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An important asped of the interpretation o multimoda messages is the ahility to identify when the same objed of
the world is the referent of symbalsin dfferent modditi es. To understandthe aption d a picture, for instance, one
needs to identify the graphical symbdls that are referred to by names and pronours in the natural languag tex.
One way to think of this problem is in terms of the notion d anaphoa; howeve, unlike lingustic anaphaic
inference in which antecealents for pronours are seleded from a lingustic contex, in the interpretation d the
textua part of multimodd messages the antecalents are seleded from a graphical context. According to this,
resolving multimodd references is like resolving anaphoa accross modditi es. Another view of the same problem
consists in looking & pronours in texts abou drawings as deictic. In this ond view, the context of interpretation
of a naural language termis defined as a set of expresdons of a graphical language with well defined syntax and
semantics. Natural language and gaphical terms are thouglt of as gandng in arelation d trandation similar to
the trandation relation that holds between naural languages. In this paper a theory based onthis ssoond view is
presented. In this theory the relations between multimodd representation andspatial deixis, on the one hand and
multimodd reasoning and dictic inference, on the other, are discussed. An integrated model of anaphagic and
deictic resolution in the context of the interpretation d multimodd discourse is also advanced. In Sdion 1 d this
paper a multimodd representationd system is presented. The system is motivated with the help of two simple
examples. In Sedion 2 aformalization d the theory for the interpretation d simple mapsis presented. The theory is
devdoped aongthe lines of the theoretical framework provided by Montague' s smiotic programne andits general
theory of trandation. In Sdion 3 an dgorithm for finding ou the trandations of individud constants of both
natural and gaphical languags (i.e., for the resolution o deictic inferences) is introduced. In Sedion 4 hav the
theory can ke exended to hande multimodd discourse isill ustrated. In the cncluding sedion some remarks about
the adequacy of thistheory are discussed.

1. Reference, Spatial Deixisand M odality

In this paper a model for the resolution of multimodal references is presented. This is the problem of finding out the
referent of a symbal in one modality in terms of information present either in the same or in other modalities. A
model of this kind can be useful both for implementing intelli gent multimodal tools (e.g., authoring toals to input
natural language and graphics interadively for the auitomatic constructions of tutorials or manuals) and from the
point of view of human-computer interadion (HCI) where it can help in the design of computer interfaces in which
interpretation constraints of multimodal messages sould be taken into acourt.

Consider Figure 1 (adapted from an example presented by Thomas Rist in the workshop an IMMPS at ECAI 96)
in which a message is expressed throughtwo dfferent modaliti es, namely text and graphics. The figure ill ustrates a
kind of reasoning required to understand multimodal presentations: in order to make sense of the message, the
interpreter must redize what individuals are referred to by the pronouns he and it in the text. For the sake of
argument, it is assumed that the graphicd symbals in the figure ae understood dredly in terms of a graphica
lexicon, in the same way that the words he, it and washed are understoodin terms of the textual lexicon. It can easily
be seen that given the graphica context he should resolve to the man, and it should resolve to the ca. However, this
inferenceis not valid sincethe information inferred to is not contained in the overt graphicd context and the meaning
of the wordsinvolved.

One way to look at this problem is as a case of anaphoric inference. Consider that the information provided by
graphicd means can be expressed also throughthe foll owing pieceof discourse: Thereisa man, a car and a beke.
He washed it. With Kamp's discourse representation theory (DRT) (Kamp 1981 Kamp et a., 1993 a discourse
representation structure (DRS) in which the reference to the pronoun he is constrained to be the man can be built.
However, the pronoun it has two pcssble antecalents, and for seleding the gpropriate one, conceptual knowledge
is required. In particular, the knowledge that a man can wash objeds with water, and that water is caried on in
buckets must be enployed. If these mncepts are included in the interpretation context like DRT conditions (which
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Figure 1 He washed it

Instance of linguistic anaphar with pictorial antecedent.

should be retrieved from memory rather than from the normal flow of discourse), the anaphora can be solved. In
terms of this analogy, situations like the one ill ustrated in Figure 1 have been labeled as problems of anaphors with
pictoria antecedents in which the interpretation context is built not from a preceding text but from a graphicd
representation which isintroduced with the text (André and Rist, 1994).

Consider now the mnverse situation shown in Figure 2 (adapted from Rist as above) in which a drawing is
interpreted as a map thanks to the preceding text. The dots and lines of the drawing, and their properties, do not have
an interpretation and the picture in itself is meaningess However, given the context introduced by the text, and also
considering the ammon sense knowledge that Paris is a dty of France and Frankfurt a dty of Germany, and that
Germany lies to the eat of France (to the right), it is possble to infer that the denotations of the dots to the left,
midde and right of the picture ae Paris, Saabriicken and Frankfurt, respedively, and that the dashed lines denote
borders between countries, and in particular, the lower segment denotes the border between France axd Germany. In
this example, graphicd symboals can be though of as “variables’ of the graphica representation or “graphicd
pronouns’ that can be resolved in terms of the textual antecedent. Here again, the inference is not valid as the
graphicd symbols could be given other interpretations or none & all.

“ Saabricken lies at the intersedion between the border between
Franceand Germany and aline from Paris to Frankfurt.”

Figure2
Instance of a pictorial anaphor with lingustic antecedent.

The situation in Figure 2 has been charaderized as an instance of a pictorial anaphor with lingustic antecedent,
and further related examples can be found in (André and Rist, 1994. This stuation, however, cannot be modeled
that easily in terms of Kamp's DRT becaise the “pronouns’ are not lingustic objeds, and lacking a proper
formali zation of the graphicd information, there is not a straightforward way to expressin a discourse representation
structure that a dot representing “a variable” in the graphicd domain has the same denotation as a natural language
name or description introduced from text in a DRS. Furthermore, consider that the situation in Figure 1 can be
thought of as anaphoric only if we ignore the modality of the graphics, as was done &ove, but if the notion of
modality isto be mnsidered at al in the analysis, then the situation in Figure 1 pcses the same kind of problems as
the one in Figure 2. In general, graphicd objeds, functioning as constant terms or as variables, introduced as
antecalents or as pronouns, cannot be expressed in a DRS, as the rules constructing these structures (the so-cdled
DRS-construction rules) are triggered by spedfic syntadic configurations of the natural language in which the
information is expressed. However, this limitation can be overcome if graphicd information can be expressed in a
language with well -defined syntax and semantics.



An dternative view on this kind of problems consists in looking at them in terms of the traditional linguistic
notion of deixis (Lyons, 1968. This notion has to dowith the orientational fegures of language which are relative to
the spatio-temporal situation of a utterance In this regard, and in connedion with the notion of the so-cdled
graphicd anaphora discussed above, it is possble to mention the deictic caegory of demonstrative pronouns: words
like this and that permit us to make referenceto extralingustic objeds. In Figure 1, for instance, the pronouns he and
it can be supparted by overt pointing ads at the time the expresson he washed it is uttered. Note that the purpose of
the painting ad is to provide the referents for the pronouns diredly, simplifying gedly the resolution process
However, the deictic use of a pronoun does not have to be supparted by a physicd ostension recessarily, as deictic
use is charaderized, more generally, by the identification of the referent in a metalingustic context. Ambiguity of
thiskind of words is not unusual, as they also function as anaphoric if they are preceded by a lingustic context, and
even as determiners with a deictic component (e.g., this car). Additionally, not only demonstratives and pronouns but
also proper names, definite descriptions and even indefinites can be used deicticdly. As contextual fadors involved
in the interpretation of a deictic expresgon are mnceivable of a grea veriety of kinds, ostensive ads, athough
prominent, should be thougtt of as one particular kind of contextual fador. In summary, the denotation of a deictic
term istheindividual that is picked up by the human interpreter considering the interpretation context?. Consider that
in the same way that an anaphoric inference is required for identifying the antecedent of an anaphoric term, an
inference process is required for interpreting a term used deicticdly. We refer to such a process as a “deictic
inference”. The inference by which one gets to know that he and it are the man and the ca is, acordingly, a deictic
inference

For our purpose it isimportant to investigate what is the relation between the notions of deixis and modality, on
the one hand, and multimodal reasoning and inference, either deictic or anaphoric, on the other. According to Kamp
(Kamp, 1981), the diff erence between deictic and anaphoric pronounsis that,

..deictic and anaphoric pronouns sled their referents from certain sets of antecedently available
entities. The two pronouns uses differ with regard to the nature of these sets. In the cae of a deictic
pronoun the set contains entities that belong to the red world, whereas the seledion set for an
anaphoric pronoun is made up of constituents of the representation that has been constructed in
response to anteceadent discourse.

Our concern here is how “the set of entities that belong to the red world” is accesgble to the interpreter. In
normal deictic spatial situations the referent of adeictic term is perceived diredly throughthe visual modality, and as
a result of such a visual interpretation process the objed is represented by the subjed. The question is how the
information can be expressed in thisintermediate “visual” representation. A plausible answer isthat thereisa cding
system and a medium associated to ead particular modality. Our suggestion is that the notion of modality is a
representational notion, and not a sensory one, asit isnormally considered in psychologicd discusson. In our sense,
amodality is aformal language, with alexicon and well-defined syntadic and semantic structures, with an asociated
medium in which the expressons of the modality are written on. Multimodal reasoning consists in a process
involving information expressed in the languages asociated to dff erent modaliti es, and this is achieved with the
help of atrandation relation that is smilar to the relation of trandation between retural languages. Performing a
multimodal rasoning process is possble if the trandation relation between expressons of different modalities is
avail able. However, for particular multimodal reasoning tasks, the trandation relation between individual constants
of different modalities cannot be stated beforehand and has to be worked out dynamicdly through a deictic
inferential process aswill be agued in the rest of this paper.

1.1 A Mode for Multimodal Representation

This view of multimodal representation and reasoning can be formalized in terms of Montague's general semiotic
programme (Dowty, 1985. Each modality in the system can be catured through a particular language, and relations
between expressons of different modalities can be modeled in terms of trandation functions from basic and
composite expressons of the source modality into expressons of the target modality. In a system of this kind,
interpreting examplesin Figures 1 and 2in relation to the linguistic modality consists in interpreting the information
expressed through retural languege direaly when enoughinformation is avail able, and completing the interpretation
process by means of trandating expressons of the graphicd modality into the lingustic one, and vice versa

2An operator cdled DTHAT for mapping deictic terms into their referents in an interpretation context is introduced in Kaplan's
logic of demonstratives (Kaplan, 1978.



Consider Figure 3 —developing on (Pineda, 1989 1998, (Klein et a., 1990 and (Santana & a., 1997— in which a
multimodal representational system for linguistic and graphicd modaliti esisill ustrated.
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Figure3
Multimodal representational system for linguistic and graphicd modaliti es.

The drcles labeled L and G in Figure 3 stand for sets of expressons of the natural and graphicd languages
respedively, and the drcle labeled P stands for the set of graphicd symbols constituting the graphicd modality
proper (i.e., the adual symbols on a piece of paper or on the screen). Note that two sets of expressons are
considered for the graphicd modality: the expressonsin G belong to a formal language in which the geometry of
pictures is represented and reasoned about, and P contains the overt graphicd symbals which can be seen and drawn
but cannot be manipulated dredly. The functions p..c and pg.. stand for the transation mappings between the
langueges L and G, and the functions pp.c and pe.p stand for the arresponding translation between G and P. The
trandation function pp.c maps well-defined oljeds of the graphicd modality into expressons of G where the
interpretation processis performed. The translation pg.p, 0n the other hand, maps geometricad expressons of G into
pictures, for every well-defined term of G of a graphicd type (e.g., dat, line, etc.) there is a graphicd objed or a
graphicd compasition that can be drawn or highlighted with the gplicaion of geometricd algorithms assciated to
operators of G in a systematic fashion. The drcle labeled W stands for the world and together with the functions F
and Fp congtitutes a multimodal system of interpretation. The ordered pair <W, F > defines the model M for the
natural language, and the ordered pair <W, Fp> defines the model Mp for the interpretation of drawings. The
interpretation of expressgons in G in relation to the world is defined either by the cmpaosition F_ ° ps.. o,
alternatively, by Fp ° ps.p. The denotation of the word Francein L, for instance, is the same & the denotation of the
corresponding region of the map of Europe which denotes France, the courtry, as both refer to the same individual.
The denotation of the symbal r; in G that is related to the word Francein L through pg.., and to a particular region
in P through pg.p, is dso France as trandation is a meaning preserving relation between expressons. The
interpretation functions F| and Fp relate basic expressons, either graphicd or lingustic, with the objeds or relations
of the world that these expressons happen to represent, and the definition of a semantic dgebra for computing the
denotation of compasite graphicd and linguistic expressonsis required.

An important consideration for the scheme in Figure 3 is that the symbals of P have two roles: on the one hand
they are representational objeds (e.g., aregion of the drawing represents a country), but on the other, they are dso
geometricd objeds that can be talked about as geometricd entities. The geometricd region of the map representing
France, for instance, is itself represented by the mnstant ry in G. In this ssmnd view geometricd entities are
individual objeds of the world of geometry, and as such they have anumber of geometricd properties that are
independent of whether we think of graphicd symbols as objeds in themselves or as ymbals representing something
else. The same dudlity cen be stated from the point of view of the expressons of G as the set of individua
geometricd objeds (i.e., P) constitutes a domain of interpretation for the language G. Thisisto say that expressons
of G have two interpretations: they represent geometricad objeds, properties and relations diredly, but they also
represent the objeds of the world (e.g., France Germany, etc.) indiredly through the trandation relation and
interpretation of symbalsin P taken as alanguege (i.e., the mmposition Fp ° ps.p). The ordered pair <P, Fc> defines
the model M for the geometricd interpretation of G as geometricd objeds; the geometricd interpretation function
Fc asdgns a denotation for every constant of G; the denotation of individua constants of G are the graphicd



symboals themselves, and the denotation of operators and function symboals of G denoting gaphicd properties and
relations will be given by predefined geometricd algorithms commonly used in computational geometry and
computer graphics [ see for instance, (Shamos, 1978. The semantic interpretation of composite expressons of G,
on the other hand, is defined through a semantic dgebra, as will be shown below in Sedion 2.3.2. The definition of
this geometricd interpreter will alow usto perform inferences about the geometry of the drawingin a very effedive
fashion. Consider that to state explicitly all true and false geometricd statements about a drawing would be avery
cumbersome task, as the number of statements that would have to be made even for small drawings would be very
large. Note & well that although a map can be an incomplete representation of the world (e.g., some dties might
have been omitted), the geometricd agorithms associated to operators of G will always provide mplete
information of the map as a geometricd objed.

1.2 Multimodal interpretation

For the kind of problems exemplified in Figures 1 and 2 the objedsin L, P and G are given, and the function F_
establi shes the relation between lingustic constants and the objeds of the world that such constants happen to refer,
and for interpreting these multimodal messages what is required is to make explicit Fp. If one aks who is he?
looking at Figure 1, for instance, the aswer is found by computing pe-p(pL-c(he)) whose value is the picture of the
man on the drawing. Once this computation is performed the picture can be highlighted or signaled by other
graphicd means. However, in other kinds of situations the knowledge of Fr might be available and the purpase of
the interpretation processcould be to identify F . If one points out the middle dat in Figure 2 at the time the question
what is this? is asked, the axswer can be found by applying the function ps. ° pp.c to the pointed da (i.e.,
Pe-L(Pr-c(*))), whose value would be the word Saabriicken. A similar situation arises in the interpretation of
multimodal referring expressons. Consider the foll owing example —also from (André and Rist, 19949— in which a
multimodal message is congtituted by a picture of an expres machine that has two switches and by the textual
expresson the temperature control. In this senario, the denotation of the natural language expresson can be found
by the human interpreter if the corresponding switch isidentified in the picture through visual inspedion (e.g., if the
switch is highlighted). In general, multimodal coreference can be established if p, ¢ and pg.. are defined, as Fp can
be made explicit interms of F_ and viceversa.

In situations in which all theoreticd elements ill ustrated in Figure 3 are given, questions about multimodal
scenarios can be answered throughthe evaluation of expressons of a given modality in terms of the interpreters of
the languages involved and the trandation functions. However, when one is instructed to interpret a multimodal
message, like Figures 1 and 2, not all i nformation in the scheme of Figure 3 is available. In particular, the trandation
functions p_.¢ and pg.. of the graphicd and lingustic individual constants mentioned in the texts and the pictures of
the multimodal messages are not known, and the aucial inference of the interpretation processhas asits goal to find
out the definition of these functions, (i.e., to establish the relations between names of L and G). It is important to
highlight that in order to find out p,.g and pg.. the information overtly provided in the multimodal message is usually
not enough, and in order to carry out such an interpretation processit will be required to consider the grammatica
structure of the languages involved, the definition of trandations rules between languages, and also conceptual
knowledge stored in memory about the interpretation domain.

