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Abstract

We introduce and investigate quantified interpreted systems, a semantics to reason
about knowledge and time in a first-order setting. We provide an axiomatisation, which
we show to be sound and complete. We utilise the formalism to study message pass-
ing systems [16, 8] in a first-order setting, and compare the results obtained to those
available for the propositional case.

1 Introduction

The area of modal logic [3, 4] has received considerable attention in artificial intelligence
over the years. Research has pursued both fundamental theoretical investigations (com-
pleteness, decidability, complexity, etc), as well as the use of modal formalisms in specifi-
cation and automatic system verification, as in model checking [5].

Among the most well-known formalisms are propositional modal logics for reasoning
about knowledge, or propositional epistemic logics [8, 21]. The typical epistemic language
extends propositional logic by adding n modalities K ; representing the knowledge of agent
tina group A = {1,...,n} of agents. For expressiveness purposes, epistemic logic has
been extended in several ways. In one direction, further modalities have been added to
the formalism (distributed knowledge, common knowledge, belief, etc.) for representing
the knowledge shared in a group of agents. In another one, the epistemic language has
been enriched with temporal operators under the assumption of a given model of time (e.g.,
linear or branching, discrete or continuous, etc.). In all these lines of work there is a tension
between extending the expressiveness of the language reflecting the system to be modeled
and retaining some useful theoretical properties of the formalism, such as decidability.

This tension is still present in the exercise conducted here, where we aim at extending a
combination of epistemic and temporal logic to predicate level. We apply this result in the
modeling of a class of computational structures normally referred to as message passing
systems [16]. We also show that known metatheoretical properties of message passing
systems [8] become validities in the predicate logic here considered.

Our starting point is a number of results by Halpern, van der Meyden, and others re-
garding the combination of time and knowledge at propositional level [9, 19] together with
studies by, among others, Hodkinson, Reynolds, Wolter, Zakharyaschev for first-order tem-
poral logic including both positive [14, 25, 31] and negative results [32]. In this note we
also make use of our initial work in this direction [2, 1], where static (i.e., non-temporal)
quantified epistemic logics were axiomatised.

Our motivation for the above comes from an interest in reasoning about reactive, au-
tonomous distributed systems, or multi-agent systems (MAS), whose high-level properties



may usefully be modeled by epistemic formalisms suitably extended to incorporate tem-
poral logic. While temporal epistemic logics are well understood at propositional level
[8, 21], their usefulness has been demonstrated in a number of applications (security and
communication protocols, robotics), and model checking tools have been developed for
them [12, 23, 7], still there is a growing need in web-services, security, as well as other
areas, to extend these languages to first-order (see [18, 26, 29]). Moreover, a number of
formalisms, including BDI logics [24], the KQM L framework [6], and LORA [33],
have put forward agent theories that include the power of first-order quantification. How-
ever, most of these contributions do not address the issue of completeness, a core concern
here.

In MAS applications the power of first-order logic is welcome every time agents’
knowledge is concerned with:

e Relational statement, as in agent i knows that message p was sent by a to b, or
formally
K;(P)Send(a,b, u);

(where (P) is the diamond for past time);

e Functional dependency and identity: at some future point agent ¢ will know that
message i is the encryption of message ' with key k, formally

(F)K;(p = enc(k, 1));

e An infinite domain of individuals, or a finite domain whose cardinality cannot be
bounded in advance: agent i has to read an e-mail before deleting it,

Vu(Delete(i, ) — (P)Read(i, ));

e Quantification on agents [17]: the child of any process knows which process launched
it
ViK chia) (P)Launch(i, child(i))

Furthermore, in the context of logics for knowledge it is known that epistemic modal-
ities can be combined with quantifiers to express concepts such as knowledge de re and
de dicto [10, 15]. For instance, an agent ¢ might know that every computation will even-
tually produce an output, thus having the de dicto knowledge expressed by the following
specification:

Yeomp K; (F) Jy Output(comp, y)

but she might not know the actual output of every computation. Therefore, the following
de re specification:
Yeomp Jy K; (F) Output(comp,y)

would not be satisfied. From the examples above we conclude that quantification can sig-
nificantly extend the expressiveness of epistemic languages.

While the specifications above call for a first-order language, we need to consider why
one should use an undecidable language when a decidable one (propositional temporal
epistemic logic in our case) does a reasonable job already. Although this is a sensible
objection, we should stress that in many practical applications, such as in model checking,
we are typically not so much concerned with the validity problem but with satisfaction in
a given model, which is often an easier problem, particularly for some classes of formulas.
Additionally, recent research, including among others [14, 27, 28, 30], has put forward
useful decidable fragments of first-order modal logic, thereby opening the way for further
extensions.



We approach the problem by introducing quantified interpreted systems, an extension
to first-order of “standard” interpreted systems [13, 22], which are used to interpret a lan-
guage for temporal epistemic logic including distributed knowledge. First, a sound and
complete axiomatisation is presented. Second, message passing systems, a basic frame-
work for reasoning about asynchronous systems [16] are analysed in the light of the novel
formalism, and the results compared to the treatment in propositional logic.

2 A Quantified Temporal Epistemic Logic

In this section we extend to first-order the formalism of interpreted systems, a class of struc-
tures introduced to model the behaviour of multi-agent systems [8, 21]. In what follows we

assume a finite set A = {i1,...,4,} of agents.

2.1 Syntax

The first-order modal language £,, contains individual variables =1, z2, . . ., n-ary functors
T, f3, ... and n-ary predicative letters P*, P*, ..., for n € N, the identity predicate =,

the propositional connectives — and —, the universal quantifier V, the epistemic operators
K, fori € A, the distributed knowledge operators D ¢, for non-empty G C A, the future
operator [F'], and the past operator [P].

Definition 1 Terms and formulas in the language L, are defined in the Backus-Naur form
as follows:

tu=a| f*(0)
¢u=PEE) |t =1t |~p|p — ¥|Kip| Dad|[Flo|[Plp|Vze

The formula K ;¢ means “agent ¢ knows ¢, while D¢ represents “¢ is distributed
knowledge among the agents in G”, and [F¢ (respectively [P]¢) stands for “¢ will al-
ways be true” (respectively “¢ has always been true”). The symbols L, A, V, <, 3, (F)
(sometime in the future), (P) (sometime in the past) are defined as standard. The tem-
poral operators [F]™ (every future time including the present) and [P] T (every past time
including the present) can be defined as ¢ A [F]¢ and ¢ A [P]¢ respectively.

We refer to O-ary functors as individual constants c1,ca, ... A closed term v is a term
where no variable appears; closed terms are either constants or terms obtained by applying
functors to closed terms.

By t[g] (resp. ¢[y]) we mean that § = y1,...,y, are all the free variables in ¢ (resp.
¢); while t[ij/t] (resp. ¢[ij/t]) denotes the term (resp. formula) obtained by substituting
simultaneously some, possibly all, free occurrences of 7 in ¢ (resp. @) with & = ty, ..., ty,
renaming bounded variables if necessary.

2.2 Quantified Interpreted Systems

Interpreted systems are widely used to model the behaviour of MAS, in this subsection we
extend these structures to first-order. This extension can be performed in several ways, all
leading to different results. For instance, we could introduce a domain of quantification for
each agent and/or for each computational state (see [2, 1] for a discussion of the static case).
In this paper we consider the simplest extension, obtained by adding a single quantification
domain D common to all agents and states. We present further options in the conclusions.

More formally, for each agent i € A in a multi-agent system we introduce a set L ;
of local states I;,1, ..., and a set Act; of actions a;, o, .. .. We consider local states and
actions for the environment e as well. Theset S C L. x L1 X ... X L, contains all possible
global states of the MAS, while Act C Act, x Acty X ... x Act, is the set of all possible
joint actions. Note that some states may never be reached and some joint actions may never



be performed. We also introduce a transition function 7 : Act — (S — §). Intuitively,
7(a)(s) = s’ encodes that the agents can access the global state s’ from s by performing
the joint action o € Act. The transition function 7 defines the admissible evolutions of the
MAS. We say that the global state s’ is reachable in one step from s, or s < s, iff there is
« € Act such that 7(«)(s) = s'; while s’ is reachable from s iff s <* s’, where <7 is the
transitive closure of relation <.

To represent the temporal evolution of the MAS we consider the flow of time 7 =
(T, <) defined as a weakly connected, strict partial order, i.e., T is a non-empty set and the
relation < on T is irreflexive, transitive and weakly connected: forn,n’,n” in T,

-ng€n

-(n<n' AR’ <n”)— (n<n”)

-n<n'An<n”) -0 <n”vn' <n vn =n")
-(nf <nAn’ <n) - (0 <n”vn' <n vn =n")

The relation < can be thought of as the precedence relation on the set 7' of moments
in time. A run r over (S, Act,7,7T), where S, Act, 7, and T are defined as above, is a
function from 7" to S such that n < n’ implies r(n) < r(n’). Intuitively, a run represents
a possible evolution of the MAS on the flow of time 7.

We now define the quantified interpreted systems for the language £, as follows:

Definition 2 A quantified interpreted system, or QIS, over (S, Act,7,T) is a triple P =
(R, D, I) such that R is a non-empty set of runs over (S, Act,7,T); D is a non-empty set
of individuals; I(f*) is a k-ary function from D* to D; forr € R,n € T, I(P*,r,n) is
a k-ary relation on D and I(=,r,n) is the equality on D. We denote by QIS the class of
all quantified interpreted systems.

Note that individual constants as well as functors in £,, are interpreted rigidly, that
is, their interpretation is the same in every global state. Further, the present definition
of quantified interpreted systems covers the most intuitive formalisations of time, as it
includes N, Z, Q, and R with a notion of precedence among instants. Therefore, QIS are
general enough to cover a wide range of cases, while still being interesting for applications.

Now we assign a meaning to the formulas of £,, in quantified interpreted systems.
Following standard notation [8] a pair (r,m) is a point in P. If r(m) = (l¢,l1, ..., 1) 18
the global state at (r, m), then r.(m) = l. and r;(m) = [; are the environment’s and agent
i’s local state at (r, m) respectively. We consider also the converse relation > defined as
n > m iff m < n, and the partial order < such thatn < m iff n < morn =m.

Let o be an assignment from the variables in £, to the individuals in D, the valuation
I7(t) of aterm ¢ is defined as o'(y) fort = y,and I°(t) = I(f*)(I°(t1),...,I°(ty)), for

=f (f) A variant a(z) of an assignment ¢ assigns a € D to x and coincides with o on
all the other variables.

Definition 3 The satisfaction relation |= for ¢ € L,,, (r,m) € P, and an assignment o is
defined as follows:

(79 ,7" m) = PR(E) iff (I9(t1), ..., I9(ty)) € I(P*,r,m)
(P° )|:t—t iff 19(t) = I°(t)

(P rim) =~ ff (P rm) 9

(P Wm)l:?/) — i (P7,rom) o or (P7,r,m) = o
(73" rm) E K¢ iff ri(m)=ri(m')implies (P, r',m’) Ev¢
(P, r,m) E Dgv  iff r;(m) = ri(m’) for alli € G,

implies (P?,r",m’) E v
(P?,r,m) E [Fl¢ iff m < m/ implies (P?,r,m’) =
(P?,r,m) E [Pl iff m > m/ implies (P?,r,m’) =
(P?,r,m) EVzy iff foralla € D, (P”(Z), r,m) E

The truth conditions for L, A, V, <, 3, (F), and (P) are defined from those above. In
particular, the temporal operators [F] T and [P]™ respect the intended semantics:



(P?,r,m) | [F]T¢ iff m <m/implies (P,r,m’) E ¢
(P?,r,m) = [P]T¢ iff m >m/implies (P, r,m’) E ¢

A formula ¢ € L, is said to be true at a point (r,m) iff it is satisfied at (r, m) by every
o; ¢ is valid on a QIS P iff it is true at every point in P; ¢ is valid on a class C of QIS iff it
is valid on every QIS in C.

The present definition of QIS is based on two assumptions. Firstly, the domain D of
individuals is the same for every agent 7, so all agents reason about the same objects. This
choice is consistent with the external account of knowledge usually adopted in the frame-
work of interpreted systems: if knowledge is ascribed to agents by an external observer,
i.e., the specifier of the system, it seems natural to focus on the set of individuals assumed
to exist by the observer. Secondly, the domain D is assumed to be the same for every global
state, i.e., no individual appears nor disappears in moving from one state to another. This
also can be justified by the external account of knowledge: all individuals are supposed to
be existing from the observer’s viewpoint. However, either assumption can be relaxed to
accommodate agent-indexed domains as well as individuals appearing and disappearing in
the flow of time. We discuss further options in the conclusions. Finally, it can be the case
that A C D: this means that the agents can reason about themselves, their properties, and
relationships.

2.3 Expressiveness

Clearly, the language L£,, is extremely expressive. We can use it to specify the temporal
evolution of agents’ knowledge, as well as the knowledge agents have of temporal facts
about individuals. Both features are exemplified in the following specification: agent i will
know that someone sent him a message when he receives it,

Vi, p [F] (Rec(i, j, 1) — K (P) Send(j, i, p)) (1

In £,, we can also express that if agent i receives a message, then he will know that
someone sent it to him:

Vi [F1(3j Rec(i, j, u) — K 37 (P) Send(j', i, 1)) @)

The latter specification is weaker than the former: (2) says nothing about the identity of
the sender, while (1) requires that the receiver knows the identity of the sender. Further, we
can express the fact that the existence of a sender is assumed only at the time the message
is sent:

In the section on message passing systems we provide further examples of the expres-
siveness of £,,. Most importantly, we will show that this expressiveness is attained while
retaining completeness.

We conclude this paragraph by considering some relevant validities on the class of QIS.
Given that the domain of quantification is the same in every global state, both the Barcan
formula and its converse are valid on the class of all QIS for all primitive modalities:

QIS E VzK;¢ — KNz
QIS E VzDg¢ < DeVzo
QIS E Vz[F|¢ < [F]Vx¢
QIS E Vz[P]¢ < [P]Vzé
Also, these validities are in line with the bird’s eye approach usually adopted in epis-
temic logic. However, should we wish to do so, we can drop them by introducing quantified

interpreted systems with varying domains.
For what concerns identity, the following principles hold:



QIS Et=t — K;(t=t) QIS Et#t — Ki(t#1t)
QISkEt=t - Dg(t=t) QISEt#t — Dgt#t)
QIS Et=1t — [Fl(t=t) QISEt#t — [F|t#t)
QISEt=t - [Plt=t) QISEt#t —[P](t#t)

These validities, which hold because of rigid designation, are consistent with the exter-
nal account of knowledge. However, should we require terms whose denotations depends
on the epistemic states of agents, or change accordingly to the evolution of the MAS, we
can consider introducing flexible terms in the language [1]. In such an extended formalism
none of the validities above holds whenever ¢t and ¢’ are flexible terms.

3 The System QKT.SS,

In this section we provide a sound and complete axiomatisation of quantified interpreted
systems. This result shows that, even though language £, is highly expressive, QIS pro-
vide a perfectly adequate semantics for it. This also opens the possibility of developing
automated verification methods for the formalism. We first prove the completeness of the
first-order multi-modal system QKT.S5,, with respect to Kripke models. The proof pre-
sented here is an extension of [11], where completeness of a first-order temporal language
on weakly-connected partial orders was presented. Then, by means of a map from Kripke
models to QIS, the completeness of QKT.S5,, with respect to QZS follows.

The system QKT.S5,, is a first-order multi-modal version of the propositional system
S5 combined with a linear temporal logic. Although tableaux proof systems and natural de-
duction calculi are more suitable for automated theorem proving, Hilbert-style systems are
easier to handle for the completeness proof. Hereafter we list the postulates of QKT.S5 ,,.
Note that = is the inference relation between formulas, while [J is a placeholder for any
primitive modality in £,, (both temporal and epistemic).

Definition 4 The system QKT.S5, on L, contains the following schemes of axioms and
inference rules:

Taut every instance of classic propositional tautologies
mp p—v, o=

Dist | 06— v) — (06 — 09)

4 ¢ — Odg

Nec ¢ = Uo

T Kip — ¢ Do — ¢

5 —Kip — Ki=Ki¢ -Dgé — Dg—Dag¢
D2 Dg¢ — Dgr, for G C G’

FP [ 6— [FI(P)o

PF_ | 6= [PI{F)o

WConF | (PY(F)¢ — ((PYpV ¢V (F)¢)
WConP | (FY{(P)¢ — ((PYpV ¢V (F)¢)

Ex Vad — dlx/t]
Gen ¢ — Y[x/t] = ¢ — Vb, where x is not free in ¢
1d t=1t

Func t=t — t"[z/t] =t"[z/t'])
Subst t=t" — (g[z/t] — dlz/t'])

By the definition above the operators K; and D¢g are S5 type modalities, while the
future [F] and past [P] operators are axiomatised as linear-time modalities. To this we add
the classic theory of quantification, consisting of postulates Fx and Gen, which are both
sound in our interpretation as we are considering a unique domain of individuals. Finally,
we have the axioms for identity.



We consider the standard definitions of proof and theorem: - ¢ means that ¢ € L,
is a theorem in QKT.S5,,. A formula ¢ € L,, is derivable in QKT.S5,, from a set A of
formulas, or A F ¢, iff - ¢1 A ... A ¢, — ¢ forsome ¢1,...,¢, € A.

It can be easily checked that the axioms of QKT.S5,, are valid on every QIS and the
inference rules preserve validity. As a consequence, we have the following soundness
result:

Theorem 5 (Soundness) The system QKT.S5,, is sound for the class QTS of quantified
interpreted systems.

Now we show that the axioms in QKT.S5,, are not only necessary, but also sufficient to
prove all validities on Q7S.

3.1 Kripke Models

Although quantified interpreted systems are useful for modeling MAS, for showing that
QKT.S5,, is complete with respect to QZS we introduce an appropriate class of Kripke
models [3, 4], which are more suitable for theoretical investigations, namely, the complete-
ness proof.

Definition 6 A Kripke model, or K-model, for the language L, is a tuple M = (W, {~;
Yiea, <, D, I) suchthat W is a non-empty set; for i € A, ~; is an equivalence relation on
W < is a weakly connected, strict partial order on W ; D is a non-empty set of individuals;
I(f*) is a k-ary function from D* to D; for w € W, I(P* w) is a k-ary relation on D,
and I(=,w) is the equality on D. The class of all Kripke models is denoted by K.

Further, the satisfaction relation |= for an assignment o is inductively defined as fol-
lows:

= PE(E) iff (I9(t1),. .., 17(tx)) € I(P*,w)
Et=t 1ffI”()—["( o)

Eg i (M, w)

o — T (M) b o or (M, w) =

E[Fly iff w < w' implies (M7, w') =

E [Py iff w>w' implies (M7, w'") E

w) = Kb ff w ~; w implies (M7, w') = o

M, w) k= Dgtp  iff (w,w') € ;e ~i implies (M7, w') =4

(
(
(
(M
(M
(
(
(
(M, w) EVzy  iff foralla € D, (M o(2), w)

w)
w)
w)
w)
w)
w)
w)
)
)

We formally compare Kripke models to quantified interpreted systems by means of a
map g : K — QZS. Let M = (W,{~,;}ica,<,D,I) be a Kripke model. For every
equivalence relation ~;, for w € W, let the equivalence class [w]~, = {w' | w ~; w'} be
a local state for agent 4; while W is the set of local states for the environment. Let (W, <)
be the irreflexive, transitive and weakly connected flow of time. Then define g(M) as the
triple (R, D, I'), where R contains the run r such that r(w) = (w, [w]~,, ..., [w]~,) for
w € W, D is the same as in M, and I'(P* r,w) = I(P* w). The structure g(M) is a
QIS that satisfies the following result:

Lemma 7 Forevery ¢ € L, w e W,

M%7 w) o it (gM)7,r,w) = ¢

where r is the only run in g(M). We refer to the appendix for a proof of this lemma.



3.2 Completeness

We show that the system QKT.S5,, is complete by extending to first-order the proof for
the propositional system S52 in [9], together with the completeness proof for the first-
order temporal logic discussed in [11]. The relevance of our result consists in showing that
these two methods can be combined together to prove an original completeness result, as
long as there is no interaction between epistemic and temporal modalities. Note that an
independent completeness proof for S5 2 appeared in [20].

More formally, we show that if QKT.S5,, does not prove a formula ¢ € L,,, then the
canonical model M @KT-55n for QKT.S5,, does not pseudo-validate ¢. It is not guaranteed
that pseudo-validity (as defined below) coincides with plain validity, but by results in [9, 11]
from M@ET-55n we can obtain a K-model M T such that M@KT"5» pseudo-validates ¢
iff M = ¢, and completeness follows.

In order to prove the first part of the completeness result we rely on two lemmas: the
saturation lemma and the truth lemma, whose statements require the following definitions:
let A be a set of formulas in £,,,

A is consistent iff A ¥ L;

A is maximal iff forevery ¢ € L,,, 0 € Aor —¢ € A;

A is max-cons iff A is consistent and maximal;

A is rich iff Jxgp € A = ¢p[z/c] € A, forsome c € L,;
A is saturated iff A is max-cons and rich.

Assume that QKT.S5,, does not prove ¢, then the set {—¢} is consistent, and by the
saturation lemma below {—¢} can be extended to a saturated set:

Lemma 8 (Saturation [15]) If A is a consistent set of formulas in L, then it can be
extended to a saturated set 11 of formulas on some expansion L} obtained by adding an
infinite enumerable set of new individual constants to L, .

Now we introduce the canonical model for QKT.S5,,. Note that ot (A) is the set of
non-empty sets of agents.

Definition 9 (Canonical model) The canonical model for QKT.S5,, on the language L.,
with an expansion L., is a tuple M@KT-5%5 = (W {R;} jc aup+ (4, <, D, I) such that:

- W is the set of saturated sets of formulas in L} ;

- forie A, w,w € W, wRw' iff {¢ | Kip € w} Cu';
- for non-empty G C A, wRew' iff {¢ | Dap € w} Cw';
- forw,w' e W, w < w' iff {¢|[F]¢ € w} Cw';

- D is the set of equivalence classes [v] = {v' | v = V' € w}, for each closed term
veLl;

- I(fk)([vl]7 RN [Uk]) = [fk(vh ce ,Uk)],'

- (o] [onl) € I(PF,w) iff PR(vy, ... o) € w.

If QKT.S5, I/ ¢, then by the saturation lemma there is a saturated set w 2O {—¢}, so
the set W of possible worlds is non-empty. Since 7', 4 and 5 are axioms of QKT.S5,,, the
various R; and R are equivalence relations. Moreover, from D1 and D2 it follows that
Ry;y is equal to R; and Rg C [),cq Ri. However, in general Rg # [, Ri [9]. On
the other hand, the relation < is transitive and weakly connected by axioms 4, WConF,
WConP. By FP, PF the relation w > w’ defined as {¢ | [P]¢ € w} C w' is the
converse of <. However, < might not be irreflexive [11].



These remarks give the rationale for introducing the pseudo-satisfaction relation =2,
defined as |= but for the distributed knowledge operator D ¢ (in what follows we simply
write M for M@KT-55ny;

(M7, w) EP Dgy  iff wRgw' implies (M7, w") EP 4

We state the truth lemma for the pseudo-satisfaction relation =" and refer to [9] for a
proof.

Lemma 10 (Truth lemma) Ler we M, € L, 0(y;) =[vi],
(M7, w) =P ly] it Ply/v] € w

We remarked that the canonical model M might not satisfy (), cq Ri = Rg. However,
by applying the techniques in [9] M can be unwound to get a K-model M’ in such a way
that Rg = [);c R and the same formulas hold. We refer to the appendix for a proof of
the following lemma.

Lemma 11 For every v € L,
My i ME Y

In conclusion, if QKT.S5,, ¥ ¢, then the canonical model M pseudo-satisfies —¢ by
lemma 10. By lemma 11 we obtain that the K-model M’ does not validate ¢.

Note that the relation <’ on W’ might not be irreflexive, as < on W is not such. How-
ever, we can apply the techniques in [11] to construct an irreflexive K-model M T from
M’ such that:

Lemma 12 For every v € L,
MY iff M EY

Also in this case we refer to the appendix for a proof.
By lemma 12 we conclude that the K-model M T falsifies the unprovable formula ¢.
Therefore, the following completeness result holds:

Theorem 13 (Completeness) The system QKT.S5,, is complete for the class KC of Kripke
models.

In order to prove completeness for the class QZS consider the quantified interpreted
system g(M™). In lemma 7 we showed that M T = ¢ iff g(M™) = ¢, hence g(M™)
satisfies —¢. As a result, we have the following implications and a further completeness
result:

QISE¢ = KE¢ = QKT.S5,+¢

Theorem 14 (Completeness) The system QKT.S5,, is complete for the class QTS of quan-
tified interpreted systems.

By combining together the soundness and completeness theorems we can compare di-
rectly the axiomatisation QKT.S5,, and QIS, so we state our main result:

Corollary 15 (Soundness and Completeness) A formula ¢ € L., is valid on the class
QTS of quantified interpreted systems iff ¢ is provable in QKT.S5 ,,.



4 Message Passing Systems as QIS

In this section we model message passing systems [8, 16] in the framework of QIS. A mes-
sage passing system (MPS) is a MAS in which the only external actions for the agents are
message exchanges, specifically sending and receiving messages. This setting is common
in the study of a variety of distributed systems, well beyond the realms of MAS and Al.
Indeed, any synchronous or asynchronous networked system can be seen as an MPS.

The notion of time is crucial for the analysis of the ordering of events in MPS. As
remarked in [16], a message p can be said to have been sent (received) before message 1’
if p was sent (respectively received) at an earlier time than p’. We can of course specify
this condition in terms of an external global clock. However, maintaining synchronicity in
a distributed system is known to be costly. An alternative is to study asynchronous MPS
(or AMPS), where only internal clocks exist and agents can work at arbitrary rates relative
to each other.

In what follows we show how both (synchronous) MPS and AMPS can be thought of as
particular classes of QIS satisfying a finite number of specifications expressed in the first-
order modal language £,,. Further, we analyse in detail the agents’ knowledge about the
ordering of events in AMPS. Our main result consists in showing that the characterisation of
AMPS at propositional level given as a metatheorem (specifically, in [8], Proposition 4.4.3)
can naturally be cast as a formula in £,,, which turns out to be a validity on the class of QIS
we introduce. While the basic details are given below, we refer to [8], sections 4.4.5-6, for
more details on MPS.

We introduce a set Act of actions aq, aa, . .., and a set M sg of messages fi1, fi2, . . .
For each agent ¢ € A, we consider a set ; of initial events init(i, ), and a set Int; of
internal events int (i, «). We define the local state I; for agent i as a history over &;, Int;
and M sg, that is, a sequence of events whose first element is in 3 ;, and whose following
elements either belong to Int; or are events of the form send(t, j, 1), rec(s, j, u) forj € A,
1 € Msg. Intuitively, init(i, o) represents the event where agent i performs the initial
action o, send(i, j, p) represents the event where agent i sends message p to j, while the
meaning of rec(i, j, p) is that agent i receives message p from j. Finally, int(i, o) means
that agent i performs the internal action .

A global state s € S is a tuple (l¢,l1,...,0,), where lq,... 1, are local states as
above, and [ contains all the events in 4, ..., [, . In what follows we assume that the nat-
ural numbers N as the flow of time. This choice implies that we cannot provide a complete
characterisation of MPS in this formalism, as first-order temporal logic on N is unaxiomati-
sable [11]. Still, we can express a number of interesting properties of MPS in the language
L.

A run r over (S, N) is a function from the natural numbers N to S such that:
MP1 7;(m) is a history over ;, Int; and M sg;

MP2 for every event rec(i, j, 1) in r;(m) there exists a corresponding event send(j, ¢, 1)
inr;(m).

MP3 r;(0) is a sequence of length one (the initial state
init(i, ), and r;(m + 1) is either identical to r;(m) or results from appending
an event to 7;(m).

The last specification MP4 has only a simplifying purpose and does not restrict our
analysis:

MP4 All events in a given agent’s history are distinct. An agent can never perform the
same action twice in a given run.

By MP1 the local states of each agent records her initial state, the messages she has
sent or received, as well as the internal actions she has taken. MP2 guarantees that any



received message was actually sent, while MP3 specifies that at each step at most a sin-
gle event occurs to any agent. Finally, MP4 is not essential, but it simplifies proofs as
we do not have to distinguish different occurrences of the same action by, for example,
time-stamping actions. We will use this constraint throughout the present section without
explicitly mentioning it.

We now define message passing QIS (MPQIS) as a particular class of quantified inter-
preted systems P = (R, D, I'), where R is a non-empty set of runs satisfying the constraints
MP1-4 above, D contains the agents in A, the actions in Act, the messages in M sg, and the
events e, es, ..., and [ is an interpretation for £,,. We assume that our language has terms
and predicative letters for representing the objects in the domain D and the relations among
them. In particular, eq, eo, . . . are metaterms ranging over events; for instance, Veg[e] is a
shorthand for

Vi, g, pp plsend(i, J, )] A plrec(i, j, )] A plinit(i)] A ¢lint (i, )]

where ¢[t] means that the term ¢ occurs in the formula ¢.

We use the same notation for the objects in the model and the syntactic elements, the
distinction will be clear by the context.

For the specification of MPS it is useful to introduce a predicative constant H for hap-
pens such that (P?,r,m) = H (e, 1) iff the event e occurs to agent ¢ at time m inrunr, i.e.,
r;(m) is the result of appending e to r;(m—1). We write H (e) as a shorthand for 3¢ H (e, ©).
By definition of the environment’s local state, (P?,r,m) = H(e) iff e occurs at time m
in run r. Also, we introduce the predicate H'ed(e, i) for happened as (P)™ H (e, i), and
H'ed(e) := JiH'ed(e,i). Finally, Sent(i, j, u), Recd(i, j, 1), Init(i, ), and Int(i, o)
are shorthands for H'ed(send(i, j, 1)), H'ed(rec(i, j, 1)),
H'ed(init(i, ), and H'ed(int(i, o)) respectively.

Let us now explore the range of specifications that can be expressed in the formalism.
A property often required is channel reliability. We express this by stating that every sent
message is eventually received. According to the definition of message passing QIS, it is
possible that a message is lost during a run of the system. We can force channel reliability
by requiring the following specification on MPQIS:

Vi, j, p(Sent (i, j, p) — (F)" Recd(j, i, 1))

Another relevant property of MPQIS concerns authentication: if agent i has received a
message u from agent j, then ¢ knows that © had actually been sent by j. This specification
can be expressed as:

Vi, p(Recd(i, j, p) — K;Sent(j,i, 1))

Further, we may require that agents have perfect recall, that is, they know everything
that has happened to them:

Ve(H'ed(e,i) — K;H'ed(e,i))

It is easy to show that by definition MPQIS satisfy authentication and perfect recall but
not channel reliability.

We anticipated that the formalism of QIS is powerful enough for expressing the spec-
ifications MP1-4 in £,,. Moreover, we can reason about the knowledge agents have of
the ordering of events in asynchronous MPS. To show this, we define Prec(e,e’ i) as a
shorthand for:

H'ed(e',i) A H'ed(e,i) N [P]T(H'ed(e',i) — H'ed(e, 1))

It follows that (P?,r,m) = Prec(e, €,1) iff events e and e’ both occur to agent ¢ by
round m of run 7, and e occurs no later than e’ in 7. Also, the ordering Prec(e,e’) is
defined as:

H'ed(e') N H'ed(e) A [P]T(H'ed(e") — H'ed(e))



Note that in the propositional language of [8] Prec(e, e’) is assumed as a primitive propo-
sition.

We can express that the events in a state 7(m) are partially ordered by specifying that
Prec(e, €') is a reflexive and transitive relation on the set of past events:

Ve (H'ed(e) — Prec(e,e)) 3)

Ve,e',e” (Prec(e,e’) A Prec(e’,e") — Prec(e,e")) 4)

Moreover, Prec(e, €', 1) can be defined as an anti-symmetric, linear, discrete order on
the events in r;(m), where with each non-final point is associated an immediate successor,
that is, it is also anti-symmetric and total:

Ve, €' (Prec(e,e’,i) A Prec(e,e,i) — (e = ¢')) 3)

Ve,e' (H'ed(e,i) A H'ed(e',i) — Prec(e,e’,i) V Prec(e’, e,1)) (6)

and each non-final point has an immediate successor:

Ve, €' (Prec(e,€’,i) — e’ (Prec(e,e”, i)\

A=3e" (Prec(e, e i) A Prec(e’,€",i)))) @)

We define LinDisc(Prec(e,e’;i)) as the conjunction of (3)-(7) above, expressing that
the relation Prec(e, €’,1) is a linear, discrete order where every non terminal event has a
successor. Also, we define the first event as the minimal one with respect to Prec(e, e’, ),
that is,

Fst(e,i) == Ve'(H'ed(¢',i) — Prec(e, €, i))

the first event is provably unique as the order on histories is total. We formally define the
specifications MP1-4 as follows:
MP1’ LinDisc(Prec(e,e’,i))A

Ade(Fst(e,i) A Ja(e = init(i, @)))A

AVe(H'ed(e,i) A —Fst(e,i) — 3j, o, ule = int(i, o)V

Ve = send(i, 7, 1) V e = rec(i, 7, 1))

MP2’ Vi, j, u(Recd(i, j, ) — Sent(j, i, i)

MP3’ (P)*([P]L A 3e(H'ed(e,i) A 3a(e = init(a,i))A
AVe' (H'ed(e',i) — €' = e)))A
NVe(H'ed(e,1) — ((P)H'ed(e,i)V
V(H (e,i) AVe'(H(e',i) — e’ =e))))

MP4" H(e,i) — ([P]~H(e,i) A [F]~H(e, 1))

By MP1’ the events in the local of agent i are a linear, discrete order, whose first
element is an initial event, and whose following events are either send or receive events
or internal events. According to MP2’ each local state trivially satisfies MP2. By MP3’
there is a moment (the starting point) when the only event in an agent’s local state is the
initial event, and for every event already happened, either it happened at some point strictly
in the past, or it is the single event which happened in the last round. Finally, by MP4’
each event happens only once in a given run, thus satisfying MP4. MP1’-4’ are the basic
specifications for MPQIS. We underline that these specifications are defined by means of
only the predicative constant H .



As we pointed out above, synchronicity is a costly assumption in terms of computa-
tional resources in MPS. This remark prompts us to consider asynchronous MPS, where
agents have no common clock. To make this informal definition precise, we follow once
more [8]. First, we say that a set V' of histories is prefix closed if whenever h € V, ev-
ery non-empty prefix of & is in V" as well. Then, we consider the following constraint for
AMPQIS:

MP5 The set R of runs in an AMPQIS includes all runs satisfying MP1-4 such that the
local states of agent ¢ belong to V;, for some prefix closed set V; of histories.

This constraint implies that at round m of a run r, each agent ¢ considers possible that
any other agent j has performed only a proper subset () of the actions listed in ;(m).

We can now prove the main result of this section: Proposition 4.4.3 in [8] can be restated
as a validity on the class of AMPQIS. We do not provide the full statement here, but we note
that this metatheoretical result can be restated as a formula in the first-order modal language
L,,. We introduce a relation of potential causality between events, as first discussed in [16].
This relation is intended to capture the intuition that event e might have caused event e’.
Fix a subset G of A, the relation — ¢ holds between events e, e’ at a point (r, m) iff both e
and e’ occur by round m in the run r, and

1. forsome i, 7 € G, e’ is a receive event and e is the corresponding send event, or

2. for some i € G, events e, e’ are both in r;(m) and either e = ¢’ or e comes earlier
than e’ in r;(m), or

3. for some e¢”, we have that e —¢ €” and ¢’ ¢ ¢’ hold at (r, m).

Note that — ¢ is a partial order on events, it is also anti-symmetric by MP4. We can say
that two events e, e’ are concurrent iff e /> €’ and €’ /5 e. Intuitively, the relation —
holds between events ¢ and e’ iff it is possible for event e to causally affect event e’. Two
events are concurrent if neither can affect the other. We say that (P, r,m) = e ¢ €’ if
e —¢ ¢ holds at (r,m).

Now we prove that the potential causality relation — ¢ is the closest we can come in
AMPS to an ordering of events, that is, even if the agents in G could combine all their
knowledge of the order Prec(e, e’) on events, they could not deduce any more about this
ordering than is implied by the relation — . This is due to the fact that the delivery of
messages can be arbitrarily delayed in AMPS, and the agents might be unaware of this
because of asynchronicity. We refer to the appendix for a detailed proof.

Lemma 16 The following validity holds in the class of AMPQIS satisfying the specifica-
tions MP1-5 above:

AMPQIS E Ve, e ((e —¢ €') < DgPrec(e,e’))

By virtue of the analysis above we remark that the quantified language we have in-
troduced has the power to express complex specifications, which identify metaproperties
about the semantical class under discussion. In particular, by using language £, we are
able to formalise various constraints on MPS such as reliability, authentication and perfect
recall. The traditional propositional specifications MP1-4 for MPS can be given formal
counterparts MP1’-4’ in £,,, which can be shown valid on the corresponding semantical
classes thereby signaling the general correctness of the approach.

5 Conclusions and Future Work

In this paper we analysed a quantified variant of interpreted systems and showed com-
pleteness for the axiomatisation QKT.S5,, involving temporal and epistemic modalities on



the first-order language £,,. Retaining completeness seems noteworthy given the known
difficulties of these formalisms.

Further, we used this formalism to reason about message passing systems, a mainstream
framework to reason about asynchronous systems. In particular, we compared the results
obtained at first-order with what was already known at propositional level, and observed
that some properties in the latter setting become formal validities in the former.

Still, further work seems to be needed in this line of research. First, it seems interesting
to relax the assumption on the domain of quantification, and admit a different domain D ;(s)
for each agent ¢ and for each global state s. In such a framework we should check how to
modify the completeness proof for QKT.S5,, to accommodate varying domains.

Moreover, we aim at extending the temporal fragment of our language with the next O
and until U operators. Completeness results are available for various monodic fragments of
such a language [31], and for the fragment with C) over the rational numbers [19]. It is yet
to be checked whether these results extend to first-order languages with epistemic operators
as well. Also, we would like to analyse relevant classes of QIS, such as synchronous
QIS and QIS with perfect recall. We have sound and complete axiomatisations for these
structures at propositional level [8], but it is not clear whether these results extend to first-
order.
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6 Appendix
Lemma 7 For every ¢ € L, w € W,

(M w) o it (g(M)7,rw) = ¢

Proof. The proof of this lemma is by induction on the length of the formula ¢. The
base of induction for ¢ = P*(Z) or ¢ = (t = t') follows by definition of the interpretation
I’ in g(M). The inductive cases for the propositional connectives are straightforward.

