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Abstract

In this paper we provide an outline of amodel for the flow information in conversations. We
explain the model by means of a metaphor. We propose that certain natural language phrases
(i.e., anaphoric expressions and questions) are used to express gaps. These gaps are what
gives rise to information flow in conversations. After dealing with a simple conversational
exchange in terms of this approach, we proceed to deal with different forms of indirect infor-
mation transfer in conversations as they are manifested by bridging anaphors and indirect an-
swers. At that point, we will |eave the metaphorical presentation behind us and examine some
of the details of our logic-based model itself. For the full details of the model we refer to
Piwek (1998).

I ntroduction

The success of an agent depends heavily on the ability of the agent to adapt its behaviour
to its environment. Adaptation can be achieved by means of direct stimulus-response re-
lations between events in the environment and actions of the agent. For instance, snails
withdraw into their shell when they come into contact with a pointed object. Such behav-
iour is very much tied to the local properties of the current situation in which the agent
finds itself. Often it is, however, profitable to take into account information which goes
beyond the confines of the current situation. For instance, for deciding whether to go to
the cinemaright now, information | came across when reading the programme some time
ago is certainly helpful. This presupposes that | stored the information that is conveyed
by the programme in some form or other. Thisinformation can be considered to be anin-
ternal representation, which can guide an agent in itsinteraction with the environment that
the representation stands for.

The internal representation that an agent has of the world is constantly updated in
variousways (which might actually not be as disparate as the following classification sug-
gests). We may discern direct observation, theory building (i.e., generalizing information
which came from direct observations), drawing conclusions and communication, i.e., ex-
change of information amongst agents. When agents communicate, they aim at sharing
the representations that they individually have of their environment (this environment in-
cludes the agents themselves and their conversation)®. Of course, sharing of information
isonly feasibleif the agents entertain structurally similar conceptualizations of the world.

Theaim of thispaper isto provide the outline of aformal model of information flow
in natural |anguage dial ogue (the paper is based on Piwek (1998) which contains more de-
tails. See also the last section of this paper for related references). This model should pre-
dict whether a particular dialogue is felicitous, given the background in which the dia-

1. Evenutterancessuch as'hello’ can be seen as conveying information. For instance, ‘hello’ can be
used to indicate that an agent wantsto initiate a conversation.
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logue is conducted. On the basis of our functional view on the role of information, we can
formulate an a priori constraint on our model of information flow: information flow
should not destroy the representational nature of the information. If this representational
nature islost, the information can no longer help the agent to adapt to its environment.

At thispoint, logic, i.e., the study of correct reasoning, comesinto the picture. Logic
concerns precisely the manipulation of information without loss of itsrepresentational na-
ture: an argument is logically valid only if the truth of premises carries over to the truth
of the conclusion. We shall seethat logic isnot only on a priori grounds agood candidate
for modelling information flow, but also provides an adequate model for the data of nat-
ural language use.

We will proceed asfollows. We start by providing ametaphorical account of infor-
mation flow. Thisaccount isdevel oped by discussing avery simple example. Subsequent-
ly, we discuss some of the details of the underlying formal model. This enables usto pro-
vide an outline of our account of ‘indirect’ information flow in discourse. The main aim
will beto show that logic provides the proper handle to deal with that type of information
flow. Finally, we end with asummary and some referencesto further reading on the topic
of this paper.

Gaps and changing pools of infor mation

To speak of information flow would be somewhat gratuitous if there were not some out-
standing characteristics that information shares with other things that can flow, such as,
say, water, tea, or coffee. The model of information that we propose includes such a char-
acteristic. Like a liquid, information can be thought of as flowing from higher to lower
places; in particular, it flows into informational gaps. This analogy between information
and liquids should become clearer after we have introduced the notion of an informational
item.

Informational items

An informational item consists of an object, and this object carriesits type with it. Thus,
instead of writing o, for some informational object, we write o0 : t, where t is the type of
the object 0. The type should be thought of as part of a conceptualization of the external
world, i.e., thedomain of interpretation of theinformational items. The presence of an ob-
ject of acertain typet in the agent’s information pool means to the agent that there exists
an object in the external world which fits the type t. To make this more concrete, let us
have alook at a very simple body of information. The domain of interpretation for this
pool of information is an electron microscope?. This pool of information contains five
items (to the right, we have added natural language paraphrases of each of the informa-
tional items):