An additional consideration regarding the scheme in Figure 3 is related to the problem of ambiguity in the
interpretation of multimodal messages. In the same way that an ambiguous natural languege expresson of a source
language can be trandated into a number of expressons of a target language, an ambiguous natural language
expresson can be trandated into several graphicd expressons and vice versa. In the literature of intelligent
multimodal systems ambiguity is commonly seen from the perspedive of human-users. A multimodal referring
expresson congtituted by the text the temperature wntrol and a drawing with two switchesis sid to be anbiguous,
for instance, if the human-user is not able to tell which one is the temperature @ntrol. A well-designed presentation
should avoid this kind of ambiguities by suplementing additional information either in a textual form (e.g., the
temperature control is the switch on the left) or by a graphicd focusing technique, and an important mativation in the
design of intelli gent presentation systems like WIP (Wahlster, 1993 and COMET (Feiner and McKeown, 1993, is
to generate graphicd and linguistic explanations in which these kinds of ambiguities are avoided®. Note, however,
that rather than a problem of ambiguity, such a kind o situation can be daraderized as a problem of

3 It is also worth ndicing that systems like WIP and COMET do nd interpret multimodal messages input by human users
through the interadion and, therefore, there is no ambiguity to be resolved.



underspedficdion, as the expresson the temperature mntrol has only one syntadic structure and one meaning, and
the referent can be identified in a given context if enoughinformation is avail able.

The formalization of graphicd representations through the definition of graphicd languages with well-defined
syntax and semantics all ows us, on the other hand, to facethe problem of ambiguity diredly in terms of the relation
of trangdlation between the natural and graphicd language. Consider that an ambiguous natural language expresson in
L can have severa analyses, and the crresponding syntadic structures can be trandated into G and could be
rendered as different graphicad configurations in P; similarly, a graphicd configuration in P can have several
syntadic analyses which can be trandated into different expressons of G. Furthermore, a map can be represented by
a number of expressons of G that refer to ead individual graphicd objed in P, or by an expresson of G that
trandates into a graphica composition, depending on whether the focus of the interpretation processis the whole of
the drawing or one of its parts. The problem of whether a pointing ad refers to a part or to the whole of a drawing
has also been addressed in a number of intelli gent multimodal systems like XTRA (Wahister, 1991) and AlFresco
(Stock, 1993, but the ladk of aformalized notion of graphicd language (and also a better understanding of indexicd
expressons), has prevented a deeper analysis of this kind of ambiguity. Although problems of ambiguity of graphics
are not the focus of this paper, and despite that very littl e can be said about genuine graphicd ambiguitiesin which a
picture taken as a whole can receave different interpretations, like Wittgenstein's duck-rabbit picture (Wittgenstein,
1953, we believe that the scheme in Figure 3 dffers a point of departure to addressthiskind of investigation.

1.3 Multimodal Generation

An important motivation for the study of the interpretation of multimodal messages is the definition of multimodal
presentation or explanation systems in which users are ale to identify the referent of graphicd and linguistic
expresdons eaily. In WIP, for instance a ceantral concern is whether the human-user is able to “adivate” the
relevant “representations’ (presumably in his or her mind) and resolve the graphicd and lingustic ambiguities and
anaphoras (using WIP's terminology) present in multimodal messages. This is possble, in general, if the message
conveys to the human-user explicit interpretation paths from the information that is available overtly to the
information that the user is expeded to infer. The production of multimodal referring expresgons in this kind o
systems depends on the use of presentation strategies defined in terms of rhetoricd structures and intentional goals
—e.g., along the lines of Rhetoricd Structure Theory (RST) (Mann and Thompson, 1988, and its computational
implementation (Moore, 1992— and the use of a particular presentation strategy in a multimodal explanation (e.g.,
in WIP) depends crucially on whether the expresdons generated on the basis of such a strategy satisfies the
conditions defined to adivate the expeded representations in the user's mind (an intentional goal). Furthermore,
some rhetoricd structures are designed explicitly to provide aditional information to adivate the expeded
representations if the conditions for the identificaion of the referent of an expresson are not met. Consider again the
resolution of the so-cdled ambiguity in the interpretation of the temperature control example in WIP in which the
presentation strategy provides the information required by the human user to indentify the referent, either throughthe
text the temperature antrol is the switch on the left or highlighting or pointing the arresponding switch in the
drawing. WIP is able to tell whether the presentation would be ambiguous for the human-user if additional
information were not provided because it has a representation of the ad¢ual situation and a simple model of the user’s
beli efs.

Although the main representation structure of multimodal presentation and explanation systems is defined at a
rhetoricd level, the use of presentation strategies relies on algorithms for the generation of graphicd and linguistic
referring expressons. For instance, the “adivate” presentation strategy of WIP (André and Rist, 1994), which has
the purpose to establish a mutual belief between the human-user and the system about the identity of an objed,
employs an algorithm for the generation of referring expressons based on an incremental interpretation algorithm
proposed by Reiter and Dale (Reiter and Dale, 1992. It is interesting to note that presentations generated by WIP
and ather multimodal explanation systems like COMET (Feiner and McKeown, 1993, or TEXPLAN (Maybury,
1993, are limited to the production of definite descriptions only, despite that the use of indefinite descriptions can
be natural in multimoda communication. However, this restriction can be overcome with a more solid
representational framework as the one ill ustrated in Figure 3. Consider that basic or composite expressons of the
languages G and L can be trandated to basic or composite expressons of the other language, depending on the
definition of the trandation function. So, if one neads to refer lingusticaly to a graphica configuration, for instance,
it would be only required to find an expresson of G which expresss the relevant graphica properties of the desired
objed in the most simple fashion, and then trandlate it to its corresponding expresson in L. The resulting retural
language expresson could be used dredly or embedded in a larger natural language expresson containing words
that refer to abstrad objeds or properties. The descriptions obtained through this grategy employ explicitly the



concrete and graphicd properties of the representation, as expressons of G are mngtituted by constants and
operators that diredly describe the geometry of objeds and configurations.

Consider the natural language text Saabrlicken lies at the intersedion ketween the border between France and
Germany and aline from Paris to Frankfurt. This entence @ntains the definite description the intersedion between
the border between France and Germany and aline from Paris to Frankfurt, which in turns contains the border
between France and Germany and a line from Paris to Frankfurt. Finding the graphicd referents of these
expressons requires the identificaion of a dot, a arrve and a line in the map (i.e., the arresponding gaphica
ohbjeds). These graphicd objeds can be referred to dredly through language; however, there ae alditional
graphicd entities in the map in Figure 2 that have an interpretation but are not mentioned explicitly in the text of the
multimodal message. In Figure 4, for instance, Belgium is represented by region r,, and the arve cg represents the
border between France and Belgium. Once apicture has been interpreted one would be etitled to ask not only for
graphicd objeds that have been mentioned in the textual part of the message, but also for any meaningful graphica
ohjed. So, if one points to the airve cg in Figure 2 at the time the question What is this? is asked, the answer could
be the border between France and Belgium, or aternatively, the indefinite a bader. As me graphicad objeds
named by constants of the graphica language do not have aproper natura language name, the trandation function
Pe.L. Must asociate abasic oonstant of G with a @wmpaosite expresson of L. The process of inducing such a
trandation function is closely related to the processof generating the mrresponding retural languege descriptions,
and this relation will be explored further in Sedion 3.

Figure4
Labeling the graphicd objedsin Figure 2.

In the rest of this paper, some results on how the scheme for multimodal representation and interpretation in
Figure 3 can be caried out are presented. In Sedion 2, a formalization of the languages L, P and G with their
corresponding trandlation functions, along the lines of Montague's general semiotic programme, is presented. In this
sedion the process of multimodal interpretation is explained, and the trandation of expressons of one modality in
terms of the other is ill ustrated. However, such a processcan be caried out only if the trandation functions are
known and, as was mentioned above, in the interpretation of multimodal messages that is not normally the case. In
Sedion 3, how such functions can be induced in terms of the message, constraints on the interpretation conventions
of the modaliti es, and constraints on the general knowledge @out the domain, is presented. In this sdion the
processof generating gaphicd and linguistic descriptions, which is asociated with the induction of the trandation
functions, is also shown. In Sedion 4 a discusson on how to extend Kamp’s DRS with multimodal structures is
ill ustrated. Finaly, in Sedion 5 some concluding remarks and some lines for further work are presented.

2. A Multimodal System of Representation

In this edion the definition of the syntax and semantics of the langueges L, P and G to express the multimodal
message of Figure 2 is presented. The language L is designed to produce epressons useful to refer to oljeds,
properties and relations commonly found in discourse @out maps. In particular, the natural languege expresson of
Figure 2 can be mnstructed in a mmpasitional fashion. The syntadic structure of P, on the other hand, imposes a
restriction on the posshble geometries of the family of drawings in the interpretation domain. The language G is a
logicd language in which interpretation and reasoning about geometrica configurations can be caried out. It is an
interlingua representation for information expressed in both of the modaliti es.



The definitions of L, P and G follow closely the general guidelines of Montague's smiactic programme. As a
first step of the syntadic definition of a languege the set of categories or typesis sated. A number of constants —or
basic expressons— for ead type is defined, and the cwmbination rules for producing composite expressons are
stated. For ead type of a sourcelanguage a orresponding type in the target language is assgned. Basic expressons
of the source language can be mapped either to basic or to composite expressons of the arresponding type in the
target language and vice versa. Associated to ead syntadic rule of a source language, a trandation rule for mapping
the expresson formed by the rule into its translation in the target language is defined. In Sedion 2.1 the definition of
the language L is presented. In Sedion 2.2 the syntadic definition and the semantic interpretation of P are stated.
The syntadic definition of G and the spedficaion of its geometricd interpreter are given in Sedion 2.3. In this
sedion some examples to illustrate the process of geometrica interpretation are dso shown. The trandations
between L and G formally spedfied in Sedion 2.4 and, finaly, the trandations between G and P are described in
Sedion 2.5.

2.1 Definition of the Language L

The language L is designed to produce epressons like Saabriicken lies at the intersedion between the border
between France and Germany and aline from Paris to Frankfurt in a compositional fashion.This means that all
congtants like France and Germany, and also al subexpressons of the former sentence, like the border between
France and Germany or a line from Paris to Frankfurt can also be produced. In addition, language L can produce
expressons like France is a country, Frankfurt is a city of Germany or Germany is to the east of France which
express common sense knowledge required in the interpretation of maps. Next, the syntax and semantics of L are
presented in Sedions2.1.1 and 21.2, respedively.

2.1.1 Syntactic definition of L

The set of syntadic caegories of L isasfollows:

1. The basic syntadic caegories of L are t, IV, ADJ, CN and CN where t is the cdegory of sentences, IV is the
caegory of intransitive verbs, ADJ is the cdegory of adjedives, and CN and CN' are two caegories of common
nours.

2. If Aand B are syntadic caegoriesthen A/B isa caegory.*

Traditional syntadic caegories of natural language like transitive verbs (TV), terms (T), prepositional phrases
(PP) and determiners (T/CN) can be derived from the basic caegories.

The table in Figure 5 ill ustrates the constants of L with their category names and category definition. Common
nouns are divided into CN and CN'. The reason for this distinction, as will be seen in Sedion 2.4.1, is that
expresgons of caegory CN trandate into graphicad predicaes (sets of graphicd objeds) while expressons of
caegory CN' trandate into abstrad concepts, as expressons of this category do not have a oncrete graphica
representation. For instance, city trandates into a set of dots representing cities, but east trandates into a geometricd
function from regions to zones (e.g., if the region representing Franceis the agument of this function, the zne to the
right of that region is the function value). Prepositional phrases are divided into PP and PP’ due to the dasification
of common nouns into CN and CN'. There ae no basic constant of categories PP, PP and |V, as prepositional
words are introduced syncaegorematicaly and intransitive verb phrases are dways compaosite expressons in this
grammar. Trangitive verbs are defined in a standard fashion, and the constant be of caegory IV/ADJ is used to form
attributive sentences.

* An expresson d category A/B combines with an expresson d category B to give an expresson d category A.



Constant

Categ_;ory name

Categ_;ory definition

Paris, Frankfurt, Saabricken, France

T

v

Germany

city, courtry, border, line, intersedion CN CN

east CN CN

big ADJ ADJ

be, lieat, beto TV IV/(t/IV)

be IV/ADJ IV/ADJ

a, the T/CN (Y1V)/ICN
PP CNCN
PP CN/CN
I\ I\

Figure5
Constants of language L.

Next, the syntadtic rules of L are presented. Each rule is hown in a box containing the purpose of the rule,
the syntadic rule itself and some examples of expressons that can be formed with the rule. Following
Montague, syntadic rules and syntadic operations for combining symbols (for instance, F ;) associated to
ead rule ae separated. In the following, Pc is the set of expressons of category C.

SENTENCES

S1. If adP; and BOP,y, then Fuy(a,B) O P, where Fy(a,B) = a B, and B’ isthe result of repladng the first
verbin 3 by itsthird person singuar present form.

Examples: -Parisisa city of France
-Germany isto the east of France
-acountry ishig
-Saabricken lies at the intersedion between the border between France and Germany and
a line from Paristo Frankfurt
TRANSITIVE VERB PHRASES
S2..  If adPyy and BOPs, then Fu(a,B) O Py, where Fi(a,B) = a B.
Examples: -bea city

-be to the east of France

ATTRIBUTIVE VERB PHRASES

S3..  If alPyyap; and BOPApy, then Fio(a,B) O Pyy.
Examples. -bebig

TERMS

S$4. If aOPyen and BOPcy of Pey, then Fug(a,B) O Py, where Fig(a,) = a” B, and a” is a except in the cae
where a isa and the first word in B begins with avowel; here, a” isan.
Examples: -acity
-a city of France
-the border between France and Germany
-aline from Paris to Frankfurt
-the east of France




COMMON NOUNS
S5..  If adPcyand BOPpp, or aldP¢y and BOPep, then Fio(a,B) O Pey.

Examples: -city of France
-east of France
-border between France and Germany
-intersedion between the border between France and Germany and aline from Paris
to Frankfurt

of PREPOSITIONAL PHRASES’
S6..  If adPy, then F4(a) O Ppp or Ppp, Where Fi4(a) = of .

Examples: -of France
-of Germany
-of a courtry

between PREPOSITIONAL PHRASES
S7.. I a,0OPy, then Fus(a,B) O Ppp, where F s(a,B) = between a and .

Examples: -between Franceand Germany
-between Franceand acourtry
-between the border between France and Germany and aline from Paristo Frankfurt

from-to PREPOSITIONAL PHRASES
S8.. If a,BOPy, then Fg(a,B) O Ppp, where F g(a,B) = froma to B.
Example: -from Paristo Frankfurt

2.1.2 Semantic definition of L

The semantics of L is given in a model-theoretic fashion as follows. The interpretation domain is the world W =
{ Paris, Saabriicken, Frankfurt, France, Germany, the border between France and Germany, ..}. Let D, be the set of
possble denotations for expressons of type x, and for any types A and B, Dag = Da’e (i.€., the set of all functions
from Dg to D). Let F| be an interpretation function that assgns to eat constant of type A a member of D,. For the
examplein Figure 2 F_ isdefined as sown in Figure 6.

Constant o F (a)
Paris, Frankfurt, Saabricken, France Germany Paris, Frankfurt, Saabricken, France, Germany
city {Paris, Frankfurt, Saabriicken, ..}
courtry {France, Germany, ..}
border {border between France and Germany, ..}
line {line from Paristo Frankfurt, ..}
intersedion {intersedion between the border between France and
Germany and a line from Paris to Frankfurt, ..}
east
be, lieat, beto
a, the
Figure 6

Interpretation o constants of language L.
As can be seen, not every constant of L has an interpretation assgned by F; in particular, words like eat, be, lie
at and be to have no interpretation defined diredly in L. In principle the definiti on of these mnstants could be stated

° Although of, between and from have been introduced syncategorematicdly in L for simplicity, they could have been defined as
constants of some cdegory of L, and their trandationsinto G would have been a mmpasite expresson d some graphicd type.
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as an objed of the gpropriate semantic type but thisis not a straightforward enterprise. Consider, for instance, that
the constant east of category CN' isabasic objed (akind of predicae), but the individual objedsin its extension are
not overtly defined in the interpretation domain. Furthermore, it is more natural to talk about the interpretation of
composite predicaes, like east of France, in which east is a part of. However, even the interpretation of this latter
kind of objeds is problematic as they have avague spatial meaning. For these reasons, the interpretation of these
constants is not defined explicitly as a part of the function F_, but in terms of its trandation into G where aspatial
meaning can be formally defined, as will be shown below. A similar strategy is used for the interpretation for spatial
prepositions; although of, between, and from-to, were introduced syncategorematicdly in the syntax of L, they could
have been defined as objeds of an appropriate cdegory and their semantics could have been gven explicitly through
F_ or, dternatively, in terms of the trandation into Intensional Logic dong the lines of PTQ. However, the semantic
type of thiskind of objeds has an extraordinary degree of complexity, and the adual definition of these wnstantsis
seldom seen in the literature®. In our system the interpretation of spatial prepositions will also be given in terms of
the trandation into G and the interpretation of P. Note & well that no interpretation has been defined for the
determiners a and the. One strategy for assgning a denotation would be to trandate these constants into Intensional
Logic, but thiswould be required only if a larger fragment of English in which reference to spacewere not the focus
of study. In our approach the determiners will be interpreted in terms of their trandationsinto G in which high-order
functions can be expressed.