For ¢ = K¢, (M%,w) [ ¢ iff for all w’' ~; w, (M7, w") = v, iff for r;(w') =
ri(w), (g(M)?,r,w) = ¢,by definition of r and induction hypothesis, iff (g(M) 7, r, w) |=
@.

The inductive cases for the other modal operators can be shown similarly.

Lemma 11 For every v € L},

M EY iff ME"Y

Proof. We first show that if the canonical model M pseudo-validates 1) € L,,, then
there is a tree-like structure M* which pseudo-validates ¢ as well. Then, from M * we can
obtain a K -model M’ satisfying lemma 11.

In order to define M* we need few more definitions. Let w,w’ be worlds in W, a
path from w to w’ is a sequence (w1, 11, wa,la, ..., lk—1,ws) such that (1) w = w; and
w' = wi; (2) wi,...,wr € W; (3) each [; is either an agent or a set of agents; (4)
(wj, wjy1) € Ry,

The reduction of a path (w1, 41, wa,42,...,ik—1,ws) is obtained by replacing each
maximal consecutive subsequence (W, g, Wqt1, b1, - - -5 Ir—1, Wr) Where i = g1 =
... =ip_1 by {(wg, g, wy). A path is said to be reduced is it is equal to its reduction.

Given the canonical model M = (W, R, <, D, I), we define a structure M * = (WW* R* <*
,D,I*) and a surjective function h : W* — W such that (i) M* is a tree, that is,
for w,w’ € W* there is at most one reduced path from w to w’; (i) wRw’ implies
h(w)R;h(w'); (ill) wREw' implies h(w)Rah(w'); (iv) w <* w’ implies h(w) < h(w’);
W) (a1,...,a;) € I*(Pk w)iff (ay,...,ax) € I(P* h(w)).

We define W* by induction. Let W be W, and define W} 1 asthe set of worlds vy 1,4/
such thatw € W}7,w' € W and [ is an agent or group of agents. Let W * = (J, .y W, then
define h : W* — W by letting h(w) = w, forw € W and h(vy,1,0r) = W', forw € W,
Further, R} is the reflexive, symmetric and transitive closure of the relation defined for
w,w € W*if w' = vy 14, for some w”’ € W, and h(w)R;h(w'); while <* is the
relation defined for w, w’ € W* if h(w) < h(w'). Finally, I*(P*, w) = I(P*, h(w)). By
results in [9] M* and h satisfy (i)-(v) above. In particular, we can show the following:

Proposition 17 Forw € W*, ¢ € L},
(M*7,w) =P o i (M7, h(w)) EP ¢

Finally, we make use of the structure M * to define a K-model M’ such that lemma 11
holds. Define M’ = (W', R', </, D', I'} as follows:

o W =W* <'=<*,D' = D*and I’ = I*;
e Rj is the transitive closure of R} U, R

Since the various R and R/, are reflexive, transitive and symmetric, R ; is an equiva-
lence relation. We state the following result about M’ and refer to [9] for further details.



Proposition 18 Forw e W', ¢ € L},

(M7 w) o it (M, w) =P

In conclusion, The canonical model M pseudo-validates ¢ € L, if and only if M*
pseudo-validates 1) by proposition 17, iff by proposition 18 the K-model M ’ validates .

Lemma 12 For every v € L},

Mty i M

Proof. Let W = {w € W’ | w ¢’ w} be the set of irreflexive worlds in M’ and
define the equivalence relation ~ on W' = {w € W' | w <’ w} as wy &~ wy iff w; <" we
and wy <’ w. For every a-equivalence class a, define a map a() from the reals R onto a
such that for every w € a, p € R there are s,¢ € R and

e s<p<t;
e a(s) =w=a(t).

This can be done as every ~-equivalence class contains at most 2™ saturated sets of for-
mulas.

Further, for w € W we set {w}(0) = w. Now we define the K-model M T, where
W+ = {({w},0) | w € Wi} U{ (a,p) | a is a ~-equivalence class, p € R} is the set of
possible worlds. The order <™ on W™ is such that (a,p) <* (b, s) iff

e a # b and there are w, € a,w; € band w, <’ wy; or
e a=bandp < s.

The relation <™ is a weakly connected, strict partial order on W ™, in particular <™
is irreflexive. Also, the relation R;" on W such that (a,p) R (b, s) iff a(p)Rib(s) is an
equivalence relation as R/ is such. Finally, the domain D is equal to D', and I is such
that (uy,...,ux) € IT(P* (a,p))iff (u1,...,ux) € I'(P* a(p)).

It is straightforward to check that (M1, (a,p)) E ¢ iff (M7, a(p)) | ¥, so the
lemma follows.



Playing Cards with Wiebe
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1 Introduction

Temporal and modal logics have been widely used in the specification and verification of sys-
tems which require dynamic aspects or aspects that deal with knowledge, belief etc [6, 11, 9].
A particular area that Prof. van der Hoek has been closely involved in is that of the represen-
tation of knowledge and reasoning using epistemic logics [12]. We here particularly target his
work, with Ditmarsh and Kooi, on knowledge representation and actions such as public announce-
ments [15, 14]. Specifically, we are interested in the epistemic logic used to represent the knowl-
edge of players in a card game, as described in [13, 14]. In this simple game there are three
different cards; one a heart, one a spade and one a club. In the most basic scenario, one card is
dealt to one player, a further card is placed face down on the table and the final card is returned
(face down) to the card holder.

How should such situations be represented? A very popular approach is to use a logic of
knowledge, i.e. an epistemic logic, in order to represent the knowledge the player has [7]. Thus,
in such a logic, we can describe the knowledge a player has about the cards. If we move on to
a scenario involving multiple players, then the logical basis naturally extends to multi-dimensional
logics of knowledge [10] where multiple agents each have an associated notion of knowledge. We
can then reason not only about the agent’s knowledge of the cards, but also about the agent’s
knowledge of other agents, the agent’s knowledge of other agents’ cards, the agent’s knowledge
of other agents’ knowledge about the cards, and so on.

The description of the above scenario given in [14] is very interesting and, although a full logical
specification of the card scenario is not given, one can easily imagine what it would look like. A key
aspect that is often implicit within the description of the card-game scenario in [14] are the “exactly
one” aspects. Thus, a card is in exactly one suit, a player holds exactly one card, and each card
is in exactly one place, etc. While these aspects are implicit within the English description, they
are explicit within the models shown in [14]. Yet, in order to formalise these aspects within an
epistemic logic, typically an 85 modal logic, quite a few formulae are required.

It is here that we can involve our own work. Over recent years we have been investigating,
mechanising, and applying, temporal logics with additional constraints of the “exactly one” type
considered above [3, 4, 5]. In our work, each logic is parametrised by a set of propositions (or,
predicates in the first-order case) where exactly one of these propositions is satisfied at any tempo-
ral state. We have shown that, if problems can be described in such a logical framework, then not



only is the description more succinct, but the decision procedure for the logic is simpler (reducing
certain aspects of the decision procedure from exponential to polynomial).

In this paper we will apply the same idea to epistemic logic, defining an “exactly one” variant
of 85 modal logic, and showing improved model size (and hence complexity). In particular, we
will provide a tableau-style algorithm for reasoning about such logics which allow “exactly one” (or
constrained) sets as input, tackle the card game example from [14], specify it in our constrained
epistemic logic, show the algorithm in action to prove certain properties described in [14].

We begin, in Section 2, by providing the syntax and semantics for a standard epistemic
logic [11, 7]. Section 3 describes the card playing example from [14] and specifies it using the
knowledge logic S5. In Section 4 we introduce the constrained logic SX5,, showing the complexity
lower bound and in Section 5 we provide a tableau algorithm for this logic. We apply the tableau
to the card games introduced earlier in Section 6 and provide conclusions in Section 7.

2 Logic of Knowledge

In this section, we give the syntax and semantics of a multi-modal logic of knowledge S5,,.

2.1 Syntax

The formulae of S5, are constructed using the following connectives and proposition symbols,
assuming a set of agents Ag = {1,...n}:

e a set, PROP, of proposition symbols, p, ¢, r, .. .;
¢ the constants false and true;
¢ the propositional connectives —, v, A, and =; and
e a set of modal connectives K; (where i € Ag).
The set of (well-formed) formulae of S5,, is defined by the following rules:
e any element of PROP is a formula;
o false and true are formulae;
e if Aand B are formulae then soare -A, AV B, ANB, A= B, K;Awherei € Ag.

We define some particular classes of formulae that will be useful later.

Definition 1 A literal is either r, or —r where r is a proposition.

2.2 Semantics
A model structure, M, for S85,, is a structure M = (S, Ry, ..., R, ™), where:

e S is a set of states;



e R, C S xS, foralli € Ag is the agent accessibility relation where R; is an equivalence
relation;

e 7: S x PROP — {true, false} is a valuation

‘=’. This relation
holds between pairs of the form (M, s) (where M is a model structure and s € S), and S5,-
formulae. The rules defining the satisfaction relation are given below.

(M, s) = true
(M, s) i~ false
(M,s) =q  iff 7(s,q) = true (where ¢ € PROP)
(M,s) =6 iff (M)} ¢
(M,s) E vy iff (M,s) | dor (M,s) =
(M,s) E Ay iff (M,s) E¢and (M,s) =
(M,s) o= iff (M,s)[E=¢or(Ms) =1
(M,s) = Kip iff Vs €S if (s,5') € R;then (M,s") = ¢

If there is a model structure M and state s such that (M, s) = ¢ then ¢ is said to be satisfiable. If
(M, s) = ¢ for all states s and all states s then ¢ is said to be valid. As the set of modal relations
(for each agent 7) are equivalence relations they satisfy all the following modal axioms.

B: - ¢ = Ki~Ki¢
T: H sz) = ¢

D: - Ki¢ = -Ki¢
4 F Kl(ﬁ = KZKZ(Z5
5: H —|Ki—|¢ = KiﬁKi—'gf)

Thus, S5,, is a multi-modal logic comprising n sub-logics, each of which is itself an 85 modal logic.

3 Wiebe Playing Cards

We now take the basic single-player card example from [14] and specify it in S5,,.

Here, an agent (called Wiebe) can hold one of three cards. Each of these cards is in a different
suit: hearts, spades, or clubs. The cards are dealt so that Wiebe holds one, one is on the table,
and the final one is in a holder (aka deck). Following [14] we use simple propositions to represent
the position of the cards. So, if spades,, is true, then Wiebe holds a spade, if clubs, is true, then
the clubs card is on the table, if hearts, is true, then the hearts card is in the holder, etc. Similarly,
K, spades,, means that Wiebe knows he holds a spade. And so on.

Now we specify the above problem as follows.



e Wiebe’s card is spades or hearts or clubs:

(spades,, V clubsy, V hearts,,) (1)

e but Wiebe cannot hold both spades and clubs, both spades and hearts, or both clubs and
spades:

—(spades,, N\ clubs,,) N —(spades,, A\ hearts,,) N —(clubsy N heartsy,) 2)

e The card in the holder is spades or hearts or clubs:

(spadesy, V clubsy, V heartsy,) (3)

e but the card holder cannot contain both spades and clubs, both spades and hearts, or both
clubs and spades:

—(spadesy, A clubsy) A —(spades;, A\ heartsp) N —(clubsy A heartsy,) (4)

e The card on the table is spades or hearts or clubs:

(spades, \V clubs; \V hearts;) (5)

e but the card on the table cannot be both spades and clubs, both spades and hearts, or both
clubs and spades:

—(spades; N\ clubsy) N —(spades, A heartsy) N —(clubsy N\ heartsy) (6)
e The spades card must be either held by Wiebe or be in the holder or be on the table:
(spades,, V spades;, V spades,) (7)
e but cannot be in more than one place:
—(spades,, N spades;,) N —(spades,, N spades,) N\ —(spades), N spades,) (8)
e Similarly with the hearts card:

(hearts,, V heartsy, V hearts)
A (9)
—(hearts,, N heartsp) A —(hearts, A heartsy) A —(heartsy A heartsy)

e And with the clubs card:

(clubsy V clubsy, V clubsy)
A (10)
—(clubsy A clubsy) N —(clubsy A clubsy) A = (clubsy A clubsy)

e Wiebe knows all the above statements. For example, formula (3K) is

Ky (spadesy, V clubsy, V heartsy,)

If, at some point, Wiebe looks at his card and sees it is clubs (but still has not seen the identity of
the card in the holder or on the table) then additionally both clubs,, and Ky, clubs,,,.
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4 SX5,— “Exactly One” sets in Epistemic Logic

The logic we consider is called “SX5,,”, and its syntax and semantics essentially follow that given
above.

The main novelty in SX5,, is that it is parametrised by “exactly-one”-sets P;, Ps,..., and the
formulae of TLX(Py,P2,...) are constructed under the restrictions that exactly one proposition
from every set P; is true in any state. Furthermore, we assume that there exists a set of proposi-
tions in addition to those defined by the parameters, and that these propositions are unconstrained
as normal. Thus, SX5,() is essentially a standard S5 logic of knowledge while SX5,(P,Q,R) is
a knowledge logic containing at least the propositions P U Q U R, where P = {p1,p2,...,pmi},
Q ={q1,9,...,9n}, and R = {ry,r9,...,r,} and also satisfying the constraint that, for each
state, exactly one of P, exactly one of Q, and exactly one of R holds.

4.1 Complexity
We begin by showing that SX5,, has an NP-Hard lower bound.

Lemma 1 The satisfiability problem for SX5, formulae, even when no variable is unconstrained,
is NP-hard.

Proof We reduce the Boolean satisfiability problem to satisfiability of SX5, formulae. Let ¢ be a

Boolean formula over variables z1,..., z,. Let ¥ = s A ¢/, where s is a new proposition and ¢’ is
obtained from ¢ by replacing every occurrence of a proposition z; with the expression K—z;, where
T, is a new proposition, and let X = {s,71,...,7,} be the ‘exactly one’ constraint. Notice that the

size of v is linear in size of ¢.

For example, if § = 21 A (—x1 V —x2) then ¢ = s AK—-Z A (-K—T1 V-K—T2) and X = {s, 71, T2}
We show that the Boolean formula ¢ is satisfiable if, and only if, the SX5; formula ¢ with X is
satisfiable.

Clearly, if ¢ is satisfiable, ¢ is satisfiable. Indeed, suppose v is true in a Kripke frame M.
Then there must exist a world a € M such that (M,a) = . We define an assignment A as
follows: A(z;) = true if, and only if, (M, a) E K—Z;. Since ¢’ is obtained from ¢ by renaming every
occurrence of z; with K—z; we have A = ¢.

Conversely, we show how to construct a model M for ¢ given A, a satisfying assignment for
¢. The worlds of the Kripke frame are sets of literals as follows:

D ={{s,~71,..., Ta}} | J{{Zi, 5, Uj 2T} | Al;) = false}

In the example above the only satisfying assignment for ¢ is A = {z;,—22} and so D =
{{=s, 771, ~T2}, {T2, —s, ~T1 }}.

The relation R is the full relation on D and (M, a) = p, for any variable p € {s,Z1,...,Z,}, if,
and only if, p € a (every a is a set of literals). Notice that (M, {s, —z1,...,—Z,}) E K=Z; if, and only
if, {Z;, —s,Ujzi—x;} & D if, and only if, (by construction of D) A(x;) = true. Since ¢’ is obtained
from ¢ by renaming every occurrence of x; with K—z; we have (M, {s, —z1,..., -7, }) E¢. O

Observation 1 Let ¢ be an SX5,, formula such that every proposition in ¢ is constrained. Then
satisfiability of ¢ can be decided in polynomial space.



Proof Since every proposition in ¢ is constrained, there are polynomially many consistent sets of
propositions. Thus, the size of a Kripke frame for ¢ is polynomial. [J

5 Tableau for SX5,,

Next we introduce a tableau algorithm for SX5,,. Consider an SX5,, formula ¢ to be shown satis-
fiable. The algorithm constructs sets of extended assignments of propositions and modal subfor-
mulae i.e. a mapping to true or false, that satisfy both the exactly one sets and . However, rather
than using the usual alpha and beta rules (see for example the modal tableau in [11, 16]) these
are constructed using a DPLL-based expansion [1]. Next the algorithm attempts to satisfy formu-
lae of the form —K;1) made true in such an extended assignment by constructing R; successors
which are themselves extended assignments which must satisfy particular subformulae (and the
exactly one sets). We begin with some definitions.

Definition 2 If p is an SX5,, formula, then sub(y) is the set of all subformulae of :

{v} if o € PROP or ¢ = true or o = false
subl) — 4 L0}Usub() it = v
v) = {¥ % x} Usub(yp) Usub(yx) ife =1y where x isV,\ or =
{Kip} U sub(y) ifo =Kt

A formula ) € sub(y) is a modal subformula of ¢ if, and only if, 1 is of the form K;i' for some 1)'.

Definition 3 Let ¢ be an §X5,, formula, PROP(y) be the set of all propositions occurring in ¢,
and MoD(y) be the set of all modal subformulae of ¢. We assume, w.l.o.g., that P; C PROP(y)
fori : 1 < i < n. An extended assignment v for ¢ is a mapping from PROP(y) U MOD(y) to
{true, false}.

Every extended assignment v can be represented by a set of formulae

A, = U {pIU U {-p}U U {Kih}u U {(~K}
p € PROP(yp) p € PROP(yp) Ky € MoD(y) K1) € MoD(y)
v(p) = true v(p) = false v(Ki) = true v(K) = false

Let i) be an SX5, formula such that PRoP(y)) C PROP(¢) and MoD(y)) C MoOD(y). An
extended assignment v for ¢ is compatible with « if, and only if, the following conditions hold.

e For every set P;, there exists exactly one proposition p € P; such that v(p) = true (and so
v(q) = false for all ¢ € P;, q # p).

e The result of replacing every occurrence of a proposition p € PROP(v) in ¢ with v(p) and
every occurrence of a modal subformula K;)' € MoD(v), such that K;3)' is not in the scope
of another modal operator in v, with v(K;y') evaluates to true.

o Ifv(K;x) = true, for some modal subformula x of 1, then v is compatible with x.

We denote N () the set of all extended assignments of .



Example 2 Let P, = {p,q} and o = - K1 (pA Ko—p). Suppose 1 is p itself. Consider the extended
assignment v, represented by the set A,, = {p,—~q,~Ki(p N Ko—p), Ka—p}. Then the first two
conditions of compatibility with 1) hold true. Notice, however, that v, is not compatible with ) since
v1(Ky—p) = true but —p evaluates to false under v,. The extended assignment vy represented by
the set A, = {p, ~q,~K;1(p N K2—p),~Ks—p} is compatible with . Also the extended assignment
vs represented by the set A,, = {—p, ¢, ~Ki(p N Ka—p), Ko—p} is compatible with ).

Lemma 3 Let p be an §X5,, formula and 1) its subformula. Then the set of all extended assign-
ments for ¢ compatible with ) can be computed in O (|P1| x ... x [Pp| x 2141 x 2¥) time, where |P;|
is the size of the set P; of constrained propositions, |A| is the size of the set A of non-constrained
propositions, and k is the number of K; operators in .

Proof The set of all extended assignments compatible with ) can be constructed by the DPLL
algorithm, where we first split on elements of P; (that requires O(|P1| x ... x |P,]|) time) and then
on elements of A and MoD(y). O

We now move on to the model-like structures that will be generated by the tableau algorithm.
Note that State = {s, ¢/, ...} is the set of all states.
Definition 4 Let ¢ be an SX5,, formula. A structure, H, isatuple H = (S, Ry, ..., Ry, L), where:
e S C State is a set of states;
e R; C S x S represents an accessibility relation over S for agenti € Ag;

e L:S — N(p) labels each state with an extended assignment for .

The tableau algorithm first expands the structure and then contracts it. We try to construct a
structure from which a model may possibly be extracted, and then delete states in this structure
that are labelled with formulae such as —K;p which are not satisfied in the structure. Expansion
uses the formulae in the labels of each state to build R; successors.

Given the SX5,, formula ¢ to be shown unsatisfiable, perform the following steps.

1. Initialisation.
First, set
S=Ri=---=R,=L=0.
Construct F, the set of all extended assignments for ¢ compatible with . For each v; € F
create a new state s; and let L(s;) = v, and S = S U {s;}.
2. Creating R; successors.

For any state s labelled by an extended assignment v, i.e. L(s) = v for each formula of the
form ~K;¢ € Ay, create a formula

W =-vn N xn N EKxn N\ K

Kix€AL(s) Kix€AL(s) —Kix€AL(s)

For each ¢’ above construct F, the set of all extended assignments for ¢ compatible with )’
and for each member v € F if there exists a state s”” € S such that v = L(s”) then add (s, s”)
to R;, otherwise add a new state s’ to S, labelled by L(s") = v, and add (s, s') to R;.
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3. Contraction.

Continue deleting any state s where there exists a formula ¢ € Ay, such that ¢ is of the
form —K;x and there is no state s’ € S such that (s, s’) € R; and L(s’) is compatible with —x;

until no further deletions are possible.

If p is a formula then we say the tableau algorithm is successful if, and only if, the structure
returned contains a state s such that ¢ is compatible with L(s). We claim that a formula ¢ is S5,,
satisfiable if, and only if, the tableau algorithm performed on ¢ is successful.

Theorem 4 Let Py,..., P, be sets of constrained propositions, and ¢ be an SX5,(P1,...,Py,)
formula such that|J;_, P; C PROP(y). Then

e o Is satisfiable if, and only if, the tableau algorithm applied to ¢ returns a structure
(S,n,R1,..., Ry, L) in which there exists a state s € S such that ¢ is compatible with L(s).

e The tableau algorithm runs in time polynomial in (k x |Pyi| x ... x |Py| x 24%F)  where |P;|
is the size of the set P; of constrained propositions, |A| is the size of the set A of non-
constrained propositions, and k is the number of K; operators in .

Proof The correctness and completeness of the tableau algorithm can be proved by adapting the
correctness and completeness proof given in [16]. The only difference between the two algorithms
is that the algorithm in [16] applies propositional tableau expansion rules to formulae and the one
given above uses DPLL-based expansion.

For the second part of the theorem, notice that the number of nodes in any structure does not
exceed (|P1| x ... x [Py, x 2M7F%). When creating R; successors, we consider at most k& formulae
of the form —K;v € A,, and, by Lemma 3, the set of all extended assignments for » compatible
with ¢’ can be computed in O (|Py] x ... x |P,| x 2141+*) time. Building the structure and applying
the contraction rule can be implemented in time polynomial in the structure size. O

6 Modelling Wiebe’s Card Game using SX5,,

Here we demonstrate the tableau algorithm applied to the card playing scenario described previ-
ously.
6.1 A Single Agent Game

Next we consider the card game described above. We can model this with six exactly one sets
SX5,,(P1, P2, P3, Pa, Ps, Ps) Where

o Py = {spadesy,, clubs,, hearts,,} — Wiebe has exactly one card.
e Py = {spadesy, clubsy, heartsy} — exactly one card is in the holder.

o P3 = {spadesy, clubs;, hearts,; } — exactly one card is on the table.

Py = {spades., spadesy,, spades;} — the spades card is in exactly one place.

Ps = {clubs,,, clubsy, clubs; } — the clubs card is in exactly one place.
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o Ps = {hearts,, heartsy, hearts;} — the hearts card is in exactly one place.

We assume that initially Wiebe holds the clubs card and he knows this (clubs,, and K,clubs).
Let us prove that Wiebe knows that either hearts is in the holder or spades is in the holder (i.e.
Ky (heartsy, V spadesy,)).

We try to apply the tableau algorithm to (clubs,, A Kyclubsy) = Ky, (heartsy V spadesy,). Negat-
ing to give ¢ = ~((clubsy N Kyclubs,,) = Ky (heartsy, V spadesy)) we obtain two extended assign-
ments vy and v, for ¢ compatible with . We construct two sets so and s; such that L(sp) = v
and L(s1) = v1. The following are the set of formulae A, and Ay, ) associated with these. To
save space we assume that if propositions are not listed in the sets they are false.

Ap(so) = {clubsy, Kyclubsy, =Ky (heartsy, V spadesy,), spadesy, hearts;}
Apsy) = {clubsy, Kyclubsy, =Ky (heartsy, V spadesy), heartsy, spades }

Next we try to create an R,, successor to satisfy —K,,(hearts;, V spadesy). That is we try to
construct the set of extended assignments for ¢ compatible with 1> where

¥ = =(heartsy V spadesy) A clubsy, A Kyclubs,, N =K, (heartsy, V spadesy,)

The set of extended assignments for ¢ compatible with v is empty. Essentially any assignment
v compatible with ¢» must have v(hearts,) = false and v(spadesy) = false and v(clubs,) =
true. However, given the first two of these, the exactly one set P, forces v(clubs;,) = true which
contradicts with v(clubs,,) = true and the exactly one set Ps.

So we can construct no R, successors to either sy or s;. Both Ay, and Aj ) contain
- K, (heartsy, V spadesy) and there is no state s; such that (s0,s;) € R, or (sl,s;) € R,, such
that L(s;) is compatible with —(hearts;, V spadesy). Hence sy and s; are deleted and the tableau
algorithm is unsuccessful so ¢ is unsatisfiable and the original formula is valid.

6.2 A Multi-Agent Game

Next we extend the previous example allowing more than one agent. As before we have the agent
Wiebe and introduce a new agent called Marta. Wiebe and Marta each hold one of three cards:
hearts, spades, or clubs. The cards are dealt so that Wiebe holds one, Marta holds one and one
is on the table. We assume that Wiebe holds the clubs card, Marta holds the hearts card and
they both have both looked at their cards so Wiebe knows he holds clubs and Marta knows she
holds hearts. Modelling this scenario we replace the propositions heartsy, spadesy, and clubsy,
by hearts,,, spades,,, and clubs,, denoting that Marta holds the hearts, spades or clubs card
respectively. We have the same exactly one sets P; — Pg as previously but with the propositions
subscripted by i replaced by those subscripted by m. We try to prove that Wiebe knows that Marta
considers that it is possible that Wiebe holds the clubs card, i.e. K,,—K,,—clubs,,.

Thus we attempt to prove (K clubsy A clubsy, A Ky hearts, A hearts,,) = Ky,—Kp—clubs,.
As before we negate and apply the tableau algorithm to

© = ((Kyclubsy A clubsy, A Ky hearts,, A\ heartsy,) = K=Ky, clubsy)

We first construct the set of extended assignments of ¢ compatible with . We obtain one set
1y SO we construct a state sy such that L(sg) = vy. The set of formulae representing this extended
assignment is:

Ar(sy) = { Kwclubsy, clubsy, Kyheartsy,, heartsy,, 2Ky —Kpy=clubsy, 2Ky -clubsy, spades; }

9



As Ap ) contains =Ky~ Ky, —clubs,, we must try to construct an extended assignment, v, for ¢
which is compatible with i) where

Y = =K clubsy A clubsy, N Kyclubs,, N =Ky, Ky —clubsy,

There are no such assignments. From the first conjunct any extended assignment, v, must make
v(K,,—clubs,,) = true and therefore must make v(clubs,,) = false. However from the second
conjunct the assignment must make v(clubs,,) = true which gives a contradiction.

As Ap ) also contains =K, ~clubs,, we would next continue by trying to construct the ex-
tended assignments for ¢ which are compatible with ¢’ where

Y = —=clubsy, A hearts,, N Kpheartsy, A =Ky,—clubs,.

However, when we come to the deletion phase as Ay, contains =K, ~K,,~clubs,, and there is
no state s; such that (so, s;) € R, such that L(s;) is compatible with ~— K, ~clubs,,. and we would
delete sg. Hence the tableau is unsuccessful so ¢ must be unsatisfiable and the original formula
valid.

Remark In the above two example to make sure ¢ contains all the propositions from the con-
strained set, we can conjoin ¢ with a tautology (p VvV —p) for every proposition p such that p € P, for
some i, but p does not occur to . We omit such tautological conjuncts for presentation purposes.

7 Conclusions and Related Work

We have taken recent ideas relating to temporal logics which allow the input of sets of proposition
where exactly one from each set must hold and have adapted them to the framework of multi-
modal logics of knowledge. We have motivated the need for such constraints by considering a
particular card game discussed in [13, 14]. We have provided a tableau based algorithm to prove
SX5,, formulae which replaces the usual alpha and beta rules with a DPLL-based expansion.
We show the lower bound for such logics is NP-Hard and provide a complexity analyisis for the
developed tableau algorithm. This shows that the tableau is useful when applied to problems
with a large number of constrained propositions and a comparatively low number of unconstrained
propositions and modal operators in the formula to be proved.

We can also see, at least for one particular example, how much more succinct the new logic
is than the standard. If we look at the difference between the set of formulae in Section 3 and
the set required in Section 6, we see significant improvement in succinctness. For other, similar,
problems we can expect equally impressive results.

For future work in this area we will consider two aspects.

1. The extension of SX5,, with temporal aspects, providing an “exactly one” analogue of stan-
dard temporal logic of knowledge [7]. We believe this will combine the benefits of the SX5,,
logic developed here, with the “exactly one” temporal logic considered in [4] and will therefore
provide a more succinct and efficient framework in which to describe and verify scenarios
concerning dynamic knowledge.
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2. Just as Prof. van der Hoek, et al, tackled the evolution of epistemic scenarios with public
announcements through the medium of Dynamic Epistemic Logic [13, 14], so we aim to
provide a more succinct version (using (1) above) capturing public announcements in an
“exactly one” temporal logic of knowledge.
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Abstract

Alternating-time temporal logic (ATL) is one of the most influential log-
ics for reasoning about agents’ abilities. Constructive Strategic Logic (CSL)
is a variant of ATL for imperfect information games that allows to express
strategic and epistemic properties of coalitions under uncertainty. In this pa-
per, we propose a logic that extends CSL with a notion of plausibility that can
be used for reasoning about the outcome of rational behavior (in the game-
theoretical sense). Moreover, we show how a particular notion of beliefs can
be defined on top of plausibility. The resulting logic, CSLP, turns out to be
very expressive.

We show that beliefs satisfy axioms KD4S in the logic. We also demon-
strate how solution concepts for imperfect information games can be charac-
terized and used in CSLP and that the model checking complexity increases
only slightly when plausibility and rational beliefs are added.

Keywords: temporal logic, imperfect information games, knowledge and be-
liefs.

This is a slightly revised version of a paper which will appear in the proceedings of
the 8th International Conference on Autonomous Agents and Multiagent Systems
AAMAS’09, to be held on May 10-15, 2009 in Budapest, Hungary.

1 Introduction

Alternating-time temporal logic (ATL) [1, 2] is one of the most influential logics for
reasoning about abilities of agents with perfect information. The key constructs are
cooperation modalities ((A)) where A is a group of agents. The reading of ((A))~y
is that agents A have a collective strategy to enforce . In [9] a variant of ATL
for imperfect information scenarios has been proposed. The logic, called Con-
structive Strategic Logic (CSL), unified several attempts to incorporate epistemic
concepts into ATL, and solved various problems of these previous attempts. How-
ever, it included only strategic and epistemic modalities; in particular, doxastic and
rationality concepts were absent.



On the other hand, another extension of ATL, called ATL with Plausibility
(ATLP), has been proposed in [10, 4] for reasoning about rational or plausible
behavior.! That logic allowed to describe and/or impose rationality assumptions
on (a subset of) agents, and to reason about the outcome of the play if irrational
behavior was disregarded. For example, one might assume that agents are not com-
pletely dumb and do not play dominated strategies (in the game-theoretical sense).
Such assumptions allow to restrict the vast number of possibilities each agent has
to consider.

In this paper we present Constructive Strategic Logic with Plausibility (CSLP),
a combination of CSL and ATLP where the new language goes far beyond the pure
union of both logics. Firstly, the plausibility concept allows us to neatly define the
relationship between epistemic and doxastic concepts, in a similar way to [3]. As
the basic modality we introduce weak constructive rational beliefs: CW 4 (com-
mon beliefs), DW 4 (distributed beliefs), and EW 4 (mutual beliefs). The term
constructive is used in the same sense as in [10, 4], where it referred to an “op-
erational” kind of knowledge that, in order to “know how to play”, requires the
agents to be able to identify and execute an appropriate strategy. Like for CSL, the
semantics of CSLP is non-standard: formulae are interpreted in sets of states. For
example, the intuitive reading of M, Q) = ((A))~ is that agents A have a collective
strategy which enforces v from each state in (). Thanks to the plausibility concept
provided by ATLP we can define knowledge and rational beliefs on top of weak
beliefs. We point out that our notion of rational belief is rather specific, and show
interesting properties of knowledge, rational belief, and plausibility. In particular,
it is shown that knowledge and belief are KD45 modalities.

We show that CSLP is very expressive, and we demonstrate how solution con-
cepts for imperfect information games can be characterized and used in CSLP. It
also turns out that, despite the logic’s expressiveness, the model checking complex-
ity does not increase when compared to ATLP, and increases only slightly compared
to CSL when plausibility and rational beliefs are added.

1.1 Related Work

Our idea to build beliefs on top of plausibility has been inspired by [14, 8]. In [3],
we extended CTLK [13], a straightforward combination of the branching-time logic
CTL [6] and standard epistemic logic [7], by a notion of plausibility which in turn
was used to define a particular notion of beliefs. Plausibility assumptions were
defined in terms of paths in the underlying system. Then, agent’s beliefs were
given by his knowledge if only plausible paths were considered.

Another source of inspiration is [17, 16], where the semantics of ability was
influenced by particular notions of rationality. We generalized these ideas in [10,
4]. Semantically, a subset of strategies (behaviors) was identified as rational in the
model; a typical formula was P1 5 ((A))~y with the following reading: Agents A can

'In this paper we use the terms rational and plausible interchangeably.



enforce ~y if agents in B act rationally. We showed how one can use the logic to
characterize solution concepts (Nash equilibria, Pareto optimal profiles etc.), and
reason about the outcome of rational play.

The current paper is an attempt to integrate the notions of time, knowledge,
belief, strategic ability, rationality, and uncertainty in a single logical framework.

2 CSL with Plausibility

We start with an informal presentation of the idea. Then, we describe the formal
syntax and semantics, and we discuss the new operators in more detail.

2.1 Agents, Beliefs, and Rational Play

In the following, let A C Agt be a team of agents where Agt denotes the set of all
agents. Formulae are interpreted given a model M and a set of states (). The read-
ing of M, Q = ((A))y is that agents A have a collective strategy which enforces
from all states in ). Pl4 ¢ assumes that agents in A play plausibly according to
some rationality criterion which can be set (resp. refined) by operators (set-pl w)
(resp. (refn-pl w)). The set of such rational agents is denoted by Rgt. Plausibil-
ity terms w refer to sets of strategy profiles that implement the rationality criteria.
Finally, the logic includes operators for constructive weakly rational belief (con-
structive weak belief/cwb in short): CW 4 (agents A have common cwb in );
EW 4 (agents A have mutual cwb in ¢); and DW 4 (agents A have distributed
cwb in ). Semantically, the cwb operators yield “epistemic positions” of team A
that serve as reference for the semantic evaluation of strategic formulae.

Consider formula EW 4Pl \ 4 (A))Osafe (coalition A has a constructive
mutual weak belief that they can keep the system safe forever if the opponents
behave rationally) in model M and set of states (). Firstly, () is extended with all
states indistinguishable from some state in () for any agent from A. Let us call the
extended set Q'. Now, A have cwb in Ply,\ 4 ((A))Osafe iff they have a strategy
that maintains safe from all states in ()’ assuming that implausible behavior for the
agents in Agt \ A is disregarded.

Later, we will define strongly rational beliefs (resp. knowledge) as a special
case of cwb’s in which all agents are (resp. no agent is) assumed to play plausibly.

2.2 Syntax

The language of Constructive Strategic Logic with Plausibility (CSLP) includes
atomic propositions, Boolean connectives, strategic formulae, operators for con-
structive weakly rational beliefs, and operators that handle plausibility updates.
As we will see, standard/constructive strongly rational beliefs and knowledge can
be defined on top of these.



Definition 1 (Lcspp) Let Agt be a set of agents, 11 a set of propositions, and §2 a
set of primitive plausibility terms. The logic Lcsip(Agt, I1, Q) is generated by the
following grammar:

pu=ploole Ap|{(ANO ¢ | (ANDe | (ADpUp | CWap | EW 40 |
DWayp | Pla o | (set-pl w)¢ | (refn-pl w)ep.

LIRS

The temporal operators O, O, U/ stand for “next”, “always”, and “until”, re-
spectively. We use the standard definitions of derived Boolean connectives V,
—, <>, plus the following derived modalities: G = T U ¢ (sometime), Nowp =
eUp (now), Wy = CWy,y¢ (individual cwb), CWap = CW 4((0))Nowe,
EWap = EWA(0)Nowp, DWap = DW 4((0))Nowe (standard weak belief,
wb), Wy = CWy,4y¢ (individual wb), P1 = Plyg; (reasoning under the assump-
tion that all agents behave plausibly), and Ph = Pl (reasoning about outcome of
all “physically” possible behaviors). Finally, we define operators for constructive
and standard strongly rational belief (csb) as:

Bel, = W,PI1, CBely = CW 4P1,

EBely = EW4PI, DBely = DW4P1,

Bel, = PhW,PI, CBely = PhCW 4P1,

EBel4 = PhEW 4PI, DBely = PhDW4PI1,
and the constructive and standard knowledge operators as:

K, =PhW,, Ca=PhCWy,, Es=PhEWy,,

Ds=PhDWyu, Ko = PhW,, Ca =PhCWy,

EAEPhEWA, DAEPhDWA.
We will show in Section 2.4 that these definitions capture the respective notions
of knowledge and belief appropriately.

2.3 Semantics

Firstly, we introduce the basic models of time, action, and knowledge.

