea underlying the use of HOU for NL

seman tics is v ery simple: the t yp ed � {calculus is

used as a seman tic represen tation language while se-

man tically under{sp eci�ed elemen ts (e.g. anaphors

and ellipses) are represen ted b y free v ariables whose

v alue is determined b y solving higher{order equa-

tions. F or instance, the discourse (1a) has (1b) as

a seman tic represen tation where the v alue of R is

giv en b y equation (1c) with solutions (1d) and (1e).

(1) a. Dan likes golf. Peter do es to o.

b. like(dan,golf ) ^ R ( peter )

c. like(dan,golf ) = R ( dan )

d. R = �x: like(x,golf )

e. R = �x: like(dan,golf )

The pro cess of solving suc h equations is tradition-

ally called uni�cation and can b e stated as follo ws:



giv en t w o terms M and N , �nd a substitution of

terms for free v ariables that will mak e M and N

equal. F or �rst order logic, this problem is decidable

and the set of solutions can b e represen ted b y a sin-

gle most general uni�er. F or the t yp ed � {calculus,

the problem is undecidable, but there is an algorithm

whic h { giv en a solv able equation { will en umerate

a complete set of solutions for this equation (Huet,

1975).

Note that in (1), uni�cation yields a linguistically

v alid solution (1d) but also an in v alid one: (1e).

T o remedy this shortcoming, DSP prop ose an in-

formal restriction, the Primary Occurrence Re-

striction :

Giv en a lab eling of o ccurrences as either

primary or secondary , the POR excludes

of the set of linguistically v alid solutions,

an y solution whic h con tains a primary o c-

currence.

Here, a primary o ccurrence is an o ccurrence that

is dir e ctly asso ciate d with a sour c e p ar al lel element .

Neither the notion of direct asso ciation, nor that of

parallelism is giv en a formal de�nition; but giv en an

in tuitiv e understanding of these notions, a source

parallel elemen t is an elemen t of the source (i.e.

an teceden t) clause whic h has a parallel coun terpart

in the target (i.e. elliptic or anaphoric) clause.

T o see ho w this w orks, consider example (1) again.

In this case, dan is tak en to b e a primary o ccur-

rence b ecause it represen ts a source parallel elemen t

whic h is neither anaphoric nor con trolled i.e. it is

directly asso ciated with a source parallel elemen t.

Giv en this, equation (1c) b ecomes (2a) with solu-

tions (2b) and (2c) (primary o ccurrences are under-

lined). Since (2c) con tains a primary o ccurrence, it

is ruled out b y the POR and is th us excluded from

the set of linguistically v alid solutions.

(2) a. l ik e ( dan ; g ol f ) = R ( dan )

b. R = �x:l ik e ( x; g ol f )

c. R = �x:l ik e ( dan ; g ol f )

Although the in tuitions underlying the POR are

clear, t w o main ob jections can b e raised. First, the

restriction is informal and as suc h pro vides no go o d

basis for a mathematical and computational ev alua-

tion. As DSP themselv es note, a general theory for

the POR is called for. Second, their metho d is a

generate{and{test metho d: all logically v alid solu-

tions are generated b efore those solutions that vio-

late the POR and are linguistically in v alid are elimi-

nated. While this is su�cien t for a theoretical anal-

ysis, for actual computation it w ould b e preferable

nev er to pro duce these solutions in the �rst place.

In what follo ws, w e presen t a uni�cation framew ork

whic h solv es b oth of these problems.

3 Higher{Order Coloured

Uni�cation (HOCU)

There is a restricted form of HOU whic h allo ws for

a natural mo deling of DSP's Primary Occurrence

Restriction: Higher{Order Coloured Uni�cation de-

v elop ed indep enden tly for theorem pro ving (Hutter

and Kohlhase, 1995). This framew ork uses a v arian t

of the simply t yp ed � -calculus where sym b ol o ccur-

rences can b e annotated with so-called c olours and

substitutions m ust ob ey the follo wing constrain t:

F or an y colour constan t c and an y

c {coloured v ariable V

c

, a w ell{formed

coloured substitution m ust assign to V

c

a c {

mono c hrome term i.e., a term whose sym-

b ols are c {coloured.

3.1 Mo deling the Primary Occurrence

Restriction

Giv en this coloured framew ork, the POR is directly

mo delled as follo ws: Primary o ccurrences are p e -

coloured whilst free v ariables are : p e -coloured. F or

the momen t w e will just consider the colours p e (pri-

mary for ellipsis) and : p e (secondary for ellipsis) as

distinct basic colours to k eep the presen tation sim-

ple. Only for the analysis of the in teraction of e.g.

ellipsis with fo cus phenomena (cf. section 4.4) do w e

need a more elab orate formalization, whic h w e will

discuss there.

Giv en the ab o v e restriction for w ell{formed

coloured substitutions, suc h a colouring ensures that

an y solution con taining a primary o ccurrence is

ruled out: free v ariables are : p e -coloured and m ust

b e assigned a : p e -mono c hrome term. Hence no sub-

stitution will ev er con tain a primary o ccurrence (i.e.

a p e -coloured sym b ol). F or instance, discourse (1a)

ab o v e is assigned the seman tic represen tation (3a)

and the equation (3b) with unique solution (3c). In

con trast, (3d) is not a p ossible solution since it as-

signs to an : p e -coloured v ariable, a term con taining

a p e -coloured sym b ol i.e. a term that is not : p e -

mono c hrome.