In summary, the semantics of some mnstants and all composite expressons of L will be given in terms of their
trandationsinto G and P. Note that acarding to the scheme in Figure 3 if the trandations between L and G, and G
and P are defined, and the semantic interpretation of P is overtly defined, the interpretation of the natural language
expressons can be found. Although the semantics of L is not further discussed in this paper we cnsider that the
interpretation of lingustic expressons referring to spatial situations could be embedded in a larger fragment of
English, and a full semantic interpretation by trandating English into Intensional Logic would have to be given. In
such a model the semantic value of spatial prepositions would be left undefined, expressons referring to spatial
configurations would be trandated into G, and the interpretation of expressons of G would be embedded within the
interpretation of Intensional Logic.

2.2 Definition of the Language P

In this dion, the syntax and semantics of the language P are formally defined. The purpaose of these definitions is
to charaderize the family of drawings that can be interpreted as maps, and to discriminate these drawings from other
kinds of graphicd configurations constituted by dots, curves and regions. This notion of multimodal system of
representation in which objedsin the graphicd modality are formali zed through a well -defined languege is smilar to
the notion of graphicd language introduced by Madkinlay for the auttomatic design of graphicd presentations
(Madinlay, 1987, where anumber of graphicd languages (e.g., the languages of bar charts, area ad pasitions
graphs, scater plots, etc.) are formally spedfied. In Madkinlay’s work expresson of graphica languages are related
to the objeds of the world that they represent through an encodes relation with three aguments: the graphicd
constant or expresson performing the representation, the objed of the world that is represented through the
graphicd expresson, and the graphicad language to which the graphicd expresson belongs to’. The formalization of
P permits to define apredse statement of expresdvenes of a graphicd languege, as follows: “... a set of fads is
expressble in alanguage (graphicd) if the language mntaints a sentence that encodes every fad in the set and does

®In PTQ prepasitions —of caegory (1V/1V)/T)— are treaded semanticdly as functions which apply to set of properties to give
functions from properties to properties, but no explicit example of the atual semantic value of any of these mnstantsis provided.
In ou system it will be posshble to compute the semantic value of spatial prepasitional phrases in an effedive manner, yet the
approad is fully compatible with Intensional Logic.

! Incidentally, a similar encoding relation Encodes is used in the WIP system to relate the representational objed with the objea
that it represents, but the third argument of this relation in WIP is a so-cdled context space that alows to use the same
presentation in dfferent perspedives (e.g., an expres® macine may refer to an individuad machine in a @ntext space or
aternatively it can be seen as the prototype of expreso machinesin a different context space. The encodes relation in WIP and
in Madinlay's is $milar to the trandation relation between oljeds of P (or G) and L in ou system, and we can thought of a
graphicd language a alanguage encoding the information that is intended to communicae. However, it is interesting to nae
that the status of the “linguistic” argument of the encodes relationis different in WIP and in Madkinley's g/stem. In the former, it
is an “interna representation” —a psychologicd notion— while in the latter it stands for an oljed or arelation in the world
itself —a semantic nation. In our approach, on the other hand, there ae no “interna representations’ and the trandation relates
graphicd and linguistic expressons which are both “external” and bah refer to the world through a well -defined semantics.
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not encodes any additional fads’ (Madkinlay, 1987 pp.54). The formalizaion allows, additionally, to make
empiricd studies to determine how effedively a human-user can interpret expressons of a particular graphica
language in relation to another in which the same set of fadsis encoded. Althoughall graphicd languages gudied by
Madkinlay are @mnventional and have a predse geometricd charaderizaion, the notions of expressveness and
effediveness of graphicd languages can be gplied to more unruly graphicd domains (e.g., maps are analogica
representations with a diagrammatic conventional component) as long as a formali zation for the family of drawings
can be gproximated. Here, the question of wherther arbitrary families of graphicd objeds can be formalized
througha well-defined syntax isleft open, and althoughit is posdgble to think of many famili es of drawings with very
arbitrary geometries, some important efforts have been made in the charaderizaion of design and other kinds of
ohjeds [ seg for instance, shape grammars (Stiny, 1975. Another related issue that is relevant for the construction
of multimodal interadive systemsis whether it is possble and useful to input expressons of P diredly, and to oktain
their syntadic structure through gaphicd parsing techniques (Wittenburg, 1997. In summary, the purpose of
formalizing P is to be ale to talk about maps as a modality as, in our sense, a modality is a amde system for the
symboals expressed in a medium, and a multimodal system of representation relates information expressed through
different code systemsin a systematic fashion.

2.2.1 Syntactic definition of P

The types of P are dat, line, curve region, zone, compasite region, dot_set, line_set, map. Let Cs be the set of
constants of type s, and E; the set of well-formed expressons of graphica type s. Althoughthe constants of P are
the acual graphicd marks on the screen or a pieceof paper, a number of labels for fadlit ating the presentation are
ill ustrated Figure 7.

Constant Type
d]_, d2, d3, dOt
I, I, I3, ... line
Cy, G, Cg, ... curve
ry,ro I3 ... region
2, 2p, 23, ... zone
Cry, CIo, Cra, ... composite region
0, ds;, dsy, ... dot_set
4, ls, sy, ... line_set
My, Mp, My, ... map

Figure7
Constants of language P.

For the syntadic definition of P we capitali ze the distinction introduced by Montague between syntadic rules and
syntadic operations. This distinction is based on the observation that “... syntadic rules can be though of as
comprising two parts: one which spedfies under what conditions the rule is to be gplied, and the other which
spedfies what operation to perform under those cnditions’ (Dowty et a., 1995 pp. 254). While asyntadic rule
comprises both parts and defines the syntadic structure of an expresson, the syntadic operation is a rule that
depends on —or at least takes into acmunt— the shape of the symbadls and the medium in which the symbadls are
substantialy redized. For instance, the syntadic operation F s in the rule S7, (i.e., F 5(a,B) = between a and B)
combines the symbals between and and with the aguments to conform the linea string indicated by the operation.
For the definition of syntadic operations of P we generali ze the operations that manipulate strings of symbadls into
general geometricd operations on the shapes of the graphicd symbals on the paper or the screen, and these
manipulations are defined acoording to certain geometrica conditi ons.

The definition of well-formed expressons of P is as foll ows:

CONSTANT
Sle.  If abCsthenalEs.
Examples. =, /,
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LINE
S2.  If a,BOEgq then Fpy(a,B)TE; . Where Fpi(a,B) isalinefrom a to .

Example: (the resulting graphicd expressonisonly the line)

CURVE

S3p.  If 0,BOE 00 SUch that o and B are adjacent then Fpy(ar,B)0Eq,ve Where Fry(a,B) is the aurve between o
and f.

Example: (the resulting graphicd expressonisonly the arve)

INTERSECTION
HAp.  If a0Eqve and BOE; e then Fps(a,B) OEyq Where Fps(ar,B) isthe dat in the intersedtion between a and B.

Example: o (theresulting graphicd expressonis only the dof)

RIGHT

S5 If a0Eeqon then Fpa(0) OB, Where Fpy(a) is the zone to the right of the region a (the interpretation of
“right” will be given below in the semantics of language G).

Example: (the resulting graphicd expressonis only the gray zone)

DOT INSIDE A REGION
S6p.  If A0E egion then Fps(a) OEy« Where Fps(a) is the drawing of adot inside a.

Example: , (the resulting graphicd expressonisonly the dot)

COMPOSITE REGION (1)®

S7p.  If a,BOC gi0n SUch that a and B are ajacent then Fps(01,3) DEcomposite reqion Where Fpg(at,B) is the drawing of
o and f.

COMPOSITE REGION (2)
SSP- If CXEICregion and BDEcompodte_region such that a and B are Ed] acent then FPG(ayB)DECOmpodte_region-

SET OF DOTS
S%.  If A0Eqq s and BOCyq then Fpg(dt,B)IEuy s

SET OF LINES
S]-OP If aDEIine_set and BDCIine then FPG(avB)DEline_set-

MAP

S11p.  If 0d0Ecompesite regions BOEda st @nd 00 e s then Frz(a,B,0) 0E,, Where Fp7(a,3,0) is the drawing of a, B
and d.

With the help of this grammar it is possble to draw maps as the one ill ustrated in Figure 2. Note that the basic
objed in this particular graphicd construction is the region. The ideais to construct succesully a map out its

8 Examples for the rules S7; to S11; are included in the mnstruction d the map in Figure 8, as explained below.
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congtituting regions (i.e., like in a jigsaw puzze) until the full map is produced. Once the map is constructed ather
kind of objeds with conventional meanings, like dots and lines, can be drawn upon the asembly of regions. As an
ill ustration, consider Figure 8 in which the syntadic structure of the map in Figure 4 is shown. Note that the dedsion
to use regions as basic objeds in the graphicd compasition is not mandatory, and alternative mnstructions are
posgble; for instance, we muld have designated curves as basic objeds and oltain regions as compasitions made out
of curves. As this dedsion is conventional, the set of graphicd symbals included in a graphicd syntadic tree of a
map will be designated as “the base”. For instance, the base of the map in Figure 8 isthe set {d;, dy, ds, I4, Iy, I, I3,
rs}. The base is just the set of graphicd objeds that are taken as “the aoms’ of the graphicd composition in eat
particular interpretation task, and dfferent graphica grammars would seled different types of graphicd objeds for
the base.

Figure8 —
Construction o amap.

The purpose of this grammar is ill ustrative and as we have discussed no intuitive aiterion to be ale to say what
courts as a map, neither we have made an empiricd investigation to charaderize famili es of maps, P imposes very
few congtraints on graphica expressons, and many configurations that can be produced with these rules might not
count as maps; in addition, P is not expressve ewough to charaderize alarge number of objeds that would be
normally interpreted as maps. Another consideration is that graphicd objeds can be used as basic buil ding blocks of
the @nstruction, or as objeds produced by graphicd compositions (which we cal “emergent objeds’); for instance,
in the grammar of P regions are basic objeds but curves are produced by graphicd compositions. Additionally, in
some mntexts the interpretation of the graphicd expresson as a whole may be required but in others only the
interpretation of some of the parts may be relevant; for instance, although curves are not a part of the syntadic treein
Figure 8 they can be generated and trandated into G when required through rules S3; and T3¢ as long as the
compasition is made out of regions included in the base of the map. Had the grammar allowed the generation of
compasite regions out of regions of the base, these emergent objeds could also be used for the generation of curves.
Another consideration is that expressons of type map are in genera ambiguous as they have several syntadic
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analyses, but as this feaure is harmlessfor the aurrent discusgon we do not pursue further thisisaue. A final remark
is that alternative grammars could be defined for charaderizing the same kind of drawings with different
conseguences in the syntax and the semantics. One posshilitit y, for instance, is to define asyntadic operation that
takes two adjacent regions and produces the union of the regions as one single amerging region, instead of the set of
the two regions as it is currently defined. Such a rule would be similiar to the rule that combines two regions to
produce a arve, and it would be useful in applications like XTRA (Wahlster, 1997) in which the ambiguity of
pointing to a part or the whole isintended to be resolved.

2.2.2 Semantic definition of P

The semantics of P is given in a model-theoretic fashion asfollows. Let W = Ay O Ajine 0 Aporder 0 Acouriry 0 Azore
be the world. Let D, be the set of possble denotations for expressons of type x, such that Dgg=Acity, Diine=Aline,
Deurve=Aborders Dregior=Acourtrys Dzone=Azone, 8N, for any types a and b, Degp»> = D, a (i.e., the set of all functions from
D, to D). Let Fp be a interpretation function that assgns to ead constant of type a a member of D, The
interpretations of the cnstants are presented in Figure 9.

Constant a Fp(a)
dy, dy, ds, ... Paris, Saabriicken, Frankfurt, ...
Iy, 1o, 15, ... line from Paris to Frankfiurt, ...
Cy, Cy, Cg, ... border between France and Germany, ...
ry, Mo I3, ... France, Germany, ...
2, 2, Z3, ... east of France, east of Germany, ...
Cry, Cfp, Cla, ... region formed by France axd Germany, ...
0, ds;, ds,, ... sets of cities
0, sy, sy, ... set of lines
my, My, Mg, ... maps

Figure9
Semantics of constants of P.

Following Montague, we aopt the notational convention by which the semantic value or denotation of an
expresson a with resped to amodel M is expressed as[[a]]™. The semantic rules for interpreting the language L
are the following:

CONSTANT
M1p. If aOCsthen [[a]]™ = Fe(a).

LINE
M25.  If o,B0Eqq then [[Fpu(ar,B)]]Y = isaline from [[a]]™ to [ B]]™.

CURVE
M3p.  If o,BOE egon SUCh that o and B are ajacent then [[Fey(ar,B)]]" is the border between [[a]]™ and [[B]]".

INTERSECTION
M4p.  If a0Eqyve and BOE; e then [ Fes(a,B)]]™ is the intersedion between [[a]]™ and [[B]]".

RIGHT
M5p. I 00E eg0n then [[Fra(a)]] isthe eat of [[a]] V.

DOT INSIDE A REGION
M6p. I 00E e50n then [[Fps(a)]] M isa dty of [[o]]™.
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COMPOSITE REGION (1)
M7p.  If o,BOC,gion SUch that a and B are adjacent then [[Fes(a,B)]]" isthe union of {[[a]]™ }and {[[B]]"}.

COMPOSITE REGION (2)

M8p.  If a0Cegion aNd BOEcompaste region SUCh that a and B are ajacent then [[Fes(a,P)]]M is the union of the sets
{[[a]]"} and [[BN™.

SET OF DOTS
M9p.  If 00Eyq s and BOC,q then [[Fes(at,B)]]" isthe union of the sets [[o]]™ and {[[B]]"} .

SET OF LINES
M10s.  If A0Epe s and BOIC; e then [[Fes(a,B)]]™ is the union of the sets[[a]]™ and {[[B]]"}.

MAP

M1l If d0Ecompeste resion BOEda s« @1d 0Ejne st then [ Fpg(a,B,8)]]" is the union of the sets [[a]™, [[B]]" and
[ren™.

2.3 Definition of the Language G

In this dion the syntax and semantics of the graphica language G are formally stated. G is defined along the lines
of Intensional Logic, and it is expressve enoughto refer to graphicad symbols and configurations, on the one hand,
and to expressthe trandation of quantified expressons of L, on the other. As was mentioned, the interpretation of
expressons of G is defined in relation not to the world W but to a domain constituted by the graphicd objedsin P,
and for this reason, we refer to the interpreter of G as a geometricd interpreter, and to the process of interpreting
expresgons of G as a geometricd interpretation process

2.3.1 Syntactic definition of G

The types of the language G are & foll ows™:

(1) eisatype (graphicd objeas).

(2) tisatype (truth values).

(3) If aand b are any types, then <a, b> isatype™®.
(4) Nothing elseis atype.

Let Vs be the set of variables of type s, C; the set of constants of type s, and Es the set of well-formed
expressons of graphica type s. The constants of G are presented in Figure 10. Note that constants like right,
curve between, etc. have an asociated right., curve between., etc. The unsubscripted version of these cnstants
denotes a relation between sets of properties of graphicd individuals and the subscripted version denotes the
corresponding geometricd relation between individuals; the type-raised version is used for preserving quantificaion
properties in the trandation processfrom L into G, whil e the subscripted version is used for computing the geometry
asciated to the rresponding relation, aswill be shown below in Sedion 2.3.2.

G is a formal language with constants and variables for all types, functional abstradion and applicaion, and
existencial and universal quantificaion. The syntadic rules of G are & foll ows:

If aOC,, then aOE.,

If uOV;, then pOEs.

If a0E<, b> and BOE,, then a(B)CE,.
If a0E, and ullVy, then Aufa] O Eq 5.
If w0 Vs and BOE, then Cu(B) O E.

arwNE

°A simplifying assumption rests on the cnsideration that the interpretations of all expressons included in these languages
depend orly on the aurrent graphicd state and nointensional types are included in the system. However, this analysis can be
extended onthelines of Intensional Logic to be életo ded with amore mmprehensive fragment of English.