Definition 2 (CEGS) A concurrent epistemic game structure (CEGS) is a tuple M =
(Agt, St, 11,7, Act,d,0,~1,...,~p), with: a nonempty finite set of all agents
Agt = {1,...,k}, a nonempty set of states St, a set of atomic propositions 11,
a valuation of propositions © : St — 2 and a nonempty finite set of atomic
actions Act. ~1,...,~,C St x St are epistemic equivalence relations; q ~q ¢’
means that, while the system is in state q, agent a cannot determine whether it is in
q or ¢. Function d : Agt x St — 24 defines nonempty sets of actions available
to agents at each state, with d(a,q) = d(a, ") for ¢ ~4 ¢. Finally, o is a (deter-

ministic) transition function that assigns the outcome state ¢ = o(q, aq, . .., ay)
to state q and a tuple of actions (a1, . .., o), a; € d(i, q), that can be executed by
Agt in q.

Remark 1 Relations Nf, Ng and Ng , used to model group epistemics, are de-
rived from the individual relations of agents from A. First, NE is the union of



relations ~,, a € A. Next, Ng is defined as the transitive closure of Ng. Finally,
NA]? is the intersection of all the ~4, a € A.

A strategy s, of agent a is a conditional plan that specifies what a is going to do
for every possible situation: s, : St — Act such that s,(q) € d(a,q). A collective
strategy s 4 for a group of agents A is a tuple of strategies, one per agent from A.
Strategy s, is uniform iff ¢ ~, ¢ implies s,(q) = s4(¢'); a collective strategy
is uniform iff it consists of only uniform individual strategies. We denote the set
of uniform strategies of agent a by X,; the set of uniform collective strategies of
team A is given by X4 = X442, and the set of all uniform strategy profiles by
X =X Agt-

Definition 3 (CEGSP, plausibility model) A concurrent epistemic game structure
with plausibility (CEGSP) is given by M = (Agt, St, 11, 7, Act,d,0,~1,...,~
, T, Regt, Q, []), where (Agt, St,I1,m, Act,d,0,~1,...,~) is a CEGS, T C X
is a set of plausible strategy profiles (called plausibility set), Rgt C Agt is a set of
rational agents (i.e., the agents to whom the plausibility assumption will apply), ()
is a set of plausibility terms, and [] : © x 25! — ¥ is a plausibility mapping that
provides denotation of the terms.> We refer to (T, Rgt) as the plausibility model
of M. When necessary, we write X yy to denote the element X of model M.

Note that imposing strategic restrictions on a subset Rgt of agents can be desir-
able due to several reasons. It might, for example, be the case that only information
about the proponents’ play is available; hence, assuming plausible behavior of the
opponents is neither sensible nor justified. Or, even simpler, a group of (simple
minded) agents might be known not to behave rationally.

Consider now formula ((A))~y: The team A looks for a strategy that brings about
v, but the members of the team who are also in Rgt can only choose plausible
strategies. The same applies to A’s opponents that are contained in Rgt.

Definition 4 (Plausibility of strategies) Let s 4|p be the (AN B)’s substrategy of
sa, and V|p = {sp € ¥p | Is € Y s|p = sp}. We say that s, is plausible iff
Rgt’s substrategy in s 4 is part of some strategy profile in Y, i.e., if sA|Anrgt €
T ’Aﬂ]Rgt-

By >* we denote the set of all plausible strategy profiles in the model. That is,
Y*={s € X | s|rgt € Y|rgt}. Note that s 4 is plausible iff s € ¥*| 4.

A computation or path A\ = qoq1 --- € St is an infinite sequence of states
such that there is a transition between each ¢;, ¢;+1. By A[i] = ¢; we denote the i-
th state of . A denotes all paths in the model, and A (g) the set of all paths starting
in q.

2In this section, the denotation of such terms is fixed; in Section 4 we present a more flexible
version.



Definition 5 (Plausible outcome paths) The plausible outcome, out(q, s4), of strat-
egy s 4 from state q is defined as the set of paths (starting from q) which can occur
when only plausible strategy profiles can be played and agents in A follow s 4; that
is, out(q,s4) ={A € A(q) | 3t € ¥* t|a = sa and out(q,t) = {\}}

Now we define the notion of formula ¢ being satisfied by a (non-empty) set
of states () in model M, written M,Q = . We will also write M,q = ¢ as
a shorthand for M, {q} = ¢. Note that it is the latter notion of satisfaction (in
single states) that we are ultimately interested in — but it is defined in terms of the
(more general) satisfaction in sets of states. Let img(g, R) be the image of state
q with respect to binary relation R, i.e., the set of all states ¢’ such that ¢Rq’.
Moreover, we use out((), s4) as a shorthand for |, out(q, s4), and img(Q, R)
as a shorthand for (J ¢ img(q, R). The semantics is given through the following
clauses.

M,Q = p iff p € 7(q) forevery q € Q;

M,Q E —p iff M,Q ¥~ ¢;

M,Q ¢ N iff M,Q = pand M, Q = ¢

M, Q E (A)O ¢ iff there exists s4 € 3*| 4 such that, for every A € out(Q,s4),
we have that M, {\[1]} & ¢;

M,Q = (A)Oy iff there exists s4 € X*| 4 such that, for every X € out(Q, s4)
and i > 0, we have M, {\[i]} | ¢;

M,Q = (A)pU1p iff there exists s4 € 3| 4 such that, forevery A € out(Q, s4),
there is an ¢ > 0 for which M, {\[i]} = ¢ and M, {\[j]} E ¢ for every
0<j<i.

M,Q | KW 49 iff M,img(Q,~%) = ¢ (where K = C,E,Dand K = C, E, D,
respectively).

M,Q = Ply o iff M',Q = ¢, where the new model M’ is equal to M but the
new set Rgt ,,, of rational agents in M’ is set to A.

M, Q [= (set-pl w)p iff M',Q = ¢ where M’ is equal to M with Y, set to
L1
M, Q [= (refn-pl w)p iff M',Q = ¢ where M’ is equal to M with T, set to
T, N[w]9.
M M

Like in CSL, we use two notions of validity, weak and strong, depending on
whether formulae are evaluated with respect to single states or sets of states.

Definition 6 (Validity) We say that o is valid if M, q |= o for all CEGSP’s M with
plausibility model (3,0) (i.e. all strategies are assumed to be plausible and no
agent plays plausibly yet) and all states q € Styy.

In addition to that, we say that ¢ is strongly valid if M, Q = ¢ for all CEGSP’s
M and all sets of states () C Styy.



Note that strong validity is interpreted in all models and not only in those with
plausibility model (X, (). This stronger notion is necessary for interchangeability
of (sub)formulae. The following results are straightforward.

Proposition 2 Strong validity implies validity.

Proposition 3 If o < o is strongly valid, and v’ is obtained from 1) through
replacing an occurrence of @1 by o, then M,Q = ¢ iff M, Q E /.

We also say that ¢ is satisfiable if M, q |= ¢ for some CEGSP with plausibility
model (Z,0).

2.4 Interpretation of Derived Operators

In this section we motivate the logic’s epistemic and doxastic operators. We es-
pecially show that the syntactic definitions for the derived knowledge and belief
operators have an intuitive semantics.

2.4.1 Knowledge

The concept behind knowledge is very simple: It is about everything which is
“physically” possible, i.e., all behaviors are taken into account (not only the plau-
sible ones). In particular this means that, once a knowledge operator occurs, the set
of rational agents in the plausibility model becomes void, indicating that no agent
is assumed to play rationally.

2.4.2 Weakly and Strongly Rational Beliefs

Constructive weak beliefs (cwb) (“common belief”, “distributed belief”, and “mu-
tual belief”) are primitive operators in our logic. All other belief/knowledge op-
erators are derived from cwb and plausibility. In this section, we mainly discuss
individual knowledge and beliefs, but the analysis extends to collective attitudes in
a straightforward way.

Let us for example consider the individual cwb operator W, with the follow-
ing reading: Agent a has constructive weak belief in  iff © holds in all states that
a considers possible, where all agents behave according to the currently specified
plausibility model (T, A). That is, agents in A are assumed to play as specified in
T. It is important to note that weakly rational beliefs restrict only the behavior of
the agents specified in the current plausibility model (i.e. A). This is the difference
between weak and strong beliefs — the latter assume plausible behavior of all the
agents. This is why we call such beliefs strongly rational, as it restricts the behavior
of the system in a more rigorous way due to stronger rationality assumptions.

Using rationality assumptions to define beliefs makes them rather specific.
They differ from most “standard” concepts of belief in two main respects. Firstly,
our notion of beliefs is focused on behavior and abilities of agents. When no action
is considered, all epistemic and doxastic notions coincide.



Proposition 4 Let ¢ be a propositional formula. Then, W, < Bel,p < Ky is
strongly valid.

Secondly, rational beliefs are about restricting the expected behavior due to
rationality assumptions: Irrational behaviors are simply disregarded. To strengthen
this important point consider the following statements:

(1) Ann (a) knows how Bill (b) can commit suicide (which can be formalized as
K¢ (b)) Osuicide);

(i1) Ann constructively believes that Bill can commit suicide (which we tenta-
tively formalize as Bel, (b)) suicide).

In the usual treatment of beliefs, statement (i) should imply statement (ii), but
this does not apply to rational beliefs. That is because, typically, beliefs and
knowledge are both about “hard facts”. Thus, if a knows some fact to be true,
she should also include it in her belief base. On the other hand, our reading of
Bel, ((b))<suicide is given as follows: If all agents are constrained to act rationally
then Ann knows a strategy for Bill by which he can commit suicide. However, it
is natural to assume that no rational entity would commit suicide.> Hence, Bill’s
ability to commit suicide is out of question if we assume him to act rationally. Such
an irrational behavior is just unthinkable and thus disregarded by Ann! While she
knows how Bob can commit suicide in general, she has no plausible recipe for Bob
to do that.

A similar analysis can be conducted for standard (i.e., non-constructive) be-
liefs. Consider the following variants of (i) and (ii):

(i’) Ann knows that Bill has some way of committing suicide (K, ((b))"suicide);

(i) Ann believes, taking only rational behavior of all agents into account (in par-
ticular of Bill), that Bill has the ability to commit suicide (Bel, (b)) Osuicide).

Like before, (i) does not imply (ii’). While Ann knows that Bill “physically” has
some way of killing himself, by assuming him to be rational she disregards the
possibility. Bob’s assumed rationality constrains his choices in Ann’s view. This
shows that in our logic knowing ¢ does not imply rational beliefs in . We will
justify the intuition on a more concrete example.

Example 1 There are two agents 1 (Ann) and 2 (Bill). Agent 2 has the ability
to jump from a building and commit suicide. However, agent 1 disregards this
possibility and considers it rational that 2 will not jump. The corresponding CEGSP
is shown in Figure 1 where all different states are distinguishable from each other;
the set of plausible strategy profiles consists of the single profile s in which both
agents play action nop, i.e., they do nothing (in particular, we want to impose
that Bill does not jump). Hence, we have M, qy = K1{(2)O suicide but M, qo =
Bely ((2) O suicide.



(nop, nop) (nop, nop)

@ suicide

Figure 1: Simple CEGSP.

(nop, jump)

The following result, in line with [3], is immediate:

Theorem 5 In general, standard (resp. constructive) knowledge does not imply
standard (resp. constructive) rational belief. That is, formulae K,p N —Belgp,
Kap A =W, Ko A =Belgp, Ko A =W are satisfiable.

2.4.3 Non-Constructive Knowledge and Beliefs

In this section, we have a closer look at the standard (non-constructive) epistemic
and doxastic operators. We mainly focus on strong beliefs; the cases for knowledge
and weak beliefs are given analogously.

The non-constructive versions of distributed, common, and everybody belief
are based on a specific construction involving the “until” operator. For example,
the non-constructive belief of agent a in ¢, Bel,p, is defined as a’s constructive
belief in the ability of the empty coalition to enforce ¢ until ¢. In [9] it was already
shown that this definition captures the right notion; we recall the intuition here.

The cooperation modality ((())) ensures that the state formula ¢ is evaluated in-
dependently in each indistinguishable state in () (thus getting rid of its constructive
flavour). However, a cooperation modality must be followed directly by a path for-
mula, and ¢ is a state formula. The trick is to use ¢ U/ ¢ instead, which ensures that
( is true in the initial state of the path. Thus, a believes in ¢ iff P1¢ is indepen-
dently true in every indistinguishable state. The following proposition (analogous
to [9, Theorem 46]) states that all non-constructive operators match their intended
intuitions.

Proposition 6 Let M be a CEGSP, q € Styy, and ¢ be a CSLP formula. Then the
following holds, where KK = C, E, D, respectively:

1. M,Q | KWag iff Y, # 0 and M, q |= ¢ for all g € img(Q, ~N);
2. M,Q = KBelay iff M, q |= Ply for all q € img(Q, ~%);

3. M,Q = Kapiff M,q = Pho forall ¢ € img(Q, ~%).

3 Properties of CSLP

In this section, we examine the relationship between plausibility, knowledge and
beliefs, and discuss the standard axioms about epistemic and doxastic concepts.

3This assumption is given in the plausibility model; it can be any assumption the designer would
like to impose on the agents.



3.1 Plausibility, Knowledge and Beliefs

Firstly, we observe that knowledge is commutative with Ph and belief with P1,
which is a technically important property.

Proposition 7 Let ¢ be a CSLP formula. Then, we have that Ph K, < K,Ph ¢
and P1Bel,p < Bel, Pl are strongly valid.

From the definition of knowledge an belief it follows that a sequence of such
operators collapses to the final operator in the sequence.

Proposition 8 Let a € Agt, ¢ be a CSLP formula, and X,Y be sequences of
belief/lknowledge operators; i.e. X,Y € {Bely, K, }*. Then the following formulae
are strongly valid:

(i) XBelyp < YBelyp (i) XKqp — YKgo

In particular, we have that the following formulae are strongly wvalid:
(1) Ky Bel,p < Bel,p: Agent a knows that he believes ¢ iff he believes ; and
(2) Bel, Ky — K,p: Agent a believes that he knows ¢ iff he knows ¢.

Proposition 9 Let the premises be as in Proposition 8. Then, the following for-
mulae are not valid: (i) XBel,p «— YKy, (i) Belap — Bel,Kyp,  (iii)
Belgp — Kgep.

Proposition 9 says in particular that (ii) an agent who has rational belief in ¢
does not necessarily believe that he also knows (; and (iii) an agent who believes in
o does not necessarily know . Indeed, both formulae should not hold in a logics
of knowledge and belief.

Our definitions of epistemic and doxastic operators from Section 2.2 strongly
suggest that the underlying concepts are related. Let us consider formula K, Pl p:
Agent a has constructive knowledge in ¢ if agents in B behave rationally. This
sounds quite similar to beliefs which is formally shown below.

Proposition 10 Pl 4K, Pl s — Pl W, is strongly valid. We also have that
Kap < Wy is valid (but not strongly valid).

Finally, we conclude that rational beliefs and knowledge can also be defined in
terms of each other.

Theorem 11 Bel,p «— K, Ply and K,p < Bel,Ph ¢ are strongly valid.

That is, believing in ¢ is knowing that ¢ plausibly holds, and knowing that ¢ is
believing that ¢ is the case in all physically possible plays.

10



3.2 Axiomatic Properties

In this section we review the well-known KDT45 axioms. For modality O these
axioms are given as follows:

(Ko) O(p— ) = (0p — 0y) (Do) Op — —0-p

(To) Op — ¢ (40) Op — OOy

(50) —O0¢ — O=0¢
We say, for instance, that O is an K4 modality if axioms Ko and 4 are strongly
valid. The following result is obtained in a way analogous to [9, Theorem 37].

Theorem 12 (Weak beliefs: KD45) W, (standard weak beliefs) and W, (con-
structive weak beliefs) are KD45 modalities. Axiom T is not valid for both notions
of weak beliefs.

Remark 13 Despite the similarities to [3], axiom D was not strongly valid for
beliefs in CTLKP because the belief operator directly referred to plausible paths.
Hence, if the set of paths was empty some formulae were trivially true (Bely) and
others are trivially false (—Bely). In CSLP the notions of belief and plausibility are
more modular.

As knowledge and strong beliefs are special kinds of weak beliefs, both oper-
ators have to satisfy the same axioms as the weak belief operator. It just remains
to check whether axiom T holds for knowledge or strong beliefs. However, for the
same reason as in pure CSL this axiom does usually not hold; we refer to [9] for a
rigorous discussion of this issue — including ways how axiom T can be restored for
knowledge. The problem that T is not true for knowledge (what is usually assumed
to be a sensible requirement) is due to the definition of negation in the non-standard
semantics defined wrt sets of states.

Theorem 14 (Strong beliefs: KD45) Standard strong beliefs Bel, and construc-
tive strong beliefs Bel, are KD45 modalities. Axiom T is not valid for both notions
of beliefs.

Theorem 15 (Knowledge: KD45) Standard knowledge K, and constructive knowl-
edge K, are KD45 modalities. Axiom T is not valid for both notions of knowledge.

Note that if we consider a formula ¢ which does not contain any constructive
operators then the following holds.

Theorem 16 Let L consist of all CSLP formulae that contain no constructive op-
erators. Then:

1. Kg is a KD45 modality in L. Axiom Tk, is valid (but not strongly valid), and
Ph (Kyp — ) is strongly valid in L.

2. Bel, is a KD45 modality and Pl (Bel,p — @) is strongly valid in L.

We observe that the validities Ph (K, — ) and P1(Bel,po — ¢) are very
similar to the truth axiom T.
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3.3 Relationship to Existing Logics

In this section, we compare CSLP with several relevant logics and show their formal
relationships. To this end, we define the notion of embedding. Logic L1 embeds
logic Lo iff there is a translation ¢r of Lo formulae into formulae of L, and a
transformation T'R of Lo models into models of Li, such that M,q =1, ¢ iff
TR(M),q =1L, tr(p) for every pointed model M, g and formula ¢ of Ls.

The following theorem is straightforward from the definition of the logic.

Theorem 17 CSLP embeds ATL, ATLP, and CSL.

It is easy to see that W, is even a KDT45 modality for a sublanguage of CSLP
and that this sublanguage can embed standard epistemic propositional logic.

Proposition 18 CSLP embeds standard epistemic propositional logic.

The following result is not that obvious but follows from Proposition 18 and [4,
Proposition 5].

Proposition 19 CSLP embeds CTLKP in the class of epistemic Kripke structures.

Remark 20 In [9] and [4] it was shown that CSL and ATLP embed several other
logics, e.g., ATEL [15], ATLI [11], and GLP [17]. Due to Theorem 17 all these
logics are also embeddable in CSLP.

4 Flexible Specifications

In [10, 4] we showed that ATLP can be used to reason about temporal properties of
rational play. In particular it was shown that the logic allows to characterize game
theoretic solution concepts of perfect information games [12]. These characteriza-
tions were then used to describe agents rational behavior and impose the resulting
rationality constraints on them. Here we show that CSLP can be used for the same
purpose in the more general case of imperfect information games (11G). A natural
question is how solution concepts for both game-types differ?

Actually, they do not differ much. For instance, a Nash equilibrium is a strat-
egy profile from which no agent can deviate to obtain a better payoff, for both
the perfect and imperfect information case. However, only uniform strategies are
considered for IIG. Moreover, we require the agent to know/identify a strategy
successful in all states indistinguishable for him.

Before we present how solution concepts can be described in Section 4.2 we
need to pave the way for it: CSLP is not yet expressive enough to describe strategies
in the object language, only predefined plausibility terms are available.

12



4.1 Nesting Formulae in CSLP

In this section we present EéSLP which extends Lcsrp so that plausibility terms
are constructed from Lcgpp formulae. In the following we proceed in an analo-
gous way to [4]. The extended plausibility terms of L}q; p have a structure sim-
ilar to 01.D(01). Such a term selects all strategy profiles s; (referred to by the
strategic variable o1) that satisfy a property D which depends on a given model,
set of states, and o;. Let us be more precise about the structure of such prop-
erties. We allow them to be quantified Lcgpp formulae, e.g., D(o1,...,0,) =
VooJos ... VYopp(o1,...,0,), where the quantification takes places over strategy
profiles which can be used inside ¢ in the same way as basic plausibility terms
would be used. The variable o) takes on a specific role; it collects the “good”
strategy profiles.

Before we formally define the language we need one more notation. Solution
concepts often require to combine strategies or focus on substrategies. For ex-
ample, given a term wng (describing Nash equilibria) and a term wpgo (describing
Pareto optimal strategies) we can use (wng, wpo) to refer to all profiles in which
agent 1 plays his part of an Nash equilibrium and agent 2 plays a Pareto optimal
strategy. Likewise, wng[1] refers to the strategy profiles in which 1’s substrategy is
a part of some Nash equilibrium.

Formally, given a non-empty set X we say that y is a strategic combination
of X if it is generated by the following grammar: y == z | (y,...,y) | y[A]
where x € X, (y,...,y) is a vector of length |Agt|, and A C Agt. The set of
strategic combinations over X is defined by 7 (X). It is easy to see that operator
T is idempotent (7 (X) = 7 (7 (X))). Below, we define the language L{; p.

Definition 7 (‘C%ESLP) Let Agt be a set of agents, 11 a set of propositions, and Vars
a set of strategic variables (with typical element o). The logic L{-g; p(Agt, IL, Vars)
is defined as Lcspp(Agt, 11, 7 (Q1)) where 0y is given by
{01.(Q202) ... (Qnon)p | n € NVi (1 <i <n = o; € Vars,
Qi € {V,3}, 0 € Leste(Agt, ILT ({o1,...,00}))) }-

The semantics of EéSLP formulae is analogously defined as for the base lan-
guage but instead of the basic plausibility mapping [-], the extended plausibility

mapping [-],, is used, defined as follows:
— Q
1. fw € Qthen [w],, = [[w]]g\g/[;

—Q —=Q
2. fw=w[A]then [w],; ={s € X |35 € [, sla=5|a}s

—~ ——

3. If w = (wi,...wg) then [[w]]z ={se X |3 € [[wl]]z,...,ﬂtk €
lwil Vi =1, ...k sla, = tila) }5

*In order to give a brief presentation we do not allow “basic” plausibility terms anymore.
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—~Q
4 fw=01.(Q202) ... (Qunon)pthen[w],, ={s1 € X | Qas2 € X,...,Qnsy €
X (Mt g = @)}, where MSt5n is equal to M except that we fix

the denotation of o; in M 15" is set to strategy profile s;.

An example E(IISLP formula is

(set-pl . (D)3 (Ph {(Agt) O alive — (set-pl o)P1 (D) O alive))
—Bel, (b)) Osuicide: Assuming that rational agents avoid death whenever they can,
it is not rational of Ann to believe that Bob can commit suicide.

Remark 21 The nestings can be increased step by step which results in a hierarchy
of logics, EléSLP (k=1,2,...)asin [4].

4.2 Solution Concepts under Uncertainty

In this section we characterize solution concepts for imperfect information games
in EéSLP. Before we do that, however, we need some way to evaluate different
strategies. In game theory real values (payoffs) or preference relations are used
to define the outcome of a given strategy. Here, we follow the approach from [4]
which equips agents with winning criteria 7j = (n1, ..., n;) (one per agent) where
k = |Agt|. Each criterion 7, of agent a is a temporal formula. Intuitively, a given
strategy profile is successful for an agent a iff the winning criterion is fulfilled
on all resulting paths starting from any indistinguishable state given the strategy
profile. This requirement is motivated by the fact that an agent does not know
whether the system is in ¢ or ¢’ provided that ¢ and ¢’ are indistinguishable for
him. So, he should play a strategy which is “good” in both states to ensure success.

Definition 8 (From CEGSP To NF Game) Let M be a CEGSP, g € Styy, and 17
be a vector of winning criteria.

We define N'(M, 7, q), the normal form game associated with M, 7, and g,
as the normal form game (Agt, Sy, ..., Sk, ), where the set S, of a’s strategies is
given by 3, (a’s uniform strategies) for each a € Agt, and the payoff function is
defined as follows:

i M =,
ta(ay, ... ag) = forall X € out(img(q,~q),{(a1,...,ax)),
0 else

To give a clear meaning to solution concepts in a CEGSP, we relate them
to the associated normal form game. The first solution concept we will define
is a best-response strategy for 11G. Given a strategy profile s_, = (s1,...,
Sa—1,Sa+1,---,Sk) Where k = |Agt| a strategy s, is said to be a best response
to s_, if there is no better strategy for agent a given s_,. Now, s is a best re-
sponse profile wrt a if s|, is a best response against s| Agt\{a}- According to [4]
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o is a best response profile for perfect information games wrt @ and 7 in M, q if
M, q = (set-pl cAgt\{a}])Pl ({a)n. — (set-pl o){(B))n,). Itis read as follows:
If agent a has any strategy to enforce 7, against o[Agt\ {a}] then his strategy given
in o should enforce 7, as well.

What do we have to modify to make it suitable for imperfect information
games? Firstly, we have to ensure that the strategy o is uniform, and indeed only
uniform strategies are taken into account in the semantics of CSLP. Secondly, since
the agent might not be aware of the real state of the system the described strategy
should have its desired characteristics in every indistinguishable state. The agent
should be able to identify the strategy; the key motivation behind CSL. For this
purpose CSLP provides the constructive belief operators; recall that W, ((a)) means
that a has a single strategy successful in all indistinguishable states. To ensure this
second point we just have to couple strategic operators with constructive operators.
So we obtain the following description of a best response strategy for I11G:

BRZZ(U) =
(set-pl o[Agt\{a}])P1(W,{(a))n, — (set-pl o)W (D)na).

Other solution concepts characterized in [4] can be adapted to 11G’s following
the same scheme, e.g.:

Nash equilibrium (NE): NE(0) = A\, BRY(0);
Subgame perfect NE: SPN"(c0) = EW . (0)0 NE7(0);
Pareto optimal strategy (PO):

POT(c) = Vo' P (

A\ ((set-pl o')W, (0)n, — (set-pl o)W (@)11) v
acAgt

\/ (set-pl o)W (010 A ~(setepl o' Wa (O)na)-

acAgt
The following result shows that these concepts match the underlying intuitions.

Theorem 22 Let M be a CEGSP, q € Styy, 17 a vector of winning criteria, and
N =N (M, 7, q). Then:
—— Aa
1. The set of NE strategies in N is given by [o.NE"(0)] ,,

—

— {a
2. The set of PO strategies in N is given by [0.PO" (0)],,

3. Let Q' collect the states that any agent from A considers possible, i.e.,
img({q}, Nggt) ), plus all states reachable from them by (a sequence of) tem-
poral transitions.

—— {4 —

Then, [0.SPN"(0)],, is equal to Nyeor [o.NET(0)] s -

/
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Figure 2: Simple CEGSP.

Example 2 Consider the CEGSP given in Figure 2. There are two agents, 1 and 2,
and a coin which initially shows tail (qy) or head (q1); agent 1 cannot distinguish
between them. Now, both agents win if 1 guesses the right side of the coin or if both
agents agree on one side (regardless of whether it is the right one). For instance,
the tuple th denotes that 1 says tail and 2 head. Moreover, we assume that both
agents have the winning criterion Owin. The associated NF game wrt qq is also

—

— {a}
given in Figure 2. Now we have that [o.NE"(0)],, = {hh,tt}: Only if both
agents agree on the same side, winning is guaranteed.

S Model Checking Rational Play under Imperfect Infor-
mation

In this section we discuss the model checking complexity of Lcsip and Lig p-
Given a formula , a model M, and a set of states () C St the associated model
checking problem is to determine whether M, QQ = ¢ holds or not. In the follow-
ing we use [ to refer to the length of ¢ and m to denote the number of transitions
in M. We only consider a restricted class of models in which the check for plau-
sibility of a strategy profile can be done in polynomial time (wrt [ and m) by a
non-deterministic Turing machine. In order to conduct a sensible analysis such an
assumption is necessary. To this end, we adapt an important notion from [4].

Definition 9 (Well-Behaved CEGSP) A CEGSP M is called well-behaved if, and
only if, (1) T, = X: all the strategy profiles are plausible in M and (2) there is
an algorithm which determines whether s € [[wﬂcjaj for every set Q) C Styy, strategy
profile s € %, and plausibility term w € ) in nondeterministic polynomial time
wrt the length of w and the number of transitions in M.

We begin by reviewing the existing results for CSL and ATLP separately. The
complexity results for CSLP follow in a natural way. In [9] it was shown that
cSL model checking is AY-complete,’ the hard cases being formulae ((A))0¢ and
{(A))¢1 U p2. The formulae require existence of a single uniform strategy which is
successful in all states of (). In the algorithm from [9], the strategy is guessed by

SAY = PNP s the class of problems that can be solved in polynomial time by a deterministic
Turing machine that makes adaptive calls to an NP oracle.
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the oracle and then verified in polynomial time (see further). Nested cooperation
modalities are model-checked recursively (bottom-up) which puts the algorithm
indeed in AY.

We also recall from [4] that ATLP model checking is Ag = PNPNP—complete.
The algorithm for checking the hard cases ({(A))0¢ and ((A)p1 U ¢2) is simi-
lar: Firstly, a plausible strategy of A is guessed (first NP-oracle call) and veri-
fied against all plausible strategies of the opponents (second NP-oracle call, the
“worst” response of the opponents is guessed). Note that, as soon as the relevant
strategy (or strategy profile) s is fixed, the remaining verification can be done in
deterministic polynomial time: it is enough to “trim” the model by deleting all
transitions which cannot occur when the agents follow s, and model check a CTL
formula in the trimmed model (which can be done in polynomial time [5]).

For Lcsip, we essentially use the ATLP model checking algorithm from [4]
with an additional check for uniformity of strategies. This does not influence the
complexity. We obtain the following result (we refer to [4, 9] for details).

Theorem 23 Model checking Lcsip in the class of well-behaved CEGSP’s is Ag-
complete with respect to | and m.

Proof (sketch). The hardness follows from the fact that Laryp is Ag—complete and
can be embedded in Lcspp (cf. Proposition 17). For the inclusion in Ag, we sketch
the algorithm for M, Q = ((A)O¢p: (1) Model-check ¢ recursively for each g €
St, and label the states for which M, ¢ = ¢ with a new proposition p; (2) Guess a
“good” plausible uniform strategy s 4; (3) Guess a “bad” uniform plausible strategy
profile ¢ such that t|4 = s4; and (4) Return true if Q@ C mcheckcr(M', AQ p)
and false otherwise, where M’ is the trimmed model of M wrt profile ¢. [ |

In the previous section we showed how CSLP can be used to characterize in-
complete information solution concepts. However, for this reason we had to ex-
tend the language. An obvious question arises: How much does the complexity
increase? The answer is quite appealing: The increase in complexity depends on
how much extra-expressiveness we actually use; and in any case, we get some ex-
pressiveness for free! This can be shown analogously to [4]; here, we just give a
brief summary. The model checking complexity can be completely characterized
in the number of quantifier alternations used in the extended plausibility terms. If
we have no quantifiers at all, the resulting sublanguage is no more costly to ver-
ify than the base version. Note that the quantifier-free sublanguage of Llg; p is
already sufficient to “plug in” important solution concepts (e.g., Nash equilibria).
For each additional quantifier alternation (starting with a universal quantifier) the
complexity is pushed one level up in the polynomial hierarchy. For a more detailed
discussion, cf. [4].

Theorem 24 Let L C ElcSLP such that each sequence of quantifiers starting with
an universal one in any extended plausibility term has at most i quantifier alterna-
tions. Then, model checking formulae of L in the class of well-behaved CEGSP’s is
in Ag i With respect to | and m.
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Proof (sketch). The extension of the base algorithm discussed above is done in an
analogous way to [4]. For each quantifier alternation one has to guess a new strat-
egy. But the first existential quantified strategic variables can be guessed together
with the proponents and opponents strategies; thus, no more oracle levels need to
be added. [ |

6 Conclusions

In this paper, we propose a logic which relates epistemic and doxastic concepts in
a specific way; more importantly, it allows to reason about the outcome of rational
play in imperfect information games. In the logic, called CTLKP, beliefs are defined
on top of the primitive notions of plausibility and indistinguishability. We analyze
the relationship between beliefs, knowledge, and rationality, and prove in particular
that rational beliefs form a KD45 modality. CSLP embeds both CTLKP and CSL;
thus, the combination of knowledge, rationality, and strategic action turns out to be
strictly more expressive than each of the subsets.

Moreover, we show how some important solution concepts can be charac-
terized and used for reasoning about imperfect information scenarios. Finally,
we prove that the model checking problem for the basic variant of CSLP is Ag—
complete. That is, the complexity of model checking is only slightly higher than
for CSL, and no worse than for ATLP.
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Abstract

McGarvey [15] has shown that any irreflexive and anti-symmetric relation
can be obtained as a relation induced by majority rule. We address the anal-
ogous issue for dominance relations of finite cooperative games with non-
transferable utility (coalitional NTU games). We find any irreflexive relation
over a finite set can be obtained as the dominance relation of some finite
coalitional NTU game. We also show that any such dominance relation is
induced by a non-cooperative game via S-effectivity. Dominance relations
obtainable via a-effectivity, however, have to comply with a more restrictive
condition, which we refer to as the edge-mapping property.

1 Introduction

Many important concepts in the mathematical social sciences are defined in terms
of a binary dominance relation on a set of outcomes or alternatives. These con-
cepts can thus be applied to any model of social interaction for which such a
concept of dominance can be meaningfully defined. For example, the core—the
set of undominated outcomes—defines for different interpretations of the domi-
nance relation Gillies’ core in cooperative game theory, Nash’s solution in the bar-
gaining problem, or, more generally, the idea of Pareto optimality [see 3, p. 539].
Other conspicuous notions that are similarly defined in terms of dominance are von
Neumann-Morgenstern stable sets for cooperative games as well as the Condorcet
winner along with Condorcet consistent choice rules, such as the Banks set, the
uncovered set and Dutta’s minimal covering set in social choice theory [see, e.g.,
13].1

I'There are also numerous concepts that take into account more structure of the social situation
at hand. Thus, Fishburn [8] distinguishes C1 social choice functions, which merely involve the
dominance relation, from C2 and C3 functions, for which this is not the case. In cooperative game
theory, the dominance relation alone does not suffice to determine the bargaining set, the kernel or
the nucleolus. The Shapley value is defined on an entirely different basis.



For each social or game-theoretic model the notion of dominance is defined
differently. In social choice theory, dominance is defined with respect to a profile
of individual preferences over a set of social alternatives. Although other defini-
tions are also possible, typically, an alternative a is then said to dominate another
alternative b if the number of individuals preferring a to b exceeds the number of
individuals preferring b to a. In coalitional games, on the other hand, the concept
of dominance is generally defined in terms of coalitional effectivity and individ-
ual preferences. Effectivity can be defined in a number of ways, but intuitively
reflects the powers of a coalition in terms of the outcomes it can enforce to come
about. An outcome a is then said to dominate another outcome b if some coalition
is effective for a and, moreover, all members of that coalition prefer outcome a to
outcome b. Thus, cooperative majority voting can be seen as the special case in
which the majorities are the only coalitions that are effective for any outcome [see
also 21].

In either case, the dominance relation need not generally be transitive and may
even contain cycles. Accordingly, the common concept of maximality is no longer
tenable with respect to the dominance relation and new concepts have to be de-
veloped to take over its function of singling out elements that are in some sense
primary. Von Neumann and Morgenstern considered this phenomenon as one of
the most fundamental problems the mathematical social sciences have to cope with
[see 22, Chapter 1]. On this account, each of the concepts mentioned above, be
their roots in social choice theory or in cooperative game theory, has to deal with
what is essentially the same problem: to come to grips with a possibly intransitive
dominance relation. Each of them incorporates another intuition and approaches
the issue from a different angle.

The dominance relations themselves, however, have different structural prop-
erties in both disciplines. As it is defined for social choice on the basis of the
majority rule, the dominance relation is asymmetric, i.e., both irreflexive and anti-
symmetric. In coalitional games the dominance relation is also irreflexive, but not
generally anti-symmetric. The structural properties of a dominance-based solution
concept, such as existence and uniqueness, may vary, depending on properties of
the underlying dominance relation. Therefore, to judge the merits of a particu-
lar dominance-based solution concept as a substitute for maximality, one need to
know the structural properties of the dominance relation. In this vein, [15] has
shown that, in the setting of majority voting, it is precisely the asymmetric rela-
tions on a finite set of alternatives that can be obtained as the dominance relation
for some profile of linear preferences over those alternatives.

We take up the analogous issue for finite coalitional games with non-transferable
utility or finite coalitional NTU games and give complete characterizations of the
structural properties of the dominance relations for three classes of such games.

The outcomes of a coalitional game are commonly assumed to be a convex
and compact subset of Euclidean space. Our results, by contrast, pertain to NTU
games, which assume a finite number of outcomes [see, e.g., 7, 10, 1, 12]. There
is a variety of contexts in which this restriction to a finite number of outcomes is



Dominance Relation Properties Result

Finite NTU games irreflexivity Theorem 1
Finite NTU games through g-effectivity  irreflexivity Theorem 2
Finite NTU games through a-effectivity irreflexivity and EMP Theorem 3

Table 1: Characterizing properties of the various types of dominance relation. The
edge-mapping property (EMP) is defined in Section 4.

natural, desirable or merely convenient, e.g., in bilateral bargaining [11].

A continuum of outcomes could be motivated by the possibility of coalitions
playing correlated mixed strategies to achieve their ends. Still, in many settings
mixed strategies have been argued to be suspect or unnatural. E.g., in matters of life
and death players and coalitions may not be willing to have their behavior depend
on some randomization device. In other contexts, mixed strategies are simply not
available [See, e.g., 14, Section 4.10 for an early discussion]. A finite number
of outcomes is also a common and simplifying assumption in the the context of
cooperative majority voting games, which, interestingly, is exactly where social
choice and cooperative game theory intersect [see, e.g., 19, 6].

Of course, there is a range of environments in which it is natural to assume an
infinite number of alternatives. Such settings, however, fall outside the scope of
this paper.

Another noteworthy property of the coalitional model studied in this paper is
the way the utility a coalition can guarantee its members are related to actual out-
comes. In particular, our finitistic model does not assume comprehensiveness of
the coalitional effectivity functions, in the sense that if a coalition can guarantee
each of its members particular utility, it can also guarantee each its members any
lesser utility. Here, we take a more general approach. Each finite NTU game we
assume to be subject to a so-called comprehension condition, which, as a function
of the finite set of outcomes, determines the range of utility vectors the various
coalitions can be feasible for. Thus, comprehensiveness can be accounted for by
imposing a very liberal comprehension condition. On the other extreme, the com-
prehension condition can be tight, meaning that coalitions can only be effective
for utility vectors that are actually instantiated by one of the outcomes. How nat-
ural the assumptions of comprehensiveness and tightness are largely depends on
the setting that is being considered [see 5, for an interesting discussion of com-
prehensiveness]. Our results hold for every comprehension condition and are thus
independent of any specific choice in this respect.