(3) a. l ik e ( dan

p e

; g ol f ) ^ R

: p e

( peter )

b. l ik e ( dan

p e

; g ol f ) = R

: p e

( dan

p e

)

c. R

: p e

= �x:l ik e ( x; g ol f )

d. R

: p e

= �x:l ik e ( dan

p e

; g ol f )

3.2 HOCU theory

T o b e more formal, w e presupp ose a �nite set

C = f a ; b ; c ; p e ; : p e ; : : : g of colour constan ts and a



coun tably in�nite supply C V = f A ; B ; : : : g of colour

v ariables .

As usual in � -calculus, the set w� of w ell-

formed form ulae consists of (coloured

1

) con-

stan ts c

a

; r uns

b

; r uns

A

; : : : , (p ossibly uncoloured)

v ariables x; x

a

; y

b

; : : : (function) applications of

the form M N and � -abstractions of the form

�x:M . Note that only v ariables without colours

can b e abstracted o v er. W e call a form ula M c -

mono c hrome , if all sym b ols in M are b ound or

tagged with c .

W e will need the so-called colour erasure j M j of

M , i.e. the form ula obtained from M b y erasing all

colour annotations in M . W e will also use v arious

elemen tary concepts of the � -calculus, suc h as free

and b ound o ccurrences of v ariables or substitutions

without de�ning them explicitly here. In particular

w e assume that free v ariables are coloured in all for-

m ulae o ccuring. W e will denote the substitution of

a term N for all free o ccurrences of x in M with

[ N =x ] M .

It is crucial for our system that colours annotate

sym b ol o ccurrences (i.e. colours are not sorts!), in

particular, it is in tended that di�eren t o ccurrences

of sym b ols carry di�eren t colours (e.g. f ( x

b

; x

a

))

and that sym b ols that carry di�eren t colours are

treated di�eren tly . This observ ation leads to the no-

tion of coloured substitutions, that tak es the colour

information of form ulae in to accoun t. In con trast

to traditional (uncoloured) substitutions, a coloured

substitution � is a pair h �

t

; �

c

i , where the term

substitut i on �

t

maps coloured v ariables (i.e. the

pair x

c

of a v ariable x and the colour c ) to form ulae

of the appropriate t yp e and the colour substitu-

tion �

c

maps colour v ariables to colours. In order to

b e legal (a C -substitut ion ) suc h a mapping � m ust

ob ey the follo wing constrain ts:

� If a and b are di�eren t colours, then j � ( x

a

) j =

j � ( x

b

) j , i.e. the colour erasures ha v e to b e equal.

� If c 2 C is a colour constan t, then � ( x

c

) is c -

mono c hrome.

The �rst condition ensures that the colour erasure

of a C -substitution is a w ell-de�ned classical substi-

tution of the simply t yp ed � -calculus. The second

condition formalizes the fact that free v ariables with

constan t colours stand for mono c hrome subform u-

lae, whereas colour v ariables do not constrain the

substitutions. This is exactly the trait, that w e will

exploit in our analysis.

1

Colours are indicated b y subscripts lab eling term

o ccurrences; whenev er colours are irrelev an t, w e simply

omit them.

Note that � � -reduction in the coloured � -calculus

is just the classical notion, since the b ound v ari-

ables do not carry colour information. Th us w e

ha v e all the kno wn theoretical results, suc h as the

fact that � � -reduction alw a ys terminates pro ducing

unique normal forms and that � � -equalit y can b e

tested b y reducing to normal form and comparing

for syn tactic equalit y . This giv es us a decidable test

for validity of an equation.

In con trast to this, higher-order uni�cation tests

for satis�ability b y �nding a substitution � that

mak es a giv en equation M = N v alid ( � ( M ) =

� �

� ( N )), ev en if the original equation is not ( M 6=

� �

N ). In the coloured � -calculus the space of (se-

man tic) solutions is further constrained b y requiring

the solutions to b e C -substitutions. Suc h a substi-

tution is called a C -uni�er of M and N . In par-

ticular, C -uni�cation will only succeed if compara-

ble form ulae ha v e uni�able colours. F or instance,

intr o

a

( p

a

; j

b

; x

a

) uni�es with intr o

a

( y

a

; j

A

; s

a

) but

not with intr o

a

( p

a

; j

a

; s

a

) b ecause of the colour clash

on j .

It is w ell-kno wn, that in �rst-order logic (and in

certain related forms of feature structures) there

is alw a ys a most general uni�er for an y equation

that is solv able at all. This is not the case for

higher-order (coloured) uni�cation, where v ariables

can range o v er functions, instead of only individu-

als. F ortunately , in our case w e are not in terested

in general uni�cation, but w e can use the fact that

our form ulae b elong to v ery restricted syn tactic sub-

classes, for whic h m uc h b etter results are kno wn. In

particular, the fact that free v ariables only o ccur on

the left hand side of our equations reduces the prob-

lem of �nding solutions to higher-order matc hing,

of whic h decidabilit y has b een pro v en for the sub-

class of third-order form ulae (Do w ek, 1992) and is

conjectured for the general case. This class, (in tu-

itiv ely allo wing only nesting functions as argumen ts

up to depth t w o) co v ers all of our examples in this

pap er. F or a discussion of other sub classes of form u-

lae, where higher-order uni�cation is computation-

ally feasible see (Prehofer, 1994).

