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Abstract

In this paper we present a novel approach to the incremertafporation of semantic information in natural languagepssing which
does not fall victim to the notorious problems of ambiguitydack of robustness, namely through the formal interpigataf semantic
annotation. We present a formal semantics for a languagthdointegrated annotation of several types of semantigrimition, such
as (co-)reference relations, temporal information, amdasgic roles. This semantics has the form of a composititlaaklation into
second-order predicate logic. We show that a truly semapipcoach to the annotation of different types of semantarination raises
interesting issues relating to the borders between theses af semantics, and to the consistency of semantic aromstah multiple
areas or in multiple annotation layers. The approach isesmental in the sense that it is designed to be extendablestsaimantic
annotation of many types of semantic information.

1. Introduction one of the fundamental requirements of a language for se-
In this paper we explore a novel approach to the incorporamamic annotation is that it should have a formal semantics.

tion of semantic information in natural language procegsin N this paper we explore the possibility of designing anno-
without falling victim to the notorious problems of ambigu- t&tion languages and schemes which do have a well-defined

ity and lack of robustness, namely through the formal inter-Seémantics. We will show that defining a formal semantics
pretation of semantic annotation. for an annotation scheme/language may have the additional
This approach is based on the observation that semantic agdvantage of improving its design, compared to consider-
notations are intended to capture some of the meaning d¢f9 designs which have only a syntactic definition.
the annotated text. Annotating a text with semantic roles] N inspiration for this paper comes from participating in
for instance, is intended to capture the semantic relation&V0 recent and ongoing efforts in the area of semantic an-

between verbs and their arguments. Annotations have trdlotation, namely the European eContent project LIRICS
ditionally been viewed as a kind of labels, useful for iden-(Linguistic Infrastructure for Interoperable Resources a

tifying linguistic patterns in corpora. of for finding ceita  SySteéms, http://lirics.loria.fr), and the expert groupsen
types of information in a text, such as temporal informationMantic content (hitp://iso-tdg3.uvt.nl) of the Interatal

in documents with temporal annotations. Since semanti@rganisation for Standardization 1SO. One important ac-
annotations capture something of the meaning of the anndiVity developed by the ISO expert group concerns a project
tated text, it should be possible to do more with them therf® define an international standard for annotating tempo-
use them as mere labels: it should be possible to use thef@! information, based on TimeML and therefore informally
as partial descriptions of meaning. This idea has been b&Nown as ISO-TimeML. Other activities, performed in con-
hind several semantic annotation efforts; e.g. in degugibi Cert with the LIRICS project, concern the design of sets
their motivation behind the TimeML specification language®f Well-defined and well-documented concepts (following
for events and temporal expressions in text, Pustejovsky 40O Standard 12620) for semantic annotation, which are
al. (2003) argue thdevent recognition drives basic infer- Made publicly available in an on-line registry. The focus
ences from text’and claim that TimeML annotations can of the latter activities is in three areas of semantic annota
therefore improve the performance of text-based questioHOn: Semantic roles, referential relations, and commaic
answering systems. But in spite of this, TimeML is de-tive functions of dialogue utterances.

fined as an XML-based annotation language with a well-

defined syntax, but without a semantics, so that there is ng"iS Paper is concerned with the interpretation of annota-
solid ground for allowing the“basic inferences” that moti- ions in the areas of temporal information, referentizarel
vate the effort. TimeML is no exception in this respect (thetions, and semantic roles. We propose an XML-based in-
FrameNet and PropBank projects presenting other exanfégrated format for the representation of annotations con-
ples); it is just one instance of the general trend in the deS€Med with these types of information, inspired by the

sign of semantic annotation systems to take their semanticimeML-format. We refer to the language for the inte-

for granted. grated annotation of this information as “SemML” (Seman-
There s in fact something paradoxical about using a semartic Markup Language), and we define a compositional for-
tic annotation languagwithout a semantics, since there Mal semantics for this language by translating SemML ex-

is a priori no reason why semantically undefined annota- | b f this f - ¢ . for th
tions would describe something of the meanings of natural | "¢ use of this format is just a matter of convenience for the

language expressions any better than the expressions thef[‘)rg-esem"’1tion in this paper. In fact, the XML format is of setary
guag P y P Importance, and the formal semantics should be defined at@a mo

selves. Bunt & Romary (2002) have therefore argued thaf .- -t jevel — of. 1ISO (2008).



pressions in a compositional manner into a formal logical pos="VERB" >
language (that of Second-Order Predicate Logic, to be pre- drove </ EVENT>
to Boston

cise) that has a well-established formal semantics.
<TLI NK event| nstance="e2" signal | D="s1"

rel at edToEvent | nst ance="el"