D a :lens thereisalens, werefer to it with constant a
b :lens thereisalens, werefer to it with constant b
s :cl-a aisacllens
t :c2-b bisac2lens
u :excited-b b isexcited

2. The exampleistaken from the DENK domain (see Bunt et al., 1998).
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In words. There aretwo lenses, a and b. They are different kinds of lenses: aisacl lens,
and bisac2 lens. Furthermore, b is excited (The light source in an electron microscope
Is an electron gun. The microscope has electromagnetic lenses. By varying the current
through the lens, the magnification can be changed). Note that in our example, there are
also objects whose type is a proposition (e.g., u in u : excited - b). Such an object stands
for the situation which would make the proposition true in the domain of interpretation.
Simultaneously, the object functions as an internal proof/witness for the agent that the
proposition holds.

Information flow in dialogue

A dialogue enablesthe interlocutorsto share the information that their respective pools of
information contain. The information pool of an agent can be divided into the information
that the agent believes to share with the other agent, let us call thisits public information,
and the information that the agent does not believe to share, i.e., its private information.
In the course of adialogue, private information is continually turned into public informa-
tion. The prototypical conversational unit for doing so is a pair of utterances, such as a
guestion followed by an answer. By means of a question, an interlocutor can specify what
information it would like to become public. The answer subsequently provides thisinfor-
mation®. Consider:

2 A : Which lensis excited?
B : Thec2lens (is excited).

We will examine this exchange in detail by assigning apool of information to each of the
interlocutors at the outset of the exchange, and then study how their utterances cause that
information to start flowing. At the beginning of the dialogue, interlocutor B has the in-
formation pool under (1). Additionally, assume that in B’ s pool of information, the infor-
mation that thereisacl and ac2 lensis considered to be public, whereas the information
that the c2 lensis excited is private.

So, let us examine A’ s utterance from B’ s perspective. A’ s utterance can be seen as
presenting an informational gap to B. Thisgap hasto befilled with alenswhichisexcited.
Formally, such gaps can be expressed by means of a so-called segment:

3 X :lens, S: excited - X

The bold faced X stands for the gap that needsto befilled. Note that there is another gap,
S which also needsto befilled. The latter gap has to be filled with a proof for the propo-
sition that the filler of X isexcited. However, thereisacrucia difference between X and
S whereas the person who posed the question is interested in the identity of the filler of
X, theidentity of Sisirrelevant*. The pool of information which is associated with B does
indeed provide the information to fill these gaps.

3. For the purpose of this paper, we make the simplifying assumption that the person who answers
the question is known, by the interlocutors, to be an expert on the topic of the question. This caus-
esthe answer to become shared information. For a more sophisticated model of how information
comes to be shared, see, e.g., Piwek (1998).
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(4) a:lens
b:lens
s:cl-a
t:c2-b public
— u:excited-b

y
.
excited - '

lens

Here, we have used a pictorial representation for the gaps X and S. Each gap has, what we
might call, a filter associated with it. The filter is written below the gap and determines
which objects are allowed into the gap. In this case, the gaps Sand X are filled with the
objects u and b, respectively. We aready pointed out that from the questioner’ s point of
view only the filler of gap X is of interest: thisfiller stands for the lens which is excited.
At this point, the task for B isto communicate to A that the object which b representsis
excited.

If B has a correct representation of the public information, then A’s representation
of the public information will also contain an object for the c1 lens and an object for the
c2lens:

5) c :lens
d :lens
v :cl-c
w:c2-d

B’s response (‘the c2 lens is excited') can be seen as being composed of two parts: the
identification of an object (‘the c2 lens’) and the assertion that this object is excited. The
identification of the object is achieved by means of a gap; ‘the c2 lens' corresponds to:

(6) Y :lens, T:c2-Y

Thefillersfor thegapsY and T ared and w, respectively. Secondly, B’ s utterance contains
new information about the object d. Assuming that in this conversation B is an expert on
lenses, A and B will make the proposition that this lensis excited public information. B
can achieve this by simply moving ‘u : excited - b’ from its private to its public informa-
tion. In the case that A was asking a genuine question (i.e., not an exam guestion or arhe-
torical question), A’s private information did not yet contain a proof for the fact that d is
excited. Therefore, A has to add a fresh proof for that proposition to its representation of
the public information. In summary, after the exchange in (2), the public information has
been updated with the information that the c2 lens is excited.