Some of the equations in the examples ha v e m ulti-

ple most general solutions, and indeed this m ultiplic-

it y corresp onds to the p ossibilit y of m ultiple di�er-

en t in terpretations of the fo cus constructions. The

role of colours in this is to restrict the logically p os-

sible solutions to those that are linguistically sound.



4 Linguistic Applications of the

POR

In section 3.1, w e ha v e seen that HOCU allo w ed for

a simple theoretical rendering of DSP's Primary Oc-

currence Restriction. But isn't this restriction fairly

idiosyncratic? In this section, w e sho w that the re-

striction whic h w as originally prop osed b y DSP to

mo del VP{ellipsis, is in fact a v ery general constrain t

whic h far from b eing idiosyncratic, applies to man y

di�eren t phenomena. In particular, w e sho w that it

is necessary for an adequate analysis of fo cus, second

o ccurrence expressions and adv erbial quan ti�cation.

F urthermore, w e will see that what coun ts as a

primary o ccurrence di�ers from one phenomenon to

the other (for instance, an o ccurrence directly asso-

ciated with fo cus coun ts as primary w.r.t fo cus se-

man tics but not w.r.t to VP{ellipsis in terpretation).

T o accoun t for these di�erences, some mac hinery is

needed whic h turns DSP's in tuitiv e idea in to a fully{

blo wn theory . F ortunately , the HOCU framew ork is

just this: di�eren t colours can b e used for di�eren t

t yp es of primary o ccurrences and lik ewise for di�er-

en t t yp es of free v ariables. In what follo ws, w e sho w

ho w eac h phenomenon is dealt with. W e then illus-

trate b y an example ho w their in teraction can b e

accoun ted for.

4.1 F o cus

Since (Jac k endo�, 1972), it is commonl y agreed that

fo cus a�ects the seman tics and pragmatics of utter-

ances. Under this p ersp ectiv e, fo cus is tak en to b e

the seman tic v alue of a proso dically prominen t ele-

men t. F urthermore, fo cus is assumed to trigger the

formation of an additional seman tic v alue (hence-

forth, the F o cus Seman tic V alue or FSV) whic h is

in essence the set of prop ositions obtained b y making

a substitution in the fo cus p osition (cf. e.g. (Kratzer,

1991)). F or instance, the FSV of (4a)

2

is (4b), the

set of form ulae of the form l(j,x) where x is of t yp e

e , and the pragmatic e�ect of fo cus is to presupp ose

that the denotation of this set is under considera-

tion.

(4) a. Jon likes SARAH

b. f l ( j; x ) j x 2 w�

e

g

In (Garden t and Kohlhase, 1996), w e sho w that

HOU can successfully b e used to compute the FSV

of an utterance. More sp eci�cally , giv en (part of ) an

utterance U with seman tic represen tation S em and

fo ci F

1

: : : F

n

, w e require that the follo wing equa-

2

F o cus is indicated using upp er{case.

tion, the FSV equation , b e solv ed:

S em = Gd ( F

1

) : : : ( F

n

)

On the basis of the Gd v alue, w e then de�ne the

FSV, written Gd , as follo ws:

De�niti on 4.1 (F o cus Semantic V alue)

L et Gd b e of typ e � =

~

�

k

! t and n b e the numb er of

fo ci ( n � k ), then the F o cus Semantic V alue deriv-

able fr om Gd, written Gd , is f Gd ( t

1

: : : t

n

) j t

i

2

w�

�

i

g :

This yields a fo cus seman tic v alue whic h is in

essence Kratzer's presupp osition sk eleton. F or in-

stance, giv en (4a) ab o v e, the required equation will

b e l ( j; s ) = Gd ( s ) with t w o p ossible v alues for Gd :

�x:l ( j; x ) and �x:l ( j; s ). Giv en de�nition (4.1), (4a)

is then assigned t w o FSVs namely

(5) a. Gd = f l ( j; x ) j x 2 w�

e

g

b. Gd = f l ( j; s ) j x 2 w�

e

g

That is, the HOU treatmen t of fo cus o v er{

generates: (5a) is an appropriate FSV, but not (5b).

Clearly though, the POR can b e used to rule out

(5b) if w e assume that o ccurrences that are directly

asso ciated with a fo cus are primary o ccurrences. T o

capture the fact that those primary o ccurrences are

di�eren t from DSP's primary o ccurrences when deal-

ing with ellipsis, w e colour o ccurrences that are di-

rectly asso ciated with fo cus (rather than a source

parallel elemen t in the case of ellipsis) pf . Conse-

quen tly , w e require that the v ariable represen ting

the FSV b e : pf coloured, that is, its v alue ma y not

con tain an y pf term. Under these assumptions, the

equation for (4a) will b e (6a) whic h has for unique

solution (6b).