This paper is organized as follows. In the next section we
t enpRel Type="AFTER'/ >.

consider briefly the annotation of temporal and event in-

formation according to ISO-TimeML, and its proposed se-ro |5o-TimeML draft proposal (ISO, 2007) specifies a
mantics in terms of Interval Temporal Logic. In particu- torma| semantic interpretation of the temporal markup us-
lar we will indicate some deficiencies and limitations of ing Interval Temporal Logic (ITL), a first-order approach
that semantics, suggesting that an event-based Semantit%sreasoning about time (see Pratt-Hartmann (2007) and
is preferable to a semantics based on temporal intervalgy,. /\yww.cse.dmu.ac.uk/STRL/TL/). On this approach

In section 3 we consider the annotation of semantic rolgnq gyrycture (1b) is interpreted as a statement about the
and reference information in an XML-based format, Sim-jme intervals associated with the events mentioned in the
ilar to that of TimeML, using the data categories definedsgnience. This interpretation is represented in (1c), evher

in the LIRICS project. We argue that the interpretation ofpy 4ng p2 are unary predicates that characterize those sets
quantified semantic role information and/or reference in-g¢intervals during which John talked with Mary and drove

formation cannot be done in an adequate fashion in firSty, goston, respectively. The interval variables are to be un
order logic, and we show how second-order logic can bgyarstood as existentially quantified.

used. In section 4 we discuss the effects of integrating the

annotation of time, semantic roles, and reference in a sinc) P,(1,) A Pa(l2) A AFTER(l2, 11)

gle representation structure. We point out the existence of

certain overlaps between the annotation concepts used fAf interestis also the treatment of negation in this approac
ISO-TimeML, those used for semantic role annotation, and® sentence likeJohn did not drive to Bostois interpreted
those used for reference annotation. In section 5 we presefg“within some contextually determined interval no event
a compositional semantics for the integrated SemML lanof John’s driving to Boston took place’Representing our
guage. We discuss the problems with devising a composicontextually determined interval using the variabjewe
tional translation from SemML to formal logic, and presentcan express these truth conditions using the formula

a solution to these problems. The paper concludes in sec-

tion 6 with some remarks on what has been achieved in thid2) =311 PURING(l1, o) A Pex (1)

paper, on its limitations, and on its perspectives. (ISO 2007, p. 35). Note that on this approach events do

o T al inf . not have to be represented explicitly. A predicate such as
' emporal information P.1, expressing that John drove to Boston during a certain
For temporal information, our point of departure is theinterval of time, can for instance be expandedas= Al.
ISO-TimeML standard under development (see ISO, 2007)bRIVE(john, boston,l) The inclusion of a temporal argument
which is a further development within ISO of the TimeML in event predicates suffices for representing temporafinfo
annotation language (Pustejovsky et al., 2003; Pusteyovskmation.

et al., 2007). ISO-TimeML annotations can deal with
the mark-up of temporal objects (like date29 February
2007 times: 11: 25 a. m ; days: Tuesday periods:last
week; yesterday; the 20th centudurations:5 minutes, 2.5
hourg; of the temporal anchoring of events and stafesin

This semantics for ISO-TimeML shows that it is possible
in principle to formulate a formal interpretation of tempo-
ral annotations, but it also has important limitations.slt i
limited in being defined only for a fragment of the ISO-
was away last Monday; Mary is pregnant since Augaetd  TimeML language, not including for instance tense, aspect
of (temporal) relations between evenster his talk with  and subordination relations among events. It has a more
Mary, John drove to Boston; mary started to laugh; Johnfundamental limitation due to its basis in Interval Tempo-
saw mary smiling As an example, consider the (slightly ral Logic. This means that all semantic information in this
simplified) ISO-TimeML annotation of sentence (1a), illus- approach is interpreted in terms of properties of temporal
trating both the annotation of temporal event anchoring anéhtervals. This limits the kinds of information about event
temporal ordering of events: that can be expressed. For instance, the subordination re-
lation between avANT and aHELP event expressed in the
sentencéle wanted to helgannot be reduced to a relation
(1b) <SI GNAL sid="s1"> between the temporal intervals during which thes.e events
After </ Sl GNAL> occurred. Also, when we want to annotate and interpret
hi's other than temporal information, such as semantic roles and
<EVENT ei d="e01" eiid="el" coreference relations, then obviously we need a richer un-

(1a) After his talk with Mary, John drove to Boston.

cl ass=" OCCURRENCE" pos="NOUN'
tense="PAST" aspect =" NONE" >

tal k </ EVENT>

with Mary, John

<EVENT ei d="e02" eiid="e2" tense="PAST"
aspect =" NONE" cl ass=" OCCURRENCE"

derlying ontology than that of ITL.