0 An expresson d type <a,b> combines with an expresson d type a to give ax expresson o typeb.

16



Figure 10

Constant

Type

dy, o, d5,F, T2, I3, T4y |1

e

dat, region, curve, line, intersedion

<e t>

right

<< g t>, t>, <g t>>

lie at, be in_zone, inside

<< g t>, t>, <g t>>

= <g <g t>>

00 o <t, <t, t>>

curve between, intersedion_letween, line from to <<< g >, >, <<< g t>, 1>, <g, >>>
right. <e e

lie at:, be in_zone., inside <e, <e, t>>

curve between., intersedion_tetweens, line from to. | <e <e e>>

Constants of language G.

6. If pOVsand BOE, then Ou(B) O E..

G isavery expressve language and not every well-formed expresson has a trandation into L as will be further
discused in Sedion 2.5. Useful trandation are, for instance, names and descriptions of geometricd objeds and
configurations. Next, the definition of expressons of G that have atrandation into L is presented. For clarity, the

abbreviationsin Figure 11 are used.

Abbreviation

Formal expression

Type

A APAQIX P(X)T Q(X)] <<et>, <<g t>, t>>

THE APAQLY[OX[P(X) - x=y] OQ(Y)] <<gt>, <<gt>, t>>

BE, APAP(AY[X=Y]) <<< g t>, t>, <e t>>

BE, APAXP(X) <<e t>, <e t>>

Dj AP[P(d)] <<et> t>

Ri AP[P(r})] <<gt>, t>

OF, AXece t>, t> ANY<e t> AZJY(2) Oinside(x)(2)] <<< g t>, t>,<<g t>,<g t>>>

OFp AXece t>, t> AYecce t>, t>, e AZ[Y(X)(2)] <<< g t>, t>, <<<< g, t>, t>,
?e: >>>

BETWEEN, |AX<<e t>,t> AY<<e t>, t> Az 1> AUe [Z(U) O curve_between(x)(y)(u)] <<g >, >, <<< g >, >,
<<g t>, <g t>>>>

BETWEEN, AXece t>, t> AY<<e t>, t> Ao t> AUe [Z(U) Ointersedion_ketween(x)(y)(u)] | <<<e& t>,t>,<<<et>,t>,
<<g t>, <g t>>>>

FROM_TO AXece t>, t> AY<<e t>, t> Ao, t> AUe [Z(U) O line_from_to(x)(y)(u)] <<<<g t>, 1>, <<<e >, 1>,
<<g t>, <g t>>>>

Figure 11

Short-hand definitions.

Two geometricd interpretations are given for the spatial prepositions of and between. Although the
charaderizaion of the meaning of these words is a very complex problem that is beyond current discusson, we
allow that spatial prepositions can be interpreted in more than one way, as long ead interpretation is dated in terms
of ageometricd agorithm explicitly defined in G. Consider, for instance, the spatial meaning of of is different in city
of France and east of France In the former term of denotes an spatial inclusion relation (OF,) but in the latter it
denotes a relation of adjacecy (OF,). Similarly, the spatial meaning of between in border between France and
Germany and intersedion between the border between France and Germany and aline from Paris to Frankfurt is
different, asit denotes a aurvein the first case (BETWEEN,) and adat in the second (BETWEEN).

Therestrictions for the expressons of G that can be trandated into L are & foll ows. In rules S6g to S8¢ Q stands
for either the quantifier A or THE.
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SENTENCES

Sle.
If 00Ecce 1>, t> Y BOEce >, then Fgi(a,B)0 E;, where Fgy(a,B) = a(B).
Examples. - D; (BE; (A (OF4(Ry) (dot))))
- R (be_in _zone (THE (OF,(Ry) (right))))
- A (region) (BEx(big))
- D3 (lie_at (THE (BETWEEN,(THE (BETWEEN,(Ry1) (R3) (curve)))
(A (FROM_TO(D;) (D3) (lin€)))
(intersedion) ) ) )
TRANSITIVE VERB PHRASES
SZG. |f QDE<<< e t>, t>, <e t>> and BDE<< e t>, t> then FGl(avﬁ)DE<e, t>-

Examples. - BE, (A (dot))
- be_in_zone (THE (OF,(Ry)(right)))

ATTRIBUTIVE VERB PHRASES

S3c.  If d0Ecce 5, < > and BOE<e - then Fgi(a,B)0E<q, t5-
Example: - BEy (big)

TERMS

846- If aDE<<e, >, <<g t>, t>>> and BDE<6, > then FGl(avB)DE<<e, >, >

Examples: - A (dot)
- A (OF4(Rq)(dot))
- THE (BETWEEN,(R;) (R2) (curve))
- A (FROM_T0O(D,) (D3) (line))
- THE (OFy(Ry)(right))

COMMON NOUNS

S56.

If GDE<<9, t>, <e, t>> and BDE<e, t>, Or GDE<<<< e t>, t>, e, <g t>> and BDE<<<e, t>, t>, e then
Fei(a,B)0E<g, t>-

Examples: - OF4(R;)(dot)
- OFy(Ry)(right)
- BETWEENL(R;) (Ry) (curve)
- BETWEEN), (THE(BETWEENL(R1)(Ro)(curve))) (A(FROM_TO(D,)(Ds)(line))) (intersection)

of PREPOSITIONAL PHRASES

S6e.

If 00E«ce -, 1> SUch that a iseither R; or Q(region), then Fg(0) JE<ce, t>, <6 t>> aNd Foa(0) OEcccc e 15, 15,
<e t>>, <e, t>>, Where Fao(a) = OF5(a) and Fga(a) = OFy(a)

Examples: - OF4(Ry)
- OFp(R2)
- OF4(A(region))
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between PREPOSITIONAL PHRASES

S7c.  (a) If a, BOE«e t - such that o, are dther R, or Q(region), then Fgy(a,B)0Ecce t>, <o 1=, Where
Fea(a,B) = BETWEEN,(0)(B).
(b) If 0, BOE«e -, 1= such that a is either ¢; or Q(curve) and B is either L; or Q(line), then Fgs(a,B) DB,
t> <e t>>, Where Fgs(a,3) = BETWEEN,(a)(B).

Examples: - BETWEEN(R;) (R2)
- BETWEENL(R;) (A(region))
- BETWEEN), (THE (BETWEENL(R) (Ry) (curve))) (A (FROM_TO(D,) (D3) (line)))

from-to PREPOSITIONAL PHRASES

S8c.  If a, BOE«<e 1>, 1> SUch that a,B are dther D; or Q(dot), then Fgs(a,B)0 Ecce 15, <e, 5>, Where Fgs(a,B)
= FROM_TO()(B)

Example: - FROM_TO(D;) (D3)

2.3.2 Semantic definition of G

The semantics of G is given in a model-theoretic fashion as follows. Let Pyase = {dy, d, d, Iy, Io, I3, 14, 11} be the set
of basic graphicd objeds down in Figure 4. Let P be the union of Py, and al graphicd objeds that can be
produced from Py With the help of geometricd functions: the emergent objeds. Emergent objeds can also be
produced on the basis of other emergent objeds previously generated. A particular kind of emergent objed that is
interesting for the aurrent discusson is the zne of a map that is considered to be the eat of a region. For the
production of emergent objeds in P there is a well-defined computational geometry algorithm associated to an
operator symbol of G aswill be seen below.

Let D, be the set of possble denotations for expresgons of type x, such that D, = P, D, = {1, 0}, and, for any
typesaand b, D.,p- = Dy a. Let Fg be an interpretation function that assgns to eac constant of type a a member of
D,. For every graphicd objed ¢ in Py, there is a mnstant a of type e such that Fg(a)=¢; for our example Fg
asdgns the objeds dy, d,, ds, Iy, 1o, I3, 4, |1 t0 the @nstants dy, d,, ds, Iy, o, I3, T4, 11, respedively. The interpretation
(assgned by F¢) of the geometricd-type predicates dat, region, curve, line, intersedion are the sets containing the
corresponding gaphicd objeds. The nstants right., lie at,, be in_zone., inside, curve betwee.,
intersedion_letween. and line_from to. are interpreted as geometricd functions. If the aguments of these
geometricd functions are of an appropriate type, expressons containing these anstants can be properly interpreted
through geometricd algorithms; otherwise, these expressons have no denotation in G and, as a mnsequence, their
trandation into L ladk a denotation too. For further discusson of the interpretation of graphica expressons which
have no proper graphicd referent in the interpretation state see(Pineda, 1992.

Following Montague, the interpretation of variablesis defined in terms of an assgnment function g. We adopt the
notational convention by which the semantic value or denotation of an expresson a with resped to amodel M and a
value assgnment g is expressed as [[a]] ™.

The semantic rules for interpreting expresdons of L are the foll owing:

If a O Cs, then [[a]]™ = Fs(a).

If O Vs, then [[]]"9= g(u).

If aDE<qp-, and BOE,, then [[a(B)]]™ = [[o]] " ([[B]) "

If alJE, and uClV,, then [[Au[a] ] ¢ is that function h from Dy, into D, such that for all objeds k in Dy, h(K) is

equal to [[a]]MY, where g’ isexadly like g except that g’ (u)=k.

5. If pOVs y BOE, then [[Cu(B)]I™® =1 iff for some value assgnment g such that g’ is exadly like g except
possbly for the individual assgned to p by g, [B]1™"¢ =1.

6. If uOVs y BOE, then [[Ou(B)]I™ =1 iff for every value asgnment g' such that g’ is exadly like g except
possbly for the individual assgned to p by g, [B1™¢ =1.
As was mentioned, graphicd predicaes like be_in_zone, curve_between and inside have type-raised arguments;

for instance, the expresson curve between(AP[P(r)])(AP[P(r,)])(X) refers to the aurve x between regions r, and r;

A wbdE
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however, the first two arguments of this predicate refer not to the regions themselves, but to the set of properties that
such regions have. Similarly, the expresson inside(APCy[region(y) O P(y)])(2) denotes that the dot zis inside a
region y, but the first argument denotes the set of properties P that a region has instead of y diredly. In order to
complete the geometricd interpretation process the first of these expressons must be transformed into
curve_between.(r,r,)=x and the seaond into Cy[region(y) O inside:(zy)], where curve between. and inside. denote
geometricd functions whose aguments are graphicd entities. Although gaphicd terms are type-raised for
preserving the quantification properties along the trandation process the graphicd entiti es themselves are the objeds
of concrete geometrica computations.

In order to assgn an appropriate semanticd value to expresgons, syntadic transformations like those mentioned
above ae caried out by means of the following meaning pastul ates:
MP1. OxOP [d(P)(X) « P(AY[:(x,Y)]) where d[){lie_at, be in_zone, inside}
MP2. OxOP [8(P)(X) « PAY[&(y)=X]) where d[{ right}
MP3. OxOP;0P, [§(P)(P)(X) « Pa(AUu[P1(AV[d:(v,u)=x])]) where 8(J{ curve between, intersedion_bketween,

line_from to}

where P, P; and P, are variables ranging over sets of properties (i.e., of type <<e, t>, t>), and X, y, u, v over
individuals. Meaning postulate MP1 establish, for instance, that a geometricd relation that holds between a set of
properties of an individual a and an individual b stands in one to one @rrespondence with the relation that holds
between the individuals a and b themselves, as the only property of a that is relevant for the geometricd
interpretation processis the property of beingin such geometricd relation with the objed b (i.e., that the objed a lies
at, isina oneor isinside the objed b). Similarly for meaning postulates MP2 and MP3.

In order to ill ustrate how the graphicd interpreter works the foll owing five examples are presented:

Example 1

Consider the interpretation of the expresson A(region) (BE (big)), which is the trandlation of a courtry is big. The
expresson can be reduced as foll ows:

(1) APAQIXP(X) O Q(X)] (region) (A\PAZP(2)) (big)

(2) APAQIX[P(x) DQ(x)] (region) (Azbig(2))

(3) AQIX{region(x) DQ(X)] (Azbig(2))

(4) X[region(x) dAzbig(2) (X)]

(5) X[ region(x) Obig(X)]
Expresgon (5) isinterpreted throughthe standard quantificaion rules of the geometricd interpreter without the help
of meaning postulates. The interpretation of big is an algorithm that computes the average aeaof all regionsin the
map and returns the set of al regions whose aeais larger than the average. This is a simple @nvention for
ill ustrative purposes and alternative @nventions could be diosen. Although the purpase of this paper is not to
explore isaues related to the interpretation of vague terms, it is interesting to note that within the present framework
spedfic dgorithms related to spedfic gpplication domains which take into acount the graphicd context could be
defined for the mnstruction of pradicd applicaions.

Example 2

Consider the interpretation of THE (BETWEEN, (Ry) (Ro) (curve)) —which is the trandation of the border between
Franceand Germany aswill be shown in Sedion 2.4.1. The expresson without the abreviationsis:

(1) APAQLY[OXP(X) ~ x=y] D Q(Y)]

(AXecets,t> AY<cets > AZeets AUe [2(U) U curve_between(x)(y)(u)] (AP[P(r1)]) (AP[P(r2)]) (curve))

which can be reduced as foll ows:

(2) APAQLY[OX[P(X) « x=y] OQ(Y)] (Au[curve(u) Ocurve between(AP[P(r)])(AP[P(r2)])(u)])

(3) AQLy[CX[Au[curve(u) O curve_between(AP[P(r1)])(AP[P(r2)])(u)](X) ~ x=y] DQ(Y)]

(4) AQLY[EX[(curve(x) O curve_between(AP[P(r1)])(AP[P(r2])(X) ) ~ x=y] DQ(Y)]

(5) AQLY[LIX[(curve(x) U curve_between(AP[P(r1)])(AP[P(r2)])(X) ) ~ x=y] UQ(Y)]

(6) AQLy[OX[(curve(x) OAP[P(r)](AU[AP[P(r)](Avicurve _between-(v,u)=x])]) ) -« x=y] OQY)]

(7) AQY[OX[(curve(x) OAP[P(r)](Au[Av[curve between.(v,u)=x](r)]) ) - x=y] OQ(Y)]

(8) AQLy[OX[(curve(x) OAP[P(ro)](Au[curve between:(ri,u)=x]) ) « x=y] O0Q(Y)]

(9) AQLY[OX[(curve(x) O Au[curve between (ry,u)=x](ro) ) « x=y] OQ(Y)]

(LOAQLY[OX[(curve(x) O curve between(rq, r))=x) « x=y] 0Q(Y)]
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Note that expresson (5) cannot be further reduced unless the types of the aguments of the predicae
curve_between are lowered with the help of meaning postulate MP3. The geometrica functions in expresson (10)
can be evaluated dredly. Expresson (10) is a denoting concept which refers to the arve between the regions r; and
r, and cannot be further reduced. Consider that the expresson the border between France and Germany is a definite
description and, in order to oltain a truth value, it has to be combined with a predicate. However, if we were
interested in the graphicd objed referred to by (10), it could be identified regardlessthe nature of the predicae Q, as
this predicae is not used for picking up the objed referred to by the definite description'’. We cadl the objed
referred to by the denoting concept its “concrete extension”. The @ncrete extension of (10) can be identified, for
instance, by interpreting the denoting concept taking off the predicative éstradion Q (i.e., Oy[Ox[(curve(x) O
curve_between:(ry, r))=x) ~ x=y]]) inrelation to the graphicad domain; if the denoting concept is indefinite, we take
any objed satisfying the expresson asits concrete extension.

