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Communication inherently tends to be cooperative. Not only the sender of a
message intends to communicate, but also the receiver is normally motivated to
know the semantic content of the message intended by the sender. The present
paper accounts for how autonomous agents as selfish utility maximizers naturally
cooperate in reaching a common optimal mapping between messages and their
contents, raising the robustness of communication. An occasion of communication
between two agents can be generally formalized as a non-cooperative n-person
game, and the optimal mapping is shown to be obtained as a Nash equilibrium
which maximizes the agents’ expected utility over all the possible occasions of
communication. Some regularities in natural language anaphora are demonstrated
to follow from this account.
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1 Introduction

In communication, both the sender and the
receiver of a message are motivated to commu-
nicate. That is, not only the sender wants to
communicate a semantic content by sending a
message, but also the receiver normally wants
to interpret that message correctly. Commu-
nication is cooperative in this sense. More
technically speaking, illocutionary act in the
sense of Austin (1962) is performed by cooper-
ation of the communicating agents.

The present paper discusses how such coop-
eration may contribute the reliability of com-
munication. As is the case with natural lan-
guage, a message may be ambiguous, poten-
tially denoting several different semantic con-
tents. This ambiguity accounts for efficiency
of language (Barwise & Perry, 1983), because
it allows the same message may be used dif-
ferently in different occasions. But of course
the problem here is how to disambiguate. It
is this disambiguation that the rest of the pa-
per concerns. Such a study should be useful
not just for explaining communication among
humans and other living beings, but also for
designing artificial agents communicating with
each other or with humans.

Below we are going to formalize a case of
communication as a non-cooperative game, and
investigate what kind of protocols for disam-
biguation should be stably agreed upon among
the communicating agents. A key assumption
here is that the agents recognize each other as
selfish utility maximizers, and that this mutual
recognition is exploited in mutually recognizing
plans. We will mainly investigate Nash equi-
libria of the game to characterize the optimal
protocol, unlike in the previous work (Etzioni,
1991; Durfee, Gmytrasiewicz, & Rosenschein,
1994; Nagao, Hasida, & Miyata, 1993) on com-
munication by utility maximizers.

2 Communication as Game
The range of ambiguity of each message may

vary from one context to another. That is, it
may be the case that a message is ambiguous

across a set of contents in a context, whereas it
is ambiguous across a different set of contents
in a different context. In English, for instance,
‘you’ may refer to Tom or Bill in one occasion
but to Mary or Kim in another. The problem
here is how to resolve this ambiguity.

Let us consider a very simple example of
how agents are able to ‘cooperate’ in disam-
biguation. Suppose that, as shown in Figure 1,
message m; can mean ¢ither content c; or ¢,

1 C2

NN

my m2

Figurel: A Simple pattern of possible encoding
of contents by messages.

whereas ma means ¢z only. In this case, the
sender as a rational agent will use mz to com-
municate cz, because using m; instead would
make the receiver face the ambiguity between
the two interpretations corresponding to ¢; and
¢g, thus lowering the probability of correct in-
terpretation. On the other hand, the receiver
as a similar rational agent will interpret m; as
meaning ci, by recognizing that, for the above
reason, the sender would have used my in place
of m; if she had wanted to communicate cs.

Here let us formalize a notion of communi-
cation. An entire system of communication is
defined as a set of conterts of communication.
A context ® of communication is a 7-tuple
[S,R,C,P,M,E,U]. S is the sender, R the
receiver, C the set of semantic contents, P the
probability assignment over C, M the set of
messages, and E the encoding. We assume the
following regarding them.

(1) a. Cand M are finite sets.
b. P is a function from C to non-
negative real numbers not exceeding
1.1

1'We need not assume Z P(c) =1, because S might

ceC
want to communicate several semantic contents at one
time, as discussed in Section 2.2.
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c. E is a binary relation between C
and M. Thatis, E CC x M.

We say m encodes ¢ when (c,m) € E. E speci-
fies the patterns of ambiguity of the messages,
as in Figure 1. The contextual differences are
partially reflected in E.