A deficiency of the ITL-based semantics, at least in the
form in which it has been formulated, is that it is not com-
positional. The semantics of a language is compositional if
it allows the interpretation of every expression to be com-
puted recursively from the meanings of its subexpressions



plus its syntactic composition. The ITL-based semantics
has a two-stage nature, consisting of (1) a translation from
ISO-TImeML into ITL; (2) the formal semantics of the ITL
translation. Since ITL, being a first-order predicate lan-
guage, has a compositional semantics, the compositignalit
of the ISO-TimeML semantics is determined by the ‘com-
positionality’ of the translation into ITL. A translationay

be called compositional iff every expression can be trans-
lated into the target language in a recursive manner, de-
pending only on the translations of its subexpressions and
its syntactic composition. Since the ISO-TimeML transla-
tion into ITL has been defined in such a way that the trans-
lation of a subexpression of a given expression depends o formal representation of the referential information in
the translations of other subexpressions, this translasio this structure clearly goes beyond the possibilities of,ITL
not compositional. Katz (2007) and Lee (2008), who haveas it calls for the representation of individual entitiebest
also presented attempts to provide a semantics to temporian temporal intervals. This is easily done in first-order

annotations, run into the same probl@m. predicate logic, representing anaphoric relations as rela
tions between existentially quantified individual variedl

<SEMROLE parti ci pant ="x1"
rol eType="ACGENT" />
<SEMROLE parti ci pant ="x2"
rol eType="PARTNER" />

</ SEMROLES>

<SEMROLES anchor ="e2">
<SEMROLE parti ci pant ="x3"
rol eType="ACGENT" />
<SEMROLE partici pant="x4" rol eType=
"FINAL_LCC' />

</ SEMROLES> </ SEMROLES>

3. Coreference and semantic roles
(4) 3x1,%X2,X3,X4: MALE(X1) A FEMALE(X2) A

For the annotation of coreference and semantic roles we
take the LIRICS annotation schemes (Bunt and Schiffrin, 2 m’:ilT&(;%é(iﬂ'I;LAEixl) ;\ JOHN(s) 7 BOSTON(x) A
2007) as our point of departure. These schemes allow an- IR

notations to capture information about referential ezgiti sjnce semantic roles are relations between referential ent
various types of (co-)reference relations among refeaénti fies and events, the formal representation of the content of
entities, and semantic roles relating events to their @arti semantic role annotations requires the use of events as a sor
ipants. Using these data categories we can represent the ingividuals, as is standard practice in neo-Davidsonian
referential and semantic role information in sentence (1ayemantics. We will do this by means of unary event pred-
as follows in SemML icates that denote classes of events, and binary predicates

(3) After representing semantic role relations, as in:

<REFENTI TY rid="x1" ani macy="AN MATE"
nat ur al Gender =" MALE" pos="PRON'
case="CGEN' cardinality="1">

his </ REFENTI TY>

<EVENT ei d="e01" eiid="el" cl ass

=" OCCURRENCE" pos="NOUN"> talk/ EVENT>

TALK(e1) A AGENT(e,john) A PARTNER(g,mary) A
DURATION(ey,l1).

(Note that we use semantic rolpredicates as in
AGENT(e;,john) rather than functions, as IAGENT(e) =
john, since we do not want to exclude that possibility that

with . . .
<REFENTI TY ri d="x2" ani macy="AN MATE" anl event has more than one participantin the same semantic
nat ur al Gender =" FEMALE" pos="PN' role.)

Using this format, the information expressed by the
SEMRCLE annotation structures in (2) can be captured in
first-order event logic as in (5):

cardi nal i ty="1">Mary </ REFENTI TY>
<REFENTI TY rid="x3" ani macy="AN MATE"
nat ur al Gender =" MALE" pos="PN'
cardinality="1">

John</ REFENTI TY>

<EVENT ei d="e02" eiid="e2" tense="PAST"
aspect =" NONE" cl ass=" OCCURRENCE"
pos="VERB" > drove</ EVENT> The interpretation of information about reference and se-
to mantic roles cannot always be accomplished in first-order

(5) Jer,e2,%1,%2,X3,X4: TALK(€1) A AGENT(€1,X1) A
A PARTNER(&,X2) A DRIVE(e;) A AGENT(e2,X3) A
A FINAL _LOC(&,X4)

<REFENTI TY ri d="x4" ani macy="1 NANI MATE"
nat ur al Gender =" NONE" pos="PN'

cardi nal i t y="1"> Boston</ REFENTI TY>
<REFLI NK referent="x1" antecedent="x3"
ref Rel Type="1DENTI TY" />

logic. For instance, coreference relations may exist rit ju
between individuals but also between sets of individuals.
The following example illustrates this.