(6) a. l ( j,s

pf

) = FSV

: pf

( s

pf

)

b. FSV

: pf

= �x: l ( j ; x )

4.2 Second Occurrence Expressions

A second o ccurrence expression (SOE) is a partial or

complete rep etition of the preceding utterance and

is c haracterised b y a de-accen ting of the rep eating

part (Bartels, 1995). F or instance, (7b) is an SOE

whose rep eating part only likes Mary is deaccen ted.

(7) a. Jon only likes MAR Y.

b. No, PETER only likes Mary.

In (Garden t, 1996; Garden t et al., 1996) w e sho w

that SOEs are adv an tageously view ed as in v olving a

deaccen ted anaphor whose seman tic represen tation

m ust unify with that of its an teceden t. F ormally ,

this is captured as follo ws. Let S S em and T S em b e

the seman tic represen tation of the source and target

clause resp ectiv ely , and T P

1

: : : T P

n

; S P

1

: : : S P

n



b e the target and source parallel elemen ts

3

, then the

in terpretation of an SOE m ust resp ect the follo wing

equations:

An ( S P

1

; : : : ; S P

n

) = S S em

An ( T P

1

; : : : ; T P

n

) = T S em

Giv en this prop osal and some further assumptions

ab out the seman tics of only , the analysis of (7b) in-

v olv es the follo wing equations:

(8) An ( j ) = 8 P [ P 2 f �x:l ik e ( x; y ) j y 2 w�

e

g

^ P ( j ) ! P = �x:l ik e ( x; m )]

An ( p ) = 8 P [ P 2 F S V ^ P ( p )

! P = �x:l ik e ( x; m )]

Resolution of the �rst equation then yields t w o

solutions:

An = �z 8 P [ P 2 f �x:l ik e ( x; y ) j y 2 w�

e

g

^ P ( z ) ! P = �x:l ik e ( x; m )]

An = �z 8 P [ P 2 f �x:l ik e ( x; y ) j y 2 w�

e

g

^ P ( j ) ! P = �x:l ik e ( x; m )]

Since An represen ts the seman tic information

shared b y target and source clause, the second so-

lution is clearly incorrect giv en that it con tains in-

formation ( j ) that is sp eci�c to the source clause.

Again, the POR will rule out the incorrect solutions,

whereb y con trary to the VP{ellipsis case, all o ccur-

rences that are directly asso ciated with parallel el-

emen ts (i.e. not just source parallel elemen ts) are

tak en to b e primary o ccurrences. The distinction is

implemen ted b y colouring all o ccurrences that are

directly asso ciated with parallel elemen t ps , whereas

the corresp onding free v ariable ( An ) is coloured as

: ps . Giv en these constrain ts, the �rst equation in

(8) is reform ulated as:

An

: ps

( j

ps

) = 8 P [ P 2 f �x:l ik e ( x; y ) j y 2 w�

e

g

^ P ( j

ps

) ! P = �x:l ik e ( x; m )]

with the unique w ell{coloured solution

An

: ps

= �z : 8 P [ P 2 f �x:l ik e ( x; y ) j y 2 w�

e

g

^ P ( z ) ! P = �x:l ik e ( x; m )]

4.3 Adv erbial quan ti�catio n

Finally , let us brie
y examine some cases of adv er-

bial quan ti�cation. Consider the follo wing example

from (v on Fin tel, 1995):

T om always takes SUE to A l's mother.

Y es, and he always takes Sue to JO's mother.

In (Garden t and Kohlhase, 1996), w e suggest that

suc h cases are SOEs, and th us can b e treated as

in v olving a deaccen ted anaphor (in this case, the

anaphor he always takes Sue to 's mother ). Giv en

some standard assumptions ab out the seman tics of

3

As in DSP , the iden ti�catio n of parallel elemen ts is

tak en as giv en.

always , the equations constraining the in terpretation

An of this anaphor are:

An ( al ) = al w ay s (T om take x to al's mother)

(T om take Sue to al's mother)

An ( j o ) = al w ay s F S V

(T om take Sue to Jo's mother)

Consider the �rst equation. If An is the seman tics

shared b y target and source clause, then the only

p ossible v alue for An is

�z :al w ay s (T om take x to z's mother)

(T om take Sue to z's mother)

where b oth o ccurrences of the parallel elemen t m

ha v e b een abstracted o v er. In con trast, the follo wing

solutions for An are incorrect.

�z :al w ay s (T om take x to al's mother)

(T om take Sue to z's mother)

�z :al w ay s (T om take x to al's mother)

(T om take Sue to al's mother)

�z :al w ay s (T om take x to z's mother)

(T om take Sue to al's mother)

Once again, w e see that the POR is a necessary

restriction: b y lab eling as primary , all o ccurrences

represen ting a parallel elemen t, it can b e ensured

that only the �rst solution is generated.

4.4 In teraction of constrain t s

P erhaps the most con vincing w a y of sho wing the

need for a theory of colours (rather than just an in-

formal constrain t) is b y lo oking at the in teraction of

constrain ts b et w een v arious phenomena. Consider

the follo wing discourse

(9) a. Jon likes SARAH

b. Peter do es to o

Suc h a discourse presen ts us with a case of in ter-

action b et w een ellipsis and fo cus thereb y raising the

question of ho w DSP' POR for ellipsis should in ter-

act with our POR for fo cus.