An occasion of communication under ® is
a triple [cs,m,cg], where {cg,m) € E and
(cr,m) € E. This is to be interpreted as a
situation where S, intending to communicate a
semantic content cs, sends a message m to R,
who interprets m as meaning cg. We say this
occasion of communication is successful when
¢s = cg. We call U the utility assignment, and
assume the following.

(2) U defines both S’s and R’s utility (a real
number) of every occasion of communi-
cation under ®.

The success of the occasions of communication
is normally considered as having the greatest
contribution to utility.

As for the agents, let us assume:

(3) S and R share all the information in P,
"Eand U.

That is, they mutually believe that their infer-
ences presuppose the same probability distribu-
tion over the contents, the same encoding, and
the same utility assignment. So the agents are
allowed to infer each other’s plan to arbitrary
depths of belief embedding. Next, we assume:

(4) S and R are selfish utility maximizers,
and they recognize each other as such.

So each of them tries to maximize her own
expected utility, knowing that the other is doing
so. The expected utility is accounted for by the
utilities and the probabilities of the occasions
of communication under ®. The probability
of an occasion {cg,m, cg] of communication is
the product of P(cg), the probability of S’s
sending m under the condition that she wants
to communicate cs, and the probability of R’s
interpreting m as meaning cg, the latter two
of which are up to S and R’s decision. Finally,
for the time being let us suppose: ‘

(5) S and R are logically omniscient, and can
carry out any computation with no cost.

This allows us to disregard computational cost
when considering the agents’ utility, greatly
simplifying the analysis. However, postulat-
ing logical omniscience here will not diminish
the significance of the discussion that follows,
because, as shown later, logically omniscient
agents should be willing to agree upon some
protocol for the sake of reliable communica-
tion, and such a protocol is often executable
for agents with limited computational capacity,
allowing them to simulate logically omniscient
ones and hence to obtain the best possible
utility.

Below we are going to consider two differ-
ent types of situations in communication, and
formalize them as two different types of games,
though it will eventually turn out that those
two are equivalent. In either case, S and R are
to decide their optimal strategies in the setting
of some game. Here let us postulate:

(6) S and R have agreed upon following a
certain protocol to determine their strate-
gies.

We suppose that this protocol is a best possible
one, in the following sense.

(7) The protocol ensures that each of S and
R can uniquely decide her strategy.

Being logically omniscient, the agents should
be willing to agree upon respecting such a pro-
tocol, because the success of communication
contributes best to their utility. The probabil-
ity of successful communication is maximized
when the agents know each other’s strategy,
which is possible if (7) holds.

We consider that a context is too transient
to have any room for negotiation. So it is
not that different protocols are agreed upon
for different contexts of communication. We
assume the following instead.

(8) One common protocol is agreed upon for
all the contexts.
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S and R as selfish utility maximizers, how-
ever, may break the agreement and use different
protocols. For the agreement to be effective, the
protocol hence should be stable in the following
sense. -

(9) Neither S nor R can expect to profit more
by adopting other protocols.

In the following section, we want to investigate
what such protocols are.

2.1 |C|+ |M|-Person Game

When S wants to communicate a semantic con-
tent ¢, she will try to figure out the message
m* which maximizes her expected utility. Her
expected utility is influenced by the probabil-
ity of the success of communication. But the
success of communication means R’s interpret-
ing m* as meaning ¢. So S must calculate,
for each candidate m for m*, the probability
of R’s interpreting m as meaning c¢. In turn,
when R wants to understand message m, she
will try to figure out the semantic content c*
which maximizes her expected utility, which is
influenced by the probability of the success of
communication, which means here S$’s having
sent m intending c¢*. So R must calculate, for
each candidate ¢ for ¢*, the probability of S’s
sending m as meaning c.

Consequently, the search by each agent will
constitute an infinite tree. Figure 2 depicts such

my ma mpy m2 m; . mg m; ma
Cc1 €2 €1 C2 €ic2cC1C2 C1C2CC2 C1C2C1Ca

Figure 2: Inference by S to communicate se-
mantic content ¢;

a tree for § when she wants to communicate

ci, where C = {¢1,¢e2}, M = {my,m2}, and
E = C x M. The nodes labeled by c; represent
S when she wants to communicate c;, and those
labeled by m; represent R when she wants to
interpret m;, for i = 1,2. An agent at each
such state searches over the subtree dominated
by the corresponding node.