Example 3
Consider the interpretation of an expresson similar to the one in example 2, but in which an indefinite is included.
The expresson is THE (BETWEEN, (R1) (A(region)) (curve)), which is the trandation of the border between France
and acourtry. The full expresson is:
(1) APAQLY[OXP(X) « x=y] DQ(Y)] (AX<<ets t> AY<<ets t> AZcets AUe [Z(U) U curve_between(x)(y)(u)]
(AP[P(r1)]) (APLHregion(2) UP(2)]) (curve)))
the reduction is as foll ows:
(2) APAQLY[OX[P(X) « x=y] OQ(Y)] (Au[curve(u) O curve between(AP[P(r)]) (AP region(z) O P(2)])(u)])
(3) AQLY[Ox[Au[curve(u) O curve_between(AP[P(r)]) (AP region(z) OP(2)])(u)]1(X) « x=y] OQ(Y)]
(4) A\QTY[Ox[(curve(x) O curve _between(AP[P(r)]) (AP region(2) OP(2)])(X) ) - x=y] OQ(Y)]
(5) AQLY[Ox[(curve(x) O AP region(z) O P2)(AU[AP[P(r)](Avicurve_between.(v,u)=x])]) ) - x=y] OQ(Y)]
(6) AQLY[Ox[(curve(x) O AP region(z) O P(2)](Au[Av[curve between(v,u)=x](r)]) ) « x=y] OQ(Y)]
(7) AQDY[Ox[(curve(x) O AP region(z) O P(2)](Au[curve_between.(ry,u)=x]) ) - x=y] O0Q(Y)]
(8) AQLY[Ox[(curve(x) O A region(z) OAu[curve between:(r,,u)=x](2)] ) - x=y] OQ(Y)]
(20) AQLY[Ox[(curve(x) O [ region(z) O curve between«(r1,2)=x] ) o x=y] 0Q(Y)]

Meaning postulate MP3 is used for reducing from (4) to (5). Expresson (10) is a denoting concept similar to the
final expresson in example 2, but one which has an embedded quantified expresson. Meaning postules MP1 to MP3
are defined in such away that terms preserve quantificatlional properties along the reduction process

Example 4
Consider the expresson R,(be_in_zone(THE(OF,(Ry)(right)))) —which is the trandation of Germany is to the east of
France The reduced expresson is the foll owing:
(1) be_in_zone (AQLY[LX[right(AP[P(r)])(x) ~ x=y] DQ(Y)]) (r2)
by meaning postulate MP2:
(2) be_in_zone (AQLY[ DXAP[P(r)](AZright.(2)=x]) - x=y] DQ(Y)]) (r2)
(3) be_in_zone (AQLY[OX[AAright:(2)=X](r1) « x=y] DQY)]) (r2)
(4) be_in_zone AQLy[Ox[right«(r))=x o x=y] OQ¥)]) (r2)
by meaning postulate MP1.
(5) AQLY[CIX[right.(r)=x « x=y] OQ(Y)] (A7be_in_zore(r2, 2)])
(6) Oy[Ox[right«(r)=x « x=y] OAZbe _in_zone(r,, 2)](y)]
(7) y[Ox[right«(ry)=x « x=y] Obe_in_zone:(ry, y)].
Expresson (7) is afirst-order formula which can be diredly evaluated by the intepreter of G. The operator right. is
interpreted as a geometricd algorithm which computes the cantroid (x.,y.) of aregion r and returns the semi-plane to

" as argued by Kaplan, contextual fadors have to be cnsidered for the identificaion d the referent of a definite description
used referentially instead of attributively (Kaplan, 1978. If the referent is identified deicticdly, as in the arrent example, the
referent is foundthrough the trandation d the definite description into the graphicd language, where the shape of the objed is
avail able direaly. Note & well that as expressons of G have an interpretation nd only in relation to the graphicd domain bu
also in relation to the world, through the trandation into P and the semantics of P, the referent of a definite descriptionin L can
be found ty computing the geometricd interpretation d itstrandationinto G.
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the right of the centroid of r (i.e., the set of all ordered-pairs of reds <x; y;> such that x > X;). This convention
captures whether a graphicad objed is to the right of a region, or whether the objedt isin the right part of aregion*2
The graphicd predicate be_in_zone. chedks whether r, iswithin y —i.e., the mne to the right of r;.

Example 5

Consider the interpretation of the trandation into G of the textual part of the multimodal messge in Figure 2. The
trandation of Saabriicken lies at the intersedion between the border between France and Germany and aline from
Paristo Frankfurt is siown in (1), itsreduction in (2), and its final reduction applying the meaning postulatesin (3):

(1) Ds (lie_at (THE (BETWEEN,, (THE (BETWEEN, (R;) (R3) (curve)))
(A (FROM_TO(D;) (Ds) (line)))
(intersedion) ) ) )
(2) lie_at(A\Qy[Ox[intersecion(x) O intersedion_between
(AQU[DOV[(curve(v) O curve _between(AP[P(r))(AP[P(r2)])(V) ) « v=u] OQW)])
(AQline(2) Oline_from_to(AP[P(d)])(AP[P(d3)])(2) T Q(21)
=x « x=y] 0Q(Y)]) (P3)
(3) Oy[Ox[(intersecion(x) O [(Z[line(z) O line_from to.(d,, d3)=z O
Qu[Ov[(curve(v) Ocurve _between«(ry, r,)=v) o v=u] O
intersedion_between-(u,2)=x]) o x=y] Olie_at:(dy, y)].
Expresdon (3) istrue if the position of dot ds is the same & the position of the intersedion between the aurve
between r; and r, and the line from d; to ds, asisthe caein Figure 2.

Asafina remark in this dion it is worth emphasizing that as the five examples ill ustrate, the reason for type-
raising gaphicd termsisto be ale to trandate natural language quantified expresson into the graphicd domain.

2.4 Trandationsbetween L and G.
In this sdion the trandation funtions p_.c and ps.. are defined. Although in the interpretation of a multimodal
message like the one in Figure 2 the trandation of individual constants are not known, and the purpose of the
multimodal interpretation processis to find out such trandations, as was discussed in Sedion 1, in this sdion we
asaume that the trandation is fully defined in order to ill ustrate dl theoreticd elements of the scheme in Figure 3.
The induction of the trandation of individual constants, on the other hand, will be shownin Sedion 3.

For ead syntadic cdegory of L there is a arresponding type in G. The rrespondence between lingustic
caegories and geometricd types resembles the trandation from English to Intensional Logic (Dowty, 1985 and it is
defined in terms of the function f as foll ows:

1 f(t) =t
2. f(CN) =f(1V) = f(ADJ) = <e, t>.
3. For any caegories A and B, f(A/B) = <f(B), f(A)>.
In Sedion 2.4.1 the trandation from L into G is presented, and in Sedion 2.4.2. the useful trandations from G
into L are shown.

241 Translation fromL into G

In Figure 12 the trandation for constants of L is presented. As can be seen, simple terms like the names of cities and
courtries trandate into expresdons denoting charaderistic functions of sets of graphica entities. This graphicd type
isinterpreted as the set of “properties’ that an individual hamed by the term has (for the purpose of this dicusdon a
property isjust the set of individuals, as no intensional types are mnsidered). So, as a dty is represented through a
dat in the graphicd domain, the trandation of Paris, for instance, is the set of geometricd properties that the dot
representing Paris hasin the intepretation state. Common nouns of category CNand CN' trandate into predicaes and
functions from sets of properties to individuals, respedively. Adjetives occurring in attributives sentences are

2 This is an arbitrary convention defined for ill ustrative purposes and dternative @nventions could be cosen. Similar
conventions could be taken to interpret whether other kind o graphicd objeds gand in aright-of relation. Furthermore, severa
conventions for the interpretation o this kind d words can be used and a particular geometric dgorithm can be defined for eat
of such interpretations. These dgorithms need na be fully quantitative and more qualitative gproaces can be employed as long
as the computation returns a semantic value of an appropriate kind.
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transdated as st of individuals. Note that there ae two constants be: one ambines with a term and the other with an
adjetive and bah combinations produce intransitive verbs. The trandation corresponding to these mnstants are
functions from sets of propertiesto sets of individuals, and from sets of individualsto set of individuals, respedively.
Transitive verbs like lie_at and be_to trandate into geometricd operators whose type is a function from sets of
properties to sets of individuals. Determiners are trandated in a standard fashion.

constant of L: | Category Category Trandation into G: Corresponding type
a name definition p () inG
Paris T /v AP[P(dy)] <<gt>t>
Frankfurt T IV AP[P(d3)] <<g t>, t>
Saabricken T /v AP[P(dY)] <<gt>t>
France T IV AP[P(ry)] <<g t>, t>
Germany T /v AP[P(rp)] <<g >, t>
city CN CN dot <e t>
courtry CN CN region <e t>
border CN CN curve <e t>
line CN CN line <e t>
intersedion CN CN intersedion <e t>
east CN CN right << g t>, t>, e
big ADJ ADJ big <e t>
be TV IVIt/IV) APAXP(AY[x=Y]) << g t>, >, <g t>>
be IV/ADJ IV/IADJ APAXP(X) <<gt> <g>>
lieat TV IV/(t/IV) lie at << g t>, t>, <eg t>>
beto TV IV/(t/IV) be in_zone << g t>, t>, <eg t>>
a T/ICN (t/1V)/CN APAQIXP(X) 0 Q(X)] <<gt>,<<gt>t>>
the T/CN (t/IV)/CN APAQLYV[OX[P(X) « x=y] OQ(Y)] [<<&t>,<<g >, t>>
Figure12

Trandlation o constants of L into G.

The trandation rules for composite expressons are & foll ows.

SENTENCES

Tl s If aOPr and BOPy, and p_.g(0)=0a’, pLc(B)=R’ then p_c(FLi(a,B)) = a’(B’), that is to say, the function
o’ applied to the agument 3'.

Examples: p..g(Parisisa city of France) = D; (BE, (A (OF4(R;) (dot))))
pL.c(Germany is to the east of France) = Rs (be_in _zone (THE (OF,(Ry) (right))))
pL-c(a country is big) = A(region) (BEp(big))
pL.c(Saabricken lies at the intersedion between the border between Franceand
Germany and aline from Paris to Frankfurt) =
D3 (lie_at (THE (BETWEEN), (THE (BETWEEN, (R1) (R3) (curve)))
(A (FROM_TO(D;) (Ds) (line))) (intersecion))))

TRANSITIVE VERB PHRASES

T2 e If abPry and BOPy, and py.g(a)=a", pL-c(B)=B" thenp.c(FLo(at,B)) = o’ (B").
Examples.  p..g(be a city) = BE, (A (dot))
pL.c(beto the east of France) = be_in_zone (THE (OF,(R1)(right)))
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ATTRIBUTIVE VERB PHRASES

T3 If aOPyyany and BOPapy, and pLa(@)=a’, pL.c(B)=P’ then pc(FL2(a,B)) = o’ (B').
Example: pL.c(be big) = BEL(big)

TERMS

T4 6 If aOPyen and BOPey, and pg(a)=0a, pLc(B)=B’ then p__a(Fus(a,B)) = o’ (B").
Examples: p_.g(acity) = A (dot)
pL-c(a city of France) = A (OF4(R,)(dot))
pL-.c(the border between France and Germany) = THE (BETWEEN, (R1) (Ry) (curve))
pL-c(a line from Paris to Frankfurt) = A (FROM_TO(D;) (D3) (line))
pL.c(the east of France) = THE (OF,(R1)(right))

As can be seen the term the east can be formed by the rule S4,, but it cannot be trandated into G because there
is a type regtriction in the definition of T4, (i.e., BOPcy but east 0 Pcy). This restriction prevents the trandation
of terms like the east as these expressons have no concrete graphicd representation; however, the east of France
can be generated, trandated into G and interpreted through the geometry as was $own in Sedion 2.3.2. In general,
natural languege expressons denoting abstrad concepts do not have agraphicd representation (i.e., the popuation
of France), and athoughin this grammar we have focused on expresgons that can be trandated into G, the languege

can be extended with linguistic terms that would be interpreted only in the lingustic modality.

COMMON NOUNS

TSLe. If alPcyand BOPep, or aPcy and BOPep, and p.g(a)=0a, pL.c(B)=B’ then p_.s(FLo(a,B)) =B’ (o).

Examples: p..(city of France) = OF,(R;)(dot)
pL-c(east of France) = oF,(R;)(right)
pL.c(border between France and Germany) = BETWEEN, (R1) (Ry) (curve)
pL-c(intersedion between the border between France and Germany and aline from
Paris to Frankfurt) = BETWEEN, (THE (BETWEEN, (R1) (Rz) (curve)))
(A (FROM_TO(D1) (D3) (line))) (intersedion)

of PREPOSITIONAL PHRASES
T6 6. If alPy, and pg(a)=a’, then p..g(FL4(0)) is either OF4(a’) or OF,(a’).

Examples.  p..g(of France) = OF4(R,)
PL-c(of Germany) = OFy(Ry)

between PREPOSITIONAL PHRASES

T7ie Ifa,BOPy, and p.g(a)=0’, pLc(B)=PB’ then p..c(FLs(ct,B)) = BETWEEN(A")(B’).
Examples.  p..c(between Franceand Germany) = BETWEEN(R;) (Ry)

pL.c(between the border between France and Germany and aline from Paristo
Frankfurt) = BETWEEN,(THE(BETWEEN,(R1)(Rp)(curve))) (A(FROM_TO(D1)(D3) (line)))

from-to PREPOSITIONAL PHRASES

T8 1f a,BOPr, and puo(C)=0r, pLo(B)=B" then po(FLs(@,B)) = FROM_TO(c’)(B').
Example: pL-c(from Paristo Frankfurt) = FROM_TO (D;) (D3)
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24.2 Trandation from G intoL

In this edion the trandation function pg.. is defined. The translation of expressons of G into L are shown in
Figures 13 and 14. Note that constants of G in Figure 13 trandate into constants of L; however, the translations
shown in Figure 14 are more @mplex as composite expressons of G can trandate into basic or composite
expressonsof L.

Constant of G: TrandationintoL:
a Po.L (0)
dot city
region courtry
curve border
line line
intersedion intersedion
right east
big big
lie at lieat
be in_zone beto

Figure 13
Trandlation d constants of language G into L.

Expression of G: TrandationintoL:
0 P (d)
AP[P(d))], AP[P(dy)], AP[P(d3)] Paris, Frankfurt, Saabricken, respedively
AP[P(r)], AP[P(r)] France, Germany, respedively

AP[P(c))] the border between Franceand Germany
APAXP(AY[x=Y]) be

APAXP(X) be

APAQIXP(X) 0 Q(X)] a

APAQLY[OX[P(X) ~ x=y] 0Q(Y)] the

Figure 14
Translation of some cmposite expressons of G into constantsof L.

Thetrandation from G into L isasfollows. Inrules T6g.. to T8¢, Q stands for either the quantifier A or THE.

SENTENCES

Tle.. If d0Ecwe 1, > and BOE<e 1, and pe.(0)=a’, pe.L(B)=B" then pg..(Fei(a,p)) = o’ B” (the
concatenation), where 3 is the result of repladng the first verb in B’ for its third person singuar
present form.

Examples: pc.L( D1 (BEs (A (OF(Ry) (dot)))) ) = Parisisa city of France
Pc-L( Rz (be_in _zone (THE (OFy(Ry) (right)))) ) = Germany isto the east of France
Ps-L( A(region) (BEy(big)) ) = a country isbig
Pc-L( D3 (lie_at (THE (BETWEEN} (THE (BETWEEN, (R1) (Rs) (curve)))
(A (FROM_TO(D;) (Ds) (line))) (intersedion) ) ) )) =
Saabricken lies at the intersedion between the border between France and Germany
and aline from Paristo Frankfurt

TRANSITIVE VERB PHRASES
TZG—L- If GDE<<< e >, t>,<e t>> and BDE<<e, t>, t> and pG-L(O()=0(', pG-L(B)zl?” then pG-L(FGl(ayB)) =a’ |3’-

Pc-L( BEa (A (dat)) ) = beacity
pc-L( be_in_zone (THE (OF,(Ry)(right))) ) = beto the east of France

Examples:
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ATTRIBUTIVE VERB PHRASES
T3e.L.  If aUE«ce &, <e 5> @aNd BUE<e 1>, and pe. (a)=0", pg.L (B)=P’ then pg. (Fei(a,B)) = a’ B'.
Example: Pe.L( BEy(big) ) = be big

TERMS

Tdor. If 00Ecce 1, <ce o, 5551 BUEce &, and Po. (@)=0", po..(B)=P’ then pe.. (Fea(a,B)) = a” B’, where
a” isa’ except in the cae where o’ is a and the first word in B begins with a vowel; here, a” isan.

Examples: pg.L( A (dot) ) = acity
Pe-L( A (OF4(R;)(dot)) ) = a city of France
Pe-L( THE (BETWEEN, (Ry) (Ry) (curve)) ) = the border between France and Germany
Pe.L( A (FROM_TO (Dy) (D3) (line)) ) = a line from Paris to Frankfurt
Pe-L( THE (OFp(Ry)(right)) ) = the east of France

COMMON NOUNS

TSG-L- If GDE<<e, t>, <e, t>> and BDE<e, t>s or GDE<<<< e t>, t>, e>, <g, t>> and BDE<<< e t>, t>, e>s and pG-L(a):a' )
Pe-L(B)=B’ then pe.. (Fei(a,B)) =P’ o’.

Examples: pg.L( OF4(R1)(dot) ) = city of France
Pe-L( OFp(Ry)(right) ) = east of France
Pe.L( BETWEEN, (R1) (Ry) (curve) ) = border between France and Germany
Pe-L( BETWEEN, (THE(BETWEEN,(R1)(R2)(curve)))
(A(FROM_T0O(D4)(D3)(line))) (intersedion) ) = intersedion between
the border between France and Germany and aline from Paris to Frankfurt

of PREPOSITIONAL PHRASES

T6gr. |If 00Ewe >, 1- SUchthat a is either Ry or Q(region) and pg.. (a)=a’ then pg.. (Fe2(0)) = pe.L (Fea(a)) =
of a’

Examples.  pg.L( OF4(R;) ) = of France
Pc-L( OFu(Rz) ) = of Germany
Pa-L( OF(A(region)) ) = of a courtry

between PREPOSITIONAL PHRASES

T7cL. If o, BOE«e >, - such that
(a) a, B are ather R, or Q(region) or
(b) a iseither c; or Q(curve) and B is either L; or Q(line),
and pg.. (a)=a’, pe.L(B)=P’ then pe.. (Fes(a,B)) = between a’ and’.