As remark ed in section 3.1, w e ha v e to in terpret

the colour : p e as the concept of b eing not primary

for ellipsis, whic h includes pf (primary for fo cus). In

order to mak e this approac h w ork formally , w e ha v e

to extend the supply of colours b y allo wing b o olean

com binations of colour constan ts. The seman tics of

these ground colour form ula is that of prop ositional

logic, where : d is tak en to b e equiv alen t to the dis-

junction of all other colour constan ts.

Consequen tly w e ha v e to generalize the second

condition on C -substitutions

� F or all colour annotations d of sym b ols in � ( x

c

)

d j = c in prop ositional logic.

Th us X

: d

can b e instan tiated with an y coloured

form ula that do es not con tain the colour d . The



HOCU algorithm is augmen ted with suitable rules

for b o olean constrain t satisfaction for colour equa-

tions.

The equations resulting from the in terpretation of

(9b) are:

l ( j

p e

; s

pf

) = R

: p e

( j

p e

)

R

: p e

( p ) = FSV

: pf

( F )

where the �rst equation determines the in terpre-

tation of the ellipsis whereas the second �xes the

v alue of the FSV. Resolution of the �rst equation

yields the v alue �x:l ( x; s

pf

) for R

: p e

. As required,

no other solution is p ossible giv en the colour con-

strain ts; in particular �x:l ( j

p e

; s

pf

) is not a v alid so-

lution. The v alue of R

: p e

( j

p e

) is no w l ( p

p e

; s

pf

) so

that the second equation is

4

:

l ( p; s

pf

) = FSV

: pf

( F )

Under the indicated colour constrain ts, three so-

lutions are p ossible:

FSV

: pf

= �x:l ( p; x ) ; F = s

pf

FSV

: pf

= �O :O ( p ) ; F = �x:l ( x; s

pf

)

FSV

: pf

= �X :X ; F = l ( p; s

pf

)

The �rst solution yields a narr ow fo cus read-

ing (only SARAH is in fo cus) whereas the second

and the third yield wide fo cus in terpretations corre-

sp onding to a VP and an S fo cus resp ectiv ely . That

is, not only do colours allo w us to correctly capture

the in teraction of the t w o PORs restricting the in-

terpretation of ellipsis of fo cus, they also p ermit a

natural mo deling of fo cus pro jection (cf. (Jac k end-

o�, 1972)).

5 Another constrain t

An additional argumen t in fa v our of a general the-

ory of colours lies in the fact that constrain ts that

are distinct from the POR need to b e enco ded to

prev en t HOU analyses from o v er{generating. In this

section, w e presen t one suc h constrain t (the so-called

we ak{cr ossover c onstr aint ) and sho w ho w it can b e

implemen ted within the HOCU framew ork.

In essence, the main function of the POR is to en-

sure that some o ccurrence o ccuring in an equation

app ears as a b ound v ariable in the term assigned

b y substitution to the free v ariable o ccurring in this

equation. Ho w ev er, there are cases where the dual

4

Note that this equation falls out of our formal sys-

tem in that it is un t yp ed and th us cannot b e solv ed b y

the algorithm describ ed in section 6 (as the solutions will

sho w, w e ha v e to allo w for FSV and F to ha v e di�eren t

t yp es). Ho w ev er, it seems to b e a routine exercise to aug-

men t HOU algorithms that can cop e with t yp e v ariables

lik e (Hustadt, 1991; Doughert y , 1993) with the colour

metho ds from (Hutter and Kohlhase, 1995).

constrain t m ust b e enforced: a term o ccurrence ap-

p earing in an equation m ust app ear unc hanged in

the term assigned b y substitution to the free v ari-

able o ccurring in this equation. The follo wing ex-

ample illustrates this.

(Chomsky , 1976) observ es that fo cused NPs

pattern with quan ti�ed and wh{NPs with re-

sp ect to pronominal anaphora: when the quan ti-

�ed/wh/fo cused NP precedes and c{commands the

pronoun, this pronoun yields an am biguit y b et w een

a co-referen tial and a b ound{v ariable reading. This

is illustrated in example

(10) We only exp e cte d HIM

i

to claim

that he

i

was bril liant

where the presence of the pronoun he

i

giv es rise

to t w o p ossible FSVs

5

F S V = f �x:ex ( x; y ; i ) j y 2 w�

e

g

F S V = f �x:ex ( x; y ; y ) j y 2 w�

e

g

th us allo wing t w o di�eren t readings: the corefen-

tial or strict reading

8 P [ P 2 f �x:ex ( x; y ; i ) j y 2 w�

e

g

^ P ( w e ) ! P = �x:ex ( x; i; i )]

and the b ound-v ariable or slopp y reading.

8 P [ P 2 f �x:ex ( x; y ; y )) j y 2 w�

e

g

^ P ( w e ) ! P = �x:ex ( x; i; i ))]

In con trast, if the quan ti�ed/wh/fo cused NP do es

not precede and c{command the pronoun, as in

(11) We only exp e cte d him

i

to claim

that HE

i

was bril liant

there is no am biguit y and the pronoun can only

giv e rise to a co-referen tial in terpretation. F or in-

stance, giv en (11) only one reading arises

8 P [ P 2 f �x:ex ( x; i; y ) j y 2 w�

e

g

^ P ( w e ) ! P = �x:ex ( x; i; i )]

where the FSV is f �x:ex ( x; i; y ) j y 2 w�

e

g .