(6a) After washing their hands, the men lifted the piano.

<SEMROLES anchor ="el" > . .
There is a coreference relation between the set of men who

2Kiyong Lee has adopted the solution outlined below (sectioncmlecwe'y “fted_ the piano and whose memt_)ers '_nd'v'du'
5) to deal with this problem. ally washed their hands. To represent thg identity of the

3The LIRICS annotation scheme supports a much richer annofWO Sets of men we need to be able to consider these sets as
tation of referential entities various other features tlashown  Second-order individuals, to which second-order prediat
here. Here we only use a few features for the purpose ofrilust apply. In addition, we should take into account that the ex-
tion. pression "the men” quantifies over tiset of contextually



determined memrather than over the set afl men Thisis  expressed in integrated annotation structures, then tempo
a phenomenon that occurs ubiquitously in natural languageal anchoring relations are better regarded as tempordl, an
when definite expressions are used. To designated sets dfopped as semantic roles.
contextually salient individuals we will use predicateshwi
the subscripto’; e.g. MAN, designates the set of contextu- Aspectual relations and temporal anchoring also need to be
ally salient men. This leads to the following representatio reconsidered when performing integrated semantic anno-
tation. For example, in a case lilkemy started to laugh
(6b) 3 e € LIFT: PAST(e) wedge AGENT(MANoe) A |SO-TimeML annotates an aspectual linkL(Nk ) as fol-
THEME(thepiano,e) wedge VXx: [MANgo(x) — 3 e’ lows (simplified):
[WASHANDS(e") A AGENT(x,e’) A A AFTER(e,e)]]

This example also shows that the interpretation of semantiégyENT eiid="el" tense="PAST">

roles annotation, like that of coreference relations, derc .1y evenT>

us to consider sets of individuals as arguments of predicate,,

and quantifiers, like the S&tAN, in anAGENT role. <EVENT eiid="e2" tense="PAST">

The annotation and interpretation of referential and seman, gh/ EVENT>

tic role information touches on issues of quantification, 5 | Nk event I nst ancel D=" e1"

distributivity (collective versus individual particigan in rel at edToEvent =" 2" rel Type="1 Nl Tl ATES"/ >
events), and scoping. A full discussion of these issues re-

quires a more extensive investigation into the annotatfon o1he relation indicated by el Type="INITIATES" is in-

quantification phenomena than has been undertaken so f§gnged to express that the eventuality e2 starts when the

and goes beyond the scope of the present paper; see algfontyality el occurs. However, this is only the temporal

Bunt (2007). aspect of the relation between the two events; another as-
. pect is that the AUGH event is theTHEME of the START

4. Integrated annotation event: it is what was started. So here we have a semantic
Annotations of temporal information like (1b) and of coref- relation that cuts across the boundary between the areas of
erence and semantic roles like (3) can be merged into semporal and thematic annotation and interpretation.
single integrated SemML annotation structure in a straight . .
forward fashion, as far as building XML representations 5. Formal interpretation of SemML
is concerned, but there are some conceptual issues to cofbe interpretation-through-translation of SemML struc-
sider when doing so. This becomes clear when we define &ires into the language of Second-Order Logic (SOL) re-
formal interpretation of these structures. For example, sequires (1) the translation of SemML constants, like at-
mantic roles are translated into two-place predicatestdenotributes and values; (2) that of SemML subexpressions like
ing a relation between an eventuality (state or event) an&VENT, REFENTI TY, SEMROLE andTLI NKstructures;
a participant in that eventuality. However, sometimes se{3) the combination of the results of (1) and (2). To make
mantic roles are occupied by events, asMary expects the translations more readable, we often also translate the
John to come home before seven o’clockhe ExPECT  hatural language expressions that are marked up, as in (5);
eventuality has a&cOME event as itsTHEME. In (ISO-  thisis done in an intuitively obvious way.
)TimeML, such relations between eventualities are anno- . .
tated bysLINK (subordination link) tags. This is all right o1 Interpreting XML atributesand values
as long as only temporal information is annotated and reYVhere possible, we will use the same names for SemML
lations between eventualities, but when semantic roles ar@ttributes and values in SOL, translating for instance the
also annotated this creates a problem: it would be wrong®MML valuesVALE and THEME to the SOL predicates
the construe the relation between the two eventualities a4ALE and THEME. This applies notably to all semantic
botha subordination relation and a thematic relation. Sincd©le values in SemML. This has the advantage that our
this relation is not primarily temporal in nature, in theeas translation of semantic role annotations is independeat of
of integrated semantic annotation SNk should be used particular choice of semantic roles; it can be applied to any
in such cases, only the semantic role. set of semantic roles. Some SemML terms have other obvi-