Our first result pertains to the dominance relations of general finite NTU games.
We find that every irreflexive relation on a finite set A of alternatives can be obtained
as the dominance relation of some finite coalitional NTU game. Coalitional NTU
games can also be obtained from non-cooperative games, in particular normal form
games, in a variety of ways. Traditionally, the notions of a- and S-effectivity are



employed to obtain the characteristic function of a coalitional NTU game [2, 4].
It turns out that the structural properties of the dominance relations of finite coali-
tional NTU games obtained by means of S-effectivity are no different from those
of the general case. The dominance relation induced by a finite NTU game ob-
tained through S-effectivity may be any irreflexive relation. The formal proper-
ties of dominance relations obtained through a-effectivity, however, are subject to
narrower constraints. We find that they are characterized by irreflexivity and the
edge-mapping property (EMP), a structural property defined in this paper. Table 1
summarizes our results.

The significance of these results is mainly of theoretical nature. They show
which structural properties of the dominance relation one can rely on when prov-
ing something about a dominance-based concept in finite NTU games. On the other
hand, they also determine the extent of freedom one has in constructing counter-
examples. In this context, it is also worth mentioning that McGarvey even men-
tioned the construction of voting paradoxes in his seminal 1953 paper.

There is also an interesting conceptual connection between this paper and the
literature on non-cooperative foundations of cooperative solutions, also commonly
referred to as the Nash progam. The ambition of this line of research is to pro-
vide non-cooperative models, e.g., bargaining environments [16, 17], in which the
cooperative and non-cooperative solutions coincide [e.g., 18, 9]. There are also
interesting connections with the theory of implementation [e.g., 20, 5]. Assuming
comprehensiveness, Bergin and Duggan [5] completely characterized the coali-
tional games that can be obtained from strategic environments both through a-
and B-effectivity. The objective of this paper, however, is different, as it aims to
fully characterize the structural properties of the cooperative games obtained in
this manner, rather than than the games themselves.>

2 Finite Coalitional NTU Games

The intuition underlying the models of coalitional game theory is that the players
can make binding commitments, form coalitions and thus correlate their actions.
Here we consider the general case in which there is not always the possibility to
make side-payments, i.e., we do not hypothesize the existence of a transferable
commodity with which all players’ preferences are positively associated. We do,
however, assume the set of possible outcomes to be finite.

Formally, our framework involves a population N = {1, ...,|N|} of individuals
or players and a finite set A = {ay,...,aj} of outcomes or alternatives. A coali-
tion C is a non-empty subset of N and we have —C denote the complement N \ C

2Although in the cooperative model of Bergin and Duggan [5] utility is taken to be non-
transferable, it is also crucially different from ours in that comprehensiveness is assumed throughout.
Also the games they construct to prove their results involve an infinite number of strategies for the
players. Consequently, without modification, Bergin and Duggan’s Theorems 1 and 2 are not appli-
cable to our finite model.



of C in N. The players entertain preferences over A, which we assume to be repre-
sented by a |N| X |A| utility matrix U = (u;})ien, jea, Where u;; denotes the utility of
the jth outcome to the ith player. Thus, each row (u;1, . .., u;4)) could be construed
as representing player i’s utility function over A. Accordingly we also write u;(a;)
for u;; and u; for the entire row. Similarly, for each coalition C we have uc(a)
denote (u;(a))icc. On the other hand, each column (u1g, . . ., un),) is a utility vector
in R, which we also denote by u(a). Given a utility matrix U, we have H(U)
denote the set {u(a): a € A} of feasible utility vectors in U, omitting the reference
to U when it is fixed in the context.

More generally, for each coalition C C N and for each x = (x;);ey in RN we
have xc denote the vector (x;)iec. For X € RN we also write X¢ = {xc: x € X}.
With a slight abuse of notation, we use x;, . ;) for (x;,, ..., x; ), assuming the order
of the players to be fixed. If C and D are disjoint coalitions and xc € R¢ and yp €
RP, let (xc,yp) denote the utility vector (z;)iecup € RCEYP with z; = x;, if i € C,
and z; = y;, if i € D. We also write x¢c > y¢ in case x; > y; for all i € C and x¢ > y¢
if x; > y; forallieC.

By a comprehension condition we understand a function y that associates each
subset X € R" with a superset y(X) of X. In this paper, we assume comprehension
conditions to be downward, i.e., for all X CR", X € y(X) € U,ex{y € R*: x > y}.
The largest comprehension condition, i.e., the one with y(X) = J,ex{y € R": x >
y} for all X, we call (full) comprehensiveness, whereas the smallest, i.e., the one for
which y(X) = X for all X € R, we refer to as tight. It is worth observing that the
assumption above excludes the convex hull as a comprehension condition.

We define a characteristic function V on X C R" under y as a function which
maps each coalition C € N to a non-empty subset V(C) of utility vectors y(Y) such
that Y € Xc. Intuitively, a characteristic function associate with each coalition a
set of utility vectors each coalition can guarantee its members. What this guarantee
amounts to, is left implicit.

Definition 1 (Finite NTU games). A finite coalitional game with non-transferable
utility or finite NTU game under a comprehension condition y is a tuple (N, H, V)
consisting of a population N, a set H C RY of feasible utility vectors given for
some |N| x| A| utility matrix U defining the preferences of the players in N over a
finite set A of outcomes, and a characteristic function V on H under y.

A finite coalitional NTU game (N, H, V) is comprehensive if for each coali-
tion C, y¢ € R€ and x¢ € V(C), x¢c > yc implies yc € V(C). Clearly compre-
hensiveness can only be satisfied if the associated comprehension condition is full
comprehensiveness. Similarly, we say (N, H, V) is tight if the associated compre-
hension condition is tight and, consequently, V(C) C Hc, for all coalitions C. A
coalitional NTU game is said to be ordinary whenever H C V(N), i.e., if the grand
coalition N of all players is effective for every feasible outcome [see, e.g., 3]. It
is monotonic in case C € D and x¢ € V(C) imply that there is some y € V(D)
such that yc > xc, i.e., if a coalition can guarantee its members at least as much
as each of its subcoalitions. A stronger condition is that of superaddivity, which a



characteristic function V satisfies if for all disjoint coalitions C and D, x¢c € V(C)
and yp € V(D) imply (x¢,yp) € V(C U D). Superadditivity implies monotonicity
but not vice versa. Finally, a coalitional NTU game is binary if H C {0, 1}"V.

For (N, H,V) a finite NTU game, the set H of feasible utility vectors corre-
sponds to a finite set of actual outcomes. Each utility vector in H, thus, represents
a distribution of utility that can actually come about. On the other hand, the util-
ity vectors in V(C) for which a coalition C is effective and which need not all of
them be included in H¢, could be interpreted as representing the bargaining posi-
tion of C. The comprehension condition determines how the bargaining position is
related to the outcomes the coalition can achieve. More particularly, a coalition’s
bargaining position may be based on the sets of outcomes within which it can en-
force the outcome to fall, rather than particular individual outcomes it can force
to come about. Thus, a coalition C may be able to guarantee that the outcome is
among a and b but can not enforce either a or b separately. Suppose that C consists
of two players, 1 and 2, and the utility vectors associated with a and b for C are
given by u(a) = (2,1) and u(b) = (1,2). The coalition C could then demand a
utility of 1 to both of its members on this basis, even if there is no outcome that
yields precisely 1 to both player 1 and player 2. If the circumstances are such that
such a demand can reasonably be made, the utility vector (1, 1) should be included
in V(C), calling for a comprehension condition that makes this possible. On the
other hand, if no such claim can be made, coalition C should not be effective for
(1,1) and the situation should be modeled by means of a tighter comprehension
condition.

Formally, a utility vector u in RY is understood to be feasible for C if there
is some xc € V(C) with x¢ > uc. We also say that a coalition is effective for a
utility vector u if u is feasible for C. We also say that a coalition is effective for an
outcome a if C is effective for x¢c and x¢c = uc(a) for some outcome a. Now, the
notion of dominance in NTU games is defined in terms of players’ preferences and
coalitional effectivity.

Definition 2 (Dominance). Let (N, H, V) be a coalitional NTU game and let C be a
coalition. For u and u” utility vectors in H, we say u dominates u’ via C, in symbols
u >c u’, if u is feasible for C and uc > u., i.e., if there is some xc € V(C) with
xc > uc > ug. Utlity vector u dominates u’, in symbols u > u’, whenever u
dominates u’ via some coalition C.

Obviously no utility vector dominates itself, i.e., the dominance relation for
NTU games is irreflexive.

Let H be a set of feasible utility vectors defined by a utility matrix U which
defines the players’ preferences over a finite set of outcomes A. Then, every domi-
nance relation on H straightforwardly defines a dominance relation on A. Thus, we
say that outcome a dominates outcome b whenever u(a) dominates u(b). More For-
mally, we say that a binary relation R on a finite set A = {a, ..., a4} is induced by
a finite coalitional NTU game (N, H, V) whenever a utility matrix U = (&;;)ien, jea
exists such that H = H(U), |H| = |A| and, for all a,b € A, aRb if and only if a



dominates b, i.e., if the function which maps each a € A to the vector u(a) € H is
an isomorphism between the graphs (A, R) and (H, >). We now have the following
useful lemma, which basically says that—as far as the structure of the dominance
relations is concerned—we can restrict our attention to tight games without loss of
generality.

Lemma 1. Let (N, H, V) be a tight finite NTU game and y a comprehension condi-
tion. Then, there is a finite NTU game (N, H, V') under y such that the dominance
relations of (N, H, V) and (N, H, V") coincide.

Proof. Define the characteristic function V’ such that V’(C) = x(V(C)) for every
coalition C C N. Consider the finite NTU game (N, H, V') and let > and >’ denote
the dominance relations of (N, H, V) and (N, H, V'), respectively. We show that u >
u’ if and only if u >’ u’ for all u,u’ € H. First assume u > u’. Then there is some
coalition C and some xc € V(C) such that xc > uc > u;. Hence, xc € x(V(C))
and, accordingly, xc € V’(C). Therefore also u >’ u’. For the other direction,
assume u >’ u’. Then there is some coalition C and some x¢c € V’(C) such that
Xc = uc > u'c. As xc € y(V(C)) and comprehension conditions being downward,
there is some yc € V(C) such that yc > x¢. It follows that uc € V(C) and u >

’

u. O

3 Dominance Relations of Finite Coalitional NTU Games

We are now in a position to prove our first result, which states that every irreflexive
relation on a finite set of outcomes can be induced as the dominance relation of
some coalitional NTU game. The idea behind the proof is to construct a coalitional
game for each irreflexive relation R on a set of outcomes A. We introduce two
players i, and j, for each a € A as well as an appropriate utility matrix U, which
depends on R and represents the players’ preferences over A. We then set the
set feasible utility vectors H(U) = {u(a): a € A}. Each coalition that contains
both i, and j, for some a € A, is defined to be universally effective, i.e., any
such coalition C feasible for any vector in Hc, whereas any other coalition D is so
ineffective that no vector in H dominates any other via D. The reader is referred
to Figure 1 for an illustration of this construction, which we will formally define
in the proof below. Theorem 1 establishes that the dominance relation on A as
induced by this game coincides with R.

Theorem 1. Let R be an irreflexive relation on a finite set A of outcomes y a
comprehension condition. Then, R is induced as the dominance relation of some
finite coalitional NTU game under .

Proof. By virtue of Lemma 1, we may assume without loss of generality that y is
tight. We define a finite NTU game Vi = (N, H, V) as follows. With each a € A
we associate two players i, and j,, and say that {i,, j,} are a pair and that i, and j,
are partners. Formally, N = {1,...,2-|A|} and let {X}, ..., X|4|} a partitioning of N



Ia ja ib jb c jc iq jd

a (11 01 00 01
b oo 11 01 01
c oo 00 11 00
—d) d\lo1 00 01 11

Figure 1: The graph of an irreflexive relation that is induced by a coalitional NTU
game (N, H, V) where N is given by {i4, ja, ip, jb» ics jer ids ja}- The players’ prefer-
ences are given by the utility matrix U. For reasons of readibility we depicted the
transposal U of U on the right.

with |[Xi| = 2 for all 1 < k < |A|. We associate each X; with outcome a; and
write Xy = {iq,, jo }. Let U = (u;j)ien,jeq1,... A be the |[N| X| Al utility matrix such
that for all a,b € A,

,,,,,

(1,1) ifa=bo,
i, j)(0) = 4(0,0) ifa # b and aRb,
(0,1) otherwise.

Set H = H(U) = {u(a): a € A}. Observe that u(a) = u(b) if and only if a = b.
Hence, |A| = |H|. For each player i, let ii' € H denote some outcome such that ﬁi €
mingey u;. Since H is finite such a “minimal” outcome @' exists for each player i.
Now, we define the characteristic function V such that for each coalition C in N,

V(C) = {HC if {ia,jfl} CC,forsomeacA,
{i: i€ C} otherwise.

It now suffices to show for arbitrary a, b € A that aRb if and only if a > b. First
assume that aRb. Observe that, by construction, u;, j,;(a) = (1, 1) and uy;, ;,,(b) =
(0,0). Moreover, (1,1) € V({ig4, ji}). Accordingly, u(a) dominates u(b) via the
coalition {i,, j,} and we may conclude that u(a) > u(b). Hence a > b.

For the opposite direction, assume that a > b and, for a contradiction, that
not aRb. Thus, there is some coalition C and some xc € V(C) such that xo >
uc(a) > uc(b). Because Vg is binary we have x; = u;(a) = 1 and u;(b) = O for each
i € C. Because not aRb, by construction, u;,(a) = 1 and u;,(b) = 1. Hence, j, ¢ C.
Observe, however, that ﬁﬁ = 0 for each player i € C. Since x¢ € V(C), it follows
that i, j. € C, for some ¢ € A. But then, however, uj;_;(a) = (1,1). By definition
of U, it follows that ¢ = a and, in particular, that j, € C, a contradiction. m]

It is readily appreciated that the finite NTU game V constructed in the proof
above is binary, ordinary and monotonic. Moreover, the construction used in the
proof of Lemma 1 can easily be seen to preserve these properties. Accordingly,
under every comprehension condition there is some finite NTU game that corre-
sponds to some irreflexive binary relation and, moreover, satisfies these natural
properties.



4 Coalitional Effectivity in Non-cooperative Games

Although in the formal definition of a coalitional NTU game the players’ strategies
are abstracted away from, they are still implicit in the characteristic function. A
coalition is assumed to be effective for a particular utility vector if its members
have a joint strategy that guarantees all of them the utility specified in that vec-
tor. However, the question keeps lingering how this guarantee should be given a
formal and precise interpretation. In a setting without transferable utility, @- and
B-effectivity provide two standard ways of determining the value of a coalition in
a non-cooperative game [see, e.g., 2, 3, 4]. After having introduced the appro-
priate formal definitions of a non-cooperative game in normal form and those of
a-effectivity and S-effectivity, we show that irreflexivity characterizes dominance
relations of NTU games obtained through S-effectivity. Dominance relations of
NTU games obtained through a-effectivity, however, are subject to more restric-
tive constraints.

Definition 3 (Normal form games). A game G in normal formis atuple (N, S, Q, g, U),
where N is a set {1,...,|N]|} of players, S = X;cy S; 18 an |[N|-dimensional space

of strategy profiles, Q = {wq,...,w)} a set of outcomes, and g: § — £ an out-
come function associating each strategy profile s with an outcome g(s) in Q. Fi-
nally, U = (u;)ien,jee 18 an |N| X| | utility matrix.

Observe that this definition makes no specific assumptions as to whether the
players have mixed strategies at their disposal. We have (s¢, f_¢) denote the strat-
egy profile s* such that s7 = s;ifi € Cand 57 =¢;ifi ¢ C.

A coalition C is said to be a-effective for a particular utility vector xc € RC,
if in the normal form game coalition C has a joint strategy that guarantees each
of its members i at least a utility of x;, no matter which strategies the players not
in C may adopt. By contrast, C is said to be S-effective for a particular utility
vector xc € RC, if the players that are not in C have no joint strategy that precludes
the coalition C from obtaining a utility of at least x; to each of its members i.

Definition 4 (a-effectivity and S-effectivity). Let G = (N, S, Q, g, U) be a game in
normal form, C a coalition in N and x¢ € R€. Then,

C is a-effective for xc if there is an s € § such that forall 7 € S, uc(g(sc,t-¢)) = xc,
C is B-effective for xc if for all s € §, thereisat € S such that uc(g(tc, s-c)) = xc.

For vy € {a, 5} and y a comprehension condition, a finite coalitional NTU game
(N, H,V) is said to y-correspond to a normal form game G = (N, S,Q, g,U) un-
der y, whenever H = {u(g(s)) € RVN: s e S} and for each coalition C in N,

V(C) = {xc € x(H¢): C is y-effective for x¢}.

Also, if a binary relation R on a set A can be induced as the dominance relation
of some finite coalitional NTU game under y that y-corresponds to some normal



form game, we say that R is obtainable through y-effectivity under y. If the com-
prehension condition y is clear from the context, we usually omit the reference
to y.

The following example concerns a class of normal-form games that evince a
particularly sharp contrast between the sets of outcome for which coalition are a-
and S-effective.

Example 1. Let @ = {wy, ..., wjo|} be a set of outcomes, N a set of players, and k €
N. Let further ¢: NV — N such that for each x € NV, ¢(x) = 1+ (3;cy xi mod |Q)).
The modulo game M(Q,k) = (N,S,Q,g,U) on 2 and k is then a game in normal
form such that for each player i, S; = {1,...,k} and g such that for each strategy
profile s € S, g(s) = ai if and only if k& = ¢(s). Obviously, if & > ||, for every
wpy € Q and every joint strategy s_c¢ of its non-members, every coalition C has
a strategy f¢ that yields a,, as the outcome of the modulo game M(Q, k). Merely
set tc such that m = 1 + (Xjec ti + Digc si) mod |2])). As this is always possible,
every coalition is S-effective for every outcome in £, whereas every coalition other
than the grand coalition N is only a-effective for outcomes in £ that minimize the
utility of at least one of its members.

As for the general case, we find that the structure of dominance relations in-
duced by finite NTU games do not in an important sense depend on the comprehen-
sion condition assumed. Rather, in order to establish the characterizing structural
properties of the dominance relations obtained through either a- or S-effectivity,
we can assume the comprehension condition to be tight.

Lemma 2. Let y € {a,B}, R be a binary relation on a finite set A and x a com-
prehension condition. Then, if R is obtainable trough vy-effectivity under a tight
comprehension condition, R is also obtainable through vy-effectivity under y.

Proof. Let (N,H,V)and G = (N, S, A, g, U) be such that aRb if and only if u(a)
dominates u(b) in (N, H, V) and (N, V, H) S-corresponds to G under the tight com-
prehension condition. Let further V'(C) = {x¢ € y(H¢): C is y-effective for x¢ in G}
for all coalitions C. Consider arbitrary a,b € A and let >’ denote the dominance
relation of (N, H, V’). First assume aRb. Then, u(a) >¢ u(b) for some coalition C,
where > is the dominance relation of (N, H, V). Hence, there is some x¢c € V(C)
such that x¢c > u(a)c > u(b)c. Observe that V(C) C V/(C) and so uc(a) € V'(C). It
follows that uc(a) >’ uc(b) as well. For the opposite direction assume u(a) >’ u(b).
Then, there is some x¢ € y(H) with x¢ > uc(a) > uc(b) and C is y-effective for xc.
Because both a- and S-effectivity of x¢ are defined in terms of the existence of
strategy profiles s such that uc(g(s)) > x¢, some reflection reveals that C is now
also y-effective for uc(a) and aRb follows. m]

Characteristic functions based on either a-effectivity or S-effectivity are per-
force monotonic. However, if no restrictions are imposed on the comprehension
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(1,0,0) (1,2,0) (1,0,0) (2,1,0)
(0,0,0) (0,1,0) 0,0,0) (0,1,0)

Figure 2: A three-player game, in which player 1 chooses rows, player 2 chooses
columns and player 3 chooses matrices, showing that if the comprehension condi-
tion is tight, a-effectivity does not generally imply superadditivity.

conditions, superadditivity does not generally hold for characteristic functions ob-
tained through either a- or g-effectivity. Even if comprehensiveness is being as-
sumed, only a-effectivity guarantees superadditivity.

Example 2. Consider the normal form game depicted in Figure 2. Then, if the
comprehension condition is tight, we find that both player 1 and player 2 are a-
effective for 1, Player 1 in virtue of the top row, player 2 because of the right
column. Yet, V({1,2}) = {(0,0),(1,0), (0, 1)}, i.e., there is no outcome enforceable
by the coalition consisting of both player 1 and player 2 which yields a utility
of at least 1 to both players. It is worth observing that if (1,2,0) and (2, 1,0)
were both replaced by (1, 1, 0), player 1 and 2 together could enforce an outcome
that guarantees a utility of 1 to both of them and superadditivity would have been
satisfied. If comprehensiveness is assumed, however, the coalition {1, 2} is effective
for (1, 1). This is so because, in that case, both (1, 1) € y(H¢) and player 1 and 2
could enforce an outcome with at least a utility of 1 to both players by playing top
row and right column.

Intuitively, superadditivity is a particularly natural property in the context of
a-effectivity. If two disjoint coalitions C and D can guarantee particular utilities to
their members by playing particular strategies, then each member of either coali-
tion should also be guaranteed that utility, if both coalitions play those strategies
simultaneously. Accordingly, examples like the above suggest that tight compre-
hension conditions are conceptually dubious in the context of a-effectivity and
that looser ones are more appropriate. As the topic does not affect the issues at
hand, we will not pursue it here. Moreover, our model also allows for compre-
hension conditions, e.g., full comprehensiveness, that do guarantee superadditivity
of NTU games obtained through a-effectivity. Thus, we rather point at another
important structural property related to superadditivity that all finite NTU games
obtained through a-effectivity do satisfy. We will call a finite NTU game (N, H, V)
a-consistent if, for disjoint coalitions C and D, x¢c € V(C) and yp € V(D) imply
that there is some u € H such that ucup > (x¢, yp). Superadditivity is stronger than
a-consistency in that it additionally requires the coalition C U D also to be effec-

3This follows from Bergin and Duggan’s characterization of NTU games supported by a- and
B-effectivity in the comprehensive settting. However, if, for each coalition C, V(C) is compact and
convex, superadditivity is also satisfied for NTU games obtained through g-effectivity. The proof of
this result is non-trivial and relies on Kakutani’s fixed point theorem [2, 4]. Also, in settings where
comprehensiveness is assumed, this follows from Bergin and Duggan’s Theorem 2.
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tive for ucyp. We find that every finite NTU game obtained through a-effectivity
satisfies the weaker property of a-consistency.

Lemma 3. Let y be a comprehension condition. Then, every finite NTU game that
a-corresponds to a normal form game under y is a-consistent.

Proof. Let (N, H, V) be an arbitrary finite NTU game and G = (N, S, £, g, U) be an
equally arbitrary normal form game such that (N, H, V) a-corresponds to G. Let C
and D be disjoint coalitions in N with xc € V(C) and yp € V(D). Then there
are strategy profiles s,¢ € S such that for all r € S both u(g(sc,r-c)) > xc and
u(g(tp,r-p)) = yp. Let § be defined such that §¢ = s¢ and §p = tp. Then, for all

r €S, u(g(Scup,r—cupy)) = (xc,yp). Then observe that u(g(Scup, r-cup))) 18 in
H, and a fortiori also in y(H), which concludes the proof. |

5 Dominance Relations through Coalitional Effectivity

The finite NTU games that are obtainable through @- and S-effectivity constitute
two distinct subclasses of coalitional games. Theorem 2 shows that a restriction to
the latter class of games does not impose additional constraints on the dominance
relations that are obtainable. On the other hand, we find a-effectivity only yields
dominance relations that also satisfy the edge-mapping property, which is defined
in Section 5.2.

5.1 Dominance Relations through S-Effectivity

We are now in a position to state and prove our second result, which says that every
irreflexive relation on a set of outcomes A is obtainable through g-effectivity and
vice versa.

Theorem 2. Let R be a binary relation on a finite set A and y an arbitrary compre-
hension condition. Then, R is obtainable through B-effectivity under y if and only
if R is irreflexive.

Proof. The only-if direction is trivial as the dominance relation of any finite NTU
game is irreflexive.

For the opposite direction, observe that, by virtue of Lemma 2, it suffices to
give the proof for the case in which y is tight. So consider an arbitrary irreflexive
relation R on a set A along with the finite NTU game Vg = (N, H, V) as defined in
the proof of Theorem 1. It then suffices to prove that V can be obtained through g-
effectivity. To this end we construct a game Gg =(N,S,Q,g,U), with Q = A =
{lar,...,au}, N = ig, jo: a € A}, and U = (u;)ien, jea as in the proof of Theorem 1.
Then, with y assumed to be tight, for each coalition C in N,

Hc if {iy, jo} € C, for some a € A,

Vie)=1 _ . .
{i.: i€ C} otherwise.
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For each player i € N we now define an outcome &; € A as follows. Leta € A be
such that i € {i,, j,}. Then set

i {min{m: aRa,)  if aRb for some b € A,

a; = ay, where k=

min{m: a,, # a} otherwise.

The definition of &@; has been chosen in such a way that u;(&;) = i;(i). Thus, without
loss of generality, we may assume that ﬁj = u;(a;) for each i € N. Also observe that
a;, = aj, foreacha € A.

Further, for each player i in N, we have §; = {0, 1} xX{ 0, 1} x{ 1,...,|A]}, with
representative element s; = (sl.l, sl.z, si3). This leaves us with the definition of the
outcome function g. Suppose strategy profile s is played. Intuitively, the coalition
C(s) consisting of all pairs i and j with sl.1 = s} = 1 is then formed. Formally we
define

C(s) = |_Jli € liar ja: s}, = s}, = 1),
acA
The members of C(s) then decide whether all players in N continue to play the
modulo game M(A,|A|) or the modulo game M({a;: i ¢ C(s)},|A]). The latter is
played if si2 = 0forall i € C(s) and C(s) # N, the former, otherwise. Observe that
this also covers the case in which C(s) = 0. Irrespective of which modulo game is
played, the outcome is then determined by s° = (sl.3),~€N. Accordingly, let for each
B C A the function ¢p: NV — N be defined such that for x = (x;)ien € NV,

¢p(x) =1+ (Z x; mod |B|).

iEN
Formally define the outcome function g, such that for all strategy profiles s € S,

da(s>) if C(s) = N or sl.2 =1 for some i € C(s),

g(s) =a,, where m= )
¢B(s3) where B = {@;: i ¢ C(s)}, otherwise.

Let for each coalition C in N,
VB(C) = {xc € x(Hc): C is B-effective for xc in Gg }.

We first prove that H = {u(g(s)): s € §}. As it is obvious that {u(g(s)): s €
S} C H, consider an arbitrary u € H. Then u = u(a,,) for some 1 < m < |A|.
Now consider the strategy profile (s;);ey such that s; = (1,1,m)ifi = 1 and s; =
(1, 1,1A]), otherwise. Then C(s) = N and, informally, the modulo game M(A, |Al)
is played. Hence, g(s) = ¢A(s3) = a,, and u(a,,) € {u(g(s)): s € S}, as desired.

It remains to be shown that that for each coalition C, V(C) = Vg(C). To this
end, first consider an arbitrary coalition C containing a pair i and j. Also consider
an arbitrary u € H along with an equally arbitrary strategy profile s = (s;)ien-
Without loss of generality we may assume u# = u(ay;,), for some 1 < m < |A|
Let t = (#;);eny be such that ; = (1,1, sl.3) and t; = (1,1,m’), with m’ satisfying
m’ + 1+ ((Xx) ;) mod |A]) = m. Set § = (s—(; ), #4;.j;)- Informally, then the modulo
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1, (1,0) (©,1)

[(1,1) (1,1) (1,1)‘
(1,1) ©,1) (1,0)

Figure 3: Example showing that it can occur that two outcomes dominate each
another in a graph obtained through a-effectivity, where u(a) = (1,0), u(b) = (0, 1)
and u(c) = (1,1). In the two-player non-cooperative game depicted on the right
player 1 chooses rows and player 2 columns.

game M(A, |A]) is played. Accordingly, ¢(5°) = m and g(5) = a,,. With u having
been chosen arbitrarily, it follows that Vg(C) = {uc: u € H} = V¢.

Finally, consider an arbitrary coalition C that contains no pairs, i.e., for no a €
A, {ig, jo} € C. Also consider an arbitrary x¢ € RC. First assume that xc € V(C).
We prove that also x¢ € Vg(C). By virtue of monotonicity, we may assume without
loss of generality that C = {i*} for some i* € N. Then, xc = x;+ = u;-(@;+). Also,
ap = a, for some 1 < m < |A|. Let s be an arbitrary strategy profile. Without
loss of generality we may assume that sl.l* = (. Then, there is some B C A such
that a,, € B and g(s) = a; where k = ¢p(s’). Let m’ be such that m’ + 1 +
((Z#j s?) mod |B|) = m and set t; = (0,0, m"). Then, g(t;+, s_) = a,,, as desired.

For the other direction, assume x¢ ¢ V(C). Without loss of generality we may
assume that x¢c = uc(a,,) for some 1 < m < |A|. We may also assume that a,, = @;
for no i € C and u;(a,,) > u;(a;) for some i € C. Let D be the set partners of the
members in C, i.e., D = {j € N: jis the partner of some i € C}. As C contains no
pair, C and D are obviously disjoint. Further, let E = N \ (C U D). Thus, E only
contains pairs, i.e., if i and j are partners, then i € E if and only if j € E. Also
observe that {@;: i € C} = {a;: i € D}. Hence, a,, ¢ {G;: i € C U D}. Let s be the
strategy profile such that s; = (1,1, 1) for all i € E. Then, informally, no matter
which strategy C U D adopts, the modulo game M({a;: i € C U D}, |A]) is played.
Formally, for all t € S, g(sg,t-g) € {G;: i € C U D}. Hence, g(sg,t_g) # a, and it
follows that xc = uc(a,,) € Vg(C), which concludes the proof. m]

5.2 Edge-Mappings and the Edge-Mapping Property

For dominance graphs obtained through a-effectivity matters are slightly more
complicated than for those obtained through S-effectivity. For instance, it is not the
case that every irreflexive dominance relation can be obtained through a-effectivity.
Consider for instance the dominance graph on two alternatives a and b such that a
and b dominate one another, i.e., a > b as well as b > a. Now assume for a contra-
diction that this graph can be induced through a-effectivity. As a > b, there must
be some coalition C that is a-effective for outcome @ and such that all of its mem-
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bers strictly prefer outcome a to outcome b, i.e., uc(a) > uc(b). Similarly, because
b > a there is some coalition D that is a-effective for outcome b and up(b) > up(a).
It follows that C and D are disjoint. Moreover, by a-consistency, there is some out-
come c¢ such that ucup(c) > (uc(a), up(b)). Clearly, ¢ has to be distinct from both a
and b, a contradiction.

On the other hand, a dominance graph containing alternatives that dominate
one another does not preclude that dominance relation being obtainable through a-
effectivity. Consider, for instance, the dominance graph on three alternatives, a, b
and c, depicted in Figure 3. There the alternatives a and b dominate one an-
other. Nevertheless, the graph is obtainable through a-effectivity from the non-
cooperative game depicted on the right.

Intuitively, this can be understood as follows. Two outcomes a and b dominat-
ing one another indicates that there are two disjoint coalitions C and D such that C
is a-effective for uc(a) the former whereas D is a-effective for up(b). Accordingly,
both C and D have strategies that guarantee these utility vectors to themselves, re-
spectively, no matter which strategies the other players adopt. Moreover, C and D
being disjoint, they can play these strategies simultaneously. If they do so some
outcome c results with both uc(c) > uc(a) and up(c) > up(b). However, ¢ has to
be distinct from both a and b as both uc(a) > uc(b) and up(b) > up(a).

If a dominance relation > is obtained through a-effectivity from a normal form
game, it is worth remarking that a >¢ b does not so much mean that coalition C has
a strategy that, no matter what strategies the other players adopt, a is the outcome
of the game. Rather, a >¢ b signifies that in the normal form game coalition C
has a strategy at her disposal which guarantees, irrespective of the strategies the
other players adopt, that the outcome falls within a set of outcomes each outcome
of which is at least as good for the members of C as a and strictly better than b.
(There may even be several such strategies for C, but we leave this issue aside.)
Accordingly, with each edge (a,b) in >, i.e., each pair a,b € A such that a > b,
it thus is possible to associate a coalition C, a witnessing coalition, along with
such a set of outcomes that are at least as good as a and strictly better than b for
all members in C. Moreover, for all distinct edges (a, b) and (c, d) with disjoint
witnessing coalitions these sets should have a non-empty intersection. Otherwise
the witnessing coalitions of (a, b) and (c, d) could each play a strategy that guaran-
tees the outcome to fall within disjoint sets, an absurdity. Accordingly, if a binary
relation R is obtainable via « effectivity, it must at least be possible to associate
with each edge (x,y) a set of outcomes containing x but not y. Moreover, any
such so-called edge mapping has to satisfy a number of consistency conditions.
For instance, if both (a, b) and (b, a) are edges in R they have disjoint witnessing
coalitions and the edge mapping should duly associate overlapping sets of out-
comes with (a, b) and (b, a). The full set of consistency conditions is summarized
in the edge-mapping property (EMP) below. We then find that binary relations ob-
tainable through a-effectivity are completely characterized by irreflexivity and the
edge-mapping property.

Formally, we define an edge mapping for a given irreflexive binary relation R
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on a set A as a function : A x A — 24 such that for each edge (a,b) € R we
have a € y(a,b) and b ¢ Y(a,b). Observe that an edge mapping ¢ is not in
general commutative, i.e., it does not generally hold that y(a, b) = ¥(b, a). Given
an edge mapping ¢ for R we say that two edges (a, b) and (c, d) in R are y-exclusive
whenever at least one of the following two conditions holds:

(i) {a,b} N y(c,d) # 0 and d € Y(a,b),
(ii) {c,d} N y(a,b) # 0 and b € y(c, d).

In this context it is worth observing that for every asymmetric relation there is an
edge mapping ¢ such that no two edges are y-exclusive. Merely set ¥(a, b) = {a}.
Then, for all edges (a, b) and (c, d) such that {a, b} N Y(c,d) # 0, eithera = corb =
c. If the former we have d # a immediately, if the latter this follows by asymmetry.
In either case d ¢ y(a, b) (also see Corollary 1, below). On the other hand, for
any alternatives a, b in A, if both (a,b) € R and (b,a) € R, (a,b) and (b,a) are
y-exclusive for any edge mapping ¢. Intuitively, (a, b) and (¢, d) being y-exclusive
means that the witnessing coalitions of (a, b) and (¢, d) cannot be other than disjoint
given y. To appreciate this, recall the intuitive interpretation of y/(a, b) as a set of
outcomes that is at least as desirable as a and strictly more desirable than b for
the members of the coalition witnessing (a, b). Accordingly, {a,b} N Y(c,d) # 0
implies that the coalition witnessing (a, b) strictly prefers a to d. If also d € y/(c, d)
this means that the witnessing coalitions of (a, b) and (c, d) have to be disjoint. An
analogous argument holds for (ii). This idea is made precise in Lemma 5, below.
The edge-mapping property (EMP) is then defined as follows.

Definition 5 (Edge-mapping property, EMP). Let R C A X A a binary relation on
a set A. R is said to satisfy the edge-mapping property (EMP) if an edge mapping
W AXxA — 24 exists such that M(ap)er ¥(a,b) # O for each subset R* C R of
which the edges are pairwise y-exclusive.

Informally, the edge-mapping property guarantees that disjoint witnessing coali-
tions under the edge-mapping ¢ cannot force the game to end in different outcomes.
Also take notice of the fact that every asymmetric relation vacuously satisfies the
edge-mapping property in virtue of the edge-mapping that maps each edge (a, b)
to {a}.

Example 3. Consider the three binary relations, Ry, R, and R3 depicted in Fig-
ure 4. Only R, satisfies the edge-mapping property (EMP) in virtue of the edge
mapping ¥ summarized in the table below.

(x,y)  ¥(x,y)
(a,b) {a,d}
(a,¢) {a,d}
(b,a) {b,d}
d,b) {d}
d,c) {d}
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Figure 4: Of the three binary relations depicted, only R satisfies the edge-mapping
property.

Then d € y(x,y) for all x,y € {a,b,c,d} and, therefore, cannot fail to satisfy
EMP. In R;, the edges (a, b) and (b, a) are y-exclusive for every edge mapping .
Suppose ¢ were an edge mapping with respect to which R, satisfies EMP. Accord-
ingly, ¥(a,b) = {a,c}, y(b,a) = {b,c}, and b € Yy(b,c). Now (a,b) and (b, c) are
y-exclusive because ¢ € ¥(a,b) and b € (b, c) whereas (b,a) and (b, c) are Y-
exclusive because b € (b, c¢) and ¢ € Y(b,a). As, however, a ¢ Y(b,a), b ¢ ¥(a,b)
and ¢ ¢ (b, c), Y(a,b) N y(b,a) N (b,c) = 0. Hence, R, does not satisfy EMP. We
leave it to the avid reader to verify that R3 does not satisfy EMP either.

We find that the dominance relation of every a-consistent finite NTU game
satisfies the edge-mapping property.

Lemma 4. The dominance relation of every a-consistent finite NTU game satisfies
the edge-mapping property.

Proof. Let > be the dominance relation of an a-consistent finite NTU game (N, H, V).
For all u,v € H with u > v, there is some coalition C(u, v) such that ucq,) > Vou,y)-
Moreover, there is some x € V(C(u,v)) with xcq,v) > Ucw,y) > Vcw,y). Now define
Yy: HXH — 2H guch that, for all u,v € H,

Y(u,v) = {(xe H: XC(uy) = UC(u,y) > VC(u,v)}-

Obviously, ¢ is an edge mapping for the dominance relation >, as for all u,v €
H we have u € y(u,v) and v ¢ W(u,v). Let u',v!,...,u"™,v" € H such that
(u', vl),. @™ V™) are pairwise y-exclusive edges in the dominance relation >.
For each 1 < k < m, we have Cy denote the coalition C(u*, V%).