Such an infinite tree is not a so-called game
tree or decision tree, because it is not the case
that S and R are taking turn through the
path running down from the root node. The
behaviors of S and R in such a setting cannot
be regarded as sequences of turns, and hence
the situation cannot be regarded as a game of
an extensive form.

Incidentally, that logically omniscient agents
should search over infinite trees entails that
protocols to enforce a finite search depth are
unstable. For example, a protocol is not stable
if it requires S to disregard the contents which
R may wrongly assign to the message. This
is because the same message may have differ-
ent sets of potential interpretations in different
occasions. In the situation shown in Figure 1,
for instance, S should dynamically take c; into
consideration when she wants to communicate
¢z, because in some other context msy instead
of m; might be ambiguous between ¢; and cz.

The kind of communication between two
logically omniscient agents, which involves in-
ferences over such an infinite tree as discussed
above, can instead be regarded as a non-
cooperative game with infinitely many players.
Here the players are the states of the agents
represented by the nodes of the infinite tree.
The simple strategies of each player labeled
with content ¢’ are the ways of encoding ¢’
into some message m’ such that (¢, m') € E,
and the simple strategies of each player labeled
with a message m’ are the ways of decoding
m' into some content ¢’ such that {¢,m’) € E.
Considering mixed strategies, the utility func-
tion of each player is naturally obtained as
that of the corresponding state of the agent.
The protocol for the agents is shared among all
the players. Also, all the players are logically
omniscient utility maximizers, since the agents
are. This game is non-cooperative, because the
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players cannot communicate but by knowing
the strategies of the players located lower in
the tree. . S

Then the protocol must be deterministic,
in the sense that it makes all the players with
the same label choose the same strategy. Oth-
erwise, a player X, being logically omniscient,
would notice that there are several different
strategies she could choose.? This means that
X cannot uniquely decide her strategy under
the protocol. But then it follows that S or
R cannot uniquely decide her strategy given
some content or message, because X represents
either S when wanting to communicate a cer-
tain content or R when wanting to interpret
a certain message, and logically omniscient
utility maximizers should come to the same
conclusion when situated in the same circum-
stance. This contradicts (7). S may be able to
uniquely determine her strategy for communi-
cating c (the semantic content she really wants
to communicate now), but the strategy must be
agreed upon without knowing what ¢ is, so that
(7) entails that S must be able to determine
her strategy for communicating any content in
C. Similarly, (7) entails that R must be able
to determine her strategy for interpreting any
message in M.

Given that a useful protocol must be de-
terministic, below we shall consider what a
stable protocol may be. Note that, under a
deterministic protocol, the infinite tree as in
Figure 2 is rendered a finite bipartite graph
as in Figure 3, because the players with the

1 C2
my ma

Figure 3: The finite bipartite graph as the
reduction of the tree in Figure 2.

same label decide on the same strategy, the

2Those strategies must be equally profitable to
X.  Otherwise X could disregard the less profitable
strategies for the sake of utility maximization.

nodes with the same label reducing to one and
the same node. The game hence reduces to a
non-cooperative game with finite (|C| + |M])
players, who are S and R when wanting to
communicate a certain content and interpret a
certain message, respectively. Their strategies
are defined straightforwardly as before.

The search space now being finite, the
agents often need not be logically omniscient
to simulate the behavior of logically omniscient
agents. Note that the reduction of an infinite
tree to a finite bipartite graph follows if the
agents were logically omniscient utility maxi-
mizers and thus are willing to agree upon using
aprotocol meeting (7) and (8). This means that
agents with limited computational power can
often do as good as logically omniscient agents
in raising the reliability of communication, by
adopting the same protocol for disambiguation.