Examples.  pg.L( BETWEEN, (R1) (Ro) ) = between France and Germany
Pe-L( BETWEEN, (R1) (OF(A(region))) ) = between Franceand acourtry
Poc.L( BETWEEN, (THE (BETWEEN, (Ry) (R2) (curve))) (A (FROM_TO(D,) (Ds3) (line))) ) =
between the border between France and Germany and aline from Paris to Frankfurt

from-to PREPOSITIONAL PHRASES

T8gr. If 0,f0E«e -, t» Such that o, are dther D; or Q(dot) and pe..(0)=a’, pe.L(B)=PR" then
Pc-L(Fes(a,B)) = froma’ to B'.

Example: Pe-L( FROM_TO(D;) (D3) ) = from Paristo Frankfurt
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As was mentioned above G is a very expressve language and not all expressons of G can be trandated into
expresgons of L, and rules T1g | to T8¢, define the expresgons that do have atrandation. Instances of expressons
that cannot be trandated are individual constants (e.g., d;), equality relations between individuals (e.g., d; = dy), and
conjunctions or disunctions (e.g., dot(d;) 0 dot(d,)). Other examples are expressons of the form AP[P(ey) O P(e,) O
... 0P(ey)], where g is an individual constant, which denote the set of properties that one or another individual has.
However, this latter kind of expresions could be trandated if the expressvenessof L were augmented by alowing
conjoined term phrases in the grammar.

2.5 Trandationsbetween G and P
To conclude with the presentation of the theoreticd elements of the system of multimodal representation the
trandlation funtions pe.r and pp.g are defined in this sdion. For ead type of P there is a arresponding typein G
and it is defined in terms of the function fp. as foll ows:
1. fpg(dot) = frg(line) = fr.g(curve) = frg(region) = fo.g(zone) = fo.g(composite region) = fp.g(dot_set) =

fp_G(” ne_%t) = fp_G(map) = <g t>.
2. Foranytypesaandb, frg(<a,b>) = <frg(a), frg(b)>.

251 Trandation fromPinto G
The trandations of the mnstants of P into G are presented in Figure 15.

Constant of P: Trandation into G:
a prc(Q)
dy, dy, ds, ... AP[P(dy)], AP[P(d,)], AP[P(d3)], ...
[ PV P AP[P(1)], AP[P(I,)], AP[P(l5)],...
C1, Cy, Ca, .. AP[P(c))], AP[P(c,)], AP[P(c3)], ...
1, o I3, ... AP[P(ry)], AP[P(r5)], AP[P(r3)], ...
2, 5, 23, ... AP[P(z)], AP[P(z)], AP[P(Z)], ...

Figure 15
Trandation d constants of language P into G.
In the foll owing definitions Q stands for either the quantifier A or THE. The trandlation rules are & foll ows:

CONSTANT™
Tlps. If aOCswhere sC{ddat, ling, curve, region, zone} then
(a) pp.c(0) isas srownin Figure 15.
(b) pe-c(a)=Q(9).
Examples:
Pr-c(*) = AP[P(d1)]
Pe-c(/) = AP[P(I)]

Pec( )= AP[P(ry)]
Pec( - - )= A(region)
LINE
T2 If a,B0Eqq, and pe.c(a)=a" and pe.c(B)=PB" then pe.g(Fey(ar,B)) = Q(FROM_TO(a")(B")(line)).

Example:
Pr-c(+— )= A(FROM_TO (AP[P(d,)]) (AP[P(d3)]) (line))

BRule (b) allows that the “concrete extension” of agraphicd objed in P is represented as its correspondng dencting concept in
G.
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CURVE
T3re  If a,BOEeion such that a and P are adjacent, and pp.g(0)=a’ and pp.g(B)=F’ then
Pr-c(Fr2(c1,B)) = Q(BETWEEN,(a’)(B")(curve)).

Examples':
Pra(

) = THE(BETWEEN, (AP[P(r1)]) (AP[P(r,)]) (curve))

Pe.a( “‘- F THE(BETWEEN, (AP[P(r1)]) (A (region)) (curve))

INTERSECTION
T4F’-G- If aDEcurve and BDEIiney and pP—G(a):a' and pP-G(B):B, then
Pr-c(Fra(a,B)) = Q(BETWEEN,(a’)(B’)(intersedion)).
Example:
Pr-a( , )= THE(BETWEEN, (THE(BETWEEN, (AP[P(r,)]) (AP[P(r,)]) (curve)))
(A (FROM_TO (AP[P(dy)]) ( AP[P(d)]) (line)))
(intersedion))

RIGHT
TSpg.  If aE gion and pp.c(0)=0a" then pp.g(Fea(@)) = Q(ORy(right)(a’)).
Example:
Peo(/ Ty FTHE(OR, (right) (AP[P(9)])

DOT INSIDE A REGION
T6pc.  If alEregion and pp.g(0)=a’ then pe.(Fps(ar)) = Q(OF,(a’)(dat)).

Example:

COMPOSITE REGION (1)*
T7pc.  If a,BOCgion SUch that o and B are adjacent, and pe.g(a)=AP[a’] and pe.c(B)=AP[B’] then
prc(Frs(a,B)) = AP[a’ OB’].

COMPOSITE REGION (2)
T8pc.  If aCeqion aNd BOE ompesite region SUCh that a and B are ajacent, and pp.g(a)=AP[a’] and pp.c(B)=AP[’]
then pp.c(Fes(a,3)) = AP[a’ OOB'].

SET OF DOTS
9. (a) If a0y =0 and BUCuq, and pp.(B)=AP[B’] then pp.g(Frs(a,B)) = AP[B'].
(b) If a0Eyq «# 0 and BOCqq, and pe.g(0)=AP[a’] and pe.c(B)=AP[B’] then
Pe-a(Frs(0r,B)) = AP[a’ IB'].

% These two example expresgons correspond to the @breviated expressons in examples 2 and 3 respedively, presented in
Sedion 23.2.

15 Examples of the gplicaion d the rules T7pg to T11p are included in the trandation d a map shown in Figure 16, as
explained below.
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SET OF LINES
T10rc  (a) If 00Bjne s« = 0 and BOC;ne, and pp.c(B)=AP[B’] then pp.(Frs(ar,B)) = AP[B'].
(0) If 00Bjine s # 0 and BOCjine, and pp.c(a)=AP[a’'] and pp.c(B)=AP[f’] then
Pr-c(Fre(a,B)) = AP[a’ UP'].

MAP

T1lles  If d0Ecompaste regiom BOEda st @0 0Ejine st @Nd Pp.g(0) = AP[’], Pp.c(B) = AP[B'], pr.c(8) = AP['],
then pp.g(Fp7(a,B,0)) = AP[a’ OB O&'].

Asan instance of the tranglation of amap from P into G by rule T11s consider Figure 16. As can be seen a map
isinterpreted in G asthe set of properties that one or another graphica objed in the base of the map has.

For the interpretation of the picture in Figure 4 it is not required to compute and trandate dl posshle syntadic
structures that can be generated in P on the basis of the overt graphicd symbals of the drawing. The trandlation rules
permit to map a large number of syntadic structures into G and they can be used as required. However, for the
interpretation of a map we will only trandate adesignated expresson ¢ of type map that results of parsing a full
drawing in terms of the graphicd objeds in the base. { will be cdled “the map”.This criterion ensures that the
drawing belongs to the map modality P. In addition, the graphicd terms in the disuntion of the body of expressons
of type map are used in G to define the interpretation domain Ppae. When this st is defined the semantic rules to
interpret expressgons of G can be evaluated.

25.2 Trandation from G into P

As was mentioned in Sedion 1 in relation to the scheme in Figure 3 the purpose of this trandation is to draw the
graphicd symbadls that are referred to in G. To picture the full map the only symbals that have to be drawn are the
symbals of the base (Ppase) as emerging symbols do not have an independent pictorial redizaion. According to this
the only trandations that have to be defined are the translations of the symbadls contained in the expresson C (i.e., the
map). We dso have to consider that graphicad terms occuring in expressons of G can have agraphicd redizdion,
which may be required for spedfic purposes. For instance, if one needs to highlight the region to the eat of France
the term of G denoting that region should be translated and depicted in P. In the definition of the rules below Q
stands for either the quantifier A or THE.

29



/ o & —

. o AP[P(12)]

AP[P(d1) DP(dz) D P(da)] / \
/ \ .
211 :12 & /1 D

AP[P(ry) O P(rz)llj P(ra)] OP(ra)]

———— AP[P(d)] AP[P(d2) OP(ds)]
d, d3
AP[P {
[P(ra)] e D;(r rtal AP[P(d2)]  AP[P(d3)]
1, 2 3,
/ \
s,
AP[P(r3)]
r2

Figure 16 ‘)\P[P(rZ)]

Trandationinto G of amap.

CONSTANT™®
Tlepe (a) If a=AP[P(a’)] and o’ OC, then pg.p(a) isthe drawing of a”.

objed inCs.

Examples:
Pe-p(AP[P(dy)]) =
Pe-p(AP[P(I)]) =~
pep(AP[P(r)]) =
Pc-p(A(region)) =

(b) If a=Q(s) where sI{dat, line, curve, region, zone} then ps.p(a) is the drawing of whatever graphica

% Rule (b) allowsthat agraphicad denacting concept in G is represented in P asits “concrete extension”.
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LINE
T2p. If 0,B0E«e 1, - Such that a,p are dther D; or Q(dot), and pgp(a)=a’ and pe.p(B)=R' then
Pc-p(Q(FROM_TO(a)(B)(line))) = Fea(ar’,B').

Example:
Pc-p( A(FROM_TO (AP[P(dy)]) (AP[P(db)]) (line)) ) = .=

CURVE
T3gp. If o,B0E«e -, = such that a,p are dather R, or Q(region), and pep(0)=0a’ and pep(B)=R then
Pc-p(Q(BETWEEN,(a)(B)(curve))) = Fex(a’,B").
Examples'”:
Po.p( THE(BETWEEN, (AP[P(r1)]) (AP[P(r2)]) (curve)) ) =

Po.+( THE(BETWEEN, (P[P(r1)]) (A (region)) (curve)) ) = ~~

INTERSECTION

T4cp. If a,BOEce -, > Such that a is either ¢; or Q(curve) and B is either L; or Q(line), and pg.p(a)=a’ and
Pa-p(B)=PB" then pe.r(Q(BETWEEN,(a)(B)(intersedion))) = Fes(a’,B").
Example:

Po.p( THE(BETWEEN,, (THE(BETWEEN, (AP[P(r1)]) (AP[P(r2)]) (curve)))
(A (FROM_TO (AP[P(dy)]) ( AP[P(d3)]) (line))) (intersedion)) ) = .

RIGHT
T5cp. If 00Ece = SUch that a iseither R, or Q(region), and pe.p(a)=a’ then psp(Q(OFL(right)(a))) = Fps(a’).

Example: o
Pc-p( THE(OF, (right) (AP[P(ra)])) ) = ‘o

DOT INSIDE A REGION
T6g.p. If 00Eccq -, 1> SUch that a iseither R; or Q(region), and pe.p(a)=0a’ then pe p(Q(OF,(a)(dat))) = Fps(a’).

Example:
Pe-p( AOFa (AP[P(ry)]) (dat)) )= =

COMPOSITE REGION (1)*®

T7cp.  If a=AP[P(a)] and B=AP[P(B")] such that region(a’) and region(B’), and pg.p(0)=0’, pe.p(B)=Pp’, and o’
and B’ are aljacent then pg.»(AP[P(a”) OP(B")]) = Fes(a’,p’).

COMPOSITE REGION (2)

T8sp. If a=AP[P(a’)] and B=AP[B"]=AP[P(B)TP(B,)..0P(B,)] such that region(a’) and region(B;), and
Per(0)=0", pep(B)=B', and a’ and B’ are ajacent then pes(AP[P(a) OB"] = Fps(ar’ B').

Y These two example expresgons correspond to the @breviated expressons in examples 2 and 3 respedively, presented in
Sedion 23.2.
18 Examplesfor rules T6g pto T11ls p areincluded in Figure 16 above.
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SET OF DOTS
T9%p (a) If B=AP[P(B")] such that dot(B") then pg-»(B) = Frs(1,B).
(b) If o = AP[a”] = AP[P(ay)0P(a,)C...0P(a,)] and B=AP[P(B’)] such that dot(c;) and dot(B"), and
pep(0)=a" and pe.p(B)=P’ then pe.p(AP[a” OP(B")]) = Fes(a’,B’)

SET OF LINES
T10cr (a) If B=AP[P(B")] such that line(B") then pe.p(B) = Fps(1,B).
(b) If a = AP[a”] = AP[P(a,)OP(a,)0...0P(ar,)] and B=AP[P(B")] such that line(a;) and line(B"), and
Pep(@)=a’ and pep(B)=B’ then pe.p(AP[a” OP(B)]) = Fes(a’,B’)

MAP

Tllgp. If A0Eccop o = AP[0"] = AP[P(012) OP(05) ... P(0)], BOE<cer & = AP[B"] =
AP[P(B)CP(B,)0..0P(B,)] and S0E.cep» = AP[5’] = AP[P(8,)CP(3,)...0P(5,)] such that
region(a;), dot(B;) and line(;), and pg.p(0)=0", pe.r(B)=P’" and ps.p(d)=0" then
Pe-p(AP[a” OB 0&8"]) = Fer(a’, B, &').

With this, the spedfication of the system of multimodal representation in Figure 3 is concluded. In this g/stem it
isposshle to expressnatural language and graphicd information about maps and translate expressons between both
of the moddlities. Natural language can be seen as dating or imposing an interpretation upon gaphicad
representations, making the graphics meaningful. Alternatively, graphics can be seen as representing krowledge in
an effedive fashion. Expressons of the langueges L and P can be trandated through the interfacelanguage G in
which both the semantics of L and the geometricd structure of G can be represented and reasoned about in an
integrated fashion.

The system provides a solid semantic ground to state and resolve problems of reference in multimodal scenarios.
The syntadic and semantic structures of the three languages permit to expressand interpret information in eat of
the modalities and to find correlated expressons in a different modality with the same semantic values in a
systematic fashion. As a mnsequence it is passble to state formally what does it mean to resolve a multimodal
reference acording to this theory to resolve amultimodal referenceisto find the semantic value of an expresson in
terms either of the information expressed in the modality or in terms of information expressed in other modaliti es
with the help of the trandation functions. In a fully interpreted multimodal system as the one ill ustrated in this
sedion interpreting a multimodal message is a matter of evaluating the multimodal expresdon. However, as was
argued in Sedion 1, the relation between individual constants input through different modalities have to be
established before multimodal expressons can be evaluated. To establish this relationship is the aucial part of the
interpretation processand how can this be doneisill ustrated in Sedion 3.

3 Resolution of Deictic I nference by Constraint Satisfaction

In the theory developed in Sedion 2 it was assumed that the tranglation of constants of al caegories fromL into G
and vice versa were available, and then multimodal interpretation could be caried out; however, in the interpretation
of multimodal messages, natural languege and graphics are input from different sources, and working out the
meaning of a multimodal message is by no meanstrivial. Aswas discused in Sedion 1, resolving the references and
inducing the trangdlation between graphicd and lingustic terms can be thougtt of as the same problem. Consider, for
instance, the situation of reading a bodk with words and pictures: when the asciations between textual and
graphicd symbadls is redized by the reader, the message & a whole has been properly understood However, it
cannot be expeded that such an association can be known beforehand.

The process of inducing the trandation functions for constants of G and L is smilar to the cmputer vision
problem of interpreting drawings. A related antecaldent is the work on the logic of depiction (Reiter and Madkworth,
1987 in which a logic for the interpretation of maps, to be gplied to computer vision and intelli gent graphics, is
developed. It is argued that any adequate representation scheme for visual (and computer graphics) knowledge must
mantain the distinction between knowledge of the image (the geometry) and knowledge of the scene (its linguistic
interpretation), and about the depiction relation. In Reiter's sstem two sets of first order logicd sentences
representing the scene and the image ae employed, and express respedively, the mnceptual and geometricd
knowledge @out hand drawn sketch maps of geographicd regions. In the view adopted here, the depiction relation
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corresponds to the trandation function between constants of L and G as discussed above. An interpretation in
Reiter's g/stem is defined as a model, in the logicd sense, of both sets of sentences and the depiction relation, and
interpreting a drawing consists in finding out all possble models of such sets of sentences. The domain for these
models is determined by the set of individuals in the image and the scene of the picture that is being interpreted.
Although computing the set of models of a set of first order logicd formulaeis a very hard computational problem,
the entities congtituting a drawing conform, normally, a finite set which is often small. So, the posshility of
computing the set of models of adrawing is a matter for empiricd reseach. In particular, Reiter's s/stem employs a
constraint satisfadion algorithm to find out all passhble interpretation of maps, and the output of his s/stem is a set of
labels for curves or chains as rivers, roads or shores, and for aress as land regions or water regions. As was
mentioned above, to find the trandation functions between G and L is a similar problem with the same kind o
complexity. In Sedion 3.1 a @nstraint satisfacion algorithm for the induction of the trandation into G of individual
congtants of L mentioned explicitly in the text of a multimodal message is presented. In this dion it is aso shown
how composite terms of L can be trandated into their corresponding gaphica expressons of G (and subsequently of
P).