First, we establish that the coalitions C; and C; are disjoint, for all 1 < i <
j < m. Without loss of generality we may assume that {u’, v/} N y(u/,v/) # 0 and
v/ e y(u',v)). Now observe that the former implies that ”ic_,- > vfcj or Vic_, > véj,
whereas the latter yields both v, > uf. and v, > vi.. Hence, C; N C; = 0. We
now show that (<< Y(u',v') # 0. For each 1 < k < m there is some xc, € V(Cy)

such that xc, > u’ék > v’ék. Because Cy, ..., Cy are pairwise disjoint and V is a-
consistent, there is some u* € H such that uc,u..uc, > xc,u--uc,. It follows that
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u* € Yy(u',v) for all 1 < i < m. Hence, () <j<pm ¥(u',v) # 0, which concludes the
proof. O

Since every coalitional NTU game obtained through a-effectivity is @-consistent,
Lemma 4 implies that the dominance relation of any such game satisfies the edge-

mapping property.

5.3 Dominance Relations through o-Effectivity

In order to obtain a full characterization of the dominance relation that can be
obtained through a-effectivity, we construct for each irreflexive relation R with
the edge-mapping property a non-cooperative game GX. We then show that R is
induced as the dominance relation of the NTU game that a-corresponds to GX.
The players of this game are defined by the weak, i.e., reflexive, transitive and
complete, orders over the outcome set A. Thus, by contrast to the constructions
used in the proofs of Theorems 1 and 2, the number of players is exponential,
rather than linear, in the number of vertices.

Let #2(A) denote the set of weak orders P over the set A. We write a =p b to
signify that (a,b) € P. Also a ~p b denotes that botha 2p b and b >p a in P, and
a >p bthata zp b but not b >p a. We omit the subscript whenever P is clear from
the context. Then, define, for each X C A witha € X and b ¢ X,

CX,a,b)={Pe P(A): x zpa>pbforall x € X}.

If an edge mapping ¢ is fixed in the context, we will also denote C(¥(a, b), a, b)
by C(a,b). Before we give our characterization result, we first prove a lemma,
establishing the exact conditions under which two coalitions C(a, b) and C(c, d)
are disjoint.

Lemma 5. Let  be an edge mapping for an irreflexive relation R on A. Then, for
all (a,b),(c,d) €R,

C(y(a,b),a,b) N C(Y(c,d),c,d) = 0 if and only if (a, b) and (c, d) are y-exclusive.

Proof. For the if-direction assume (a, b) and (c, d) to be y-exclusive. Without loss
of generality we may assume that {a, b} N Y(c,d) # 0 and d € ¥(a,b). From the
former follows that either a >p d or b >p d for each P € C(¥(c,d), ¢, d), whereas
the latter yields both d >p a and d zp b for each P € C(¥(a,b),a,b). Hence,
CWy(a,b),a,b)yn Cy(c,d),c,d) = 0.

For the opposite direction assume that (a,b) and (c,d) are not y-exclusive.
Then,

(i) d € y(a,b) implies {a, b} N Y(c,d) = 0, and

(i) b € Y(c,d) implies {c,d} N yY(a,b) = 0.
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We distinguish three cases: (1) d € ¥(a,b), (2) b € y(c,d) and (3) neither d €
Y(a,b) nor b € Y(c,d). First assume d € ¥(a,b). Then, d # b. By (i), moreover,
{a, b} Ni(c,d) = 0. Hence, also a # c. Therefore, there exists a weak order P on A
such that for all x € (Y(a, b) U ¥(c,d)) \ {a},

x>a~d>b.

Observe that both P € C(a,b) and P € C(c,d). Hence, C(a,b) N C(c,d) # 0.
Case (2) is covered by an analogous argument.

Finally, if (3) obtains, we have a # b, ¢ # d, a # d as well as b # c. Moreover,
{b,d} N (W(a,b) Uyl(c,d)) = 0. It follows that there is a weak order P on A such
that for all x € (¥(a, b) U y(c,d)) \ {a,c},

x>a~c>b~d.

Then, both P € C(a,b) and P € C(c,d) and we may conclude C(a,b) N C(c,d) +
0. O

We are now in a position to prove our characterization result for dominance
graphs obtained through a-effectivity. The edge mapping property may appear a
bit contrived. Even if that is the case, the important thing to observe is that it is a
property of binary relations that is defined independently of their interpretation as
dominance relations. Moreover, Theorem 3 can be used to obtain more intuitive
results. Three of these are captured in Corollaries 1, 2, and 3.

Theorem 3. Let R be a binary relation on a finite set A and y a comprehension
condition. Then, R is obtainable through a-effectivity under y if and only if R is
irreflexive and satisfies the edge-mapping property.

Proof. The only-if direction is an immediate consequence of Lemma 3 and Lemma 4:
every finite NTU game that a-corresponds to some normal form game under y is
a-consistent, and the dominance relation of every @-consistent finite NTU game
satisfies the edge-mapping property.

For the opposite direction, assume R to satisfy the edge-mapping property and
let y: A x A — 24 be the witnessing edge mapping. We first construct a nor-
mal form game GX = (N, S, Q, g, U), where the set of players N is given by the
set Z(A) of weak orders over A and Q = A = {ay, ..., aq)}. By virtue of Lemma 2
we may assume without loss of generality that y is tight. Each player P defines his
own preference relation over A, i.e., P weakly prefers a to b if and only if (a, b) € P.
We have the utility matrix U = (u;;);en, jea represent these preferences. Let, more-
over, set of strategies for each playeri € N be defined asas §; = AXAx{1,...,|Al},
with typical element s; = (s} s sl.z, 51'3)'

This leaves us with the definition of the outcome function g: S — A. For a bet-
ter understanding, however, we first give an informal description of the game GR
and introduce a number of notational conventions. The game GX can be under-
stood as follows. By choosing the strategies sl.1 and 51'2 a player announces which
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coalition C(x,y), where x,y € A and xRy, he wishes to belong to. Only if all
players of a coalition express the wish to belong to that very coalition, it is actu-
ally formed. In this way the simultaneous formation of overlapping coalitions is
precluded. Then a modulo game M (X, |A]) is played, the outcome of which is deter-
mined by (s?)ieN. The resulting outcome is also the outcome of GX. Accordingly
each coalition C(a, b) in €' (R) can force the outcome of the game to fall within the
set ¥(a, b) by choosing an appropriate joint strategy which guarantees the mem-
bers i of C(a,b) a minimum utility of u;(a), no matter which strategies the other
players adopt.

Let €(R) = {C(a,b): aRb} and for each strategy profile s = (s',s%,8%)in S.
We say that C(a, b) forms at s if sl.1 = a and sf = b foralli € C(a,b). Now define
% (s) as the set of coalitions in %’ (R) that form at s, i.e.,

%(s) = {C(a,b) € €(R): C(a,b) forms at s}.

Defined thus, all coalitions in %(s) are pairwise disjoint. Moreover, by virtue of
Lemma 5, forany a, b, ¢,d € A with C(a, b), C(c,d) € € (s), the edges (a, b), (c,d) €
R are y-exclusive. With each strategy profile s = (s', 52, s°) we associate a set X(s) C
A of outcomes defined as,

X(s) = [ (@, b): C(a,b) € E(s5)}.

We postulate that X(s) = A in case €(s) = 0. As R satisfies the edge-mapping
property, it follows that for each strategy profile s the set X(s) is non-empty.

We are now in a position to formally define the outcome function g, such that
for all strategy profiles s = (s', 2, s%)in S,

g(s) =a,, where m=1+ (Z s? mod |X(s)|].
ieN

Accordingly, by merely forming, each coalition C(a, b) in €' (R) has a strategy that,
no matter which strategies the other players adopt, guarantees the the outcome
of fo to fall within ¥(a, b).

Let Vclf be the finite coalitional NTU game (N, H, V) where H = {u(g(s)): s €
S} and for each coalition C in N,

Vo (C) = {x¢c € Hc: C is a-effective for x¢ in G§}.

Obviously, VE a-corresponds to G&, so it remains to be shown that VX induces R.
Observe that u(a) = u(b) if and only if @ = b. The if-direction is trivial. For the
other direction, observe that there is some weak order P € (A) such that a > b
in P. As P € N also up(a) > up(b) signifying that a # b. Consequently, |H| = |A|
and it suffices to prove that for all a, b € A, aRb if and only if u(a) > u(b).
Consider arbitrary a,b € A and assume aRb. Then, C(a,b) € €(R). Let the
strategy profile s be defined such that s; = (a,b,1) for all i € C(a,b) and let ¢
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be an arbitrary strategy profile. Then C(a, b) is formed at s* = (Sc(a.p), I-C(a.b))s
i.e., C(a,b) € €(s*). Hence, X(s*) C ¥(a,b) and g(s*) € ¥(a,b). Moreover,
UCap)(8(8")) = ucpy(@) > ucwp)(b). As t had been chosen arbitrarily, it follows
that ucpy(a) € Vo(C(a,b)). Therefore, u(a) dominates u(b) via C(a, b), which
yields u(a) > u(b).

For the opposite direction, assume that aRb does not hold for some a,b € A.
Then, C(a, b) is not in ¥’(R) and consequently never forms. Because the dominance
relation of any finite NTU game is irreflexive, without loss of generality, we may
assume that a # b. For a contradiction, moreover, assume that nevertheless u(a) >
u(b). Then, there is some coalition C in N and some § € § such that,

uc(g(Sc, s—¢)) = uc(a) > uc(b), forall forall se€S. (%)

Consider this § and observe that C # N, otherwise C would also have contained
weak orders P with up(b) > up(a). So, let i* be a player with i* ¢ C. Observe that
there are ¢,d € A with cRd such that C(c,d) C C. To appreciate this let b = a,,
and let s be such that s; = (a,b, x;) and 1 + (Fiec 3° + Djgc 5°) mod |A]) = m. Be-
cause C # N, s is well-defined. If C contains no coalition C(c, d) then X(S¢, s_¢) =
A and g(3¢, s_¢) = a,, = b. Consequently, uc(b) > uc(g(3c, s—c¢)), which is at vari-
ance with (x).

We now show that (¢,d) = (a,b). Recall that ¢ # b and that, because R is
irreflexive, also ¢ # b. For a contradiction assume (c,d) # (a, b). We distinguish
the following cases: (i) a # cand b = d, (ii) a # cand b # d, and (iii) a = ¢
and b # d. If (i), b # ¢ and there is a weak order P; over A withc¢ > b = d > a.
Hence, P; € C(c,d). If (ii) there is a weak order P, over A withc ~ b > a ~ d.
Now, P, € C(c,d). Finally, if (iii), both ¢ # b and a # d. Accordingly a weak
order P3 over A with b > a = ¢ > d exists. Moreover, P; € C(c,d). In all three
cases together with C(c, d) C C, it follows that it is not the case that uc(a) > uc(b),
contradicting (x).

Recall that cRd. Hence aRb as well, because (a,b) = (c,d). This, however,
contradicts our previous assumption. O

The following corollaries show how the edge-mapping can be employed. The
first two can also easily be obtained by other means, but are included for illustrative
purposes. Corollary 3 is slightly more substantial.

Corollary 1. Let y be a comprehension condition. Then, every asymmetric relation
on a finite set A is obtainable through a-effectivity under y.

Proof. Define y: AXA — 24 such that y(a, b) = {a} for all (a, b) € R. Obviously, ¥
is an edge mapping. Asymmetry of R, moreover, guarantees that no two edges in R
are y-exclusive. Hence, R satisfies the edge-mapping property trivially. Theorem 3
then yields the desired result. m|

Corollary 2. Let y be a comprehension condition and R an irreflexive relation on
a finite set A such that there is some a € A with xRa for no x € A. Then, R is
obtainable through a-effectivity under y.
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Proof. Define y: AxA — 24 so that ¢(b, ¢) = {a, b} for all (b, ¢) € R. Then, obvi-
ously, b € ¥(b, c). By irreflexivity of R, we have ¢ # b and since « is undominated,
also ¢ # a. Hence, ¢ ¢ ¥(b,c) and we may conclude that ¢ is an edge mapping
for R. Now observe that a € (¢, )eg ¥(b, ). Accordingly, the relation R has the
edge-mapping property and Theorem 3 yields the desired result. m|

Corollary 3. Let y be a comprehension condition and A a finite set of at least two
alternatives. Then, the maximal irreflexive relation R* = {(a,b) € A X A: a # b}
on A is not obtainable through a-effectivity under y.

Proof. Assume for a contradiction that R* satisfies the edge-mapping property and
let ¥ be the witnessing edge mapping. We first prove by induction on k that for
each 0 < k there are distinct cy,...,cx € A such that the edges (a,b), (b,a),
(a,cy),...,(a,cy) are y-exclusive. For k = 0 merely observe that (a, b) and (b, a)
are y-exclusive as a € ¥(a,b) and b € Y(b, a) by the definition of an edge map-
ping. For the induction step, assume that a, b, cy, ..., cx € A exist such that (a, b),
(b,a), (a,cy),...,(a,c) are pairwise y-exclusive. Having assumed R” to satisfy
the edge-mapping property in virtue of i, we have (1, ex, ¥(x,y) # 0, where
X = {(a,b),(b,a)} U {(a,c;): 1 < i < k}. Observe, however, that a ¢ ¥(b,a),
b ¢ ¥(a,b) and ¢; € ¥(a,c;) for each 1 < i < k. Hence, there is some ¢y distinct
from a, b, cy, ..., c such that ¢y € ¥(a,b), cx+1 € W(b,a) and ci+1 € Y(a,c;) for
each 1 < i < k. Now consider the edge (a, cx+1). Obviously, a € Y(a, cp+1). It
follows that the edges (a, b), (b, a), (a,c1), ..., (a, cx+1) are pairwise y-exclusive.
To conclude, consider the case in which k = |A|-2. Then, {a, b, c1, ..., cja-2} =
A coincides with A and the edges (a, b), (b, a), (a,c1), ..., (a, cja|-2) are pairwise -
exclusive. However, for each x € A, x ¢ y(a, x). Hence, (1 )ex,, ¥(x,y) = 0,
contradicting the assumption that R” satisfies the edge-mapping property. O

6 Conclusion

We characterized the structural restrictions of dominance relations in coalitional
games that denote whether there is an effective coalition that unanimously prefers
one outcome to another. We have shown that any irreflexive relation over a finite set
can be obtained as the dominance relation of some ordinary, monotonic, and simple
coalitional NTU game V, even if we require V to be induced by a non-cooperative
game via S-effectivity. Dominance relations obtainable via a-effectivity are char-
acterized by a more restrictive condition, which we refer to as the edge-mapping
property.

Many well-known dominance-based solution concepts from coalitional game
theory (e.g., the core or stable sets) lack existence, uniqueness, or even both. So-
cial choice theory, on the other hand, has produced solution concepts—e.g., the
Banks set, the uncovered set, or the minimal covering set—of which existence,
uniqueness, and several other desirable properties are guaranteed for asymmetric
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dominance relations on a finite set of alternatives. An important question for fu-
ture work is whether there are extensions of these concepts that retain most of their
attractive properties for dominance relations that are not anti-symmetric.
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Abstract

In previous work belief change over time was modeled by means of branching-
time structures; a corresponding modal logic with operators for next-time, infor-
mation and belief was proposed and some aspects of the relationship between
this logic and the AGM theory of belief revision were discussed. In this paper
we establish a stronger correspondence between the semantics of temporal belief
revision frames and AGM belief revision. The addition of a valuation to a tempo-
ral belief revision frame gives rise - for every state-instant pair (w, t) - to a belief
set K (at (w,t)) and a partial belief revision function based on K (constructed
from the beliefs at the immediate successors of ¢ and at state w). We investigate
under what conditions such a partial belief revision function can be extended to
a full AGM revision function. We find that a necessary and sufficient condition
(when the set of states €2 is finite) is that there exist a total pre-order R of € that
rationalizes belief revision at (w, t), in the sense that at ¢ and at the immediate
successors of ¢ (and at state w) the states that the agent considers possible are the
R-maximal states among the ones that are compatible with the information re-
ceived. We also provide a set of axioms that characterizes this class of temporal
belief revision frames.

Keywords: information, belief, branching time, AGM belief revision, plausibility
ordering.

1 Introduction

In [4] and [5] belief change over time was modeled by means of branching-time struc-
tures; a corresponding modal logic with operators for next-time, information and belief
was proposed and some aspects of the relationship between this logic and the AGM
theory of belief revision ([1]) were discussed. In this paper we establish a stronger
correspondence between the semantics of temporal belief revision frames and AGM

belief revision. The addition of a valuation to a temporal belief revision frame gives



rise - for every state-instant pair (w, t) - to a belief set K (the agent’s beliefs at (w, t))
and a partial belief revision function based on K (constructed from the agent’s beliefs
at the immediate successors of instant ¢ and at state w). We investigate under what
conditions such a partial belief revision function can be extended to a full AGM revi-
sion function. We find that a necessary and sufficient condition (when the set of states
Q is finite) is that there exist a total pre-order R of (2 that rationalizes belief revision
at (w, ), in the sense that at instant ¢ and at its immediate successors (and at state w)
the states that the agent considers possible are the R-maximal states among the ones
that are compatible with the information received. We also provide a set of axioms in

a modal logic that characterizes this class of temporal belief revision frames.

2 Temporal belief revision frames

A next-time branching frame is a pair (T',—) where T is a set of instants or dates and
— 1is a binary “next-time” relation on 7" satisfying the following properties: V1, ta,t3 €

T,
1. if t1 ~— t3 and to »— t3 then t; = to,

2. if (t1,...,t,) is a sequence with t; — t;41, for every i = 1,...,n — 1, then

tn # t1.

The interpretation of t; ~— to is that to is an immediate successor of ti or t;
is the immediate predecessor of to: every instant has at most a unique immediate
predecessor but can have several immediate successors. If ¢ € T' we denote the set of

immediate successors of ¢ by ¢, thatis,t~ = {t' € T : t — t'}.

A temporal belief-information structure is a tuple (T, —,Q, {By,Z; }1er) where
(T, —) is a next-time branching frame, 2 is a set of states (or possible worlds) and,
for every t € T', B, and Z; are binary relations on €2, the first capturing beliefs and the
latter information. The interpretation of wZ;w' is that at state w and time ¢ — according
to the information received — it is possible that the true state is w’. On the other hand,

the interpretation of wB;w’ is that at state w and time ¢, in light of the information



received, the agent considers state w’ possible (an alternative expression is “w’ is a

doxastic alternative to w at time ¢”’). We shall use the following notation:
Bi(w) = {w € Q: wBw'} and, similarly, 7;(w) = {w' € Q : wTyw'}.

Thus B(w) is the set of states that are reachable from w according to the relation B;

and similarly for Z;(w).

Definition 1 A temporal belief-information structure (T, —,Q, { B¢, Z; }ter) is a tem-
poral belief revision frame if it satisfies the following properties: Yw € (1,
v, 't e T:
1. Bi(w)C ZLi(w),
2. Biw) # 9,
3. ift —t then Ty (w) C Ti(w),
4. ift—t, t—t" and Iy (w) = Iy (w) then By (w) = By (w),
5. ift—t and By(w) N Ly (w) # @ then By (w) = Be(w) N Iy (w).

Property 1 says that information is believed and Property 2 that beliefs are consis-
tent. Thus the two together imply that information itself is consistent.! By Property 3,
later information never contradicts earlier information: at any given state, information
becomes more refined as time goes by. Property 4 requires that at any two instants that
share the same immediate predecessor, if information is the same then beliefs must be
the same. Property 5 was called the ‘Qualitative Bayes Rule’ (QBR) in [4], based on
the following observation. In a probabilistic setting, let I, ; be the probability mea-
sure over a set of states {2 representing the agent’s probabilistic beliefs at state w and
time ¢, let F' C () be an event representing the information received by the agent at a
later date ¢’ and let P, 1/ be the posterior probability measure representing the revised
beliefs at state w and date ¢'. Bayes’ rule requires that, if P, ;(F') > 0, then, for every
event £ C Q, P, v(F) = Por(BOF) Bayes’ rule thus implies the following (where

P, +(F)
supp(P) denotes the support of the probability measure P):

if supp(P,+) N F # @, then supp(P, ) = supp(P.¢) N F.

'As pointed out by Friedman and Halpern [9], it is not clear how one could be informed of a contra-
diction.



[ JjpD][@] *u

Figure 1: A temporal belief revision frame

If we set By(w) = supp(P, ), F = Ty (w), with t — ¢/, and By (w) = supp(P, v)
then we get Property 5. Thus in a probabilistic setting the proposition “at date ¢ the
agent believes ¢” would be interpreted as “the agent assigns probability 1 to the set of

states where ¢ is true”.

Figure 1 shows a temporal belief revision frame. For simplicity, in all the figures
we assume that, for every instant ¢, the information relation Z; is an equivalence rela-
tion (whose equivalence classes are denoted by rectangles) and the belief relation 5,
is transitive and euclidean® (we represent this fact by enclosing states in ovals and,
within an equivalence class of Z;, we have that w’ € B;(w) if and only if w’ belongs to
an oval). Note, however, that none of the results below require Z; to be an equivalence
relation, nor do they require 3; to be transitive and euclidean.

For example, in Figure 1 at state o and time ¢3 the agent is informed that the true
state is either a, v or € (Z, () = {«,7,¢}) and (incorrectly) believes that it is y
(Biy () = {}). At the next instant ¢4 (and still at state «) the agent is now informed
that the true state is either v or € (Zy, () = {a,¢}) and forms the revised (correct)
belief that the true state is «. On the other hand, ¢5 is an alternative next instant to ¢3

and at ¢5 (and still at state «) the agent’s information is Z;, (o) = {«, v} and, according

2B, is transitive if ' € B(w) implies that By (w’) C Bi(w); it is euclidean if w’ € By(w) implies
that B;(w) C Bi(w'). Property 1 of Definition 1 is usually referred to as seriality.



to the Qualitative Bayes’ Rule (Property 5 of Definition 1), she maintains the earlier

(incorrect) belief that the true state is v (B, (o) = {v}).?

We want to relate temporal belief revision frames to the AGM theory of belief

revision ([1]), which is reviewed in the following section.*

3 Belief revision functions

Let ®( be the set of formulas of a propositional language based on a countable set
Sp of atomic propositions.” Given a subset K C ®y, its PL-deductive closure [K """
(where ‘PL’ stands for Propositional Logic) is defined as follows: ¢ € [K]P if and
only if there exist ¢y, ...,¢,, € K (with n > 0) such that (p; A ... A ¢,) — Y isa
tautology (that is, a theorem of Propositional Logic). A set K C ®g is consistent if
[K]PE #£ @ (equivalently, if there is no formula ¢ such that both ¢ and —¢ belong
to [K]PL). A set K C ® is deductively closed if K = [K]"Y. A belief set is a set

K C ®¢ which is deductively closed.

Let K be a consistent belief set representing the agent’s initial beliefs and let ¥y C
d( be a set of formulas representing possible items of information. A belief revision
function based on K is a function ® : Uy — 2%0 (where 2%0 denotes the set of sub-
sets of ®() that associates with every formula ¢ € W (thought of as new information)
aset ®x (1) C Py (thought of as the revised beliefs).® If ¥y # &g then ® g is called
a partial belief revision function, while if ¥y = ®( then ®x is called a full belief

revision function.

Definition 2 Ler ® : ¥y — 2% be a (partial) belief revision function and @'K :
®y — 2%0 a full belief revision function. We say that @' is an extension of ® if, for

every ¢ € Wo, ®(¢) = @k ().

A full belief revision function is called an AGM revision function if it satisfies the

3 As further illustration, focusing on state ¢ and the immediate successors of to, we have that Z;, (¢) =
{0, B,7,2} By (€) = {71 Toy () = {8,7,0,¢}. B () = {8, 7} g (£) = {, 7, £} and Byy (e) =
{7}. This collection of sets will be used later to illustrate the notion of AGM-consistency.

“For a more detailed account see, for example, [10] or [8].

>Thus ®, is defined recursively as follows: if p € So then p € ®¢ and if ¢,1p € P then ~¢ € Pg
and (¢ V) € Do.

°In the literature it is common to use the notation K, instead of @&  (1)).



following properties, known as the AGM axioms: Vo, 1) € O,

(AGM1) @k (¢) = [®K(9)]"F

(AGM2) ¢ € ®k (o)

(AGM3) @k (¢) C [K U {o}]"*

(AGM4) if ~¢ ¢ K, then [K U {¢}]"F C @k (o)

(AGM5) @ () = By if and only if ¢ is a contradiction

(AGM6)  if ¢ < 1) is a tautology then @ (¢) = @ (¢))

(AGMT)  ®x (¢ A1) C [@x(0) U {w}]""

(AGM8) if =) ¢ @ (), then [®1(¢) U {9}]"" C @ (¢ A ).

AGM1 requires the revised belief set to be deductively closed.

AGM2 requires that the information be believed.

AGM3 says that beliefs should be revised minimally, in the sense that no new
formula should be added unless it can be deduced from the information received and
the initial beliefs.”

AGM4 says that if the information received is compatible with the initial beliefs,
then any formula that can be deduced from the information and the initial beliefs
should be part of the revised beliefs.

AGMS requires the revised beliefs to be consistent, unless the information ¢ is a
contradiction (that is, —¢ is a tautology).

AGMBG requires that if ¢ is propositionally equivalent to ¢/ then the result of revising
by ¢ be identical to the result of revising by .

AGM7 and AGMS are a generalization of AGM3 and AGM4 that

“applies to iterated changes of belief. The idea is that if ® () is a
revision of K [prompted by ¢] and ®x(¢) is to be changed by adding
further sentences, such a change should be made by using expansions of
@ (¢) whenever possible. More generally, the minimal change of K to
include both ¢ and % (that is, ® x (¢ A 1)) ought to be the same as the
expansion of ® i (¢) by 1, so long as 1) does not contradict the beliefs in
@ (4)” (Géardenfors [10], p. 55; notation changed to match ours).

"Note that, for every formula 4,1 € [K U {¢}]"" if and only if (¢ — 1) € K (since, by hypothesis,
K = [K]"h).



4 Temporal models and AGM revision

We now return to the semantic structures of Definition 1 and interpret them by adding
a valuation that associates with every atomic proposition p the set of states at which
p is true. Note that, by defining a valuation this way, we frame the problem as one of
belief revision, since the truth value of an atomic proposition depends only on the state
and not on the time ®

Let Sp be a countable set of atomic propositions and @ the set of propositional
formulas built from S; (see Footnote 5). Given a temporal belief revision frame F =
(T, —,Q,{Bt,Zi }+c1), a model based on (or an interpretation of) F is obtained by
adding to F a valuation V : Sy — 2% (where 2 denotes the set of subsets of ).
Truth of an arbitrary formula ¢ € @ at state w in model M is denoted by w = &
and is defined recursively as follows:

(1) for p € Sy, w = pifand only if w € V(p),

(2) w Ea —¢ if and only if w A ¢, and

(3) w Ea (¢ V@) if and only if either w = ¢ or w =g 9 (or both).

The truth set of formula ¢ in model M is denoted by |¢] \,; thus |¢],, = {w €

Q:wEm ot

Definition 3 Given a model M = (T,—,Q,{B,Zi }1er, V), a state w € €, an

instant t € 'T" and formulas ¢,y € ®g we say that
o at (w,t) the agent is informed that v if and only if Ty (w) = |¢| 4,
e at (w,t) the agent believes that ¢ if and only if By(w) C || r,-

Note that for information we require equality of the two sets (this corresponds to
the notion of ‘all the agent knows’: see [4] for references), while for belief we impose

the standard requirement that 3;(w) be a subset of the truth set of a formula.

8In principle, the temporal structures of Definition 1 can be used to describe either a situation where
the objective facts describing the world do not change — so that only the beliefs of the agent change over
time — or a situation where both the facts and the doxastic state of the agent change. In the literature
the first situation is called belief revision, while the latter is called belief update (see [12]). We restrict
attention to belief revision.

°If instead of belief revision we were interested in belief update (see Footnote 8), then we would need
to define a valuation as a function V' : Sg — 20xT



Given a model M and a state-instant pair (w, t), according to Definition 3 we can
associate with (w,t) a belief set and a (typically partial) belief revision function as

follows. Let

Kpwi =1{¢ € @0 : Be(w) C D] a7 (1)

denote the set of formulas that the agent believes at (w,t), that is, his belief set at
(w, t). It is straightforward to show that K vy, ; is a consistent and deductively closed

set. Let

Urtwr = { € D¢ : [¢p| oy = Ly (w) for some ¢’ € t7} (2)

be the possible items of information that the agent might receive next time (that is,
at some immediate successor of ¢: recall that t— = {¢t € T : ¢t — t'}). Finally let

K pwr - Y Mwt — 2%0 pe defined as'®

BK g0, (V) = {p € Do : By(w) C 9] fort’ € 7 such that Ty (w) = |¢)] 5} -
3)
That is, if at the immediate successor ¢’ of ¢, the agent is informed that ¢ (Zy (w) =
|¥| Ap)» then his revised belief set is given by the set of formulas that he believes at
(w,t"): {p € o : Bu(w) C [d]p}-
What properties must a choice frame F satisfy in order for it to be the case that

the belief revision functions associated with an arbitrary interpretation (or model) of

F can be extended to full AGM belief revision functions?

Definition 4 A temporal belief revision frame F = (T, —,Q, {Bs, I }1er) is AGM-
consistent if, for every model M = (F, V') based on it and for every state-instant pair
(w, t), the associated belief revision function ® M t) (see (3) above) can be extended

(see Definition 2) to a full belief revision function that satisfies the AGM axioms.

The temporal belief revision frame illustrated in Figure 1 is not AGM consistent.

To see this, consider the following model based on it. The set of atomic propositions

10This function is well defined because of Property 4 of Definition 1.



is So = {p, ¢, r, s} and the valuation V : Sy — 2% is as follows: V(p) = {o, 3,7,¢},
V(g) = {B,7,d,e}, V(r) = {B,~} and V(s) = {7}. The initial beliefs are given
by the consistent and deductively closed set K = {¢ € &g :n € |¢p|}. If ¢ is a for-
mula such that || = Z;(w) for some ¢ € {t1,t2,t3} and w € Q, let ®x(¢) =
{¢ € ®¢ : Bi(w) C |¢|} be the revised beliefs at state w and instant ¢ after receiving in-
formation ¢. Thus, for example, {—p, ~q, =7, —s} C K furthermore, since Z;, (¢) =
{o, B,7,e} = Ipl and By, (e) = {7} C [p[ N lgl N [r| N |s[, {p,q,7. s} € ®@K(p).
Similarly, since Zt,(c) = {0,7,9,¢} = lg| and By, (¢) = {3,7}, {p,¢,7} € @K (q)
but s ¢ ®x(q). Since s € ®x(p) and s ¢ @k (q)

®x(p) # ®K(q). 4

Suppose that ®. : &g — 2%0 is an AGM belief revision function that extends
®K. Since (¢ A1) € @®r(p) = @ (p) and @ (p) is consistent, =(qg A r) ¢
@' (p). It follows from AGM axioms AGM7 and AGMS that ®'(p A (g A 7)) =
[®(p) U {(a A" = @5 ()" = @ (p). Similarly, since (p A7) € @ (q) =
®'¢(q), by AGM axioms AGM7 and AGM8 &',-(¢ A (p A1) = @' (q). Furthermore,
since (p A (g A 1)) < (g A (pAr)) is atautology, it follows from AGM axiom AGM6
that ®(p A (g Ar)) = ® (¢ A (p A7)). Hence @ (p) = @ (q). Since @ is
an extension of ® ¢, ®(p) = @k (p) and @' (q) = @k (q), yielding a contradiction
with (4).

The main result of this section is that, when 2 is finite, AGM-consistency is equiv-
alent to the property that, at every state-instant pair (w,t), belief revision can be ra-
tionalized by a “plausibility” ordering of the set of states, in the sense that at ¢ and at
the immediate successors of ¢ (and a state w) the states that the agent considers pos-
sible are the most plausible among the ones that are compatible with the information

received.

Definition 5 A plausibility ordering of the set of states ) is a total pre-order of §2, that
is, a binary relation R C Q x Q which is complete (Vw,w' € Q, either wRw' or w' Rw)

and transitive (Vw,w',w"” € Q, if wRW' and ' Rw" then wRW"). We interpret wRw'

!

as “w is at least as plausible as w'” . Given a plausibility ordering R of ) and a subset



E CQ,let

maxg B ={we E:wRJ, V' € E}

Thus maxpr F is the set of states in E' that are maximal (“most plausible”) according

to the ordering R.

Definition 6 A temporal belief revision frame (T, —,Q, {By, Z; }1er) is a plausibility
frame if it satisfies the following property: Yw € Q, ¥Vt € T, there exists a plausi-
bility ordering R, ;) of §) that rationalizes the agent’s beliefs at t and its immediate

successors (and state w) in the sense that

1. By(w) =maxg,, Zi(w), and

2. foreveryt' € T suchthatt — t',By(w) = maxg,, , Zy(w).

The temporal belief revision frame illustrated in Figure 1 is not a plausibility frame.
In fact, consider the state-instant pair (g, ty). Suppose that R is a total pre-order of )
that rationalizes the agent’s beliefs at (¢, ¢p). Then, it must be that B;, (¢) = {v} =
maxp Iy, (¢) = {«, 8,7, e}, which implies that (3,) ¢ R; furthermore, it must be
that By, (¢) = {8,7} = maxp Z,(¢) = {0,7,0,e},which implies that (5,7) € R,

yielding a contradiction.

Remark 1 In Definition 6 the total pre-order R that rationalizes beliefs at (w,t) is
required to be a “global” relation on the entire set of states €. Alternatively one could
merely require the existence of a “local” total pre-order of I;(w). However, the two
definitions are equivalent. If R is a total pre-order of 2, then the restriction R’ of R to
Ti(w) [that is, R' = RN (Zy(w) X Zt(w))] would provide the desired local total pre-
order. Conversely, if R’ is a local total pre-order of T;(w) then define R C Q x ) as
follows: R = R'U{(z,y) : z € Zy(w) and y € Q\Ly(w)}U{(z,y) : z,y € QT (w)}.

Then R is the desired global total preorder.'!

The next proposition provides a necessary and sufficient condition for a tempo-
ral belief revision frame to be a plausibility frame. All the proofs are given in the

Appendix.

"Recall that, by Property 3 of Definition 1, if ¢ — ¢’ then Zy (w) C Ty(w).

10



Proposition 1 A temporal belief revision frame (T, —,Q,{By, Zi }1er) is a plausi-
bility frame if and only if it satisfies the following property: Yw € Q, ¥Vt € T,
Vitg,t1,.costy € t7 with t, = tgand n > 1 (recall that ™ is the set of immedi-

ate successors of t),

l:fItk,l(w) N By, (w)#2,Vk=1,...,n,
(PLS)
then Iy, (w) N By, (w) =By, (w) NIy, (w), Vb =1,...,n.

For example, in the frame of Figure 1, property PLS is violated since Z;, (¢) N
Bi,(e) = {87} # Li,(e) N By, (€) = {7}
The following proposition says that, when the set of states is finite, a temporal

belief revision frame is AGM-consistency if and only if it is a plausibility frame.

Proposition 2 Let F = (T, —,Q,{B;,Z; }1er) be a temporal belief frame where )
is finite. Then the following are equivalent.

1. F is AGM-consistent.

2. F is a plausibility frame.

We now turn to a modal logic characterization of AGM-consistent frames.

S A temporal logic for belief revision

We briefly review the modal language introduced in [4], which contains the following
modal operators: the next-time operator (), the belief operator B, the information

operator [ and the “all state” operator A. The intended interpretation is as follows:

(O¢: “at every next instant it will be the case that ¢”
B¢ : “the agent believes that ¢”

Ip:  “the agent is informed that ¢”

A¢:  “itis true at every state that ¢”.

Fix a model M = (T,—,Q, {B;, Z; }ier, V), where V : Sy — 2% is a valuation.
Given a state w, an instant ¢ and a formula ¢, we write (w,t) F=aq ¢ to denote that ¢
is true at (w,t) in model M. Let ||¢|| ,, € €2 x T denote the truth set of ¢, that is,
[¢llpg = {(w,t) € XX T : (w,t) Fm ¢} and let [¢] 54, C €2 denote the set of states
at which ¢ is true at time t, that is, [¢] , = {w € @ : (w,t) Fm ¢}. Truth at (w,t)

11



is defined as usual for Boolean (that is, non-modal) formulas. For the modal formulas

we have
(w,t) Em O¢  if and only if (w,t') =g ¢ for every ¢’ such that ¢ — .

)
(w,t) Fm B¢ if and only if By(w) C [¢] vy,
(w,t) Em I ifand only if 7, (w) = Mﬂfvut

(w,t) Em A¢  if and only if MﬂM’t = Q.
Note that, while the truth condition for the operator B is the standard one, the

truth condition for the operator I is non-standard: instead of simply requiring that
Zi(w) C [@] g, we require equality: Zy(w) = [¢], (for an explanation see [4],
where the role of the “all state” operator is also discussed).

A formula ¢ is valid in a model if ||¢|| ,, = Q x T, that is, if ¢ is true at every
state-instant pair (w,t). A formula ¢ is valid in a frame if it is valid in every model
based on it. A property of frames characterizes (or is characterized by) an axiom if the
axiom is valid in every frame that satisfies the property and, conversely, if the frame
violates the property then there is a model based on that frame and a state-instant pair
at which the axiom is falsified.

Let ¢ be an abbreviation for =)~ (thus (w, t) FEa O ifand only if (w,t') Eam ¢
for some t’ such that ¢ — t'); furthermore, let ' A <;Sj denote the conjunction
(¢ A ... A\ &,,). In the following proposition ali_t;l’é. .’frgrmulas are restricted to be

Boolean, that is, formulas that do not contain any modal operators.

Proposition 3 The class of plausibility frames (see Definition 6) is characterized by
the following axioms (in Axiom 6 let ¢q = ¢,, and Xy = X,,):

1. 1¢— B¢

2. B¢ — -B-¢

3. I —OU¢— Alp —¢))

4. Oy ANBp) — Oy — Bo)

Sa. (~B=¢ ABvy) — O(¢ — By)

5b. =Bo(¢ A ) — OI¢ — —Bip)

6. A O (Ip;A-B-¢; 1ABx;) —
j:1,...,TL

' 1/\ O ((I¢j - B(¢j—1 - Xj—l)) N (I¢j—1 - B(¢j - Xj))>

J=1,...