Then what should the protocol be like?
First, this reduced game must have some Nash
equilibrium, because. there are only finitely
many players and simple strategies, and so the
protocol, being stable, must yield one Nash
equilibrium. Otherwise, some player would
be motivated to change her strategy, hence
deviating from the protocol. If some player
were motivated to break the agreement and
deviate from the protocol, then either S or
R should have that chance, contradicting (9),
which requires the protocol be stable.

Second, the protocol should maximize some
joint expected utility of S and R over the
whole context, rather than for a particular case
where S wants to communicate some particular
content or where R wants to interpret some
particular message. This is simply because the
same protocol must be shared among all the
players in the |C| + |M|-person game under
consideration, due to (8). Also due to (8),
the protocol should maximize the agents’ joint
utility over all the contexts.

2.2 Multiple Communication

The above discussion extends to the cases where
S wants to communicate k different contents
at one time. In such a case, an occasion of
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communication is regarded as a two-person
game, where the players are S and R, each of
S’s strategies is to choose several messages to
encode the contents she wants to communicate,
and each of R'’s strategies is to assign a content
to each of the messages she receives.

Through essentially the same discussion as
before, the search space for each player in this
game reduces to the bipartite graph as in Fig-
ure 3. We can also show that two corresponding
games of the two types have the same set of
equilibria. Note that in the |C| + |M]-person
game, due to the bipartite configuration of the
players, a change of the strategy of S wanting
to communicate a content does not affect the
utility of S wanting to communicate a different
content, and similarly a change of the strat-
egy of R wanting to interpret a message does
not affect the utility of R wanting to interpret
a different message. So if a player can expect
more profit by changing her strategy in the two-
person game, then that change corresponds to
changes of several players’ strategies and some
of these players should expect more profit in
the |C] + |M|-person game. That is, if a state
(an assignment of strategies to the players) is a
Nash equilibrium in the two-person game, then
the corresponding state in the |C|+|M|-person
game must be a Nash equilibrium as well. The
opposite is similarly true.

Consequently, the two protocols, one for the
two-person game and the other for the |C|+-|M|-
person game, are essentially the same in the
sense that they yield the same assignment of
strategies to the communicating agents. In
summary, the two settings of communication
discussed so far are treated uniformly as re-
specting the same protocol, which is to yield
a Nash equilibrium (of either type of game)
which maximizes some joint utility of S and R.

3 Case of Natural Language

Anaphora in natural language provides an ex-
ample of a context of communication regarded
as a two-person game. Several proposals have
been done to account for anaphora. Let us
take centering theory (Joshi & Weinstein, 1981;

Brennan, Friedman, & Pollard, 1987; Walker,
Iida, & Cote, 1994) as an example, and show
that the core of the theory follows from our
account developed above. '
Let U; denote the i-th utterance. Centering
theory considers list C f(U;) of forward-looking
centers, which are the semantic entities referred
to in U;. The forward-looking centers of ut-
terance U are ranked in Cf(U) according to
the salience. In English, this ranking is deter-
mined by grammatical functions of the referring
expressions in the utterance, as below.

subject > direct object > indirect
object > other complements > ad-
juncts

The highest-ranked element of C f(U) is called
the preferred center of U and written Cp(U).
Backward-looking center Cb(U;) of utterance U;
is the highest-ranked element of C f(U;-1) that
is referred to in U;.3 Cb(U) is the entity which
the discourse is most centrally concerned with
at U.

Further, centering theory stipulates the fol-
lowing defeasible ‘rules.’

(10) If an element of Cf(U;-1) is referred to
by a pronoun in U;, then so is Cb(U;).

(11) Types of transition between utterances
are preferred in the ordering:
CONTINUE > RETAIN > SMOOTH-
SHIFT > ROUGH-SHIFT

The types of transition are defined in Figure 4.

CH(U;) = Cb(U;-1) | Cb(U;) # Cb(U;-1)

Cb(U;) = Cp(U;) CONTINUE SMOOTH-SHIFT

RETAIN ROUGH-SHIFT

Cb(U;) # Cp(U;)

Figure 4: Types of transition.

Consider the following discourse for exam-
ple.