A semond consideration in this sdion is that working out the trandation between graphicd and linguistic
individual constants siggests a method for generating retural language expressons that refer to graphicd objeds and
configurations. Note that inducing the linguistic trandation of a graphicd term which has not been mentioned overtly
in the textual part of a multimodal message is the same & generating a linguistic description for the objed denoted
by the mrresponding gaphicd term: once one knows the trandation between individual constants of bath of the
modaliti es the generation of multimodal descriptions can be adieved through the trandation rules; for instance, in
the map of Figure 4, if one points to the aurve c; once the trandation of individual constants has been found, the
expresgon the border between France and Germany can be generated. This grategy to produce natural language
descriptionsis further discussed below in Sedion 3.2.

3.1 Resolution of Spatial Deixis by Constraint Satisfaction

As a preliminary consideration for the interpretation of multimodal messages like Figures 1 and 2 it is worth
mentioning that from the paoint of view of our system what is given are expressons of L and expressons of P and
what has to be worked aut isthe compasition p_.c°ps-p and the redproca function pp.g°pe. - However, note that the
expressons of P are the graphicd symbadls on the drawings and parsing a drawing (expresson of type map) produces
a syntadic structure of P whose trandation into G is the expresson ¢ (which we cdled the map). Emergent objeds
can also be represented in G as long as they can be produced out of the base through syntadic rules of P and their
trandations into G. Consequently, expressons of G which refer to graphicd objeds gand in a one to one relation
with the crresponding objeds in P. Although theoreticdly expressons in G and P are different representational
objedsin adual interpretation processes they always come padked together. The relation between expresgons of G
and L, on the other hand, has to be worked out. For this purpase we present an algorithm to establish a relationship
between the individual constants of L and the graphicd constants included in the expresson { (the map), which
correspond to the interpretation domain Ppae. The dgorithm for computing the trandation function assgns a
graphicd constant to al proper names overtly mentioned in the lingustic part of a multimodal message (e.g., the
graphicd symbals d;, d,, ds, ry, > to the lingustic constants Paris, Saabricken, Frankfurt, France Germany,
respedively). The set of proper names appeaing in a particular multimodal message will be referred to as Names. As
the trandation for lingustic constants of other types are given beforhand, once the trandations for proper names are
available, it is posshle to find the graphicd symbals and configurations that correfer with composite natural
language descriptions through the trandation rules between L, G and P; for instance, once the regions representing
France and Germany have been identified the term the border between France and Germany can be trandated into
an expresson of G, which denotes the arresponding curve, and also into the drawing of the arve in P which
denotes the border between France and Germany itself. Here, it is important to highlight that the trandation for
individual constants cannot normally be found with the overt information expressed through the multimodal message
only. For working out the interpretation of Figure 2, for instance, it is required, in addition to the text and graphics,
knowledge aout the geography of Europe and also knowledge about interpretation conventions of maps.

For the definition of the dgorithm atable for representing the set of posshble functions from lingustics predicates
(e.g., city, courtry, etc.) to their corresponding gaphicd types (e.g, dat, region, etc.) is defined. This table will be
referred to as function table. For ead particular interpretation task a set of appropriate function tables is defined
acordingto the following rule:
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For ead 80Ccy of L and &' OC.- Of G such that p, .g(8)=8" crede afunction table (X5,Y ) such that:
Xs={x0OCr|[[xisad]]" istrue and xOINames}
Y5 = {yOCe | [[& (y)]]" istrue}
where X5 and Y 5 are not empty. In case ather of these two sets is empty no function table for the corresponding
pair is defined.
The function tables for our example aeill ustrated in Figure 17.

g
d3 I3
d2 P
dy ry
Paris Saabricken  Frankfurt France Germany
(xcityy Yd(l) (Xcourtryy Yregion)

Figure 17
Funtion tables for the message in Figure 2.

Note that if only one cdl of ead column of a function table is filled up a function from proper names to
graphicd constants is defined. Furthermore, if the result of this processis a table in which only one cédl of ead row
is also marked, the function is one to one. According to this, if there ae n names and m graphicd objeds, the first
column of a function table can be filled up in m differents ways, the second in m-1 different ways, etc., until n
graphicd objeds have been asdgned. As a mnsequence, ead function table with n names and m graphicd objeds
defines m!/(m — n)! possble trandation functions®®. For the example, (Xeitys Yda) @d (Xcourirys Y region) define six and
twelve possble functions, respedively. Let Ty be the set of possble trandation functions for the function table
(X&Ys), and let T be the aoss product of al Ty in an interpretation context (i.e., the set of posdble trandation
models). For our example, I' = Ty X Teourry, Where 0 = 72. This st contains 72 adered pairs of functions, and
ead one represents a posshble trandation model for the multimodal message. Translation models can be enumerated
by asdgning a natural number to every cdl in the aray I'. We give the following enumeration for bidimensional
translation models: let y.=(f;, g;) be the nth transation model in " = T, x T, where O<n<{r Oand fiJ Ty, g,OT,. For
every n, if mod OT,0#0 then i = (n-1 mod OT,0)+1 and j = (n-1 div OT,0)+1. Similar expressons can be defined
for higher dimensions.

To enumerate the set of posdble functions from n names to m graphicd objeds we use the foll owing procedure:
Let N be alist of namesand O alist of graphicd objeds, and let F-INDEX be an digits gring containing the n digits
of a numeral in base m. Every string in F-INDEX codifies a total function in which the j graphicd objed m in O
(where 0 < j <m) isasggned to the n, namein N by therule F-INDEX(i) =j. The set of possble entriesin F-INDEX
codes the m" possble functions from n names to m graphica objeds. One to one functions are those in which no m
occurs more than oncein a given value of F-INDEX. The functions sought are the m!/(m — n)! one to one functions
that result from enumeratingin base mall possble values for F-INDEX from 0 to m™1, and filtering out all numbers
in which the same digit occurs more than once, in the eaumeration order. Consider the graphicd ill ustration of the F-
INDEX scheme for identifying the functions corresponding to a function table with three names and four graphica
objedsin Figure 18. This function table has 4°=64 passble functions out of which 4!/(4-3)! = 24 are one to one. The
graphica objed m in O is associated to the name n; in N by marking the arresponding cdl in the table, where j is
placeal in the corresponding cdl of F-INDEX. The stringin F-INDEX is the numeral 000in base 4 and represents the
function in which the graphicd objed oy is assgned to all threenames.

191n generd, if graphicd objeds can recéve more that one name —e.g., as it is the cae in the multimodal interpretation
scenarios related to the Hyperproof system (Barwise & a., 19949— the number of possble trandation functions will be ",
where misthe number of graphicd objeds and n is the number of names.
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(0]
O3
02
O
o X [ x| x

nn n, n3 N

[ F-Index] 0] 0] 0]

Figure 18
Set of functions associated to a function table.

In Figure 19 some examples of the enumeration of functions are shown. The first table shows function 12 (base
4) which is the smaller index for atotal function; the second table shows function 123 which asociates names ny, n,
and ns to the graphicd objeds 0;, 0, and 03, respedively; the third table ill ustrates the function 321 which is the
largest index for atotal function in the set; and finally, the fourth table ill ustrates the function 333which is a mnstant
function asdgning the objed o5 to all threenames.

(0] (0] (@] (@]

O3 O3 X 03| X 03] X | X | X

0, X 0, X (o)) X 0z

(o)} X 01| X 01 X 01

0| X (o) (o} (o}

n n, n3 N n n, n3 N nn n, n3 N nn n, n3 N

[Fnex[0]1]2] [Frnexi]2]3] [Fnex(s][2]1] [Fnex[3][3]3]
Figure 19

Examples of functionindex.

Armed with these @mncepts we can define a algorithm for working out the interpretation of a multimodal
messge, asfollows: Let message. be asentenceof L (the textual part of the multimodal message), 9 an empty set
of expressons of G, and I the set of possble trandation models for message, . Then, for eady; O I assumethat v; is
a trandation model for message, and include its trandation messages under y; in 9¢ —i.e., pLc(Mmessage) =
messages. If the semantic value of all expressons 3¢ in relation to the geometricd domain Py.s iS true, then y; isa
trandation model for message, ; otherwise, exclude y; from I'. Once dl tranglation models have been tested chedk
whether there is only one y; in I'. If that is the case, such y; is the trandation function; otherwise, seled a new
appropriate expresson of L (a ammon sense knowledge mnstraint) and include its trandation into G in 9g, and
repea the processurtil thereisonly oney; inT.

For our example four trandations out of the 72 y'sin I" will come out true for the first cycle of the dgorithm in
which the multimodal message is used as the only constraint (example 5 in Sedion 2.3), as own in Figure 20.

To continue with the dgorithm it is required to consider some knowledge aout the goegraphy of Europe. For our
problem the relevant constraints for interpreting the message aeill ustrated in Figure 21.

As can be seen, the ideaof the dgorithmis smply to take @nstraints one & atime and producethe interpretation
of the message incrementally.  Considering constraint 1 in Figure 21, the trandation functions (2) and (4) in Figure
20 can be removed; the trandation function (3), in turn, can be ruled out either through constraints 2 or 3 (the
interpretation of the trandation of constraint 1 into G is $own in example 4 in Sedion 2.3). For the example, only
three gcles of the dgorithm are required to rule out all but the crred trandation model in I, which is the
trandation function (1) in Figure 20.
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g
d3 X I3
(1) d2 X Iy X
dy X ry X
Paris Saabriucken  Frankfurt France Germany
g
d3 X I3
2 dy X ry X
dy X ry X
Paris Saabricken  Frankfurt France Germany
la
d3 X I3
©) d, X Iy X
dy X ry X
Paris Saabricken  Frankfurt France Germany
la
d3 X 3
4 dy X Iy X
d; X ry X
Paris Saabricken  Frankfurt France Germany
Figure 20

Possble trand ation models withou additional constraints.

1. | Germanyisto the east of France
Parisisa city of France
3. | Frankfurt is a city of Germany

N

Figure2l
General knowledge of geography.

This concludes the presentation of the procedure for interpreting proper names deicticdly in relation to a
graphicd context. Although only the interpretation of this kind of constants was required for our example, the
interpretation of other kinds of terms, like pronouns, can be caried aut in the present framework. Consider that to
be ale to cope with multimodal messages in which pronouns were included in the textual part, like in Figure 1, a
more general definition of the language L would be required, but in such an extension both proper names and
pronouns would be mnstants of caegory T in the grammar. In the present framework pronouns would be interpreted
along the lines of proper names. For the definition of functions tables, ead pronoun present in a multimodal text
would be included in the set Names, and as afirst approximation, it would be amember of the domain of all function
tables; different instances of the same pronoun would be cnsidered two dfferent objeds in the interpretation
process(e.g., he,, hey, ...,etc.), and the interpretation would be worked out as was $own above in this ®dion. It is
also possble to think of a situation in which there ae two or more graphicd objeds with the same name; in this
kinds of context, proper names would be cnsidered as kinds of pronuons, and from the point of view of L, a
different subscripted constant of category T (namey, name,...) would be asdgned to ead such graphicd objeds. To
differentiate these objeds alternative definite description could be obtained throughthe trandation from constants of
P into expressons of G, as will be agued in Sedion 3.2, and such descriptions could be used in the cntext of the
particular rhetoricd structures and communicative purposes of multimodal messages. A further consideration is that
not only the cnstants of caegory T in a grammar can be used deicticdly; definite and indefinite descriptions can
also beinterpreted in this way. Consider that the textual part of the multimodal message in Figure 1 could have been
either John washed it, the man washed it or even a man washed it and al three terms John, the man and a man
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would have to be interpreted deicticdly in relation to the graphicd context. To be @le to ded with this latter
situation, descriptions can be interpreted deicticdly in our approad if terms of this kind are dso included in the set
Names for the construction of function tables. More generally, our interpretation procedure defines a function from
terms into individuals of the world through the graphicd context. Thisis © becaise dthoughfunction tables define
trandation models between lingustic and graphicd terms, graphicd objeds in P denote the crresponding
individuals in the world. We can think of our deictic interpretation procedure a a spedfic implementation for our
graphicd domain of Kaplan's operator DTHAT —in our simplified extensional language— which takes a term and
maps it into an individual of the world in the interpretation context whenever the term is used deicticdly (Kaplan,
1978.

The interpretation of proper names and definite descriptions has been the source of interesting semantic
problems. Consider that lingustic terms srve the purpose to identify individuals, and whenever they are used, the
individual they denote should exist. However, as pointed out by Donnellan and commented by Kaplan, “using a
definite description referentially a spesker may say something true even though the description corredly applies to
nothing” (Kaplan, 1978. The example is as follows: if someone says His wife is kind to him when a bachelor enters
into aroom acompanied by awoman that has been misintroduced as the bachelor’ s wife, having the speaker noticed
the woman soli citous attention to the man, the speker used the description his wife to refer to a bachelor’ s wife!, and
neverthelesswhat he said was true. Here, one would be inclined to say that his wife applies to nothing, but if the
woman is in the visual field of the speaker, it would be more proper to say that his wife applies deicticdly to the
woman. Consider that if the expresson sheiskind to him had been used instead, or simply, the speaker had panted
to the woman at the time the expresson is kind to him were uttered, the deictic nature of the reference would be
ealy reveded. According to Kaplan, whenever a description is used referentialy (as oppased to attributively),
describing can be taken as aform of pointing, and as he suggested, instead of taking the sense of a description as the
subjed of a propasition, the senseis used only to fix the denotation which is then taken diredly as the subjed of the
propasition. Similarly, although a proper name is usualy thought of as related to an individua (the beaer) in an
intimate fashion through an interpretation function in model theory, and it is often stated that proper names are
related to the same individua through all world and time indices (i.e., as rigid designators (Kripke, 1972), proper
names can be dso interpreted deicticdly to fix a referent which can then be taken diredly as the subjed of a
propasiti on.

3.2 Generation of Natural Language Descriptions

The multimodal representation scheme and the resol ution of deictic inferences presented above permit the generation
of multimodal descriptions in a simple and systematic fashion. Once amultimodal representational system is fully
defined the generation of graphicd and lingustic expressons can be adieved throughthe trandation rules diredly.
Asthe aucia pieceof knowledge to be ale to use the trandation rules is the translation model, the deictic inference
required to identify an individual and the inference required to generate adescription for such an individual, are not
but two sides of the same win.

If a graphicd objed is pointed out on the screen, a number of natural language descriptions to refer to such an
ohjed can be produced. To find an appropriate description several strategies are avail able depending on whether the
objed pointed at is on Py, Or whether it is an emergent objed. Another consideration is whether the objed has a
proper name or can be referred to either by a definite or an indefinite description. Suppaose that a graphica cursor for
pointing to graphicd objeds is available. The airsor itself is modeled as a graphicd objea of type dot within the
graphicd domain. With thisinteradive devicewe can identify dotsif the position of adot in adrawingis the same &
the pasition of the aursor, lines and curvesif the aursor lies on the line or the aurve, and regions if the aursor isinside
or in the border of aregion. With this devicewe can seled all basic or emergent graphica objeds that are identified
by an individual pointing ad. Basic objeds will be identified dredly, and the anergent objeds sleded by a
pointing ad will be those that can be produced by the grammar of P and satisfy the geometrica conditi ons associated
to the aursor. Objeds identified by a airsor will be terms of P which can be trandated into G as proper names,
definite descriptions or indefinite descriptions. To refer to a graphicd objed we can use the following simple
strategy: if agraphicd objed can be trandated into L as a proper name, use the proper name; if the graphicd objed
can be trandated as a description and it is the only one satisfying such a description, use adefinite description;
otherwise, use an indefinite description.

Consider a pointing adion in which the dot d; or theregionr; is sleded. The trandations from P into G of these
objeds, acardingto rule T1p (a), are AP[P(d,)] and AP[P(r,)] respedively. Asthese expressons can be trandated
into L as own in Figure 14, these objeds can be referred to in L as Paris and France, respedively. However,
consider that as these objeds are the concrete extension of a number of denoting concepts of G, these objeds can
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also be trandated into G through rule Tl (b) as A/THE(dat), and A/THE(region), respedively, and they can be
trandated into L as a/the dty and a/the courtry. Another possble trandation for the dot d; whenever it is produced
by rule $4p and trandated into G through T4p.g is A/ITHE(OF4(R,)(dat)), which in turn can be trandlated into L as a/the
city of France

There may be constants of P that cannot be trandated into L as proper names. Consider, for instance, the line |,
in Figure 4; the trandation of thisline into G is AP[P(l,)], but as can be seen in Figure 14, there is no proper name
that corresponds to this expresgon in L. However, this constant could be translated by rule T1p (b) as the denoting
concepts A/THE(line). Asthe line is also an emergent objed that can be produced through the syntadic rule S2p, its
trandations acarding to rule T2 are A/THE(FROM_TO(D;)(D3)(line)); subsequently, such an objed can be referred
toinL asa/theline and a/the line from Paristo Frankfurt. A similar example is the description of the aurve ¢, which
isproduced by rule S3, and can be trandated into L through G as a/the border between France and Germany.