4. Sneedsto befilled with an object which standsfor asituation, i.e., the situation in virtue of which
excited - x (for some object x) istrue. If excited - X istrue, thereisexactly one such situation. Thus,
the identity of that situation cannot be something which the questioner isinterested in.
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L ogic and indirect information

In order to deal with more complicated cases of information flow, we need to introduce
some formal notation. Let I', and I'g stand for the pools of information of A and B, re-
spectively. Now, reconsider (4). Therewe provided apictorial representation of thefilling
of two gaps, i.e., X and Sinthe segment X : lens, S: excited - X. Henceforth, we will write
the following to state that the gapsin a segment A can be filled given some pool of infor-
mation I

@) Thereisasubstitution [c] such that: T' | A [o]

A substitution [c] is an assignment of objects to the gaps in a segment. For instance, the
substitution that is represented in (4) is written [X := b, S:=u]. Inits entirety (4) corre-
sponds to:

(8) I'g X :lens, S: excited - X [X:=Db, S:=u].
If we carry out the substitutions in (8) we obtain:
(9 I'g fb:lens u:excited- b

Logic enters the picture through the relation ‘| *. Alternative waystoread ‘T' | C' are: 'C
can be derived in I” and ‘C is deducible from I'". In the examples that we presented up
till now, something could be deduced from apool of information if it wasliteraly present
in that pool of information. Logic, however, also allows us to make information that is
implicitly present explicit. Consider, for instance, the following two pieces of informa
tion:

(20 (& If Mary'scar isinthe garage, then sheisat home.
(b) Mary’scar isinthe garage.

A pool of information which contains these two pieces of information, implicitly contains
the information that Mary is at home. If we abbreviate the propositions expressed by
(10.a) and (10.b) as‘p= q and ‘p’, respectively, then the formal representations of the
corresponding informational items are:

(1) (@ f:(p=09
(b) a:p

In other words, there is a proof f for the proposition (p = q) and a proof a for the propo-
sition p. A proof for (p = q) correspondsto a function which yields a proof for q when it
is applied to a proof for p. Thus, f can be used to obtain a proof for q by applying f to a.
Thisway, we obtainthe proof f - afor g (where*-’ standsfor function application). In other
words, aproof for ‘Mary isat home' can be constructed from the information that is con-
veyed by (10.a) and (10.b).

Presupposition
When we dealt with the utterance of ‘ The c2 lensis excited’, we pointed out that ‘the c2
lens givesriseto agap which hasto befilled with an object from the public information.
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We pointed out that the identification of this object is separate from the assertion that is
performed by uttering ‘The c2 lens is excited’. This observation goes back to Frege
(1892), one of the founding fathers of modern logic, who pointed out that negation does
not affect the information that is conveyed by a definite description such as ‘the c2 lens':

(12 The c2 lensis not excited.

Whereas the negation does reverse the assertion, (12) still requires that the public infor-
mation contains a c2 lens. Expressions whose interpretations behave this way are called
presuppositions. Let us now look at some properties of presuppositions, which nicely fit
into the model of information flow that we have proposed.

We start by an examination of presuppositions in conditionals. Compare the dis-
course in (13.a) and (13.b):

(13.@) John hasabottle of Chateauneuf-du-Pape. He keepsit in hiswinecellar. The bot-
tleistwelve years old.

(13.b)  (??) If John hasabottle of Chateauneuf-du-Pape, then he keepsit in hiswine cel-
lar. The bottle istwelve years old.

The two question marks indicate that the discourse in (13.b) isintuitively felt to be anom-
alous as opposed to the felicitous discourse in (13.a), which differs only slightly from
(13.b). The difference between (13.a) and (13.b) isthat in (13.b) the object which is pre-
supposed by the utterance of ‘the bottle’ isintroduced in the antecedent of a conditional
(i.e., ‘If John has a bottle of Chateauneuf-du-Pape’). It seemsthat this object is not acces-
sible for reference in the sentence which follows the conditional. Note, however, that the
bottle is accessible from the consequent of the antecedent, asiswitnessed by the fact that
the description ‘the bottle’ in (14) picksthe object which isintroduced as*abottle of Cha-
teauneuf-du-Pape’:

(19) If John has a bottle of Chéteauneuf-du-Pape, then he keeps the bottle in hiswine
cellar.

We model the judgments concerning (13) and (14) by positing that an object whichisin-
troduced in the antecedent of aconditional isnot added to the public information, but rath-
er treated as a hypothetical extension of the public information. This hypothetical exten-
sionisonly used for the interpretation of the consequent of the conditional. Therefore, the
object is no longer accessible in the discourse that succeeds the conditional.