12



@G ¢ b [@][®:][F

Figure 2: A plausibility frame

Axiom 1 says that information is believed and Axiom 2 that beliefs are consistent.
Axioms 3 and 4 correspond to Properties 3 and 4 of Definition 1. It is shown in [5]
that the conjunction of 5a, 5b and a weaker version of 2 provide a characterization
of Property 5 of Definition 1 (the Qualitative Bayes Rule). Axiom 6 characterizes

Property PLS (see Proposition 1).

6 Concluding remarks

In general, in a plausibility frame the ordering R, ;) that rationalizes belief revision
at state-instant pair (w,t) may be different from the ordering R, ) that rationalizes
belief revision at (w,t’) with ¢ — t'. To see this, consider the plausibility frame
illustrated in Figure 2.

Consider state . At instant g and its immediate successors the agent’s beliefs are
rationalized by the ordering R, 1,y = ({e} x QQU{B} x Q\{eHhU({v} x Q\{B,e})U
({a, 6} x {a, 6});'? in particular, for any ordering R that rationalizes beliefs at (c, to)
it must be that (v, @) € R and (o, ) ¢ R. On the other hand, at instant ¢ the agent’s
beliefs are rationalized by the ordering R, +,) = ({8,e} x Q) U ({6} x Q\{B,e}) U

">That is, € is more plausible than every other state, 3 is the second most plausible state, followed by
~; v and ( are the least plausible states.
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({a} x {a,v}) U{(y,7)}; in particular, for any ordering R that rationalizes beliefs
at (a, t2) it must be that (a,y) € R and (7, ) ¢ R. Thus the ranking of « versus ~y
must be the opposite at £ relative to ¢s.

Indeed, the literature on iterated belief revision has pointed out that, in general, the
entrenchment ordering of formulas that rationalizes AGM belief revision at an instant
can be quite different from the entrenchment ordering that rationalizes belief revision
at a later instant. Several proposals have been made concerning the restrictions that
should be placed on iterated belief revision (see, for example, [7] and [13]). The
analysis proposed in this paper allows one to frame the discussion both semantically,

in terms of plausibility frames and associated ordering of states, and syntactically, in

terms of modal axioms.'?

A Appendix

In order to prove Proposition 1 we need some preliminary definitions and lemmas.

Definition 7 A choice structure is a triple (Q,E, f) where Q is a set, € C 2% is a
collection of non-empty subsets of 2 and f : & — 2% is a function that satisfies the
following property: VE € £, & # f(E) C E.

Give a choice structure C = (0, €, f), a Hansson sequence in C is a sequence
(B, ... Ep, Ent1) (n > 1) such that, Yk = 1,....,n: (1) By, € €, (2) E,41 = E1 and
(3) Ex N f(Ery1) # 2.

Give two choice structures C = (Q,E, f) and C' = (Q, &', f'), we say that C' is a
QBR-extension of C if (1) &' = EU{Q}, (2) f' is an extension of f, that is, VE € &,
f'(E)=f(E)and (3)VE € E,if EN f'(Q) # D then f(E) = EN f'(Q).

Definition 8 Given a choice structure C = (Q, €, f) and a total pre-order R C Q2 x (),
we say that R rationalizes C if and only if, for every E € £, f(E) = maxp E.

The following result is due to Hansson ([11], Theorem 7, p. 455).

Proposition 4 Let C = (Q, &, f) be a choice structure. The following are equivalent:
1. there exists a total pre-order R C Q) x 2 that rationalizes C,
2. for every Hansson sequence (F1,...,E,, En+1), Ex 0 f(Ext1) = f(Ex) N
Ek—i—l» Vk = 1, ey N

Lemma5 Let C = (Q, &, f) be a choice structure and C' = (Q, &', f'), a OBR-
extension of C (see Definition 7). Then the following are equivalent:

(a) if (E, ..., Ey, Eny1) is a Hansson sequence in C then, Yk = 1,...,n, E N
f(Eks1) = f(Eg) N Egya;

(b) if (EY,...,E},,El,.\) is a Hansson sequence in C' then, Yk = 1,...,n, E} N
(B ) = F(E)NE;,.

BFor a different, but related, approach see [2] and [3]
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Proof. That (b) = (a) is obvious, since the set of Hansson sequences in C’ contains
the set of Hansson sequences in F (they are those where E; € & for all k) Thus we
only need to prove (a) = (b). Consider first the case where, VE € £, EN f'(Q) # 2.
Then, since C’ is a QBR-extension of C, f(F) = E N f'(Q), VE € £. Define the
following relation R’ on Q: for all z,y € Q, xR’y if and only if either (1) z € f'(Q)
or(2Q)x ¢ f/(Q)andy ¢ f/(Q). R is clearly a total pre-order'* and, furthermore, for
every E € &, f'(F) = maxp E.!"°> Thus, by Proposition 4, (b) holds. Suppose now
that EN f/(Q) = @ forsome E € €. Let & = {F €& : ENf(Q) =2} and let

Qo= |J E.ThenQyN f'(Q) = @. By Proposition 4 it follows from (a) that there
Ee&y
is a total pre-order R of €2 such that, for all E € &, f(E) = maxp E. Fix such a total

pre-order R and define the following relation R’ on :

R'= (RN(Qx)) U{lzy ecxQ:ze f(Q)}
U {(z,y) € 2 xQ:y € Q\(Qo U ()}

We want to show that R’ is a total pre-order of € and is such that, for every E € &',
f/(E) = maxp E. If we establish this then, by Proposition 4, (b) holds.

Proof that R is complete. Fix arbitrary z,y € ). We need to show that either
xR'yoryR'x. If x € f'(Q) then, by (5), xR'y; similarly, if y € f/(Q) then yR'z. If
x,y € Qo then it follows from (5) and completeness of R. If y € Q\(Qo U f/(Q2) then,
by (5), zR'y; similarly, if 2 € Q\(Q U f/(Q) then yR'z.

Proof that R’ is transitive. Fix arbitrary x,y,z € 2 and suppose that R’y and
yR'z. We need to show that xR'z. If x € f/'(Q), then, by (5), zR’z. Assume that
x ¢ f'(€2). Two cases are possible: (1) z € Qg and (2) z € Q\(Q U f'(2). In Case 1,
since 2 R'y, it must be that either (1a) y € Qg or (1b) y € Q\ (2 U f/(Q). In Case la,
since y Rz, it must be that either z € g, in which case xR’z by (5) and transitivity of
R,orz € Q\(Qo U f/(2), in which case xR’z by (5). In Case 1b, since yR'z by (5) it
must be that z € Q\(Qp U f/(2) and thus, by (5), xR'z. Consider now Case 2, where
xz € Q\(Qo U f'(Q). Then, since xRy, it must be that y € Q\(Qo U f'(Q) and thus,
since yR'z, it must be that also z € Q\ (2o U f'(Q2). Hence =R’z by (5).

Thus R’ is a total pre-order of €. It remains to show that, for every £ € &,
f'(F) = maxg E. It is clear from (5) that f'(2) = maxg Q (recall that Qg N
1(Q) = @). Thus we only need to show that f(E) = maxp F forall E € £. If
E € & (thatis, EN /() = @) then, since f(E) = maxpg E, it follows from (5) that
f(E) = maxg E. Suppose, therefore, that E ¢ &, that is, E N f'(Q) # @. Then,
since C’ is a QBR-extension of C, f(E) = EN f'(2). Hence, since f'(2) = maxp Q2
and maxp QN E = maxp E (because maxp 2 N E # @), it follows that f(F) =
maxp E.

|

&)

“Proof of completeness. Fix arbitrary x,37 € Q. We need to show that either zR'y or yR'z. If
x € f'(Q) then zR'y; if y € f'(Q2) then yR'x; if both z ¢ /() andy ¢ f'(2) then xR’y and yR'x.

Proof of transitivity. Fix arbitrary z,y,2 € Q and suppose that zR'y and yR'2. We need to show
that zR'z. If z € f/(Q), then zR'z. If x ¢ f'(£2) then, since zR'y, it must be that y ¢ f'(2) and thus,
since yR'z, it must be that also 2z ¢ f'(£2). Thus zR’z.

"By definition of R’, maxp Q = f'(Q). Let E € £. Then, since f(E) = EN f'(Q) = EN
maxg Q, f(E) = maxg E.
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Proof of Proposition 1. Fix a temporal belief revision frame (7', —, Q, {B;, Z; }her)
an arbitrary state & and an arbitrary instant £. Condition PLS states that

Vto, t1, o)

tn witht, =tpandn > 1,ifZ;, (@) N By, (©) # &, Vk=1,...,n
then Z;, (@

et
)N By, (@) = By, (0) N T4, (@), VE = 1,...,m
(6)
Associate with (&, %) the following choice structure C = <Q, E f >: 0 =Tyw),
E ={T;(&) : t € £~} and, for every E € &, if E = Z;(0) for some t € £ then
f(E) = By(@)."”. Then (6) is equivalent to the following (see Definition 7)

for every Hansson sequence (E1, ..., By, E,41) inC
E;0 f(Ejq) = f(Ej) NEj,Vi=1,...n

Let(C' = <Q, &, f’> be the extension of C given by £’ = EUQ and f(Q) = By(w).
Then, by Property 5 of Definition 1, C’ is a QBR extension of C (see Definition 7).
Thus, by Lemma 5, (7) is equivalent to

(7

for every Hansson sequence (F1, ..., E,, Ep41) in C’
E;in f(Ej) = f(Ej)) NEj1,Vji=1,...n

By Proposition 4, (8) is equivalent to the existence of a total pre-order RCOx
that rationalizes C’ and thus - by construction of C’ - R that rationalizes beliefs at (<, f)
restricting the set of states to Z;(w). By Remark 1 this is equivalent to the existence of
a total pre-order R C § x () that rationalizes beliefs at (&, 7). B

®)

Proof of Proposition 2. The proof is a “pointwise” application of the following
result proved in [6]: if C = (Q,&, f) is a choice structure with 2 finite then C is
rationalizable by a total pre-order of Q) (that is, for every F € &, f(E) = maxp E)
if and only if C is AGM-consistent.!® One only needs to apply this result to the choice
structure associated with each state-instant pair (w,t) (as explained in the Proof of
Proposition 1).

|

Proof of Proposition 3. It is shown in [5] that, for j = 1,2, 3, Axiom j of Propo-
sition 3 characterizes Property j of Definition 1.

Next we show that Axiom 4 of Proposition 3 characterizes Property 4 of Definition
1. Fix an arbitrary frame that satisfies Property 4 of Definition 1. Fix arbitrary w € (2,
t € T and Boolean formulas ¢ and 1 and suppose that (&, %) = O(Iv) A Bg). Then
there exists a ¢’ such that £ = ' and (&, ') |= I¢) A Bo, that is, Zy (&) = [¢], and
By (@) C [qﬂ +- We have to show that (&, ) = O(IY) — B). Fix an arbitrary t € T
such that ¢ ~— t and suppose that (&,¢) = It. Then Z;() = [+],. Since ¥ is a
Boolean formula, by Proposition 5 in [4], [¢], = [v¢],. Hence Ty (©) = Z;(w) and
thus, by Property 4 of Definition 1, By (&) = B;(w). Hence By(w) C [¢],. Since

'“Recall that, by Property 3 of Definition 1, if £ ~— ¢ then Z¢ (&) C Z;(&).

"The function f is well-defined because of Property 4 of Definition 1.

8¢ is AGM-consistent if, for every valuation V' : Sy — 22 the (partial) belief revision function
@K : Uy — 270 where K = {¢ € @ : f(Q) C |8]}, Wo = {¢ € D¢ : |¢| € £} and, for every
¢ € Vo, ®k(P) ={tp € Po: f(|#]) C ||}, can be extended to a full AGM belief revision function.
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¢ is a Boolean formula, [¢],, = [¢],, so that Bi(w) C [¢],, that is, (w,t) = Be.
Hence (&,t) = Iyp — B¢ and thus, since t was chosen arbitrarily with ¢ — ¢,
(&,1) = OIY — Bg). Conversely, fix a frame that violates Property 4 of Definition
1. Then there exist w € Q and ¢,¢1,t2 € T such thatt — t1,t — to, 7y, (w) = Iy, (w)
and By, (w) # By, (w). Without loss of generality we can assume that

there exists an o € By, (w) such that o ¢ By, (w) )

(otherwise renumber the two instants). Construct a model where, for some atomic
propositions p and ¢, ||p|| = Zy, (w)xT and [|g|| = By, (w)xT'. Then (w, t1) = IpABq
and thus, since t — t1, (w,t) = O(Ip A Bgq). Furthermore, since Z;, (w) = Zy, (w),
(w,t2) E Ip and, by (9), (w,t2) ¥ Bq, so that (w,t2) ¥ (Ip — Bq). Hence, since
t — tg, (w,t) ¥ O(Ip — Bq) and thus Axiom 6 is falsified at (w, t).

It is shown in [5] that Axiom S5a of Proposition 3 (called N D in [5]) is character-
ized by the following property

if t — ¢’ and Bi(w) N Zy (w) # @ then By (w) C Bi(w) (10)

and Axiom 5b of Proposition 3 (called NV A in [5]) is characterized by the following
property

if ¢ — ¢’ then By(w) N Zy (w) C By (w) (11)

Since Property 5 of Definition 1 implies both (10) and (11), it follows that a frame
that satisfies Property 5 validates Axioms 5a and 5b. Furthermore, in the presence of
Property 1 of Definition 1, the conjunction of (10) and (11) implies Property 5. Thus,
in the presence of Property 1, violation of Property 5 implies violation of either (10) or
(11) (or both) and thus leads to the possibility of falsifying either Axiom 5a or Axiom
5b (or both).

We conclude the proof of Proposition 3 by showing that Axiom 6 is characterized
by Property PLS of Proposition 1. Fix a temporal belief revision frame that satisfies
property PLS, an arbitrary model based on it, arbitrary Boolean formulas ¢4, ..., ¢,
and X1, ..., X,, and arbitrary & € Q and £ € T and suppose that (letting bo = &)

@ik A 0 (I¢j/\_‘B_‘ ¢j—1/\BXj) (12)

j:1727"'7n

We have to show that, for every j = 1, ..., n (letting ¢, = ¢,, and xy = X,,)
(@,8) = O ((I16; = B6-1 = x;-0)) A U9, — B(o; = X,))).

By (12) there exist t1, ..., t, € T such that { — tjforall j =1,...,n and

(@,t;) F IpjA~B=¢; _1ABy; forallj =2,..,n. (13)

Thus
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@ Iy, (@) = [¢;], forallj=1,..,n,

(b) By, (0) NIy, _,(w) # @ forall j =2,...,n,

(©) By, (@) NI, () # @
(@)

(A By,

(14)

Fix arbitrary j € {1,..,n} and t € T with £ — t. We have to show that if
(@,1) | 1¢; then (,t) = B(¢;_1 — x;_1) and if (@,1) = I¢;_; then (&,t) =
B(¢; — x;). Suppose first that (0,t) = I¢;, that is, Zy(w) = [¢;],. Since ¢;
is a Boolean formula, by Proposition 5 in [4], {gbﬂ ;= {gbﬂ 4 so that, by (a) of
(14), Ty(w) = Iy, (w). It follows from this and Property 4 of Definition 1, that
Bi(w) = By, (w). Thus without loss of generality we can take ¢t = ;. Similarly, if
(@,t) = I¢;_4 then, without loss of generality, we can take t = t;_;. Thus it will
be sufficient to show that if (w,t;) = I¢; then (¥,t;) = B(¢;_1 — X;_) and if
(@, tj—1) F I¢;_ then (@, t; 1) F B(¢; — x;)- By (b) and (c) of (14) and property
PLS we have that (letting ty = t,,)

Ty, (@) N By (@0) = By, (0) NIy, (). (15)
By (d) of (14), Btjfl(d)) - {Xj_1—|t- X and, since x;_; is a Boolean formula, by

i

Proposition 5 in [4], [Xj—lwtj,l = [Xj—lwtj' Thus

Btjfl(dj) - {Xj—1—|tj (16)
Hence, by (15) and (16),

T, (@) 1By (@) € [y, an

Now (letting "E denote the complement F, that is, 'E = Q\ E),

By, (@) C T, (@)U (T, , (@) N B, (&) (18)
By (a) of (14),Z;;_, (@) = [qu_ﬂt_ ) and, since ¢;_ is a Boolean formula, [¢j—1—|t, =
J— j—

[@_th. Thus

Ty (@) = gl = [0l (19)

Putting together (18), (19) and (17) we get that B, (©) C [~¢;_1], U [x;_1], =
J J

[gbj_l — Xj—l]tj sthatis, (@, ;) = B(¢;_1 — X;—1)- The proof that if (0, ;1) =

I¢; 4 then (0,t;_1) = B(¢; — x;) is along the same lines. "

Conversely, fix a frame that violates property PLS. Then there exist & € Q,f € T,
t1,...,tn € t7,and a k* € {1,...,n} such that (letting to = t,,)

“By (d) of (14) By, (@) C [th and since x is Boolean, {Xj]t = [th . Thus, using (15),

j j i-1
we get that By, (0) NZ¢; (@) C {Xj]tj,l‘ Since Bt _, (®) € It (@) U (Zt, (@) N Bi,_, (©)) and
= [¢; = x5

I, (@) = [qﬁj]tj = wj]tj,l’it follows that B;,;_, (@) € {_'QSJLJ-,l u {Xﬂtj,l e
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@ Zy,_,(w)N By (w) #2,Yk=1,...,n,

(b) Iy (@) N By, (©) # By, (0) NI, . (@).
Letpy, ..., Pn,q1, ---, @n, be atomic propositions and construct a model where, for every
k=1,..,n,|pgll = Zs, (@) x T and ||gx|| = By, (@) x T'. Then, by (a) of (20) (letting
bo = pn)

(20)

@8 k= A O(Ip;A~B-p;_1ABg;). (21)
i=12,...,n
By (b) of (20), either
(A)thereisan o € Zy,, ,(©) N By, . (@) such that o & By, (@) NIy, (0) or
(B)thereisa f € B;,. ,(w) NIy (0)suchthat B ¢ Z; .  (©) N By,. ().

Consider Case A first. Since o € By, (@) and, by property (1) of Definition 1,
Bi,. (@) C Iy,.(w), it must be that o ¢ By, (@), so that (o,t) = —qg=—1, for
every t € T. Since a € Z;,, (W), (o, t) = pr=—1, for every t € T. Thus («,t) |=
—(pgr—1 — qg+—1), for every t € T, in particular (o, tg«) E —(prr—1 — qrr—1)-
Since o € By, (W), it follows that (@, 1) = " B(pk+—1 — qir+—1), so that, since
(W, tgx) E Ipgs, (W, tkx) E ~(Ippx — B(prr—1 — qi+—1)). It follows from this and
the fact that £ ~— ¢« that (0, %) =~ O (Ipgr — B(pr<—1 — qu+_1)). This, together
with (21) falsifies Axiom 6 of Proposition 3 at (&, 7).

Now consider Case B. Since 8 € By, ,(©) and B;,. (@) C Z,. (@), it must
be that 3 ¢ B;,.(©), so that (3,t) = —qy-, for every t € T. Since 3 € Z;,. (v),
(6,t) | pi=, for every t € T. Thus (5,t) E —(pgx — qx+), for every t € T,
in particular (3,ty«—1) = —(pr+ — qi+). Since § € By,. (@), it follows that
(W, tg—1) FE —B(pg — qi), so that, since (w,t,-1+) | Ippe—1, (@, tp=—1) =
—(Ipg<—1 — B(px= — qx+). It follows from this and the fact that ¢ — ty«_; that
(@, 1) E = O (Ipg—1 — B(pr= — q+)). This, together with (21) falsifies Axiom 6
of Proposition 3 at (@, ).

|
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But what will everyone say?
— Public Announcement Games*

Thomas Agotnes' Hans van Ditmarsch?

February 27, 2009

Abstract

Dynamic epistemic logics describe the epistemic consequences of ac-
tions. Public announcement logic, in particular, describe the consequences
of public announcements. As such, these logics are descriptive — they de-
scribe what agents can do. In this paper we discuss what rational agents will
or should do. We consider situations where each agent has a goal, a typi-
cally epistemic formula he or she would like to become true, and where the
available actions are public announcements. What will each agent announce,
assuming common knowledge of the situation? The truth value of the goal
formula typically depends on the announcements made by several agents,
hence we have a game theoretic scenario. We discuss possible solutions of
such public announcement games.

1 Knowledge and Games, Wiebe and Us

Thomas. I knew Wiebe long before he knew me; first and foremost from his
published work and reputation but also from seeing him at a conference or two.
But our first real contact was at a Knowledge and Games workshop in Liverpool.
I was a fresh PhD graduate, and had discovered what I thought to be a mistake in
a paper by Wiebe and Mike Wooldridge, and this was the topic of my talk at the
workshop. One could say that there was some nervousness: I didn’t know how it
would be received, if it really was a good idea or more like an academic harakiri.
And while the problem was important in my mind then, in hindsight it admittedly
looks slightly less significant. But Wiebe took it all very graciously. And it turned
out very well in the end, because it was the starting point of a happy collaboration
over many years now, in particular on formalising aspects of knowledge and games.

*For the workshop on Reasoning about Knowledge and Rational Action in honour of Professor
Wiebe van der Hoek on his 50th birthday (Wiebe Fest 2009).

"Bergen University College, Norway, tag@hib.no, and University of Bergen, Norway,
thomas.agotnes@infomedia.uib.no

iUniversity of  Aberdeen, UK, and University of Otago, New Zealand,
hans@cs.otago.ac.nz



Five years later, Hans and I are trying to secretly write this paper for Wiebe
Fest. But what do you tell Wiebe when he asks what you are currently working
on, if you are busy, or indeed what stops you from concentrating more on certain
other projects? My naive strategy is to not say anything, and blame laziness. But,
Hans argues, if all of Wiebe’s colleagues suddenly become quiet right before his
anniversary, Wiebe will understand that something is going on. So a better strategy
is perhaps to say that you are working on something, vaguely. But, then again,
Wiebe would also know that that is the best strategy in case something is going on
in secret; in that case isn’t the first strategy better after all? It is not so easy to play
knowledge games with Wiebe van der Hoek.

Formal models of knowledge and games have been central in Wiebe’s research,
and is the topic of this paper. In particular, we combine game theory with epistemic
logic [7] and epistemic dynamic logic [12].

Hans. Even though I am known as Cluedo man, Wiebe is at the origin of this
work. My first contact with Wiebe was in 1992 (or was it 1991?), when I was
working at the Open University of the Netherlands, and Wiebe was finishing his
PhD at the Vrije Universiteit Amsterdam. At the time, I was developing a follow-
up course in logic for the Open University of the Netherlands, based on the Dutch-
language textbook ‘Logica voor informatici’ (‘Logic for Computer Science Stu-
dents’, currently named ‘Logica voor informatica’— ‘for Computer Science’). The
course would have a part on epistemic logic and Wiebe volunteered—for a nice
fee—to write that part. I had come to Amsterdam to discuss matters with him. I
recall entering a crowded and overly warm PhD office with this guy sitting there,
surrounded by machinery and lots of books: Wiebe. Must have been sometime in
winter, it was already getting somewhat dark.

Now one of these Open University things is that apart from feeding students
content, epistemic logical content in this case, you also give them a case study,
something to apply that content to. Wiebe told me about this game I had never
heard of, called Cluedo, that might constitute a suitable case study in epistemic
logic... I liked the idea, and it got into the tentative plans for that course. Things
did not run that course exactly at the time. Eventually we had too much course
material (other contributors to that course were, to name a few, Catholijn Jonker,
and Maarten de Rijke), the material on epistemic logic was cut down a bit, and
the case study on Cluedo never materialized. ‘A bit’ is kind of an understatement:
at a public meeting with various contributors I proposed to butcher large chunks
of already developed and written up material, acting in true fashion of one of my
lesser known very impatient personae. Maarten almost exploded (and I assure you
he had reason to), Wiebe never raised an eyebrow.

The topic of Cluedo kept roaming my brain, and came out again when, a few
years later, I discussed PhD topics with possible supervisors. I am grateful that
my paths crossed with Wiebe again at that stage, as, informally, he became much
involved with the supervision of my PhD. The rest of that is history. I remember



having him murdered at my PhD defence—oh no, it was Jan van Maanen who got
killed. Wiebe played a part in solving the murder prior to the actual defence.

The epistemic logic of knowledge games such as Cluedo is now well under-
stood, also in a temporal epistemic setting [2]. But the game theory never really got
started. More knowledge games than knowledge games therefore. Minor results
are found in [10, 11]. Recently I thought to be pleasantly surprised, when read-
ing http://www.scientificblogging.com/news_releases/game_
theory_solves_clue_and.maybe_improves_robot_mine_sweepers_too.
Game theory solves Clue! (Clue is the American name for the (British) game of
Cluedo.) Alas, not so. This turned out to be the usual media hype. In the under-
lying contribution we address the matter of knowledge games. This approach is
applicable to Cluedo.

2 Introduction

Dynamic epistemic logics describe the epistemic consequences of actions. Public
announcement logic, in particular, describe the consequences of public announce-
ments. As such, these logics are descriptive — they describe what agents can do,
what pre- and post- conditions are, and so on. However, there is little predictive
work in this area, describing what rational agents will do. In this paper we consider
situations where each agent has a goal, a typically epistemic formula he or she
would like to become true, and where the available actions are public announce-
ments. What will each agent announce, assuming common knowledge of the situa-
tion? The truth value of the goal formula typically depends on the announcements
made by several agents, hence we have a game theoretic scenario.
We make the following assumptions:

e agents have incomplete information about the world;

e agents have goals in the form of epistemic formulae, and agents’ goals are
common knowledge among all agents;

e cach agent choose a (truthful) announcement (a formula she knows to be
true);

e all agents make their announcements simultaneously; and
e all agents act rationally, i.e., they try to obtain their goals.

What can we say about how such agents will, or should, act?

In the next section we review the syntax and semantics of public announce-
ment logic and some concepts from game theory. In Section 4 we introduce a for-
mal model of public announcement games, and we discuss some possible solution
concepts in Section 5 before we conclude in Section 6.



3 Background

3.1 Public Announcement Logic

The language L, of public announcement logic (PAL) [9] over a set of agents
N ={1,...,n} and a set of primitive propositions O is defined as follows, where
1 1is an agent and p € ©:

pu=p| Kip| |01 Apa | [p1]pa

We write (¢1)ds resp. K, for the duals —[¢]~py and =K.

A Kripke structure over N and O is a tuple M = (S,~1,...,~y, V) where
S is a set of states, ~; C S x S is an epistemic indistinguishability relation and
is assumed to be an equivalence relation for each agent ¢, and V' : © — S as-
signs primitive propositions to the states in which they are true. A pointed Kripke
structure is a pair (M, s) where s is a state in M. The interpretation of formulae
in a pointed Kripke structure is defined as follows (the other clauses are defined in
usual truth-functional way).

M, s E K;¢ iff for every ¢ such that s ~; t, M, t = ¢
M, s | [¢]y iff M, s |= ¢ implies that M |¢, s =

where M|¢p = (S',~),...,~0, V') such that S’ = {s' € S : M,s E ¢}
~i=r (ST xS VI (p) =VIp) N S

The purely epistemic fragment of the language (i.e., formulae not containing
public announcement operators [¢]) is denoted L. It was already shown in Plaza’s
original publication on that logic [9] that the language of PAL is no more expressive
than the purely epistemic fragment.

In this paper we will implicitly assume that Kripke structures are finite and
connected.

3.2 Strategic Games
An strategic game is atuple G = (N, {A; : i € N}, {u; : i € N}) where
e N is the finite set of players

e for each i € N, A; is the set of strategies (or actions) available to i. A =
X jenAj is the set of strategy profiles.

e foreachi € N, u; : A — R is the payoff function for i, mapping each
strategy profile to a number.

A strategy profile is a (pure strategy) Nash equilibrium if every strategy is the
best response of that agent to the strategies of the other agents, i.e., if the agent can
not do any better by choosing a different strategy given that the strategies of the
other agents are fixed. In this paper we do not consider mixed strategies, and by
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“Nash equilibrium” we implicitly mean the pure strategy variant. A strategy for an
agent is weakly dominant if it is as least as good for that again as any other strategy,
no matter which strategies the other agents choose.

4 Public Announcement Games

Formally, a public announcement game models the agents’ knowledge, and thereby
available announcements, and goals:

Definition 1 (Public Announcement Game) An (n-player) public announcement
game (PAG) is a tuple
AG = (M, 71, 7n)

where M is an epistemic structure, and y; € L is the goal formula for agent i. A
pointed PAG is a tuple (AG, s) where AG is a PAG and s a state in AG. A strategy
for agent i in a pointed PAG is a formula ¢; such that M, s = K;;.

It is now very natural to associate a strategic game with any pointed PAG
(AG, s): strategies, or actions, correspond to the individual announcements the
agents can choose between, and a goal is satisfied iff it is true after all agents si-
multaneously make their chosen announcement. Formally:

Definition 2 (State Game) The state game G(AG, s) associated with state s of
PAG AG = (M,~;,..., V) is defined by N = {1,...,n}, A;i = {¢; : M,s =

1 M,S ): <K1¢1 A Kn¢n>%

0 otherwise

wllon, oo = {

Like in Boolean games [3, 8], binary utilities are implicit in public announcement
games; an agent’s goal is either satisfied or not.

A point to note is that all PAGs have infinitely many strategies. However, for
all interesting purposes any PAGs over a finite epistemic structure can be seen
as one with only finitely many strategies, since there can be only finitely many
announcements with different epistemic content.

Example 3 Consider the following formal model of a situation: a two-player
pointed PAG ((M, Y ann,VBilt), S), where M is the following structure

- Ann Bill -
.t pPB,pA ANN .gBypA L .ZB7 PA

and
Yann = (Kppa VvV Kp—pa) — (Kapp V Ka—pB)
VBl = (Kapp vV Ka—pp) — (Kppa V Kp—pa)

It is common knowledge that Ann’s goal is that Bill does not get to know
whether p 4 is true unless Ann gets to know whether pp is true, and similarly the



other way around. Actually, p4 is true and Ann knows this, and the same for pp
and Bill. Ann does not know whether Bill already knows p 4, and similarly for
Bill/Ann/pp. Furthermore, Ann does not know whether pp is true, but she knows
that if pp is false then Bill already knows that p 4 is true, and similarly for Bill.

In s each agent can make two announcements with different information con-
tent, and the associated state game can thus be seen as a 2 X 2 matrix. We use the
following picture to show that the game is associated with the point s:

o PBPA Ann PB:PA Bill oP B PA
t s U

The figure above uses some notation we will use henceforth: Ann is assumed to be
the row player and Bill the column player; payoff is written xy where x is Ann’s
payoff and y is Bill’s.

Notice that the game above has two Nash equilibria: either both agents an-
nounce their private information, or neither say anything informative. A winning
strategy, for either agent, is to say nothing.

So a pointed PAG models the type of situations described in Section 2, and
it might be tempting at first sight to view a pointed PAG similarly to a Boolean
game, and use the game theoretic tool chest to define rational outcomes based on
the state game. For example, in Example 3 we identified two Nash equilibria in
the state game. However, observe that in state s neither agent knows that the state
actually is s — and thus they do not necessarily know what the state game is! It is
a fundamental assumption behind solution concepts such as the Nash equilibrium
that the strategic game is common knowledge. Since the state game is not common
knowledge among the two agents, the identification of equilibria of the state game
can therefore not be a reliable method of identifying rational outcomes. Figure 1
illustrates the state games associated with also the two other states of Example 3.
Clearly, if the actual state is s, the state game is not known by any of the players —
in fact, they don’t even know all the actions available to the other player. Indeed,
while (p4, pp) is a Nash equilibrium in the state game in s, it is not in the other
state (¢) which Ann considers possible — she does not even know for certain that
pp is a possible action for Bill.

Thus, the situations we are interested in can be modelled as a particular type of
strategic games with imperfect information, where the strategies and information
available in each state are closely interconnected (strategies are information) and
where the same strategies are available in indiscernible states (but not necessarily
in others). It is at least not immediately clear how standard models of strategic
games with imperfect information, such as Bayesian games [4], can be applied to



o PBPA . Amngpmpa . Bl pppa
| | !
! ! \
| ! \

| T -pB | T pB | T pB
T 101 11 T |11 10 T 110 10
pa | 01 11 pa | 01 11 -pa | 11 11

Figure 1: PAG of Example 3 with state games.

this setting (see also the discussion in Section 6). We now go on to discuss possible
outcomes and solution concepts.

S Solution Concepts

Let us first consider weakly dominant (wd) strategies. It should be clear from the
discussion above that there is a crucial distinction, in a pointed PAG, between:

e the existence of a strategy for an agent which is weakly dominant for that
agent on the one hand, and

e the existence of a strategy for an agent which that agent knows is weakly
dominant on the other,

because it might be the case that there is a strategy which is weakly dominant in
one of the states she considers possible, but not in another. For example, in state ¢
of the model in Figure 1, p 4 is weakly dominant for Ann, but Ann does not know
this. Contrast this with the fact that T is also weakly dominant for Ann, but this
Ann knows.

Knowledge of weakly dominant strategies is a natural solution concept for
PAGs. But another important distinction must be made.

Definition 4 Given a pointed PAG ({M,~;, . ..,Vn), ) and an agent i, we say that
1 has a weakly dominant strategy de dicto iff ¢ has a weakly dominant strategy in
the state game of any state t such that s ~; t.

Definition 5 Given a pointed PAG ((M,~;,...,Vn),s) and an agent i, we say
that © has a weakly dominant strategy de de iff there is some strategy for i which is
weakly dominant in the state game of any state t such that s ~; t.

If an agent has a wd strategy de dicto, she knows that she has a wd strategy,
i.e., she has a wd strategy in all states she considers possible, but she does not
necessarily know which strategy is dominant; it is not necessarily the same strategy
that is dominant in all the possible states. If she has a wd strategy de re, on the other
hand, she knows which strategy is dominant; the same strategy is dominant in all



the states she considers possible. Of course, having a wd strategy de re implies
having one de dicto. The de dictol/de re distinction is well known in the knowledge
and action literature [6, 5]. In state s in the model in Figure 1, Ann has a wd
strategy de re, namely T (Bill also has one — which one?). An example where an
agent has a wd strategy de dicto but not de re will be shown later (Example 11).

What about the Nash equilibrium? Clearly, we can have similar situations:
there might be a Nash equilibrium without the agents knowing it; the agents might
know that there is a Nash equilibrium but not necessarily know what it is (there
might be different equilibria in different accessible states). However, what “know”
means here is not as clear as in the case of dominant strategies where knowledge
of a single agent was needed. In the case of the Nash equilibrium there are several
agents involved. Group notions of knowledge, such everybody-knows, distributed
knowledge and common knowledge, have been studied in the context of the de
dictolde re distinction before [6]. For our purpose, we argue that the proper type
of group knowledge for knowing a Nash equilibrium de re is common knowledge,
since that is the assumption in game theory. Common knowledge of an equilibrium
among all agents corresponds to a common equilibrium in all states of the model
(since we assume connectedness). Thus, the existence of a Nash equilibrium de
re is a model property, rather than a pointed model property, unlike existence of
dominant strategies.

Definition 6 Given a PAG AG, we say that there is a Nash equilibrium de re if
there exists a tuple of formulae, one for each agent, which constitutes a Nash equi-
librium in the state game of every state in the PAG.

For example, in the PAG in Figure 1, there is a Nash equilibrium de re, because
the strategy profile (T, T) is a Nash equilibrium in all the state games. An example
where there are Nash equilibria in all the state games but no Nash equilibrium de
re will be shown later (Example 11).

5.1 The Induced Game

Can a PAG be viewed as a (single) strategic game? We suggest the following
definition.

Definition 7 Given a PAG AG = (M, ~1,...,vn) with M = (S,~1,...,~p, V),
the induced game G 5 is defined as follows:

e N={1,...,n}
o A, is the set of functions a : S — L¢; with the following properties:

— Truthfulness: M, s |= K;a(s) for any s
— Uniformity: s ~; t = a(s) = a(t)



Thus, a strategy a € A; gives a possible announcement for each state, but the
same announcement for indiscernible states (note that the same announce-
ments are always truthful in indiscernible states). Alternatively, a; can be
seen as a function mapping equivalence classes fo announcements.

e The payoffs are defined as follows. For any state s in AG, let G(AG, s) =
(N, {A? i e N}, {u : i € N}) be the state game associated with s (Def.
2). Define, for any (a1, ...,a,) € Ap X -+ X Ay

Zses uf(al(s), ooy an(8))
5|

ui(ag, ... ap) =

There are two important points to consider in the above definition.

First, strategies are defined as plans for action in any possible state. This may
look counter-intuitive if we want to find rational actions in some particular state
of a PAG: agents know the available actions in that state (the same actions are
available in all the states an agent considers possible). However, even though the
current state is a member of the equivalence class one agent currently considers
as possible states, she might consider many possibilities for what another agent’s
current equivalence class might be. Thus, she must take into account what the
other agent is likely to do in all of these circumstances. Thus, a strategy must be
description of behaviour for any contingency; even though each agent will only
choose actions that actually are available in the current state.

Second, payoff is computed by taking the average over all states in the model.
It is clear that it does not suffice to look only in the current state, as each agent
also might consider other states possible. But why not, then, compute an agent’s
payoff by taking the average over all the states that agent considers possible (the
agent’s equivalence class)? The reason is that the strategic game must be common
knowledge, in order for solution concepts such that the Nash equilibrium to make
sense. It might for example be that Ann considers it possible that Bill considers
state u possible, but that state u is not in either Ann’s or Bill’s equivalence class
for a current state s. If we take the average over only each agent’s equivalence
class for s, u will not be taken into account. Averaging over all reachable states
corresponds to averaging over all states commonly considered possible (all states
accessible according to the accessibility relation for common knowledge). This
is also the reason that the induced game is not induced from a pointed PAG: the
induced game is the same at all points. This is as it should be, since the game
should be common knowledge at any state. The computed payoffs can be seen
as expected payoffs, not expected by a particular agent in the game, but expected
payoffs as computed by a common knower — an agent whose knowledge is exactly
the common knowledge among all agents in the game.

We will shortly explain the induced game further through several examples.

Proposition 8 If agent i has a weakly dominant strategy de re in (AG, s) for every
state s in a PAG AG, there is a weakly dominant strategy for i in the induced game.