Aswas mentioned in Sedion 1, the generation of descriptionsis required within the context of spedfic rhetoricd
and intentional structures, like the activate structure of the WIP system which employs Reiter and Dale's algorithm
for the production of definite descriptions on demand. Our system can be used to suppat the generation of
descriptions either definite or indefinite, and even pronouns used deicticdly, in multimodal generation systems with
a solid semantic base. These descriptions would be used ac@rding to particular rhetoricd and intentional structures
related to spedfic goplicaion domains. The alvantage of such an approach would be that the coice of the
expressons to be used in multimodal presentations could be made not only on the basis of predifined heuristics, but
also on the basis of the semantic value of these expressonsin the mntext of use. In addition, the dedsion about what
kind of knowledge is expressed through either modality for the production of coordinated natural languege and
graphicd explanations could be made taking into acount not only the kind of heuristics that are aurrently employed
in systemslike WIP and COMET, but also on the basis of the expresdvenessand eff edivenesscriteria of natural and

graphicd languages.

4 Multimodal Discour se Representation Theory

The adility to interpret individual multimodal messages is a prerequisite for interpreting sequences of multimodal
messages occuring in the normal flow of interadive mnversations. In the same sense that discourse theories, like
DRT, are designed to interpret sequences of sentences, it is desirable to have atheory in which sequences of
multimodal messages can be interpreted. Such a kind o theory would have to suppart anaphoric and deictic
resolution models in an integrated fashion, and would have to be placal in a larger pragmatic setting in which
intentions and presupositions are onsidered, and in which mechanisms to retrieve knowledge from memory are dso
taken into acount. To work out such atheory is quite an ambiti ous goal, however, in the same way that DRT focuses
in internal structural processes that govern anaphoric resolution, it is plausible to consider a multimodal discourse
representation theory (MDRT) to cope with the resolution of spatial deictic inferences. In the same way that DRT
postulates discourse representation structures in which referents and conditions are introduced incrementally through
the interpretation of the incoming retural languege discourse by means of the gplicaion of construction rules, it is
plausible to conceive similar multimodal discourse representation structures (MDRS) whose referents and conditions
would be introduced by modality depending construction rules ading yoon the expressons of the crresponding
modality. In these structures, DRS-conditions extraded from different modalities would be kept in separate
partitions, but discourse referents would be astrad objeds common to the whole MDRS. In particular, MDRS's
could help to spedfy accesibility relations between anaphoric and deictic terms and their antecelents and
interpretation context, impasing severe onstraints on the posshble interpretations, asit is normally donein DRT. The
resolution process itself would be acomplished by incremental constraint satisfadion as was siown for deictic
inferences. In the rest of this edion we present a schematic picture of how a MDRS can be developed, and we
examplify the use of this gructure in relation to the interpretation of the multimodal message in Figure 2. To start
this presentation consider an empty MDRS in Figure 22.

The MDRS is a structure with four partitions and extends traditional DRS with one partition for graphica
conditi ons and another to store the trandation models that hold in a particular interpretation state. The partition for
lingustic conditions is used as in normal DRS, and the top partition for referents includes a variable for every
individual that is referred to in the multimodal message in either of the modaliti es. Figure 23 ill ustrates the initial
state for the interpretation processof the multimodal message in Figure 2. As can be seen, graphica expressons of
G (the map) are included in the graphicd sedion of the MDRS and textual conditions, with the asciated type
information, are included in the lingustic sedion as in normal DRS. A referent is included in the crresponding
partition for every individual that has been introduced through either modality, as referents are considered media
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discoursereferents —m=—

trandation condti ons —m

graphicd condtions —m=

linguistic condtions —m

Figure22 Comporents of the multimodal discourse representation structure.

independent abstradions. In the same way that the order of processng of lingustic information is not crucial for the
definition of the lingustic conditions, we @strad over scanning considerations and asume that graphica
expressons are introduced as a single “sentence™. Finally, the partition for the possble translation models is empty
inthis dage asthe creferring relation between text and graphics has not been establi shed yet.

N, N2, N3, N4, Ns,
01, 02, 03, 04, Os, Os, O7, Og

Saabricken(ny)  city(ny)

France(ny) courtry(ny)

Germany(n: courtry(n
Saabricken lies at the intersedion Paris(nr})/( ) city(ng( )
between the border between Franceand ~ —pm Frankfurt(ns) city(ns)

Germany and aline from Paristo Frankfurt . ) .
n; liesat the intersedion between

the border between n, and iy and
alinefromnsto g

Figure 23 Initidd MDRS for the interpretation o the multimodal message.

20 We Ieft for further reseach whether the analysis of scanning protocols by means of eye-tradking techniques can provide
information to impose alditional constraints on acceibility relations and pasdble trandation models for the mnstruction o
MDRS's. An interesting antecedent for the definition d thiskind d constraints can be foundin (Faraday and Sutcliffe, 1998.
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The interpretation process by constraint satisfadion is ill ustrated in Figure 24. Figure 24 (@) ill ustrates the
interpretation state éter the first cycle of the cnstraint satisfadion algorithm presented in Sedion 3.1 has been
caried out. In this gate, the partition for the trandation conditions contains the digunction of the four possble
trandation models that are mnsistent with the message, taking the message itself as the only interpretation constraint.
Figure 24 (b) ill ustrates the interpretation state once the alditional constraint that Germany is to the eat of France
has been considered®. The interpretation of the wrresponding expresson introduces two additional discourse
referents (ng and n;) as the terms Germany and France in the textual part of the messge should be resolved
anaphoricdly in relation to the context previously built. However, this anaphoric resolution processis kept within the
lingustic sedion of the MDRS and should take into acemunt the accsibility constraints between anaphor and
antecalent as commonly done in DRT. The result of this anaphoric inference is refleded as
the equality conditions ng=nsz and n;=n,. The inclusion of the mnstraint Germany is to the east of France permits to
rule out two pcssble translation models and the result of the second cycle of the mnstraint satisfadion algorithm is
refleded in the new state of the partition for transation conditions of the MDRS. Figure 24 (c) ill ustrates the final
interpretation state in which the cnstraint that Parisis a dty of France has been considered and involves anaphoric
and deictic resolution inferences as in the interpretation of the previous constraint. As a result of this last constraint
satisfadion cycle only one trandation model is left in the partition for trandation conditions and refleds the corred
interpretation of the multimodal message.

Ny, N2, N3, N4, Ns, Ny, N2, N3, N4, Ns, Ny, N2, N3, N4, Ns,
01, 02, 03, 04, Os, Og, O7, Og 01, 02, 03, 04, Os, Og, O7, Og 01, 02, 03, 04, Os, Og, O7, Og
Ne, N7 Ne, N7
Ng, Ny
{m=06, Nz=01, N3=02, N4=0s, Ns=07} [ {M=06, N2=01, N3=02, N4=05, N5=07} {M=06, Nz=01, N3=02, N4=0s, Ns=07}
{m=06, N=0z, N3=01, N4=05, N5=07} [ O
{m=06, N;=01, N3=02, N4=07, Ns=0s} [] {n1=06, N2=01, N3=02, N4=07, N5=0s}

{n1=06, N2=02, N3=01, N4=07, N5=0s}

Saabricken(n;)  city(ny) Saabrucken(n;)  city(ny) Saabrucken(n;)  city(ny)
France(ny) courtry(n) France(ny) courtry(ny) France(ny) courtry(ny)
Germany(nz) courtry(ns) Germany(nsz) courtry(ng) Germany(nsz) courtry(ng)
Paris(na) city(na) Paris(ns) city(ng) Paris(ns) city(ng)
Frankfurt(ns) city(ns) Frankfurt(ns) city(ns) Frankfurt(ns) city(ns)
ny lies at the intersedion ketween ny lies at the intersedion between ny lies at the intersedion ketween
the border between n, and s and the border between n, and iz and the border between n, and s and
alinefromnsto ng alinefromnsto g alinefromnsto ng
ng isto the east of ny ne isto the east of ny
Ne=N3, N7=N2 Ne=nN3z, N7=N2
ngisacity of ng
Ng=N4, Ng=N2
@ (b) (©

Figure24 Interpretation d multimodal message by constraint satisfadion.

As a last example of the integrated anaphoricd and deicticd interpretation consider a situation in which the
natural languege expresson It is big is mentioned after the multimodal message in Figure 2 has been interpreted, as
illustrated in Figure 25. In this latter situation the natural language information would enter into the partition for
lingustic conditions and the pronoun it should be interpreted anaphoricdly in relation to the context currently

2L How this constraint is Hleded is beyond the scope of this paper and we only make the assumption that the symbals in the
graphicd and linguistic partitions of the MDRS form a part of the indexing scheme required to retrieve the information from
memory. For a prototype implementation, thiskind d constraints could be provided by the human-user diredly.
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provided by the MDRS and could resolve to Saabriicken (althoughthere ae several posshiliti es). However, if the
expresson is spparted by an overt ostention to the dty of Paris, for instance, it would have been deictic and its
interpretation would have to be worked out with the same machinery; althoughin this latter situation the translation
relation between graphicd and linguistic referents could be asserted dredly in the trandation model as the ostention
would spare the mnstraint satisfadion part of the deictic inference

N1, N2, N3, N4, Ns,

01, 02, 03, 04, Os, Og, O7, Og
Ne, N7

Ng, Ny

N1, N2, N3, N4, Ns,

01, 02, 03, 04, Os, Og, O7, Og
Ne, N7

Ng, Ny, N1o

{M=06, N2=01, N3=02, N4=0s, N5=07}

{M=06, N2=01, N3=02, N4=0s, N5=07}

Saabricken(ny)  city(ny) Saabricken(ny)  city(ny)
France(ny) courtry(nz) France(ny) courtry(nz)
Germany(ng) courtry(ns) Germany(nz) courtry(ns)
Paris(ns) city(ns) Paris(na) city(ng)
Frankfurt(ns) city(ns) Frankfurt(ns) city(ns)

n lies at the intersedion ketween
the border between np, and 3 and
alinefromnsto ns

ng isto the east of ny

n lies at the intersedion ketween
Itisbig —mm the border between n, and ry and
alinefromnsto ns

ng isto the east of ny

Ne=nNz, N7=N2 Ne=nNz, N7=N2
ngisa city of ng ngisa city of ng
Ng=nN4, Ng=N2 Ng=nN4, Ng=N2

Nioishig
Nio=M
@ (b)

Figure25 Integrated interpretation d anaphara and spatial deixis.

With this we a@nclude the presentation of our model for integrated deictic and anaphoric inferences. As can be
se@, the distinction between anaphora and deixis is clealy demarcated as the antecedent for a pronoun, a proper
name or a description used anaphoricdly is provided by the discourse interpretation context, whil e the referent for a
deictic pronoun, proper name, definite or indefinite description, or a demonstrative word like this and that is taken
from an intermediate representation of a non lingustic modality like the graphicd context, and denotes an individual
of theworld dredly, aview that is consistent with Kamp’s distinction quoted in Sedion 1.

5 Conclusions

In this paper a theory of representation and interpretation for multimodal messages, and a model for multimodal
reference resolution has been presented. The model is based on the view that a modality is a mde system on a
medium which can be taraderized through well-defined syntax and semantics. Multimodal interpretation consists
on working out corefering relations between terms of different modalities. A central concern for the aticulation of
this theory is a dea charaderizaion of the resolution process of spatial deitic inference and its relation with the
resolution of anaphors in normal flow of discourse. A key theoreticd assumption is that graphics are interpreted
deicticdly in oppasition to aternative views acrding to which the interpretation of graphica representations can be
charaderized as anaphoric.

The theoreticd macdhinery for carrying on with the definition of the syntax and semantics is formally developed
along the lines of Montague’'s smiotic programme and its asociated general theory of trandation. We have dso
ill ustrated an algorithm for finding out the translation between texts and graphics, as messages in these modaliti es are
introduced through independent input channels, and the trandlation between linguistic terms and their corresponding
graphicd expressons must be induced dynamicdly. It was also suggested to extend Kamp’s DRT with multimodal
discourse structures (MDRS). This model defines, on the one hand, an integrated interpretation model for
multimodal messages while, on the other, keeps a dea demarcaion between indexicd and anaphoric inferential
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processes. Natural languege terms, like proper names, pronouns and descriptions can be interpreted in relation to a
model; however, these lingu stic terms admit anaphoric and deictic interpretations too.

A final remark before mncluding this paper is that although we used a simplified extensional definition for the
semantics of natural language and graphicd expressons, the system was carefully designed to move smoathly into
the intensional domain. Consider that the extensional formulation used in the semantic definition of the graphicd
languege can be eaily extended into an intensional one by changing the types of constants, predicates and sentences
from individuals, set of individuals and truth values into individual concepts, properties of individuals and
propasitions, respedively. This is achieved simply by indexing the interpretation of expressons in terms of a
posdgble world and time, and all definitions presented above muld be mnsidered relative to the airrent world and
time. The move to the intensional domain would allow the definition of the interpretation of more cmmprehensive
natural language segments.

Intensionality is also relevant for the interpretation of graphica languages, in general, and for the definition of
graphicd and lingustic interadive systems, in particular. In computer graphics interadive sessons, the interadion
states can be cnsidered as possble worlds and the interpretation of graphicd constants would depend on particular
graphicd states. If agraphicd objed like adat, for instance, is moved from one position to another in an interadive
transadion, we have the intuition that the objed before and after the change is the same and denotes the same objed
of the world and yet not even its position, which one culd think of as a esential property of a dat, is the same.
Accordingly, in the intensional setting the semantic value of a graphicd constant is not an individual but an
individual concept. Consider as well that the same graphicad description can have different semantic values in
different interadive states; for instance, the value of the expresdon paosition o d; will be adifferent ordered pair
before and after dot d; is moved. According to this, the interpretation of graphica operators at every index will be a
function from sequences of graphicad objeds of the proper kind into graphicd objeds; however, unlike normal
lingustic situations in which a different function in different index are asdgned to operators and predicates, the same
function at every index has to be adgned to geometricd operators and predicaes, as the geometry is always the
same. Moving into the intensional settingis also relevant for our treament of indexicds. In our current approach the
interpretation of a term used deicticdly is an individual of the world; in the intensional context the interpretation of
the same term in one particular interadion state will be the same in every state despite that the description for
referring to such an objed in the state in which it was sleded might pick up a different individual in a different
State.

An intriguing path of exploration for further development consists in deding with a more general fragment of
natural languege in which temporal expressons are included. In the same way that the language G provided a finite
and small domain for the interpretation of linguistic spatial prepositions, a similar language T for the interpretation
of temporal prepositions could be defined. Temporal predicates and operators of this language would be interpreted
in terms of arithmetic functions like those presented, for instance in Allen’s temporal logic (Allen, 1983. In the
same way that the mnstraint satisfadion algorithm for the definition of the trandation between graphicd and
lingustic terms helped to solve deictic inferences, a mnstraint satisfadion algorithm for resolving temporal deictic
references in relation to a finite and small domain of adions and events is conceivable. The definition for such a
spatial and temporal indexicd model could be quite helpful for the implementation of natural language and graphics
systems in which adions and events are mentioned in the aurse of interadive conversations.

6. Implementation

Although a prototype system for the theory presented in this paper has not been implemented, several aspeds of the
theory have been implemented in relation to simpler systems. A simpler version of the strategy for multimodal
interpretation of the scheme in Figure 3 was implemented in the first version of the Graflog system (Pineda, 1989.
Several versions of the graphicd languege and its geometricd interpreter have been implemented in relation to
different applicaion domains (Morales, 1994, (Masse, 1994, (Santana d al., 1997 and (Garza 1995 with
BinProlog and the TCL/TK programming environment.The geometricd interpreter and the strategy of evaluating a
set of geometricd constraints incrementally in relation to a graphicd domain was used in a later version of Graflog
to solve and generate graphicd explanations of geometricd constraint satisfadion problems (Pineda, 1992 1998,
and also for the definition of a model (not fully implemented yet) for the production of solids out of the orthogonal
views of polyhedra (Garza ad Pineda, 1998. The scheme for enumerating functions used in the definition of
trandation models was implemented for a semantic theorem-proving system written in Prolog to find the posshle
models satisfying logicd theories about graphicd scenarions of the Hyperproof system (Barwise d al., 1994 on the
light of the present theory.
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