ous translations, for instance the coreference relatidi in

The reverse situation occurs when the temporal anchoring@ted byr el Type="1 DENTI Y" is translated as equality.
of eventualities is annotated. Although semantic roles ar®y Way of illustration, the tables 1 and 2 show the trans-
usually defined as relations between an eventuality and &tions of the values of theat ur al Gender attribute in
participant in that eventuality (Bunt & Schiffrin, 2007), REFENTI TY tags for personal pronouns and of tHei nk
most semantic role annotation schemes (such as FrameNglues in coreference tags.

and PropBank) annotate the moment or period when ag 5 Interpreting SemML tags

eventuality occurs also as having a semantic role. (And th . . . .
y g ( SemML expression, represented in XML, is a list of tags

same goes for temporal qualifications like durations, an Ao iate ref tial and t | entii :
for locations and locational qualifications likem Paris to at annotate referential and temporal entities, evergs, s

Romeor along the Arno rivey. But when both temporal
annotation and semantic role annotation are performed anvg

“With the exception oMANNER and ATTRIBUTE, of which
e use the values as unary predicates.



XML value | Trandation

" MALE" AX. MALE (X)

" FEMALE" AX. FEMALE(X)

" NONE" AX. TANIMATE (X)

Table 1:Translation table for thaeat ur al Gender attribute in
REFENTITYtags.

XML value Trandation

PART_OF AX. AY. PART_OF(X,Y)
SUBSET_OF AX.AY. XCy

MEMBER_OF AX.AY. X EY

| DENTI TY AX.AY. X =y

UNSPECI FI ED | AX. Ay. UNSPECIFIERREL(X,Y)

Table 2:Translation table forLINK tags.

nals, relations that anchor or interrelate events in tiree, s
mantic roles, and referential links. The following cases ex
emplify the translation rules for these tags.

The translation of eventuality tags depends on their pglari
and is defined by one rule for each case:

<EVENT eiid="e" tense=T aspect=A
pol arity="PCS">~»
AE.AP.Jec E: P(e)A T'(e) A A'(e)

<EVENT eiid="e" tense=T aspect=A
pol arity="NEG'>~»
AE.AP.—Jec E: P(e)A T'(e) A A'(e)

The tense and aspect values in these tags are translated into
constraints on the temporal properties of the event under

consideration; for details see Bunt & Overbeeke (2008).

For tags marking up referential entities there are a few
translation rules, e.g. a separate one for personal pr@oun

The most important rule is:

<REFENTI TY rid="x" ref Type="SET"
pos="PERSPRON' nat ur al Gender =G
ani macy=A nunme" PLUR" >~

AP.IX: VX (x € X — G'(X) A A'(X)) A P(X)

For the annotation of referential links, semantic roleg| an
temporal anchoring the translation is quite straightfadva

For example, the following translation rule applies to se-

mantic role annotations:

<SEMROLES senl D=r1 anchor =el>
<SEMROLE referent| D=x1 di str="1NDI V"
rol eType=R1>

<SEMROLE referent| D=x2 di str="1NDI V"
rol eType=R2>

</ SEMRCLES> ~»

AX. Ay. Ae.R1'(X,E) A R2'(Y,€)

wherer1’ andR2’ are the translations dRl andR2, re-
spectively.

5.3. Interpretation of complete annotations

In order to translate an entire SemML annotation, as repre-
sented in XML, into a formal representation in SOL, we
need to combine the translations of the XML tags cor-
rectly and in a compositional way. The compositionality
of the translation is not only a standard methodological re-
quirement of a formal semantic specification, but is also
of practical importance for defining a manageable transla-
tion process. A compositional definition allows any well-
formed subexpression of a complex annotation structure to
be translated independent of the rest of the structure.