T o capture this data, Go v ernmen t and Binding

analyses p ostulate �rst, that the an teceden t is raised

b y quan ti�er raising and second, that pronouns that

are c{commanded and preceded b y their an teceden t

are represen ted either as a � {b ound v ariable or as

a constan t whereas other pronouns can only b e rep-

resen ted b y a constan t (cf. e.g. (Kratzer, 1991)'s

binding principle ). Using HOCU, w e can mo del this

restriction directly . As b efore, the fo cus term is pf -

and the FSV v ariable : pf -coloured. F urthermore,

w e assume that pronouns that are preceded and c{

commanded b y a quan ti�ed/wh/fo cused an teceden t

are v ariable coloured whereas other pronouns are

: pf -coloured. Finally , all other terms are tak en to

5

W e abbreviate exp ( x; cl ( y ; bl t ( i ))) to ex ( x; y ; i ) to in-

crease legibili t y .



b e : pf -coloured. Giv en these assumptions, the rep-

resen tation for (10) is ex

: pf

( w e

: pf

; i

pf

; i

A

) and the

corresp onding FSV equation

R

: pf

( i

pf

) = �x:ex

: pf

( x; i

pf

; i

A

)

has t w o p ossible solutions

R

: pf

= �y :�x:ex

: pf

( x; y ; i

: pf

)

R

: pf

= �y :�x:ex

: pf

( x; y ; x )

In con trast, the represen tation for (11) is

ex

: pf

( w e

: pf

; i

: pf

; i

pf

) and the equation is

R

: pf

( i

pf

) = �x:ex

: pf

( x; i

: pf

; i

pf

)

with only one w ell{coloured solution

R

: pf

= �y :�x:ex

: pf

( x; i

: pf

; y )

Imp ortan tly , giv en the indicated colour con-

strain ts, no other solutions are admissible. In tu-

itiv ely , there are t w o reasons for this. First, the

de�nition of coloured substitutions ensures that the

term assigned to R

: pf

is : pf -mono c hrome. In par-

ticular, this forces an y o ccurrences of i

pf

to app ear

as a b ound v ariable in the v alue assigned to R

: pf

whereas i

A

can app ear either as i

: pf

(a colour v ari-

able uni�es with an y colour constan t) or as a b ound

v ariable { this in e�ect mo dels the slopp y/strict am-

biguit y . Second, a colour constan t only uni�es with

itself. This in e�ect rules out the b ound v ariable

reading in (11): if the i

: pf

o ccurrence w ere to b e-

come a b ound v ariable, the v alue of R

: pf

w ould

then �y :�x:ex

: pf

( x; y ; y ) . But then b y � {reduction,

R

: pf

( i

pf

) w ould b e �x:ex

: pf

( x; i

pf

; i

pf

) whic h do es

not unify with the righ t hand side of the original

equation i.e �x:ex

: pf

( x; i

: pf

; i

pf

).

F or a more formal accoun t of ho w the uni�ers are

calculated see section 6.1.

6 Calculating Coloured Uni�ers

Since the HOCU is the principal computational de-

vice of the analysis in this pap er, w e will no w try

to giv e an in tuition for the functioning of the algo-

rithm. F or a formal accoun t including all details and

pro ofs see (Hutter and Kohlhase, 1995).

Just as in the case of uni�cation for �rst-order

terms, the algorithm is a pro cess of recursiv e decom-

p osition and v ariable elimination that transform sets

of equations in to solv ed forms. Since C -substitutions

ha v e t w o parts, a term{ and a colour part, w e need

t w o kinds ( M =

t

N for term equations and c =

c

d

for colour equations). Sets E of equations in solv ed

form (i.e. where all equations are of the form x = M

suc h that the v ariable x do es not o ccur an ywhere else

in M or E ) ha v e a unique most general C -uni�er �

E

that also C -uni�es the initial equation.

There are sev eral rules that decomp ose the syn tac-

tic structure of form ulae, w e will only presen t t w o of

them. The rule for abstractions transforms equa-

tions of the form �x:A =

t

�y :B to [ c=x ] A =

t

[ c=y ] B ,

and �x:A =

t

B to [ c=x ] A =

t

B c where c is a new

constan t, whic h ma y not app ear in an y solution. The

rule for applications decomp oses h

a

( s

1

; : : : ; s

n

) =

t

h

b

( t

1

; : : : ; t

n

) to the set f a =

c

b; s

1

=

t

t

1

; : : : ; s

n

=

t

t

n

g , pro vided that h is a constan t. F urthermore

equations are k ept in � � -normal form.

The v ariable elimination pro cess for colour v ari-

ables is v ery simple, it allo ws to transform a set

E [ f A =

c

d g of equations to [ d = A ] E [ f A =

c

d g ,

making the equation f A =

c

d g solv ed in the result.