Proof A weakly dominant strategy a in the induced game is defined by taking
a(s) to be a wd strategy in the state game in s and choosing the same strategy
for all states int the same equivalence class (this is possible because the agent has
a strategy de re). Wlog. assume that there are only two agents, and that ¢ = 1.
Suppose that a is not weakly dominant. Then there is some other strategy a’ for 1,
and some strategy b for 2 such that

2 s Ui(a'(5),0(5)) D sens uilals), bls))

>
| M] | M|

Since payoffs are positive, this implies that uj(a’(s),b(s)) > uj(a(s),b(s)) for
some s. But then a(s) is not weakly dominant in the state game in s after all,
which is a contradiction. (]

Definition 9 A Nash Announcement Equilibrium (NAE) of a PAG is a Nash equi-
librium of the induced game.

Example 10 Let us continue Example 3. We construct the induced game as follows
(it is instructive to inspect the state games as illustrated in Fig. 1 onp. 7). A (for
Ann) contains the following four strategies:

° a}4: t,s— T, u— T

° a124.' t,s— T;ur— —py

° ai: t,s—pa,ur— T

° aj: t,8+— pA, U— P4
Ap (for Bill) is as follows:

° a}B: u,s+— I, t— T

° CLQB.' u,s+— 1, t— —pp

o a%: u, 8 +— pp,t— T

° a4B: U, s — pp, t — —pp

In order to compute the payoffs, we need to check the payoffs in the state games for

10



each state and combination of strategies. We have the following:

aj,a t s u
1,1 01 11 10
1,2 11 11 10
1,3 01 10 10
1,4 11 10 10
2.1 01 11 11
2,2 11 11 10
2,3 01 10 11
2,4 11 10 11
3,1 01 01 10
3,2 11 01 10
3,3 01 11 10
3,4 11 11 10
4,1 01 01 11
4,2 11 01 11
4,3 01 11 11
44 11 11 11

We get the following payoff matrix. We will henceforth write the payoffs without
dividing by the number of states, for ease of presentation (the equilibria do of
course not depend on this):

|ap ap ap ap
ajy |22 32 21 31
a2 [23 32 22 32
ad |12 22 22 32
aj |13 23 23 33

The Nash equilibria are underlined.
Thus, the Nash announcement equilibria of this PAG are as follows, informally:

(1,1) Both agents say nothing (informative), no matter what

(1,2) Ann says nothing, but Bill says —p 4 if the state is t (which Bill can discern
from any other state) and nothing otherwise. Let us consider this in the case
that the current state is s. Ann knows that the actual state is either s or t,
but not which. Thus, in the equilibrium she will play T under the assumption
that Bill will play T if the actual state is s and —p 4 if the actual state is t
(Bill can discern between these two possibilities). Actually, Bill will play
T.

2,1) Similarly, with Ann and Bill swapped

(3,3) Ann says p4 if she knows it, i.e., if the state is in Ann’s equivalence class
{s, t}. Similarly for Bill.

11



(3,4) Ann says pa if she knows it, and Bill says pp if he knows it and —pp if he
knows that

4,3) Similarly, for Ann and Bill swapped
(4,4) Both agents say everything they know

Example 11 Define a PAG AG as follows. Let the model be as in Example 3, but
change the goals as follows:

Yann = (Kg(parpp) A=K app)V (K p(—paApA) ANK AKg=pa)V (K A(ppA-pA)ANKBK A—ppB)

vgit = (Ka(parpp)A-Kppa)V(Kp(—ppApa) ANK aK p—pa)V(Ka(ppA—pa)NKpK 4—pg)

Perhaps the reader finds these long formulae hard to read, but it suffices to trust
that they give the following state games:

o PBPA . Ann gpmpa . Bl pppa
| ! !
! ! \
| ! \
| T -pB | T pB | T pB
T 111 00 T 100 01 T |11 00
pa |00 00 pa | 10 00 —pa | 00 00

The PAG has some properties not found in the PAG in Example 3 (Figure 1). First,
Ann has a weakly dominant strategy de dicto, but not de re, in the pointed PAG
(AG, s). The strategy pa is weakly dominant in s, but not in t. There is, however,
another weakly dominant strategy in t, namely T. Second, while every state game
has a Nash equilibrium, there does not exist a Nash equilibrium de re in AG.

We get the following induced game, where the strategies are as in Example 10:

ap ap ap ap

ajy 22 11 12 01

az |11 00 12 01

a% [21 21 00 00

a3 [ 10 10 00 00

The Nash announcement equilibria are underlined. Let us consider the situation in
state s. There are several different Nash announcement equilibria, including: all
agents announce T in all states (including in s). Note that (T, T) is not a Nash
equilibrium in the state game in s. Another equilibrium is that both agents play
“down” (i.e., not T) in any state (also a Nash equilibrium in the state game in
s). Note that (a%,a%) is a NAE while for example (a3, a%) is not. If the current
state is s (or, from Ann’s perspective the current equivalence class is {s,t} and
from Bill’s perspective {s,u}), Ann will in fact do exactly the same if she uses
strategy af’4 or aff\. However, since Bill does not know whether Ann’s equivalence
class is {s,t} or {u}, he must also consider what Ann does in u— which is exactly
what differentiates af’4 and aff‘. Thus, the distinction between these two strategies
is significant, even in a state (s) where they give the same action.

12



Example 12 Let us consider a more regular and symmetric PAG than the ones
discussed so far. The situation is similar to the one in Example 3, but now Ann
knows that Bill does not know p s, and similarly for Bill/Ann/pp. The situation
is modelled by the following goal formulae and Kripke structure. We have also
shown the state games.

Yann = (Kppa vV Kp—pa) — (Kapp V Ka—pB)
VBl = (Kapp vV Ka—pp) — (Kppa V Kp—pa)

T pB ‘ T pB

T (11 10 T 11 10

pa |01 11 -pa | 01 11
\.gAva Bl .EPAvPB/
Ann Ann
o4 Pn Bl mpisopp

‘ —|— —\pB ‘ —|— —|pB

T |11 10 T 11 10

pa |01 11 -pa |01 11

Again, the induced game has four distinct strategies for each agent:

X aj ag

1 s,t—T; w,v—T s,ur— Ty tv— T
2 s, t—T; wu,v+——psg s,u+— 1; t,v— —pp
3 s,t—pa; u, v T s,u+—pg; t,bov— T
4 s, t—pa; uw,v— pa s,u—pp; t,v— pp

The induced game (Nash equilibria underlined):

ap ap ap ap
aj |44 42 42 40
ai | 24 33 33 42
a% |24 33 33 42

aj |04 24 24 44

The game has two Nash equilibria. The first is that both agents say nothing, in all
states. The strategies in this equilibrium are both dominant strategies. The second
equilibrium ( ai, a‘é ) is that both agents tell everything they know, in all states.

In Example 12 the Nash announcement equilibria are all “composed” of Nash
equilibria in the state game, in the following sense: for every NAE (a, b) and every
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state s, (a(s),b(s)) is a Nash equilibrium in the state game in s (albeit not all
such compositions of Nash equilibria in the state games are NAE in the example).
Indeed, this is also the case in Example 3. Is this a general property of PAGs? No,
and a counter example is found in Example 11: (al|, ak), because (a}(s), ak(s))
is not a Nash equilibrium in the state game in s.

We can establish a connection to having a Nash equilibrium de re, similarly to
Proposition 8 for dominant strategies.

Proposition 13 [f there exists Nash equilibrium de re in a PAG, then there exists a
Nash announcement equilibrium.

Proof Assume wlog. that there are only two agents. If there is a Nash equilibrium
de re, then there is a strategy profile (z,y) which is a Nash equilibrium in every
state game. Let (a, b) be a strategy profile for the induced game such that a(s) = z
and b(s) = y for any s. Clearly, a and b are both uniform and truthful. Suppose
that (a,b) is not a Nash equilibrium in the induced game. Then there is a better
response a’ for one of the agents, again wlog. assume for agent 1. In other words,
there is a strategy o’ for agent 1 such that u;(a’, b) > ui(a,b). But this entails that
ui(a’(s),b(s)) > ui(a(s),b(s)) for some state s, and thus that there is a strategy z
for agent 1 in the state game in s such that u{(z,y) > uj(z,y) — which contradicts
the fact that (x, y) is a Nash equilibrium in the state game in s. O

Proposition 13 does not hold in the other direction. A counter example is found
in Example 11.

6 Discussion

The intimate connection between knowledge and strategies in public announce-
ment games distinguishes them from many other types of games. In Boolean games
[3, 8], each agent has a goal formula like in PAGs, and each agent controls a set of
primitive propositions which affects the truth value of the goal formulas. In con-
trast, in PAGs an agent “controls” common knowledge of any formula he or she
knows. We have seen that we cannot simply view a pointed PAG as Boolean type
game, because the agents do not necessarily have common knowledge about the
game that is being played.

The most common model of strategic games with imperfect information is
Bayesian games [4]. In Bayesian games it is, among other things, assumed that
each agent has a probability measure over the set of states. This could perhaps be
adapted to the possible worlds framework. However, it seems to be complicated
by the fact that in the latter framework we can have situations like “Ann consid-
ers a state possible where B considers another state possible where..”, while in the
former framework there is only a “flat” probability measure and not different mea-
sures in different states. Still, it might be that our games can be seen as Bayesian

14



games, or the other way around. Our definition of the Nash announcement equilib-
rium has many similarities to the standard definition of Nash equilibria in Bayesian
games. The exact relationship remains to be identified.

Is our definition of the Nash announcement equilibrium the right one? We have
argued that it is reasonable and has desirable properties, e.g., it is an equilibrium of
a game that is common knowledge among all agents, and the payoffs are expected
payoffs computed by a “common knower”. Further studies of its properties are
needed, and this is work in progress. In future work we will also study mixed
strategies, we will look at more fine grained goal models which do not necessarily
give binary payoffs, for example lists of prioritised goals [1], and we will model
situations with sequential announcements by using extensive form games.
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Abstract

This paper! presents a framework for the generation of coherent elementary
conversational sequences at the speech act level. We will embrace the notion of a
cooperative dialogue game in which two players produce speech acts to transfer
relevant information with respect to their commitments. Central to the approach
is that participants try to achieve some sort of balanced cognitive state as a result
of speech act generation and interpretation. Cognitive states of the participants
change as a result of the interpretation of speech acts and these changes pro-
voke the production of a subsequent speech act. Describing the properties and
the dynamics of the mental constructs that constitute the participants’ cognitive
states, such as beliefs and commitments, in relation to the various dialogue con-
tributions is an essential aspect of the game. Although simple in its basic form,
the framework enables us to produce abstract conversations with some properties
that agree strikingly with coherence structures found in, for instance, Conversa-
tion Analysis.

1 Introduction

In its basic form, a dialogue can be conceived as a linear alternating sequence of sym-
bolic elements between two participants who alternately play the role of sender and
receiver (Hamblin, 1971). The utterances in a dialogue do not form independent seg-
ments of text, but show, like words in a sentence, a coherent structure of conversational
units. In both the generation and the interpretation process, dialogue participants relate
the content of new contributions to the previous discourse. The construction of a co-
herent representation of the conversational units in a dialogue is an essential cognitive
activity in the process of understanding discourse.

Coherence as a relation in discourse has been studied from many different an-
gles. Most studies in linguistics take an analytical stance and consider, for instance,
the acceptability of written texts or dialogue sequences and the type of relations that
should be taken into account to build a coherent representation of these discourses
(e.g., [18, 31, 14, 33]). Inspired by computational theories on natural language pro-
cessing and the need for computer systems that generate cooperative dialogue contribu-
tions, coherence is nowadays also studied from the perspective of language production

'This article has been published as Beun, R.J. & Eijk, R.M. van (2007). Dialogue Coherence: A
Generation Framework Journal of Logic, Language and Information 16(4), pp. 365-385.



(see e.g., [4, 7, 20, 12, 22, 28]). In these ‘synthetic’ theories, questions have to be
answered about, for instance, the appropriateness of responses in a dialogue, the ade-
quate realisation of referential expressions or the linear ordering of discourse units as
part of a dialogue turn. In these cases, coherence is often considered as a constraint on
the communicative behaviour of the participants in terms of the production of speech
acts or actual realization of the linguistic form.

In line with the ‘synthetic’ theories, the central goal of this paper is to present a
computational framework that enables us to generate coherent elementary conversa-
tional sequences at the speech act level. For that, we will embrace the notion of a
cooperative dialogue game [9] in which two players produce speech acts or “'moves’
to transfer relevant information with respect to their cognitive states. Central to the
approach, and in line with [23], is that the cognitive states of the players change as a
result of the interpretation of the speech acts [8] and that these changes provoke the
production of a subsequent move. The game works roughly like this: A speech act
is generated on the basis of preconditions formed by the cognitive state of the sender,
but changes the cognitive states of both sender and addressee after it has been man-
ifested. In the next turn the addressee adopts the sender role and, subsequently, the
changed mental constructs of his or her state function as the new preconditions for
the next speech act. Conversational coherence of subsequent speech acts with pre-
vious utterances is established by the cognitive state of the participants and the rules
for cognitive update and dialogue behaviour. As in realistic conversational situations,
it is assumed that the information relevant with respect to a particular answer can be
distributed among the participants.

Describing the properties and the dynamics of the mental constructs, such as be-
liefs and commitments [17, 35, 19], in relation to the various dialogue contributions
is an essential part of the work. We will show that the coherence of the speech acts
is tied to local interactions contingent to the agent’s particular situation and that the
coherence relations can be described in a situated sense, i.e., driven by the history of
the speech acts and the dynamics of the mental constructs of the participants.

This paper is organized as follows. In Section 2 we will consider the notion of
coherence in dialogue. In Section 3 we will describe the basic aspects of the generation
model and the underlying theoretical principles of the dialogue game. In Section 4 we
will describe the mental constructs used in the dialogue game and the notion of balance
and in Section 5 the actual game is defined and in Section 6 an example is worked out.
In Section 7, conclusions are given together with lines for further research.

2 Dialogue Coherence

Coherence relations can be described on a syntactic and a semantic level. Syntacti-
cally, most models of conversation include both a linear and a hierarchical conception
of coherence relations. Linearity is established by a notion of pairing — two utterances
that for some reason seem to be related to each other at the same level. In Conver-
sation Analysis, for instance, the fundamental pairs of conversational organisation are
sequences called ‘adjacency pairs’: a question is followed by an answer, a greeting by
a counter-greeting, etcetera (e.g. [24]). From speech act theory we know the notion
of ‘uptake’ [5], being the dependency of a successful performance of an illocutionary



act on the reaction of the addressee. Hierarchy, on the other hand, is established by
embedded structures that may appear between paired units. In dialogue this can be cre-
ated by so-called ‘insertion sequences’ — i.e. deviations from the main point that are
usually expressed by the first part of an adjacency pair. Through the embedding struc-
tures of adjacency pairs, the recursive organisation of conversation becomes apparent.
Similar structures can be found in, for instance, [30, 16, 29, 25]. A disadvantage of the
syntactic approach is that it does not explain why particular sequences are conceived
as being linear or hierarchical.

In line with, for instance, [31, 34, 6], we will assume that semantic coherence re-
lations have an informational and/or an intentional nature. Informational coherence
relations concern a ‘believed’ relation between the units that corresponds to an ex-
isting relation in the world described by the discourse (co-reference, spatio-temporal
relations, causality, and the like). The informational view often refers to the partici-
pants’ ontological and assertional knowledge about the discourse domain. Intentional
relations do not lie in the state of affairs described, but in the assumed relations in the
goals and plans of the participants (the illocutionary and perlocutionary relations, such
as question-answer, offer-rejection and threat-defence).

In order to better define our intuition, we will first discuss some examples. All
examples were taken from a small scale pilot experiment with 30 subjects who had to
judge the degree of coherence on a scale from 1 (low coherence) to 5 (high coherence)
of five short parts of Dutch discourse. The first two examples show (in)coherence at
the informational level.

Ex1. I read a book. The stone is black. (¢ = 1.4, sd = 0.6,n = 30)

where ¢ indicates the coherence score, sd the standard deviation and n the number
of judgements. We can conclude from the low sd that in this case there was much
agreement between the subjects. The next example had the highest score:

Ex2. I read a book. The writer is a wise man. (¢ = 4.5, sd = 0.7,n = 30)

The two examples show that neither object continuation nor coherence markers in
the second sentence are decisive in the subjects’ judgement. Subjects judged Ex2 as
a coherent sequence, because they know that books are written by writers. In other
words, since they know that there exists a relation between the objects in the first and
the second sentence of Ex2, the subjects consider the two sentences as coherent utter-
ances. In Ex1 the relation is absent, although, with some imagination, we could think
of a situation where the ‘I’-person is Fred Flintstone reading a book made of black
stone. This implies that in the judgement of coherence the belief (or knowledge) state
of the dialogue participants should be taken into account.
Let us now take a simple dialogue example:

Ex3. A: Is John in the kitchen?
B: What time is it?

(c=2,sd=1.1,n = 30)



Here, the coherence score is relatively low and there is less agreement between the
subjects, but coherence is significantly higher than the coherence in Ex1 (Wilcoxon,
z = —2,20,p < 0.05). In the interview after the experiment, subjects who gave a
relatively high score to Ex3 responded that they could imagine that B knows that John
is always in the kitchen at a certain time. In other words, in a dialogue two subsequent
utterances were considered as being coherent if there exists a informational relation in
the last speaker’s mind between the interpreted content of the utterance in the previous
turn and the content of the utterance of this last speaker.
The next example from Sacks (discussed in [24]:

Ex4. A: I have a fourteen year old son
B: Well, that’s all right
A: I also have a dog
B: Oh I’'m sorry

(c=2.83,sd =1.1,n = 30)

seems a bizarre sequence in isolation, but when embedded in a context of goals and
roles — A is trying to rent an apartment from landlord B —looks quite natural. Levinson
uses the example to motivate the proposition that people have bad intuitions about the
well-formedness of speech act sequences once they are taken out of the context. Al-
though the coherence score is medium, we observe a relatively high score for sd (com-
pared to Ex1 and Ex2). In the interview, subjects who gave Ex4 a high coherence score
responded that they invented some sort of background, like the tenant-landlord situa-
tion; the other subjects could not imagine a situation where the dialogue makes sense.
So, in order to understand the coherence relation, we also need information about the
goals of the dialogue participants. Two subsequent utterances may seem incoherent,
but apparently the sequence becomes coherent when people know the common goal of
the dialogue.
In a related experiment, the following example was included:

Ex5. A: What time is it?
B: I have to go to the toilet.

(c=2.63,sd =1.2,n = 30)

The scores are in line with Ex4, but the utterances are not related in the same way.
In Ex4, the landlord answers A’s questions; in Ex5, B indicates that he gives pri-
ority to another goal, namely releasing the pressure of his bladder to answering A’s
question. In other words, B shifted from the common domain goal (i.e. answering
the question) to a procedural goal by indicating that, for instance, the answer will be
postponed. This was also the interpretation of subjects who gave the sequence a high
score.

In general, dialogue coherence manifests itself as a subjective phenomenon and
the judgement of coherence is a sliding scale that heavily depends on the background
knowledge and goals of the dialogue participants. Also, coherence in a dialogue often
cannot be established without the continuity or recurrence of semantic elements but
the continuity does not have to be included in the surface structure of the utterances, as



Domain of discourse

Participant x Participant y

Figure 1: The triangle metaphor.

we have seen in the previous examples. So, in this paper, coherence is not considered
as an intrinsic property of a text or a dialogue, but mainly as a mental phenomenon
(c.f. [32, 13]). In the dialogues that will be generated below we will observe the
elementary structural phenomenon, such as linear and hierarchical sequences based on
the organization of the mental structure in terms of beliefs and goals of the participants
and the rules that were used in the generation framework. Based on this framework,
we will be able to show why particular sequences of discourse may be interpreted as
linear and others as hierarchical. In what follows, we will describe the dialogue game
and its underlying communication model.

3 The basic model

The dialogue game presented in this paper is based on a simple model employed in
human-computer interaction ([21, 1]). Underlying the model is the recognition that
humans interact naturally with their environment in two ways: symbolically and phys-
ically. On the one hand, if there is an intermediary interpreter, humans can interact
symbolically and use language to give commands, ask for or provide information,
etcetera. On the other hand, physically, one manipulates objects, for instance, by mov-
ing or fastening them, or observes them by seeing, feeling, hearing, tasting or smelling.
The essential difference between the two types of interaction is that actions of the first
type need an interpreter who can bridge the gap between the symbols and their actual
meaning and purpose, while actions of the second type are related in a more direct
manner to human perception and action.

In parallel with the distinction symbolical vs. physical, humans engaged in dia-
logues can perform two types of external actions: a. communicative actions intended
to cause some cognitive effect in the recipient, and b. non-communicative actions to
observe or change particular properties of the domain. Obviously, the two types of
action can be considerably interrelated. In addition, we will include an action type that
is neither communicative nor external, namely inference —i.e. the process of adjusting
the cognitive states of participants solely based on their previous states. In short, the
basic model includes perception, action, communication and thinking in an extremely
rudimentary form.

The distinctive interaction channels are represented in the so-called triangle metaphor
(Figure 1), where the corners represent the domain of discourse (or the external world)



and the two participants, and the arrows the flow of information between the partici-
pants and between the participants and the domain. A communicative act performed
by participant x towards participant y is a flow of information from x to ¥; observation
of the domain is a flow of information from the domain towards the observer and an
action carried out in the domain is a flow of information from the actor to the domain.
In practice, the channel between the two participants may cause messages to be de-
layed or disturbed by, for instance, noise. Also, the channel can be duplex, where both
participants can speak at a time, or half-duplex, where only one participant can speak
at the time. Here, we will consider the channel between the participants and between
the participants and the domain of discourse as an ideal half-duplex channel, which
means that no information is delayed or lost during transfer and that information can
flow only in one direction at a time.

Discourse or ‘semantic’ information will be divided into two categories: a. per-
ceivable facts (represented by single proposition letters p, ¢, ...) and b. inference
relations. Two types of inference relations will be distinguished which enable the
dialogue participants to reason about their beliefs (belief inference) and their commit-
ments (commitment inference). The commitment inference enables the participants to
develop sub-commitments; for instance, A wants to be outside and A is inside, then A
has to open the door and, consequently, ‘opening the door’ becomes a commitment by
A.

The two types of inferences will be denoted as follows: belief inferences will be
of the form (‘p — ¢’, ...) and commitment inferences of the form (‘p x ¢ — 7, ...),
connecting a simple proposition or a pair of simple propositions (the antecedent) with
a simple proposition (the consequence), respectively. Intuitively, ‘p — ¢’ means that
in all possible states, if p is true, then ¢ is true; ‘p X ¢ — 7’ means that if p is true in
the current state (e.g., ‘I am inside and the door is closed’) and ¢ is true in a committed
state (‘I want to be outside’), then 7 is necessarily true in some intermediate state (‘I
have to open the door’).?

An important question for a dialogue generation model is why information flows
in the first place. In other words, what is a participant’s basic motivation to perform
a communicative action? Psychological oriented theories about motivation, such as
Maslow’s hierarchy of needs [26], are based on assumptions of internal representa-
tions and processes such as beliefs, goal setting, expectancies and desires. We will
avoid motivational concepts such as hunger, fear and sexuality, however, and borrow
the concept ‘homeostasis’ from system theory, i.e. the process by which a system main-
tains a balanced state. We will assume that dialogue behaviour can be modelled as an
abstract process of balancing an agent’s internal belief and commitment state, bring-

>The commitment inference can be formalized in terms of possible-world semantics as follows. Let
M = (W,r, R) be a model that consists of a set W of states with typical elements u, v and w, a
valuation function 7 which assigns a truth value 7, (p) to every proposition letter p in each state w,
and R is a reflexive, transitive and anti-symmetric accessibility relation. The semantics of the arrow in
‘p X ¢ — 1’ is defined as follows. Suppose u, w € W then:

M,u,wEpxq—r< if m,(p) = true and my(q) = true
then on every R-path from u to w : Jv with 7, () = true

In short: r is instrumentally necessary for q if p. In the pragmatic model, the expression ‘p X ¢ — r’
is used as follows: Byp A C»q = Add(C,r), meaning that if x beliefs that p is true and x is committed
to g, then x is also committed to 7.



ing about that the agent believes everything the agent is committed to. Below we will
distinguish various types of belief and commitment, but the basic motivation for ac-
tion always comes from the imbalance between the two types of states. As the needs in
Maslow’s pyramid, commitments may have different priorities which follow from both
the order and the type of commitments; these priorities determine the basic structure
of the conversation.

4 Mental constructs and a balanced state

We will assume that the agent’s cognitive state consists of a number of mental con-
structs and that each construct contains particular pieces of information with respect
to the domain of discourse. Precisely which constructs have to be included depends on
the phenomenon one wants to explain or, in a generation framework, on the rules that
are needed to generate particular dialogue contributions. We motivated the use of two
basic types of mental constructs in the previous section — beliefs and commitments —
and assumed that the basic motivation for action is the imbalance between the belief
and the commitment state of the participants. In other words, the imbalance will be
considered as the driving force behind the dialogue generation process. We will now
explain which mental constructs are included in our generation framework and how the
generation of communicative acts can be embedded in the homeostatic process based
on these mental constructs.

4.1 The agent’s mental constructs

An agent x’s cognitive state consists of various types of beliefs and commitments:

Beliefs
e Private belief of an agent x about the domain of discourse (5;)
e Mutual beliefs about the domain (MB)
e Mutual beliefs about the commitments of the partner y (MBC))

e Information of which the partner y is ignorant (I,) In particular, we discern
two types: ignorance with respect to the beliefs of the partner y (IB,) and with
respect to the commitments of y (/C,)

where mutual beliefs about the domain are considered as a subset of private beliefs.

Commitments

e Private commitments of x with respect to a particular state of the domain of
discourse (C,,)

e Social commitments of x (S;). In particular, we discern two types: with respect
to the beliefs of the partner y (S;B,) and with respect to the y’s commitments
(5:CYy)



Social commitments with respect to beliefs of the other are used to indicate that the
partner has asked a question with respect to a particular piece of information about the
discourse domain; social commitments with respect to the commitments of the other
are used to express that the other has asked a question about his own commitments.
In the latter case we may think of questions such as ‘Should I take an umbrella to
go to the supermarket’ or ‘Will I have pain when I go to the dentist?’. Intuitively,
commitments fulfill two roles in this paper: First, they indicate a particular desire, i.e.
a particular goal state the agent wants to be in. Second, sub-commitments indicate a
particular unavoidable state, i.e. a state the agent must be in before the goal state can
be achieved. Whether the intermediary state is desired or not, is of no importance in
this paper.

4.2 Achieving a balanced situation

To avoid unnecessary complexity, we will make two important simplifications. First,
during the dialogue, the participants have no access to a domain of discourse, i.e.
they are unable to observe or manipulate particular aspects of the domain. In other
words, information only flows between the two dialogue partners like, for instance,
in a telephone dialogue. A second simplification is that the participants only hold
positive information about the domain of discourse, i.e. negation is excluded. This
implies that the two participants will never hold conflicting beliefs or commitments,
and, since alleged inconsistencies will never arise, the agents will never argue about a
specific statement. Information may be incorrect with respect to a particular instance
of the domain of discourse, but the incorrectness will never be discovered, since the
agents have no access to the domain.

A balanced situation can be achieved by updating the mental constructs of the
agents. Let us therefore first define a balanced state of an agent.

An agent x has a balanced state iff

1. z has no commitments or

2. (a) all private commitments x are privately believed by x and
(b) all social commitments of x about y’s beliefs are mutually believed and

(c) all social commitments of x about y’s commitments are mutually believed
to be y’s commitments

In order to achieve a balanced situation, agents may either modify their belief
state or their commitment state. In line with the communication model of Section
3, private beliefs can in principle be modified in three ways: a. by belief inference
to make implicit beliefs explicit, b. by an appropriate communicative act from the
dialogue partner, and c. by direct perception of the domain of discourse. In the second
case, agents ‘take over’ the belief of the dialogue partner. Below, the third case will
not be considered, since we assumed that the agents have no access to the domain of
discourse. In the presented dialogue game, explicit beliefs can thus only be modified
in two ways: via a reasoning mechanism for the belief states of the agents and by
communication with the partner. Since we deal with an ideal communication channel
and since we did not include negation, all manifested beliefs will be included in the



agents’ mutual beliefs about the domain. In practice, two versions of mutual belief
exist, x’s version and g’s version, but since we will assume that both versions contain
the same information, we will speak of one version only.

An initial commitment state can in principle be adjusted in four ways: a. by com-
mitment inference to make implicit private commitments explicit, b. if the agent re-
ceives particular information with respect to its private commitment state, c. by a ques-
tion of the partner (inducing a social commitment) and d. if the agent concludes that
he is unable to change the belief state in such a way that the situation can be balanced
(c.f. [11]). In the fourth case the commitment will be cancelled.

S The Dialogue Game

The dialogue game is divided into two parts (for a similar approach, see [27] or [3]):
a. the game-board that contains information about the cognitive states and the com-
municative acts, and b. the dialogue rules that control the behaviour of the participants
(generation rules) and that prescribe how the game-board changes (update rules). The
game-board represents the participants’ cognitive state and typically changes because
of the participants’ communicative actions.

‘Moves’ or information flows between the two participants are composed of two
elements: a. plain information about the domain of discourse (the semantic content),
and b. information about the way the different mental constructs should be updated (the
communicative function). Every move is completely determined by the cognitive state
of the participant who has the turn to act and by the rules for co-operative behaviour
that will be presented below. Since the cognitive states are updated after every move,
the next move is not only determined by the previous one, as would be the case in a
dialogue grammar, but also by the context of the move. Each play is a sequence — not
necessarily finite — of linearly or hierarchically alternating moves.

In the dialogue game and in line with the Gricean maxims [15], agents do not put
forward information they do not believe or information they mutually believe. The
distinction between private and mutual beliefs enables us to give concrete form to the
maxim of quantity. If relevant, private beliefs can always be manifested, unless they
are part of the mutual beliefs. Mutual beliefs give us a criterion to leave out particular
information in the dialogue contribution (otherwise we would manifest information
that the user already believes). In the dialogue game, agents also do not ask informa-
tion they believe or they believe the other is ignorant about.

5.1 The agents’ cognitive state

All constructs of an agent’s cognitive state are modelled as sets of information items,
except for the private and social commitments which are both modelled as a list. The
two types of social commitments together form one list.

We adopt the following shorthand notations: we write B,p as a shorthand for
p € B, and write = B,p for p ¢ B,, and similarly for the other mental constructs.

Note that in writing expressions like B,p (‘x believes that p’), B, is not to be
confused with a modal operator with corresponding semantics in terms of accessibility
relations and possible worlds. Our focus is here on dialogue generation, so B, is



instead modelled as a dynamic state with an operational semantics given by the rules
of the dialogue. In particular, the rules make use of the fact that particular information
p is present (B,p), is absent (—B,p), is added (Add(B,p)) or is deleted (Del(B,p)).

We use the notation .S, p or C,p to denote that p is the commitment under discus-
sion. A commitment list may be empty, indicated by S0 and C,0.

5.1.1 Inference rules

We assume that the agents can reason about their beliefs and commitments by the
following inference rules:

I BypABi(p— q) = Add(B;q)
I2(a) Byp ACyzr ANMB(p X r — q) = Add(Cyq)
12(b) MBp A MBCyr A MB(p % 1 — q) = Add(MBC,q)

So, if the belief base of agent x contains the information that p and that p — ¢ then
according to rule I1 it is updated with the information that q. Additionally, if = believes
p, is committed to 7 and p X r — ¢ is part of the mutual beliefs then according to rule
12(a) the private commitment base is updated with g. Rule I2(b) is similar. To keep
things simple we will in the dialogue model assume that all commitment inferences
are part of the mutual beliefs.

The belief states are monotonic, i.e. everything that can be inferred from previous
states, can also be inferred from new belief states. Information about commitments
can be retracted after particular communicative acts, for instance, if an agent receives
the answer ‘Don’t know’ to his question ‘whether p’ then the private commitment p
is dropped. We are not concerned with the full details of the update mechanism, but
assume that the cognitive states are updated in line with the principles I1 and 12 and
the update rules presented below.

In the dialogue model, we assume that after each round an agent’s beliefs and
commitments are closed by (successive) application of the inference rules I1 and 12.

Finally, in the dialogue model, we will use a function link that gives us the set
of all antecedents that are connected to a particular consequence of a belief inference.
More precisely, link is defined in the following way:

link(z,q) ={p | Bz(p — q)}

For instance, if x believes that ‘p — ¢’ and believes that ‘r — ¢’, then link(z, q) =
{p, r}. If there is no compound proposition with ¢ as its consequence in belief state x,
the set is empty (0).

5.2 Communicative acts

Agents manifest their beliefs and commitments by means of communicative acts or
moves, such as statements and questions. The content of a move consists of a formula:
Cp (‘pis acommitment’), Bp (‘pis believed’) or Cp «+— Bq (‘p is a commitment since
q is believed’); the communicative function is tagged by one of the following markers
(7, P, %’ and ‘&’):

e Questions: [Bp]” and [Cp]’
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e Statements:[Bp]', [Cp]' and [Cp « Bgq]'
e Ignorance: [Bpl|* and [Cp]*

e Closure of the dialogue: [ |*

We use the notation ‘x : m’ to denote that agent z is the performer of the move m.

5.3 Generation rules

The general dialogue mechanism is as follows.

1. An agent’s first priority is to resolve any imbalance with respect to its social
commitments. For instance, if it receives the question ‘whether p’ and p is part
of private beliefs then it responds that p holds.

2. If there are no such imbalances, then the second priority is to ask questions
that allow the derivation of sub-commitments of its commitments. For instance,
if the agent believes p X r — ¢, is committed to p and not (yet) to the sub-
commitment ¢ then it asks whether p holds.

3. Otherwise the agent aims at resolving any imbalance between its private believes
and commitments. For instance, if the agent is committed to r but does not (yet)
know that p then it asks whether p holds.

4. If there are no imbalances, the agent closes the dialogue.

With respect to the generation of sub-commitments in step 3. we discern two op-
tions: we can either ask for the belief (p) or for the sub-commitment (¢). For instance,
if we are committed to prepare dinner we prefer asking for the belief ‘Are our guests
vegetarian?’ to asking for the (many) sub-commitments it would yield (‘Do I need
to buy eggs?’, ‘Do I need to go to the greengrocer’s?’, ‘Do I need to soak beans?’
and so on). Conversely, if we are committed to drive home we prefer to ask for the
sub-commitment ‘Do I need to take the road E12?’ to asking for of the (many) beliefs
from which this particular commitment could be derived (‘Is there a traffic jam on the
E277, ’Is the E38 still road-blocked?’, ‘Is the Prins Claus Bridge closed?’ and so on).
Hence, in the dialogue model we adopt the following (simple) strategy: given the rule
p X r — q an agent asks for the belief p (rather than for the sub-commitment g) if there
is at least an additional rule p x r — ¢’. The agent asks for the the sub-commitment ¢
(rather than for the belief p) if there is at least an additional rule p’ x » — q. If neither
or both of these conditions hold then the agent chooses randomly.?

Speech acts (or moves) are fully determined by the cognitive state of the participant
who performs the move and by the rules that are applicable to this state. The double
arrow ‘=" links the preconditions of the move to the move itself. The left side of the
arrow is of type proposition and represents the preconditions in terms of the cognitive
state of an agent; the right side is of type action and represents the generated move.

3For the purposes of this paper, we consider this simple preference ordering. More involved orderings
could for instance take the number and / or priorities of beliefs and sub-commitments into account.
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5.3.1 Questions

Since the agents have no access to the domain of discourse, the initial move can only
be a question. There are two types of questions. The first is a question whether some
proposition is believed to hold:

GO. CypA=BypA S, = z:[Bp]

The first two preconditions of GO indicate that the agent’s state is out of balance
with respect to the commitment p, the third condition indicates that there are no social
commitments to be handled first. We assume that the imbalance with respect to p is
to be resolved by communication (and not for instance by means of actions and/or
observations in the world).

The second reason for asking whether some proposition is believed to hold is that
it would yield the generation of a new private commitment (according to inference rule
12).

We first introduce the following short-hand notation ®:

®(z,p,7m,q) = MB(p x 1 — q) A Cyr AN —=Cyq

which expresses that the agent believes p X r — ¢, has r as it private commitment and
does not have ¢ as a private commitment (yet). The dialogue rules are then as follows:

Gl. ®(x,p,7,q) A—=IByp A Sy = z : [Bp]’
G2. ®(z,p,r,q) N=IC,q A Sy = z:[Cq]*

The first precondition indicates that a new sub-commitment g of 7 could be de-
veloped from the belief that p. The question whether this proposition p holds can be
asked if the agent does not believe that the other is ignorant. Similar to rule GO it is
also required that there are no social commitments to be handled first.

In order to decide between the application of rule G1 and G2 we define the follow-
ing strategy. Given x and r,

o prefer G1 if there exist at least two distinct instances of ¢
o prefer G2 if there exist at least two distinct instances of p

e if both or none are preferred then choose randomly

So for instance, if ®(x,p,r,q) and ®(z,p,r,¢") hold then ask for the belief p, if
®(z,p,r, q) and ®(x,p’, 7, q) hold then ask for the commitment ¢ and if all of these
conditions hold then either ask for the belief p or for the commitment q.

5.3.2 Responses to questions

After the initiator has asked a question, his question becomes manifest as a social
commitment of the follower. There are three possibilities for the next move:

a. The follower knows the answer and thus gives the answer. If applicable she even
makes a more cooperative move by including a relevant explanation.
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b. The follower does not know the answer directly, but concludes that there may
be a way to find the answer and asks a counter-question.

c. The follower is ignorant and does not have a solution. She manifests her igno-
rance.

With respect to case a. an explanation is relevant if it allows for the generation of
additional sub-commitments. For instance, given the question ‘Do I need to come
home?’, adding an explanation (‘because your dog is sick’) to the answer ‘Yes’ is
relevant if it would allow the other to infer one or more additional sub-commitments
(such as ‘I need to hurry.’).

Generation rule G3 expresses that if = has the social commitment with respect to
the belief g of y and ¢ is believed by z, then x will answer that g is believed to hold:

G3. SyByq A Byq =z : [Bg]'

Additionally, if  has the social commitment with respect to the commitment ¢ of
y and the commitment ¢ can be inferred from the belief that r, then if r is relevant then
x will answer that ¢ is a commitment because r is believed (G4), otherwise x will just
answer that ¢ is a commitment (G5).