3We are simplifying the account here by replacing
‘refer to’ for ‘realize’ in the original account, but this
does not influence the significance of our discussion.
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U;: Tom was late.
Cf =[Tom|
Us,: Bob scolded him.
Cb =Tom, Cf =[Bob,Tom]

Us;: The man was angry with him.
Cb =Bob, Cf =[Tom,Bob}

Suppose that both Bob and Tom are referred
to in Us. Then either ‘the boy’ refers to Bob
and ‘him’ refers to Tom, or vice versa, but
the former violates (10), because Cb(U;) is
Bob. Hence centering theory prefers the latter
reading: Tom was angry with Bob.

The case of anaphora considered in center-
ing theory is formulated as a two-person game
of the sort discussed above, with the following
correspondence.

e C contains the forward-looking centers of
Ui-i.

e M consists of the parts of U;.

o P represents the prior probability of each
element of C being referred to by an
utterance.

o E is the semantically possible referring
relation between C and M.

Concerning U, let us assume that referring
to salient semantic entity by ‘light’ linguistic
expression yields a very large joint utility for
the conversation participants, in such a way
that the combination of referring to ¢; by m;
and referring to cz by m2 has a larger joint
utility than the combination of referring to ¢;
by ma and referring to cs by m;, when ¢; is
more salient than ¢y and m; is lighter than
my. Note that this is the case if the utility
is the product of salience and lightness, which
is captured by considering that salience and
lightness correspond to probability and basic
profit, respectively. Also, it would be natural
to consider that pronouns are lighter than full
noun phrases. Then (10) directly follows from
maximization of joint utility.

(11) follows as well. The preference for
Cb(U;) = Cb(U;-1) results from the natural
assumption that Cb(U;_1) is highly salient in

U;_1, because that raises the utility of reference
to Cb(U;—1) in U;. Also, the preference for
CH(U;) = Cp(U;) results, because if the same
entity were both Cb(U;) and Cp(U;) then that
would raise the utility of referring to it in U; 41,
raising the expected utility of U;1 as a whole.
But this preference is considered weaker than
the former, because it is based on a prediction
of a future utterance.

Several different approaches have been pro-
posed on anaphora resolution (Hobbs, 1978;
Sidner, 1983; Kameyama, 1986; Suri & McCoy,
1994). Although we have considered as an
example a version of centering approach in the
above, it is not at all our intent to claim that
it is the right one and the others are wrong.
Probably it is not the case that just one of these
different accounts is the right one, but all of
them capture some truth of natural language
discourse. Anaphora, like other linguistic phe-
nomena, is sensitive to various sorts of contex-
tual information, which each of those accounts
seems to partially take into consideration. A
major advantage of our game-theoretic account
is that it reduces the specifics of anaphora to
general properties, such as utility and proba-
bility, of various linguistic elements, such as
pronouns and thematic roles, thus reducing
the theory of anaphora to a general theory of
communication.

4 Final Remarks

The type of communication where each context
involves only finitely many possible semantic
contents and possible messages has been formu-
lated as a sort of non-cooperative games. Ev-
ery effective protocol for disambiguation agreed
upon among the communicating agents should
yield a Nash equilibrium which maximizes some
joint utility of the agents. This account has
been applied to a pragmatic aspect of natu-
ral language, and some core stipulations of a
previous theory have been derived from our
theory.

Possible targets of similar applications in
linguistics include binding theory, conversa-
tional implicature, and so on. Further, such
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a game theoretic account of natural language
may reveal non-separability of syntax, seman-
tics and pragmatics. The account could be
also applicable to the design of communicat-
ing artificial agents, for the sake of reliable
communication among them and with humans.

As for either natural or artificial languages,
it is unclear to what extent our theory is appli-
cable when the contexts of communication are
complex, either with many contents and mes-
sages or with complex contents and messages.
Taking computational cost into consideration
with respect to utility assignment seems to be
a difficult issue. Constraint-based approaches
(Hasida, Nagao, & Miyata, 1993; Hasida, 1994)
could be extended to embed the equilibration
mechanism for disambiguation into the lan-
guage faculty without complicating too much
the design of the computational model.
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