F or the form ula case, eliminatio n is not that simple,

since w e ha v e to ensure that j � ( x

A

) j = j � ( x

B

) j to

obtain a C -substitution � . Th us w e cannot simply

transform a set E [ f x

d

=

t

M g in to [ M =x

d

] E [ f x

d

=

t

M g , since this w ould (incorrectly) solv e the equa-

tions f x

c

= f

c

; x

d

= g

d

g . The correct v ariable

eliminatio n rule transforms E [ f x

d

=

t

M g in to

� ( E ) [ f x

d

=

t

M ; x

c

1

= M

1

; : : : ; x

c

n

=

t

M

n

g , where

c

i

are all colours of the v ariable x o ccurring in M and

E , the M

i

are appropriately coloured v arian ts (same

colour erasure) of M , and � is the C -substitution

that eliminates all o ccurrences of x from E .

Due to the presence of function v ariables, sys-

tematic application of these rules can terminate

with equations of the form x

c

( s

1

; : : : ; s

n

) =

t

h

d

( t

1

; : : : ; t

m

). Suc h equations can neither b e fur-

ther decomp osed, since this w ould lo ose uni�ers (if

G and F are v ariables, then Ga = F b as a solution

�x:c for F and G , but f F = G; a = b g is unsolv-

able), nor can the righ t hand side b e substituted for

x as in a v ariable elimination rule, since the t yp es

w ould clash. Let us consider the uncoloured equa-

tion x ( a ) =

t

a whic h has the solutions ( �z :a ) and

( �z :z ) for x .

The standard solution for �nding a complete set

of solutions in this so-called 
ex/rigid situation is

to substitute a term for x that will enable decomp o-

sition to b e applicable afterw ards. It turns out that

for �nding all C -uni�ers it is su�cien t to bind x to

terms of the same t yp e as x (otherwise the uni�er

w ould b e ill-t yp ed) and compatible colour (other-

wise the uni�er w ould not b e a C -substitution) that

either

� ha v e the same head as the righ t hand side; the

so-called imitation solution ( �z :a in our exam-

ple) or

� where the head is a b ound v ariable that enables

the head of one of the argumen ts of x to b ecome

head; the so-called pro jection binding ( �z :z ).

In order to get a b etter understanding of the situ-

ation let us reconsider our example using colours.



x ( a

c

) = a

d

. F or the imitation solution ( �z :a

d

) w e

\imitate" the righ t hand side, so the colour on a

m ust b e d . F or the pro jection solution w e instan tiate

( �z :z ) for x and obtain ( �z :z ) a

c

, whic h � -reduces to

a

c

. W e see that this \lifts" the constan t a

c

from the

argumen t p osition to the top. Inciden tally , the pro-

jection is only a C -uni�er of our coloured example,

if c and d are iden tical.

F ortunately , the c hoice of instan tiations can b e

further restricted to the most general terms in the

categories ab o v e. If x

c

has t yp e �

n

! � and h

d

has

t yp e 


m

! � , then these so-called general bind-

ings ha v e the follo wing form:

G

h

d

= �z

�

1

: : : z

�

n

:h

d

( H

1

e

1

( z ) ; : : : ; H

m

e

m

( z ))

where the H

i

are new v ariables of t yp e �

n

! 


i

and

the e

i

are either distinct colour v ariables (if c 2 C V )

or e

i

= d = c (if c 2 C ). If h is one of the b ound

v ariables z

�

i

, then G

h

d

is called an imitati on bind-

ing , and else, ( h is a constan t or a free v ariable), a

pro jection bindin g .

The general rule for 
ex/rigid equations trans-

forms f x

c

( s

1

; : : : ; s

n

) =

t

h

d

( t

1

; : : : ; t

m

) g in to

f x

c

( s

1

; : : : ; s

n

) =

t

h

d

( t

1

; : : : ; t

m

) ; x

c

=

t

G

h

c

g , whic h

in essence only �xes a particular binding for the

head v ariable x

c

. It turns out (for details and pro ofs

see (Hutter and Kohlhase, 1995)) that these general

bindings su�ce to solv e all 
ex/rigid situations, p os-

sibly at the cost of creating new 
ex/rigid situations

after elimination of the v ariable x

c

and decomp o-

sition of the c hanged equations (the elimination of

x c hanges x

c

( s

1

; : : : ; s

n

) to G

h

c

( s

1

; : : : ; s

n

) whic h has

head h ).

6.1 Example

T o fortify our in tuition on calculating higher-order

coloured uni�ers let us reconsider examples (10) and

(11) with the equations

R

: pf

( i

pf

) =

t

�x:ex

: pf

( x; i

pf

; i

A

)

R

: pf

( i

pf

) =

t

�x:ex

: pf

( x; i

: pf

; i

pf

)

W e will dev elop the deriv ation of the solutions for

the �rst equations (10) and p oin t out the di�erences

for the second (11). As a �rst step, the �rst equation

is decomp osed to

R

: pf

( i

pf

; c ) =

t

ex

: pf

( c; i

pf

; i

A

)

where c is a new constan t. Since R

: pf

is a v ari-

able, w e are in a 
ex/rigid situation and ha v e the

p ossibilities of pro jection and imitation. The pro-

jection bindings �xy :x and �xy :y for R

: pf

w ould

lead us to the equations i

pf

=

t

ex

: pf

( c; i

pf

; i

A

) and

c =

t

ex

: pf

( c; i

pf

; i

A

), whic h are ob viously unsolv able,

since the head constan ts i

pf

(and c resp.) and ex

: pf

clash

6

. So w e can only bind R

: pf

to the imitation

binding �y x:ex

: pf

( H

1

: pf

( y ; x ) ; H

2

: pf

( y ; x ) ; H

3

( y ; x )).