The feicity of (13.a) requires no further explanation. It follows from our approach
to presuppositions as it has been sketched in the previous section. So, let usturn to (14).
The structure of (14) can be represented as:

(15) P=Q,
Here, n stands for the gap that is induced by the description ‘the bottle’ (formally we

write: [X: object, P : bottle- X]). According to our approach, i hasto befilled with respect
to I" (the public information of the information pool of the interpreter) extended with P,
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I.e., asubstitution Sis required such that:
(16) T,Pt=[Y

Thereisindeed such a substitution. This substitution assigns the object that isintroduced
by ‘a bottle of Chéteauneuf-du-Pape’ in P, to the gaps in . Now compare this with the
interpretation of the last sentence in (13.b). It hasto be interpreted with respect to I" only.
I" does not contain the introduction of a bottle, which is presupposed by the utterance of
‘the bottle’ in the last sentence. Hence, the infelicity of the discourse.

Let us now consider another small discourse, which provides further evidence for
the role of logical inference in information flow (the example is taken from Kamp and
Reyle, 1993, p.205):

(17) (@) The barn contains a chain saw or a power drill.
(b) 1t makes an ungodly racket.

Intuitively, ‘It" in (17.b) refers to a machine, whether it be a chain saw or a power drill,
which is present in the barn that has been introduced in (17.a). Now, the problem is that
such a machine has not been mentioned explicitly in the first sentence of (17.a). We will
show that the information about the machine is, however, implicit in the information that
is conveyed by (17.a) and can be made explicit by means of logical inference and the use
of some world knowledge.

The piece of world knowledge that isrequired to interpret ‘It’ in (17.b) isthat chain
saws and power drills are machines. This piece of world knowledgeis public information
and can, therefore, be used by an interpreter of (17). Thus, we assume that the public in-
formation of a pool of information contains more than solely the information which has
been exchanged in the current discourse. It also contains all information which can rea
sonably be assumed to be public on the basis of the fact that the interlocutors are members
of the same community of language users.

In order to demonstrate thelogical inference from the explicit information conveyed
by (17.4) to the implicit information, we need to introduce some abbreviations:

(18) Thereisachain saw in the barn.
Thereisapower drill in the barn.
There is amachine in the barn.

Y
q
r
Now let usfirst restate the world knowledge that is needed:

(29 @p=r
(byg=r

The content of (17) itself isp or . Our aimisto provethat r holds. We proceed asfollows.
We assumethat r does not hold (i.e., not r) and proceed to prove that this assumption leads
to a contradiction. From that, we conclude that r does hold (this patterns of logical argu-
mentation is called the reductio ad absurdum). So, assume that not r. From (19.a) and not
r, it followsthat not p (thisinference step is called contraposition). Similarly, from (19.b)
and not r, it follows that not g. From (17) and not g, we can provethat p. Note that we had
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already proven not p. Hence, the assumption not r, on the basis of which we proved this
contradiction, is false. In other words, r is true>.

Questions and answers

We showed that questions can also be seen as introducing a gap which needs to be filled
by an object from the public information. Again, the role of inference and background
knowledge is paramount. Consider:

(20) A : Whoisat home?
B : Mary’scar isin the garage.

At face value, B’ s utterance does not provide afiller for the gap that correspondsto A’s
question. The gap hasto be filled with a person who is at home. But now, assume that the
pool of information against which A evaluates B’s answer contains the information that
‘If Mary’scar isin the garage, then sheisat home'. In that case, thefiller can be deduced;
for details, see the discussion of (10). Alternatively, consider:

(21) A : Whoisat home?
B : If Mary’scar isin the garage, then sheis at home.

Again, no filler is presented directly. In this case, afiller (i.e., ‘Mary’) could be deduced
if theinformation that Mary’s car isin the garage is already available. But also if thisin-
formation is not available, B’ s response seems to be a genuine answer to A’s question.
Here the notion of a hypothetical extension of the information pool, which we already
used for modelling presuppositions, is useful again. Whereas a direct answer leads to a
filler of the question by simply adding it to the informational pool, an indirect answer, as
in (21), provides afiller only with respect to an additional hypothetical extension of the
information pool (for (21) thisis the information that Mary’s car is in the garage). The
hypothetical extension can be read from the structure of the answer: if the answer isacon-
ditional, the extension is the antecedent of the conditional. Such answers will be called
conditional answers. Unfortunately, this structural approach isto crude. Consider:

(22) A :IstheTV on?
B : Itispluggedin.