A key question for designing a correct and compositional
translation is: How do we know the translations of which
tags should be combined? For simple sentences with only
one eventuality this seems trivial, but even then one needs
to decide for each referential entity whether it is a pattici
pant in that eventuality and should be assigned a semantic
role. The annotation structures indicate this by the identi
fiers of REFENTITY substructures that are used in the se-
mantic role tag with that eventuality as the anchor. For
example, in the sentencehe center of Los Angeles was
destroyed by the earthquakee referential entity that par-
ticipates in the eventuality in BATIENT role is the refer-

ent ofthe center of Los Angelgesot the entity LA. This is
represented in the annotation structure by the occurrénce o
x1 as value of the ef er ent | Dattribute in theSEMRCLE

tag:

(7) <REFENTI TY rid="x1"
ref Type="1 NDI V' >
<REFENTI TY rid="x2"
ref Type="1NDI V' >
The centex/ REFENTI TY>
of

<REFENTI TY ri d="x3"
pos=" PROPNANE" >

Los Angeles</ REFENTI TY>

</ REFENTI TY>

<EVENT eiid="el" tense="PAST"
aspect =" PERFECTI VE" >

was destroyeg/ EVENT>

by

<REFENTI TY ri d="x4"

ref Type="1 NDI V' >

the earthquake/ REFENTI TY>

<SEMROLES sem D="s1" anchor="el">
<SEMROLE referent| D="x1"

rol eType="PATI ENT" >

<SEMROLE referent| D="x4"

rol eType=" CAUSE" >

</ SEMROLES>

ref Type="1 NDI V'

When we translate the various tags separately into logical
formulas, we lose the linking information since the for-
mulas contain only bound variables instead. In the case
of example (7) theSEMRCLES tag translates toz. Me.
AGENT(x,e)



This formula should be combined with the translations ofform Ax,...,.x..  3z: 3, wheres does not contain any quan-
The center of Los Angelasdwas destroyedout the infor-  tifiers, intoAxi,...,x.. Aa. « 3z: F(z) A 5.
mation that that combination should be made, has been lost
in translation. 3. An operation calleanerge-application{designated by

@), is defined for any two representations £ <A, By,
In order to combine the translations of the XML tags cor-a> and & = <A,, B, \z1,22,...,z.. 3>, where the combi-
rectly, we need to keep track of the linking identifiers in nation index A is a sublist of the list of first elements in
the annotation structures. A way of doing this is to ex-the pairs constituting the label index Bx contains a leat
tend the translations from logical formulas to more complexone (generalized) quantifier, artdis not of the formix.
structures containing the necessary linking informatiam. . Merge-application moves the formula i Eside the
this end, we extend the SOL formulas with two elementsscope of the quantifigd in E; that corresponds to the item
which we call thecombination indexand thelabel index in the combination index that has narrowest scope. 3o if
respectively. The combination index is a list of the XML is a formula of the formy L;: Q;x; §, with quantifierQ, then
identifiers that identify the SemML subexpressions whosehe formula resulting from merge-applicatiomis.;: Q:x;
translations should be combined with the formula; the labe[)\z,2,...,z.. 81(X:)(z2)...(z) A 6.
index is a list of elements that have already been used in
constructing it. Moreover, in order to take quantifier scope These operations, defined for formulas, now need to be
correctly into account when we combine formulas, we labelextended to triples. For operations on triples we will use
all quantified subformulas (like is often done in underspeci the same symbols, but in the triple definitions we subscript
fied semantic representations), and we pair the identifiers ithem with a'3' to indicate that they apply to triples. Note
a label index with the index of the quantified subexpressiorihat *’ is used to indicate the concatenation of lists, and ‘-’
where they are introduced. Thus the representation will béhe subtraction of lists.
of the form:

Lateunary application
(8) <<x1,..xk>, < <ylLl>,..<ynLn>>, o> <X1|as, B1, p1> Og <Ag, <X1,L1 > |b2, 02>~

) <ar, <X1,L1 > |b2, o1 O p2>
The translation rules of the XML tags are adapted to

this triple format. The translations VENT, REFEN-
TITY, andTIMEX 3 tags will have an empty combination
index and a label index containing their XML identi-
fier plus their SOL quantifier label. The translations
of SEMROLES RLINK, TLINK, SLINK and ALINK
tags will have an empty label index and a combi-
nation index containing the XML identifiers used in
event | nstancel D, rel at edToEvent | nst ance,
subor di nat edEvent | nst ance, referentl| D,
rel atedToRef erent ,timel D, orrel atedToTine  54. Worked Example

attributes of these tags. The translation process has beg{le show how the translation of a complex SemML annota-
completed when a triple has been built with an emptysjon, structure into SOL is achieved by means of these oper-

combination index and where the translations.of all linkedations by considering the step-by-step translation of exam
XML tags have been used to construct the logical formulap|e (9), which combines the annotation of semantic roles,

The translations of complex subexpressions of SemMLlyeference relations, temporal anchoring, and temporal or-
annotations are built by applying a number of operationsgering of eventualities, In the description we WSe for
defined in (Bunt, 2007). These operations can be appliethe transation of aEvENT tag, R’ for the translation of
in any order. The operations are the following. aREFENTITY tag, TL’ for the translation of aLINK tag,

and so on.