No w, w e can directly eliminate the v ariable R

: pf

,

since there are no other v arian ts. The resulting equa-

tion

ex

: pf

( H

1

: pf

( i

pf

; c ) ; H

2

: pf

( i

pf

; c ) ; H

3

( i

pf

; c ))

=

t

ex

: pf

( c; i

pf

; i

A

)

can b e decomp osed to the equations

(17) H

1

: pf

( i

pf

; c ) =

t

c

H

2

: pf

( i

pf

; c ) =

t

i

pf

H

3

: pf

( i

pf

; c ) =

t

i

A

Let us �rst lo ok at the �rst equation; in this


ex/rigid situation, only the pro jection binding

�z w :w can b e applied, since the imitation binding

�z w :c con tains the forbidden constan t c and the

other pro jection leads to a clash. This solv es the

equation, since ( �z w :w )( i

pf

; c ) � -reduces to c , giv-

ing the trivial equation c =

t

c whic h can b e deleted

b y the decomp osition rules.

Similarly , in the second equation, the pro jection

binding �z w :z for H

2

solv es the equation, while the

second pro jection clashes and the imitation binding

�z w :i

pf

is not : pf -mono c hrome. Th us w e are left

with the third equation, where b oth imitation and

pro jection bindings yield legal solutions:

� The imitation binding for H

3

: pf

is �z w :i

: pf

, and

not �z w :i

A

, as one is tempted to b eliev e, since

it has to b e : pf -mono c hrome. Th us w e are left

with i

: pf

=

t

i

A

, whic h can (uniquely) b e solv ed

b y the colour substitution [ : pf = A ].

� If w e bind H

3

: pf

to �z w :z , then w e are left with

i

pf

=

t

i

A

, whic h can (uniquely) b e solv ed b y the

colour substitution [ pf = A ].

If w e collect all instan tiations, w e arriv e at exactly

the t w o p ossible solutions for R

: pf

in the original

equations, whic h w e had claimed in section 5:

R

: pf

= �y x:ex

: pf

( x; y ; i

: pf

)

R

: pf

= �y x:ex

: pf

( x; y ; x )

Ob viously b oth of them solv e the equation and

furthermore, none is more general than the other,

since i

: pf

cannot b e inserted for the v ariable x in

the second uni�er (whic h w ould mak e it more general

than the �rst), since x is b ound.

In the case of (11) the equations corresp onding

to (17) are H

1

: pf

( c; i

pf

) =

t

c , H

2

: pf

( c; i

pf

) =

t

i

: pf

and

H

3

: pf

( i

pf

) =

t

i

pf

. Giv en the discussion ab o v e, it is im-

mediate to see that H

1

: pf

has to b e instan tiated with

the pro jection binding �z w :w , H

2

with the imitation

6

F or (11) w e ha v e the same situation. Here the cor-

resp onding equation is i

pf

=

t

ex

: pf

( c; i

: pf

; i

pf

).



binding �z w :i

: pf

, since the pro jection binding leads

to a colour clash ( i

: pf

=

t

i

pf

) and �nally H

3

: pf

has to

b e b ound to the pro jection binding �z w :z , since the

imitation binding �z w :i

pf

is not : pf -mono c hrome.

Collecting the bindings, w e arriv e at the unique so-

lution R

: pf

= �y x:ex

: pf

( x; i

: pf

; x ).

7 Conclusion

Higher{Order Uni�cation has b een sho wn to b e a

p o w erful to ol for constructing the in terpretation of

NL. In this pap er, w e ha v e argued that Higher{

Order Coloured Uni�cation allo ws a precise sp eci-

�cation of the in terface b et w een seman tic in terpre-

tation and other sources of linguistic information,

th us prev en ting o v er{generation. W e ha v e substan-

tiated this claim b y sp ecifying the linguistic, extra{

seman tic constrain ts regulating the in terpretation of

VP{ellipsis, fo cus, SOEs, adv erbial quan ti�cation

and pronouns whose an teceden t is a fo cused NP .

Other phenomena for whic h the HOCU approac h

seems particularly promising are phenomena in

whic h the seman tic in terpretation pro cess is ob vi-

ously constrained b y the other sources of linguistic

information. In particular, it w ould b e in teresting to

see whether coloured uni�cation can appropriately

mo del the complex in teraction of constrain ts go v ern-

ing the in terpretation and acceptabilit y of gapping

on the one hand, and slopp y/strict am biguit y on the

other.

Another in teresting researc h direction w ould b e

the dev elopmen t and implem en tation of a monos-

tratal grammar for anaphors whose in terpretation

are determined b y coloured uni�cation. Colours

are tags whic h decorate a seman tic represen tation

thereb y constraining the uni�cation pro cess; on the

other hand, there are also the re
ex of linguistic,

non-seman tic (e.g. syn tactic or proso dic) informa-

tion. A full grammar implemen tation w ould mak e

this connection more precise.
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