Now, assume that the background information which isavailableis: If the TV is plugged
in and the on switch has been pressed, thenthe TV ison. Notethat in this case, B’ sanswer
is neither adirect nor a conditional answer. Fortunately, we can use the notion of condi-
tional answerhood as the basis of a notion of indirect answerhood which covers (22). We
define an indirect answer as an answer which, when it is added to the information pool,
allows usto derive anew conditional answer. In this case, the new conditional answer is:
If the on switch has been pressed, thenthe TV ison.

5. Note that at the end of this chain of reasoning we employed the principle of the excluded mid-
die i.e, piseither false or true. That allowed usto infer r from the falsity of not r. In intuition-
istic mathematics (as opposed to classical mathematics), this principle is not valid. In our view,
examples such as (18) strongly suggest that the principleisrelied on in ordinary language use.
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Wedo, however, haveto be careful. Asit stands, this definition turns every response
into an indirect answer (Groenendijk and Stokhof (1984) point out a similar problem for
their modeltheoretic account of indirect answerhood). Consider:

(23) A : IsJohn a home?
B : My cup isempty.

The conditional answer that can be inferred after adding B’ s response to the pool of infor-
mation is. ‘Johnisat homeif the fact that my cup is empty implies that John is at home'.
The antecedent of this conditional answer (i.e., the fact that my cup is empty implies that
John is at home) is, however, rather peculiar. The antecedent and the actual answer al-
ready suffice to find afiller for A’s question. In other words, the antecedent is overin-
formative; the information that is required to prove the antecedent is equivalent to thein-
formation conveyed by the consequent.

Note the difference with the answer in (21). There the antecedent of the conditional
answer contains information which is different from the information in the consequent.
This means that the questioner can find an answer to his original question (‘Who is at
home’), by inspecting whether Mary’s car is in the garage. He does not have to find out
whether Mary is at home, to have his question answered. Therefore, the answer in (21) is
genuinely helpful, whereasthe onein (23) isnot. For aformal account of indirect answer-
hood we refer to Piwek (1998).

Summary and further reading

The main aim of this paper isto demonstrate the usefulness of logic for the study of con-
versation. In this respect, our aims are very much in line with Grice's work on logic and
conversation (Grice, 1975; 1989). Grice tried to show that the apparent divergences be-
tween certain formal devices, such as/\, \/, = and their counterparts in natural language
(and, or, if ... then ...) areillusive, and disappear when we carefully study the conditions
governing conversations.

Of course, things have changed since Grice initiated his programme. In particular,
whereas Grice studied the relation between logic and conversation, nowadays it has be-
come a truism that the two only come together through the study of information and, in
particular, information flow. Information flow is central to this paper. We show that in-
formation can indeed be said to flow in some sense: it flows into gaps. We address some
problemsin the treatment of presuppositions and questions, and show that the use of gaps
and agood deal of logic gets us quite some way.

The notion of information that isused in this paper goes back to the pioneering work
of Karttunen (1976). He was probably the first to see indefinites as introducing objects
which under certain conditions are available for later reference. The ideas that were al-
ready present in Karttunen's work were first formalized by Heim (1982) and Kamp
(1981). The work has become known as ‘ File Change Semantics and ‘ Discourse Repre-
sentation Theory’ (DRT), respectively. Interestingly, the formal frameworks set up by
Kamp and Heim are similar to a class of formal systems, Constructive Type Theories
(e.g., Martin-Lof, 1984; De Bruijn, 1984; Nederpelt, Geuvers & De Vrijer, 1994), which
predate them. Sundholm (1986) was the first to use Constructive Type Theory (CTT) to
model some of the datathat are also covered by DRT.
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Other researcherswho have employed CTT for modelling natural language are, no-
tably, Ranta (1994) and Krause (1994). The core of this paper is based on Piwek (1998),
who also uses CTT as hisformal framework. The research on which this paper was based
was carried out within the DENK project (Bunt et al., 1998). Within that project, CTT was
used astheformal basis of adialogue system. A selection of further papers on information
exchange and CTT which arose out of this project are Ahn (1995), Ahn and Borghuis
(1997), Beun and Kievit (1995), Kievit (1998), Krahmer and Piwek (forthcoming), and
Piwek and Krahmer (in press). Finally, we refer to Beun (1994) and Piwek (1997; 1998)
for further investigations of dialogue structure and information flow within DENK.
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