Lambda insertion-application
<ciy, li1, p1> B3 <<>, lig, 2>~
<Ci1-|i2, ||1 . ||2 . Cil, w1 D p2>

Merge-application
<A1, <<X1,Li>, <X, Li>>, 0> O 3 <<Xi,..0, %>, B, >
~ <AL <Xig1,0.%>, B1 - B2, o © >

1. A kind of function application callethte unary appli-
cation, where a unary function F is applied to an argument

expression of the formxu,...,%. E(x1,....%): (9) Igor called Amy at noon, before she saw him.
<REFENTI TY rid="x1" ref Type="1NDI V'
F O MX1,...% Ad. EXPR =AXq,...,.% F(Aa. EXPR) pos="PROPERNOUN" ani macy="ANl MATE"

nurme" SI NG' defi ni t eness="DEF">
Igor </ REFENTI TY>

2. An operation callethmbda insertion-applicatiofdes- <EVENT eiid="el" tense="PAST"
ignated by®) is defined, which combines a lambda abstrac- pol arity="POS" >
tion Aa. F, whereF is a function, with an expression of the called</ EVENT>

<REFENTITY rid="x2" refType="1NDl V"
°Besides these operations, an additional one is so-called  pos="PROPERNOUN' ani macy="ANI MATE"

lambda cross-application, which is not used in this papettiaer- nune" SI NG' defi ni t eness="DEF" >

fore left out of consideration. Amy </ REFENTI TY>




at

<TIMEX3 tid="t1" type’ Tl ME"

val ue="T12: 00" >

noon</ Tl MEX3>

before

<REFENTI TY ri d="x3" ref Type="1NDI V'
pos="PERSPRON"' nat ur al Gender =" FEMALE"
ani macy="AN MATE" nun¥"SI NG'
definiteness="DEF">

she</ REFENTI TY>

<EVENT eiid="e2" tense="PAST"

pol arity="POS">

saw</ EVENT>

<REFENTI TY rid="x4" refType="1NDI V'
pos="PERSPRON' nat ur al Gender =" MALE"

ani macy="ANl MATE" nune"SI NG'

defi ni t eness="DEF" >

him </ REFENTI TY>.

<SEMROLES seni d="pl1" anchor="el">
<SEMROLE referent| D="x1" distr="1NDl V"
rol eType="AGENT"/ >

<SEMROLE referent| D="x2" distr="1NDI V'
rol eType="THEME"/ >

</ SEMROLES>

<SEMROLES sem d="p2" anchor="e2">
<SEMROLE referent| D="x2" distr="1NDl V'
rol eType="PI VOT"/ >

<SEMROLE referentl D="x2" distr="1NDl V"
rol eType="THEME"/ >

</ SEMROLES>

<TLI NK eventi nstancel D="el"

signal | D="s2" rel atedToEvent | nt ance="e2"
rel Type="BEFORE" >

<RLI NK referent| D="x3"

rel at edToRef er ent =" x2"

rel Type="1DENTI TY"/ >

<RLI NK referentl| D="x4"

rel at edToRef erent =" x1"

rel Type="1DENTI TY"/ >

event plus semantic roles. For convenience we abbreviate
the SOL representation abonby a unary predicateOON.

T ~ <<>, <<t 1,L2>>, AP. L2: 3t;: NOON(t1) A P(t)>
TLY ~ <<elt 1>, <>, da. Ab. TA(@) = b>

TI'OTLY ~ <<el>, <<t 1,L2>>, Aa. L2:3t;: NOON(t1)
ATA@) =t >

(SR O EI) © (TY O TLYI) ~ <<x1,x2>,
<<t1,L2><el,L1>>, Ay L1: Je; € CALL:
Before(ra(e:),To) A AGENT(Y,e1) A L2: 3Fti: NOON(t1) A
TA(e) = t1>

We complete the translation &jor called Amy at nooiby
combining the translations of thREFENTITY tags of the
two participants with late unary application:

RI'O(R2 O(SRT OEYL)® (T OTLY))~

<<>, <<t1,L2>,<el,L1>,<x1,L3>,<x2,L4>>, L3: Ix;
€ IGORg: ANIMATE (X1) A L4: 3IXa € AMY(: ANIMATE (X2)
A L1: Je; € cALL: Before(A(e:),To) A AGENT(X1,61) A
THEME(X2,€1) A L2: 3t1: NOON(t1) A TA(er) =ti>

To translateShe saw himwe combine the translations of
theEVENT tag and theseMROLEStag as before:

SR2' O E2 ~ <<x3x4>, <<e2,L5>>, A\a. Ab. L6:3e; €
SEE Before(ral(ez),To) A AGENT(a,&) A THEME(D,&)>

Before combining this with the translations of the partic-
ipants’ REFENTITY tags, we combine the latter with the
RLINK tags indicating their referential antecedents:

R3 ~ <<>, <<x3,L6>>, AQ. L6: Ix3 € FEMALE(: Q(X3)>
R4 ~ <<>, <<x4,L7>>, AR. L7: Ix4 € MALE(: R(X4)>
RL1 ~ <<x3x2>, <>, A\71. AZ2. 21 = 2>

RL2 ~» <<x4,x1>, <>, Aur. AUz. Up = Uz>

R3 ORLY1 ~» <<x2>, <<x3,L6>>, AQ. Az;. L6: Ix3 €
FEMALE(: Q(X3) A Z1 = X3>

We start with the firstSEMROLEStag and event tag, and R4 O RL2 ~» <<X1>, <<x4,L7>>, AR. Aup. L7: 3x4 €
combine their translations by means of late unary applicayaLe o R(x:) A up = x4 >

tion. (ta standards for ‘temporal anchoring’; for the ut-
terance’s speech time.)

SR1I' ~ <<el, x1,x2>, <>, Az.Ay. Aa. AGENT(y,a) A
THEME(z,a)>

El ~ <<>, <<elll>>, AQ. L1 3Je
Before(rA(e1),To) A Q(er)>

€ CALL:

SR1 O El ~ <<x1, x2>, <<el,L1>>, \y. L1: Je €
CALL: Before(Aa(e1),To) A AGENT(Y,e1) A THEME(Z,&)>

We translate theIMEX3 andTLINK tags, again combine

And the translation o§he saw hinis:

(RLY # R3) @ ((RL2 & R4') O (SR2 O E2))~
<<X1x2>, <<e2,L5>,<x4,L5>,<x3,L6>>, Aui.\z;.
L6:39X3 € FEMALEg: L7: dx4 € MALEo: L5: dex € SEE
Before(rAa(ez),To) A AGENT(X3,82) A THEME(X4,62) A Up = X4 A
Z1 = X3>

To this result we insert-apply the translation of thenk
tag to obtain the translation before she saw him

their translations by late unary application, and combiner 1’ ~, <<e1,e2>,<>, \y. Az. Before(y,z}>

the result by merge-application with that of translating th

TLI @ (RL1 @ R3) @ (RL2 @ R4') O (SR2 O

8Just for convenience. Tags can be translated and their trang2'))) ~ <<x1,x2,e1>, <<e2,L5>,<x4,L7>,<x3,L4>>,

lations combined in any order.

AUi. Az, Ay. L6: IX3 € FEMALE(: L7: IX4 € MALE(: L5: de



Finally, it is clear that the approach that we have outlined
can be extended to other areas of semantic annotation, such
as spatial information, noun-noun relations, quantifarati

and discourse relations. It thus offers the exciting parspe
tive of increasingly incorporating semantic informatiorai
robust and incremental fashion in NLP applications, as the
technology of semantic annotation continues to develop.

€ Sek Before(fA(e2),To) A AGENT(X3,82) A THEME(X4,62) A Uy
=X4 A Z1 = X3 A Before(y,e)>

This is combined with the representatiorigdr called Amy
using merge-application, giving the desired end result:

(10) (R’ O (R2 O (SR OEL))) ® (TLY & ((RLL @
R3) @ (RL2 @ R4') O (SR2' O E2)))) ~ <<>,

<<e2,L5>,<x4,L7>,<x3,L6>,<x1,L3>,<x2,L4>,
<el,L1>>, L3: 3x; € IGORy: ANIMATE(X1) A L4:
IX2 € AMYo: ANIMATE(X2) A L1: 3Jey € CALL:
Before(ra(ei),To) A L2: I ti: NOON(t: A AGENT(X1,€1) A
THEME(X2,€1) A L6: IX3 € FEMALE: L7: 3X4 € MALE(:
L5: Je; € See Before(rA(e2),To) A AGENT(X3,&) A
THEME(X4,82) A X1 = X4 A X2 = X3 A Before(a,e:)>
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