G4. S;Cyq A U(z,p,r,q) A Byp A relevant(z, p, 1, q) = x : [Cq <« Bp)’

G5. S,Cyqg NV (x,p,r,q) N Bep A —relevant(z,p, 7, q) = < : [Cq]'
where we use short-hand notation:
U(z,p,r,q) = MB(p X 1 — q) N MBCyr

to express that the agent believes p X r — ¢ and it is mutually believed that r is a
private commitment of the other.
Additionally, the notion of relevance is formalised as follows:*

relevant(z,p,r,q) =3¢ # q AN ¥(z,p,r,¢) N\=MBCyq

which expresses that p (e.g, ‘dog is sick’) is relevant if it would allow the generation of
an additional commitment ¢’ (‘need to hurry’) in addition to ¢ (‘need to come home”).

Additionally, if  does not know the answer, x may ask a counter-question. The
counter-question can only be asked if the agent finds the antecedent of a linked propo-
sition, and if he or she does not believe that the other is ignorant with respect to the
linked proposition (G6 and G7):

G6. S;Byq N -ByqN\p € link(z,q) N—IByp = =z : [Bp]”
GT7. S:Cyg A ¥(z,8,m,q) AN =Bys Ap € link(z,s) A —IByp = z : [Bp]’

For reasons of legibility we have omitted from rule G7 the preconditions implying that
neither rule G4 nor G5 is applicable.

*For the purposes of this paper we consider a simple notion of relevance.
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If & does not know the answer and cannot ask a counter-question, x will manifest
his or her ignorance (G8 and G9).

G8. S:ByqN—-ByqA—(3p:pc link(z,q) N—-IByp) = = : [Bq]*

G9. S.Cyq A not_applicable(G7) = x : [Cql*

where for reasons of legibility we use the notation not_applicable( G7) to express that
the preconditions of G7 do not hold.

Finally, in G10 a closing act is generated if the social commitment list is empty
and if the situation is in balance:

G10. S0 A—-3q: (CogN—Bpq) = z: []|*

To avoid an infinite sequence of closing acts, a meta-rule has been defined to close
the dialogue:

Closing (CL)
Both dialogue partners stop generating communicative acts iff two successive clos-
ing acts are performed (i.e. the sequence z : [ |* and y : [ |*).

5.4 The update of cognitive states

The update function yields a new cognitive state depending on the old state and the
move just performed. To represent the consequences of a particular move, we use the
notation ‘=>". The left side is of type action and represents the performed move; the
right side represents the postconditions and denotes how the cognitive states should
be updated. The relevant attitudes are preceded by Del or Add depending on whether
information is to be added or removed. So, for instance, Del( C; q) means that g should
be deleted from the private commitments list.

In update rule Ul, it is expressed that if = utters a statement that ¢ holds then ¢ is
added to the mutual beliefs.

Ul. z:[Bq]'= Add(MBq)

Update rule U2 indicates that if = utters that ¢ is a commitment then this becomes
a mutual belief.
U2. x:[Cql'= Add(MBC,q)

Update rule U3 is similar to U2. In addition the explanation p is added to the
mutual beliefs.

U3. x:[Cq= Bp]'= Add(MBp) A Add(MBC,q)

Rules U4 express that if 2 utters a question whether ¢ holds, then y obtains the
social commitment with respect to the belief g of z.

U4. =z :[Bq|’ = Add(S,B:q)
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If x utters a question whether ¢ is a commitment, then y obtains the social com-
mitment with respect to the commitment g of x (U5):

U5. z:[Cql" = Add (S, Cyq)

Rule U6 and U7 express that if = indicates that he or she has no information about
(the belief or commitment) g, ¢ will be added to the beliefs of y about the ignorance of
z and removed from the social commitments and, if present, from the private commit-
ments of y:

U6. x:[Bq]* = Add(IB;q) N Del(S;Byq) A\ Del(Cyq)

U7. z:[Cq]* = Add(ICyq) A Del(S;Cyq)
The last rule, U8, expresses that cognitive states do not change after a closing act:
Us. z:[|*=®
Finally, we assume the following two belief state maintenance rules:

M1. Add(MBp) = Add(Byp) N Add(Byp) N Del(IByp) A Del(I1B;p)
M2. Add(MBCyp) = Add(Cyp) A Del(IC;p)

Rule M1 indicates that if p becomes mutual knowledge it is added to the private
beliefs and if present removed from the beliefs about the other agent’s ignorance. Ac-
cording to rule M2, if p is added to the mutual beliefs about the commitments of agent
z it is added to the commitments of x as well and deleted from the ignorance of y
about 2’s commitments.

6 A dialogue example

We turn now to an example where John and Mary play the co-operative dialogue game
based on the previously introduced mental constructs, and the inference, generation,
update and maintenance rules. First, we present an abstract version of the example,
and after that, we will the example into a ‘natural’ language dialogue.

In Figure 2, we have depicted the dialogue transition table, i.e. the cognitive states
of Mary and John, the communicative acts (MOVE) and, in addition, a reference to
the applied update and generation rules. Empty states are indicated by ‘(. In the
example, we have left out Mary’s commitment state (C'ys), Mary’s belief state about
John’s ignorance (I;), the mutual beliefs about Mary’s commitments (MBC') and
John’s social commitments with respect to the commitments of Mary (S5 ;C'ys), since
in this particular situation these states remain empty during the course of the dialogue.
In the initial situation, the beliefs are as follows (because of space limitation we have
not depicted them in the table). John and Mary mutually believe that:

1. if one is late and wants to go to the supermarket then one needs to hurry (‘I x s —
h)

2. if one is late and wants to go to the supermarket then one needs to go by bike
((Ixs—=1D)
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Figure 2: Dialogue between John and Mary about John’s commitment to go to the
supermarket. On the basis of Mary’s responses various sub-commitments (e.g., going
by bike, taking an umbrella) are generated.
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3. if there is a road-block and one wants to go to by bike then one needs to take the
detour (‘rb x b — d’)

4. if the bridge is closed and one wants to go to go by bike then one needs to take
the detour (‘be x b — d’)

5. if it is raining and one wants to go to by bike then one needs to take a jacket
(rxb—7j’)

6. if it is raining and one wants to go to by bike then one needs to take an umbrella
(‘rxb—u’)

7. if it is cold and one wants to go to by bike then one needs to take a jacket
(‘e xb—73")

8. if all umbrella’s are currently in use and one wants to take an umbrella one needs
to fetch one from the attic (‘uu X ©u — a’)

9. if all umbrella’s are broken and one wants to take an umbrella one needs to fetch
one from the attic (‘ub x u — a’)

Mary believes that John is late (), that it is raining (r) and that if William is at
school (and thus has taken his umbrella) then all umbrella’s are currently in use (w —
uuw). Mary has no commitments. John believes that William is at school (w). It is
mutually believed that John is committed to go to the supermarket. John is the initiator
and starts with the initial question whether [ (move 1). Mary is able to answer this
question directly (move 2). From the answer it is concluded that John has to hurry
(h) and has to go by bike (b). Based on his new commitment to go by bike John
asks whether he has to take the detour (d) (move 3). Mary informs that she has no
information about this (move 4). John asks whether he needs to take a jacket (j)
(move 5). Mary answers that he indeed needs one because it is raining (move 6), from
which John also infers that he should take an umbrella (u). On the basis of this new
commitment, John asks whether he needs to fetch one from the attic (a) (move 7).
Mary is unable to answer this question directly, but may find an answer if she has the
information that William is at school (w). So, she asks for this information (move 8).
John answers that this is indeed the case (move 9), from which Mary infers that John
should fetch an umbrella from the attic. She is now able to answer his question (move
10). Finally, since the remaining imbalance between beliefs and commitments cannot
be solved by communication (but instead have to be resolved by other means such as
actions and observations), the dialogue is closed (move 11 and move 12).

Below the corresponding dialogue is presented in ’natural language’:
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0.  John: Iwant to go to the supermarket.

(not manifested in the transition table)

John: Am I late?

Mary: Yes.

John: Do I need to take the detour then?

Mary: That I don’t know.

John: And do I need to take my jacket?

Mary: Yes, because it is raining.

John: Do I need to fetch an umbrella from the attic then?
Mary: Is William at school?

9. John: Yes.

10.  Mary: Well in that case you need to fetch one from the attic.
11.  John: OK, thank you.

12.  Mary: OK, no thanks.

NN R W=

7 Discussion and future research

In this paper we presented a framework for the generation of coherent elementary con-
versational sequences at the speech act level. We were able to show by means of an
explicit presentation of the transition tables that the structure and the coherence of con-
versational units are the result of an interplay between the dialogue and update rules
and the initial cognitive states of the dialogue partners. Figure 2 carefully shows the
pre- and post-conditions of every speech act and the change of the mental constructs
during the dialogue as a basis for utterance production. Clearly, the dialogue is still
unnatural and lacks many of the ingredients that we usually observe when we study the
properties of natural language dialogue. Taking a more profound look, however, we
notice the elementary structural phenomena discussed at the beginning of this paper.
In Figure 2 we can observe the linear organisation of adjacency pairs, such as question-
response (moves 1-2, and moves 3-4) and the closing of the dialogue (moves 11-12).
We also observe the hierarchical organisation of insertion sequences, such as moves 8
and 9 between the question in 7 and its reply in 10. Depending on the initial states, the
dialogue rules generate an arbitrary number of levels of sub-sequences and the final
reply may be originated many turns away from the initial question (see also [7]). The
dialogue coherence, although admittedly oversimplified, comes from both the back-
ground knowledge of the dialogue partners and the way the commitments states are
processed.

In our approach we extended the work presented in [7] in several ways in order
to generate richer dialogue structures. In contrast to [7], we did not take a rigid non-
planning approach, but included a simple possibility to reason about commitments.
In [7] a planning approach was rejected because of complexity problems and the pre-
sented communication model incorporated an extreme sensitivity to the local circum-
stances of the conversation. In this paper we still prefer a local solution, but admit
that talking and reasoning about commitments (or goals) is a substantial aspect of
conversation and therefore has to be included to generate more interesting speech act
sequences. We therefore included a possibility to reason about the commitments of the
participants in a very simple manner.
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Another extension of the model described in [7] is the inclusion of the participants’
mutual belief. Implicitly, and in line with other researchers (e.g. [10, 2, 37]), we
assumed that successful communication also requires some degree of alignment or
common ground and that the goal of grounding of information is a vital activity in
cooperative communication. Prior to a conversation, participants not only have beliefs
of a particular discourse domain, they also assume that there is some agreement about
these beliefs and they augment manifested beliefs to the ‘agreed beliefs’ during the
conversation. In practice it is hard (and, since dialogue participants have no direct
access to their partner, even impossible) to decide whether mutual beliefs are really
common, but our main point is that dialogue participants act as if these beliefs are
common. In fact, the introduction of mutual beliefs enabled us to give concrete form
to the Gricean maxim of quantity, since mutual beliefs give a criterion to leave out
particular information in the dialogue move.

The approach presented in this paper is still rudimentary and extensions could be
developed along different lines, such as an extension of the domain and communication
language, the addition of roles played by the agents and the investigation of different
communicative situations. It should be noted, however, that some extensions may have
far-reaching consequences for different aspects of the game. For instance, including
negation in the domain language seems another inevitable step towards a generalisation
of the framework, since it introduces the possibility of modelling conflicting beliefs
and the generation of argumentative dialogues. Nevertheless, a negated proposition
cannot simply be added to a belief state of one of the participants, since it may result
in unwanted inconsistencies. A solution is the introduction of a temporary state that
represents the beliefs of an agent about the beliefs of his or her partner - ‘A believes
that B believes’ — so that the different types of information can be carefully separated
and inconsistencies can be avoided. It is unclear, however, how these conflicts will
ever be resolved in the present game without other extensions, since both participants
are considered ‘equal’ and there is no reason why they would prefer one proposition
over the other. In other words, an agent can never accept a conflicting proposition
stated by the other if the model does not contain a notion of ‘expertise’ or ‘power’.

Another line of research would be a careful analysis of what actually happens in
human dialogues. In order to determine what humans do in realistic conversational
circumstances and to validate the model presented in this paper, the acquisition of
empirical data is a necessary step in the research process. We will, therefore, collect
empirical data from various conversations and hope that the analysis of the transcripts
will lead to a further extension and refinement of the model, such as the inclusion of
richer semantic descriptions of the domain information.

Some important simplifications were made in the game with respect to the under-
lying communication model. Utterances were always accepted and did not have to
be checked for inconsistencies or other counter-evidence. Participants could never be
misinformed and could not have weak evidence for a specific fact. In natural situa-
tions, however, where people have multimodal access to various aspects of the world,
information channels may be disturbed and an agent’s attention may be attracted by a
variety of sources, including pointing acts of the dialogue partner. The triangle model
described in Section 3 includes some of the necessary basic ingredients to describe
these phenomena, but there are a number of important questions left. For instance,
when do agents decide to observe the domain rather than infer the information from
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their own belief state or ask a question to their partner? How does an agent’s cogni-
tive representation depend on whether information is observed or communicated and
how do these representations influence the course of the dialogue? Partly, the answers
depend on fundamental psychological issues, such as perceptual abilities, memory ca-
pacity and attention capabilities. In this paper, however, we abstracted from these mat-
ters, since including them dramatically increases the complexity of the model without
supplying a substantial contribution to the explanation of the dialogue structure.
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AGENS SAPIENS

JOHN-JULES MEYER

Sapiens fortissime agit sed digne.

In this short article I will sketch the field of agent technology and in particular the work
we have done in Utrecht in this area. The field emerged in the 90s as an interdisciplinary
field in between artificial intelligence and main stream computer science, particularly the
areas of distributed computing and software engineering. It also has many ties to the
disciplines of philosophy, logic, cognitive science, social science and economy.

In the present paper I will mainly restrict myself to our own views on the field and sketch
some of the topics that we have studied. It is not meant to be complete, but just to give an
inkling of what this work is about, and especially what our role has been. It is also rather
personal and subjective, viewed from my perspective, and it only treats matters I am/was
involved in and which are/were really on my mind. My apologies for all people and work
not mentioned. Moreover, I've tried to be as non-technical as possible. More objective and
comprehensive overviews of the field of agent technology can be found in e.g. [51, 29].

1. INTELLIGENT AGENTS

As stated above the field of agents emerged in the 90s. Based on philosophical ideas,
from Aristotle to Dennett and Bratman, the concept of an agent as an autonomous entity,
making its own decisions to perform actions, took shape. Admittedly, the philosophers
mentioned primarily thought of human beings as decision makers, but it was realised
soon by researchers in the field of Artificial Intelligence such as Pollack and Israel that
these ideas could also be fruitfully employed to construct artificial agents in the sense of
software entities that make decisions to perform actions in their environment, (more or
less) independently from their user(s).

Properties of agents that were deemed to be crucial are reactiveness (does the agent
respond adequately and timely to stimuli from the environment, including its user or other
agents?), proactiveness (does the agent take possible future developments into considera-
tion, does it work goal-directedly, pursuing and setting (sub)goals?), and sociality (does
the agent coordinate its behaviour, either cooperatively or competitively, with other agents
sharing the same environment?). In the 90s researchers started to propose both formal
models and concrete architectures for this kind of systems, usually called autonomous /
intelligent / rational agents, and multi-agent systems / agent societies for systems involving
multiple agents.

Intelligent Systems Group, Universiteit Utrecht.
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2. BDI AGENTS: LOGICS AND ARCHITECTURES

In order to achieve the desiderata for agent systems as mentioned above, many re-
searchers turned to a mentalistic description of agents, based on folk psychology, employ-
ing such notions as beliefs, desires and intentions (BDI for short). The idea being that
agents show autonomous (reactive, proactive and social) behaviour if this is based on a
proper consideration of these attitudes when deliberating their next action. Following the
philosophical treatment of Michael Bratman ([4]) researchers on the one hand started to
make this more precise by means of logical specifications ([8, 36, 25, 26, 31]), and on the
other hand devised more concrete architectures for agent-based systems, such as IRMA,
PRS and InteRRap ([5, 36, 14, 32, 51]). In this period our group focused on the logic of
agents by employing a logic of action (dynamic logic), called KARO, enriched with modal
operators for BDI-like attitudes ([25]). In a sense this work was the natural continuation
of our earlier work on logics for artificial intelligence, and in particular on the logic of
knowledge and belief ([20, 30, 27]) and the (modal) logic of action (e.g. [6, 23]). The logic
of knowledge, or epistemic logic, is about the logical properties of the knowledge of agents,
such as that knowledge is true (K¢ — ¢), and knowledge is known (K¢ — KK ¢). Modal
action logics such as dynamic logic enables one to reason about the effects of performing
actions, including the execution of programs. In KARO, containing a combination of log-
ics of action and knowledge and belief, we can express things like that the agent is aware
of its commitments to perform actions (commitments are known, Coma — KComa),
and that an agent that possibly intends to do an action a for the purpose of achieving
a known goal ¢, meaning that it knows that it is able to perform the action « and that
performing a will result in the achievement of ¢, may commit itself to such an action
(K({a)p N Able(a) A Goalp) — (commita)Coma). Lately work on logics of agents has
shifted more to social aspects, see below.

3. BDI+ AGENTS, SAPIENT AGENTS

Recently we have come to realize that we can draw further inspiration from cognitive
science and cognitive models in particular. Since a couple of years we have been working on
incorporating emotions into our agent models, with the aim of constructing agent systems
that on the one hand are more efficacious (the use of emotions as heuristics in decision-
making) and more believable on the other (in applications in which agents are interacting
with users, see below), and we have obtained some first results here (28, 42]. I refer to
cognitive agents with mentalistic capabilities beyond pure BDI as ‘BDI4’ agents.

Furthermore, we explored the possibility to enhance the intelligence of agents even fur-
ther, and coined a notion of a ‘sapient agent’ ([34, 33]). This denotes a general kind of
agent that can handle different tasks simultaneously, situated in an environment, involved
in sustained activity over longer periods of time, and for this purpose possessing accumu-
lated knowledge and learning capabilities. Sapient agents are also presumed to be adaptive
and have ‘insight’ and ‘judgement’ in the sense that they are able to use their mentalistic
(BDI+) attitudes together with sensing, communication and learning capabilities, and the
capability to reflect on and reason about these capabilities, to determine the ‘right way to
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go’. Of course, as this is a very ambitious idea, one needs to develop more concrete methods
and techniques for realizing sapient agents. One of these techniques we have been focusing
on in Utrecht that can be viewed as a first step towards the realization of sapient agents,
is that of programming cognitive (BDI-like) agents by means of a concrete programming
language as we will describe below. Other lines of research in this direction, increasing
agents’ capabilities include work on adjustable autonomy. Although there is little consen-
sus in the literature on this topic (as with agent-hood itself), we have considered autonomy
in the sense of having control over external influences and adjustable autonomy as dealing
dynamically with this. In particular we have investigated in which way the mental state,
and especially the beliefs, of an agent can be allowed to be influenced by other agents
([45, 46]). Other work is related to mobile services (see below), and investigates a more
dynamic view on deliberation: in these applications it makes sense to interrupt the normal
deliberation cycle such as the generation and execution of plans (since they are not useful
at that moment), which may be resumed later once it becomes useful / relevant again [22].

4. MULTI-AGENT SYSTEMS

Most current research about agents is about multi-agent systems (MAS), in which mul-
tiple agents share a common environment and have to interact and coordinate with each
other ([51]). So here we are concerned with social properties of agents: how do they com-
municate, coordinate, negotiate, cooperate or compete? In our group we have done several
projects concerning aspects of multi-agent systems. We have looked at programming lan-
guages for agent communication ([13]), and especially we have studied how techniques
from the area of concurrent and distributed computing can be fruitfully employed to ob-
tain programming constructs for agent communication and negotiation together with sound
semantics and verification methods. We have also considered how heterogeneous agents,
that is, agents that have different ontologies (concepts; “speak different languages”) could
possibly communicate with each other in a meaningful way and make decisions on the
information gained from their dialogues ([13, 11, 24]). In fact, with a company called
Emotional Brain, we have investigated how, based on these ideas, to make practical sys-
tems (Heterogeneous MAS) for reasoning about complex interdisciplinary domains such as
medicine including pharmacological and psychological aspects. Another, related, strand
of research looks at how agents can reason with each other (and persuade each other) of
certain things (to know or to do) by using formal argumentation in the style of [35, 47],
where also agent-oriented concepts such as BDI, values and personalities play a role ([50]).
For instance, from cognitive science it is known that it depends on the (human) agent’s
personality what arguments are convincing for him/her.

Other projects related to the issue of MAS that we have done or are currently doing,
partly in cooperation with other universities and institutes, include: programming coor-
dination of agents ([48, 3]), multi-agent planning ([49], the use of logic for the analysis
of game-theoretical notions ([18]), the use of a combination of multi-agent systems and
computational economy to repair problems with plans in air traffic management ([21]),
and last but not least a method(ology) for designing multi-agent systems (OperA, [12]).
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OperA is an elegant framework for MAS (or agent societies), comprising three models:
an organisational model, in which the organisational structure of the society is described,
consisting of roles and interactions as intended by the organisational stakeholders, a social
model, in which agents are assigned/linked to roles via social contracts, and finally an
interaction model, in which the possible interactions between agents are described. An
important feature is that in this way the organisational specification is separated from the
internals of the agents involved. Currently we are also looking at logical issues pertaining
to MAS, in particular we are interested in logics that describe how agents should ideally
act within an agent society where the interests of groups of agents (coalitions) is taken into
account [7]: as is well-known from game theory the optimal way to act may depend on the
coalition considered, with as special cases the individual agent on its own and the group
of all agents.

4.1. Normative Systems. An especially interesting topic within MAS research concerns
how to deal with the regulation of the (more or less) autonomous agents within such a MAS
or agent society. So here the challenge is to find a balance between the autonomy of the
individual agents and the desired overall behavior of the system. Here one sees solutions
inspired by the human society: using norms one specifies how the agent should behave, and
next one devises systems such as ‘electronic institutions’ to monitor, regiment or enforce
the desired behavior upon the agents. In general one may call these systems normative
systems or normative MAS. In our group we have conducted both theoretical and more
practical research how such normative systems can be specified and realized (e.g. [1, 15]).
Currently (e.g. [44]) we also are looking at how to integrate ways of programming these
normative systems with programming individual agents, an important topic of our group
during the last decade, to which we will turn now.

5. AGENT-ORIENTED PROGRAMMING

Since the second half of the 90s we have paid much attention to the question of how
to program agent systems. The subfield of agent-oriented programming was initiated by
Yoav Shoham with his proposal of the language AGENTO [41], in which for the first time
BDI-like concepts such as beliefs and commitments could be employed in the language for
writing agent programs.

In Utrecht Koen Hindriks came up with the agent language 3APL (An Abstract Agent
Programming Language), for which a rigorous and formal semantics was provided, which
formed the basis of our implementation(s) of the language ([19, 39, 37]). This was an
improvement over Shoham’s work which lacked such a rigorous semantics. We deem se-
mantics to be very important. It provides precise operational meaning of the concepts and
operations / constructs used in a language. Especially in an area such as agent technology
where notions are loosely based on human concepts and thus inherently vague, this is of
the utmost importance!

3APL is a rule-based language with both features from imperative and logic program-
ming, with as key construct a so-called ‘practical reasoning’ (or ‘plan revision’, PR) rule
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of the form

Te—p|n
where 7, " stand for procedural goals (or plans) and ¢ for a belief. The interpretation of
the rule is that if the current plan is 7 and ¢ follows from the belief base of the agent then
7 can be replaced by the plan 7’

Later we, and especially Birna van Riemsdijk and Mehdi Dastani, developed the ideas
behind 3APL further, also extending the notions that are used in programming BDI-like
cognitive agents. For example, also declarative goals (‘goals-to-be’; describing desirable
‘states’ rather than ‘actions’) were introduced, and much attention was paid to their se-
mantics [10, 37, 38]). This led to the incorporation of rules of the form

Teplm
where 7 is a declarative goal, ¢ is a belief and 7 is a plan, with as interpretation that if
~ is a current declarative goal and ¢ is believed then the plan 7 can be generated and
put into the plan base of the agent. Therefore this kind of rules is called ‘planning goals’
(or ‘plan generation’, PG) rules. Eventually this development led to the language 2APL
(A Practical Agent Programming Language)[9], which we are currently developing further
and using for various applications.

6. APPLICATIONS

During the last years we have looked at various applications of agent technology in
diverse domains. The main aim of this is to investigate the practicality and usefulness
of this new technology in general, and our implementation of it through 3APL/2APL
more in particular. Here we have focused mainly on applications that could be viewed as
resorting under the areas of human media interaction and (to a lesser extent) logistics and
computational economy.

As for the former we are conducting projects on the use of agent technology in modelling
and generating/constructing video game characters ([40]), companion robots ([2, 43]), ex-
plainable AT [16, 17]. With respect to video game characters we are interested in modelling
them with BDI or BDI+ agents, and also in capabilities to derive (‘abduce’) the mental
attitudes such as beliefs, goals and intentions of virtual characters from their behaviours, so
that characters equipped with these capabilities can predict the behaviour of other agents
and anticipate on it in a believable manner. As to companion robots we are concerned with
the reasoning and communication (dialogues) with a robot that is designed to help elderly
people with kitchen tasks. Regarding explainable Al we are interested in designing and
constructing virtual trainings for (para)military situations, in which BDI agents are em-
ployed that also can explain their actions and decisions to students/trainees. The projects
on mental state abduction and explainable Al are being carried out under the umbrella of
the GATE project (Game Research for Training and Entertainment).

As to applications in logistics and computational economy, we have researched multi-
agent methods to deal with plan repair in the context of air traffic management, especially
for the question how to devise an efficient but equitable (for the parties concerned) solution
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to disturbances in the planning of gate assignments ([21]). Finally, as said before, we have
also considered the application of agents for mobile services [22]. Mobile applications are
interesting since they pose new challenges for agent technology. For instance, if one would
like to find restaurants in the city where one is driving, an agent may plan a route to such
a restaurant; however if for some reason we drive too far off from the city, on the highway,
for example, this particular choice makes no sense anymore. Then it is fruitful to stop
the planning and look at other possibilities/goals/plans. Returning to the same area later
would make it sensible to resume the earlier deliberation on getting to a nearby restaurant
in the city again. This calls for a reconsideration of the standard deliberation cycle in
agent systems programming ([22]).

7. CONCLUSION

In this paper I have sketched some of the main lines of our research in agent technol-
ogy, that developed from theoretical /logical foundations via the development of an agent
programming language to several applications. It is tempting to speculate on the question
where agent technology is heading for. On the one hand it is clear that because of its
cognition-inspired models it will never become a standard for generic programming, on the
other hand it is clear that a lot of 'intelligent’ systems that are currently emerging can be
dealt with by agent technology in some form or another.

8. POSTSCRIPT FOR WIEBE

I’ve written this article on the occasion of 25 years of computer science in Utrecht. Here
I’d like to add some words especially dedicated to Wiebe. Wiebe, as you can see from the
article (and the selected ‘wiebliography’ below) we have done rather a lot in Amsterdam
and Utrecht over the years. As my first PhD student in the direction of Logics for Al,
you were right at the center and origin of it all. I really think that without you we would
not have come that far. We were working already on agents and particularly agent logics
without even knowing it. Your own excellent PhD work was seminal for our group and
gave birth to work continued by our students, in the first instance by our first joint student
Bernd van Linder (who has proved, btw, that doing possible world semantics can also lead
you to the heart of very real worlds like the financial one!).

Wiebe, I treasure the memories of our long-standing working relation in Amsterdam and
Utrecht. We got along extremely well. At your PhD party you said that this was perhaps
due to the fact that I was a very young professor and you were an very old PhD student. ;-)
Well, at least it made the difference in age rather small, and in fact you are exactly as old
as my younger brother (only two weeks difference). Although we do not write many joint
papers anymore, we have, somewhat paradoxically, kept a close friendship over a distance.
I’'m very proud of what you’ve accomplished in Liverpool during the last 6.5 years and
hope that we’ll remain colleagues and friends for a long time to come!

Congratulations on your 50th birthday!



AGENS SAPIENS 7

9. SELECTED ANNOTATED JOINT WIEBLIOGRAPHY

In this section I have chosen 11 out of more than 50(!) joint publications.

(1)

(2)

W. van der Hoek & J.-J.Ch. Meyer, Possible Logics of Belief, Logique & Analyse
127-128, 1989, pp.177-194.

This was our first paper together, in which we explored our new territory of
doxastic logic.

W. van der Hoek & J.-J. Ch. Meyer, Making Some Issues of Implicit Knowledge
Explicit, Int. J. of Foundations of Computer Science 3(2), 1992, pp. 193-223.

We started this because I was faced with a problem in deontic logic concern-

ing intersection of accessibility relations. Here your great technical skills became
already apparent!
W. van der Hoek, M. van Hulst & J.-J. Ch. Meyer, Towards an Epistemic Approach
to Reasoning about Concurrent Programs, Proc. REX Workshop Beekbergen 1992
(J.W. de Bakker, W.P. de Roever & G. Rozenberg, eds.), LNCS 666, Springer,
Berlijn, 1993, pp. 261-287.

This was the result of your excursion to Nijmegen, my second affiliation at that
time, where Marten van Hulst was a PhD student of mine.

W. van der Hoek, B. van Linder & J.-J. Ch. Meyer, A Logic of Capabilities. Proc.
3rd Int. Symp. on the Logical Foundations of Comp. Sc. (LFCS’94), (A. Nerode &
Yu.V. Matiyasevich, eds.), LNCS 813, Springer-Verlag, Berlin, 1994, pp. 366-378.

Our first paper with Bernd van Linder, which constitutes the birth of the KARO
formalism.

J.-J. Ch. Meyer & W. van der Hoek, Epistemic Logic for AI and Computer Sci-
ence, Cambridge Tracts in Theoretical Computer Science 41, Cambridge University
Press, 1995.

The book that we wrote together, based on my lectures in Amsterdam. It took
something like 7 years to complete, from initial lecture notes to printed book. I
believe the elaboration of the exercises alone already took us more than a year...
J.-J. Ch. Meyer, W. van der Hoek & B. van Linder, A Logical Approach to the
Dynamics of Commitments, Al Journal 113, 1999, pp. 1-40.

Our AI Journal publication on KARQO, particularly the ‘motivational’ part. It
almost got rejected since the editor misinterpreted the reviews in the first instance.
Fortunately we had the audacity to protest. ;-)

K.V. Hindriks, F.S. de Boer, W. van der Hoek & J.-J. Ch. Meyer, Agent Program-
ming in 3APL, in Int. J. of Autonomous Agents and Multi-Agent Systems 2(4),
1999, pp. 357-401.

Our journal paper with Koen Hindriks on 3APL, which would influence our work
in Utrecht on agent programming for many years.

F.S. de Boer, R.M. van Eijk, W. van der Hoek & J.-J. Ch. Meyer, A Fully-Abstract
Model for the Exchange of Information in Multi-Agent Systems, Theoretical Com-
puter Science 290, 2003, pp. 1753-1773.



JOHN-JULES MEYER

One of the nice papers on agent communication we wrote with Frank de Boer
and Rogier van Eijk.

(9) W. de Vries, F.S. de Boer, K.V. Hindriks, W. van der Hoek &. J.-J. Ch. Meyer, A
Programming Language for Coordinating Group Actions, in: Proc. of the Second
International Workshop of Central and Eastern Europe on Multi-Agent Systems
(CEEMASO1) (B. Dunin-Keplicz & E. Nawarecki, eds.), 2001, pp. 297-304.

One of the things we did with Wieke de Vries when she returned to Utrecht as
a kind of prodigal daughter, after her bold expedition to Amsterdam. ;-)

(10) B.P. Harrenstein, W. van der Hoek, J.-J. Ch. Meyer & C. Witteveen, A Modal

Characterization of Nash Equilibrium, Fundamenta Informaticae 57(2-4), 2003, pp.
281-321.

I remember that when giving a talk about this joint work with Paul Harrenstein
and Cees Witteveen at a workshop in Poland, Witold Lukascewicz said to me
jokingly: ”What can’t you guys do with modal logic...?”

(11) M.B. van Riemsdijk, W. van der Hoek & J.-J. Ch. Meyer, Agent Programming

[1]

2]

in Dribble: from Beliefs to Goals Using Plans, in: Proc. 2nd Int. J. Conf, on
Autonomous Agents and Multiagent Systems (AAMASO03)(J.S. Rosenschein, T.
Sandholm, M. Wooldridge & M. Yokoo, eds.), Melbourne Australia, ACM Press,
New York, 2003, pp. 393-400.

This was the wonderful result of the Master’s thesis work by Birna van Riemsdijk,
who later did a PhD with me.
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Preface

What should you submit as a contribution to a workshop in honor of the
50th birthday of a best friend? Instead of submitting an already published
paper, or composing a story about all the things we have done together in
the past, I decided to submit something we could do together in the future.
So, here is an unfinished paper to contribute to the Wiebe fest. Originally,
the contents of this paper were planned to be written together with Wiebe
and two other colleagues. Although we planned to submit it to a suitable
conference at the end of 2008, it did not work out, since the four of us had
other, more urgent, papers to work on and the ideas put forward in this
paper were (are) still in their infancy. We made some progress in the very
last weeks of 2008, but at at that time we all felt that the paper was not
ready for submission. Meanwhile, I’ve been looking again at some problems
and now I feel that at least we have some results that are worthwhile to work
on, although the number of problems we still have to solve outweighs the
number of problems we think we have solved. Anyway, this paper still needs
quite a lot of extensions and improvements, but I’'m confident that it can
be finished in the coming months. Therefore, Wiebe, instead of repeating
what we have accomplished in the past, let this paper in concept be a sign
of our cooperation in the past, present and the future. Maybe a finished
and polished version can be submitted to the Wiebe 60 Fest ...



1 Introduction

The problem we want to discuss is very simple to state: Let X be a set of
formulae (or constraints) over a partitioned set X = {X;}? ; of variables.
Each block X; of variables is controlled by an actor A; who, independently
from the other actors, tries to find a satisfying assignment o; for its subset
Y; € X of formulas over X;. Suppose that these local assignments o; are
simply composed to a global assignment o for X. Can we guarantee ¢ to be
a satisfying assignment for ¥, if we don’t have any control over the choice
of the locally satisfying assignments o;7

Let’s start with a simple example to illustrate this problem. Suppose
that Alice and Bob plan a party. Alice would like to invite Charles (c) or
Diane (d) or both, while Bob independently from Alice wants to make an
(inclusive) choice between Fred (f), Gerald (g) and Harald (k). It is also
known, however, that inviting both Charles and Gerald will result in a really
disastrous party, hence, we would not like to have them both invited. So,
let X ={cVvd,fVgVh-(cAg)}andlet X ={{c,d},{f,g,h}}.

Now Alice, controlling X; = {c¢,d} chooses a satisfying assignment for
Y1 = {cV d}, while Bob, controlling Xo = {f,g,h}, takes a satisfying
assignment for X9 = {f V g V h}. In this case, it is easy to see that we
can’t guarantee the existence of a globally satisfying assignment ¢. For
example, Alice might choose 01 = {¢ = 1, d = 0} while Bob might take
o9 ={f =0, g=1,h =1}, but then the constraint —(c A g) is violated by
the simple composition 0 = {c =1, d =0,f =0, g = 1,h = 1} of these
assignments, implying that the party is over.

Some questions can be raised almost immediately. For example, it is
clear that the composition of satisfying local assignments cannot always be
guaranteed to be a satisfying global assignment, but how difficult is it to
detect exactly when such a guarantee can be given or not? What is the
connection between this problem and deciding (in)consistency of the set of
formulae 37 Does it help if we already know some assignments satisfying
3?7 Note that these questions are all pertaining to the role of the available
information about the constraint system in answering this decision problem.

There is however, another, more constructive, way of looking to this
problem. Suppose that we have a no-instance of the problem, that is an
instance for which such a global satisfying assignment cannot always be
guaranteed, could we, by minimally changing the instance, turn it into a yes-
instance? For example, if in the example above we could force Bob to choose
between Fred and Harald, the existence of a globally satisfying assignment
can be guaranteed. But of course, this also raises a lot of questions, like:



What is minimality in this respect? What are the allowable changes? How
difficult is it to find such changes?

In this (preliminary version of the) paper, we will only touch upon some
of these questions. First, we will briefly discuss some related work and pro-
vide some general motivation for this research subject. Then we provide
some formalisation by introducing a general framework for distributed con-
straint satisfaction problems and we define our problem in a more precise
way. Next, we discuss the complexity of some associated decision problems
and the problems associated with minimally changing the problem such that
a global satisfying assignment can be guaranteed.

2 Motivation and Background

In constraint satisfaction, decomposition is a common technique to split
a problem in a number of parts in such a way that the global solution
can be efficiently assembled from the solutions of the parts. Most of these
decomposition techniques that have been applied are structurally motivated,
that is the decomposition is performed by analyzing the structure of the set
C of constraints. The goal of such decomposition techniques is to split the
original problem into a set of problems that can be solved in an easier way.
The sets variables associated with resulting subproblems do not need to be
completely disjunct, but do need to cover the global set X of variables. In
general, the subproblems are easy to solve by guaranteeing that the resulting
subproblems are acyclic: it is well-known that acyclic constraint solving
problems can be solved efficiently, i.e. in polynomial time [1].

There is an extensive set of literature [2, 4, 5, 6, 8, 10] on this con-
straint decomposition problem with quite a number of different approaches
to achieve suitable decompositions like e.g. bi-connected components, (hy-
per)tree decomposition, hinge decomposition, query decomposition, tree
clustering methods, and so on. A common aspect of all these approaches,
however, is that (i) the structure of the problem dictates the way in which
the subproblems are generated and (%) the subproblems generated do not
have to be completely independently solvable, that is, in general, the de-
composition will not allow the problems to be concurrently solvable.

The problem we are interested in differs in some respects from the prob-
lem solved by these structural decomposition methods. First of all, while
in structural decomposition methods the partitioning (or covering) of the
variables is a result of the decomposition and depends upon the structure
of the constraint problem, we are interested in decomposition methods that



take a given partitioning of the variables into account. This is more in line
with applications where a general (constraint) problem has to be solved by
different parties that, each using their own approach, do want to solve their
own part of the problem. This own part is determined by the capacities of
these parties and not vice-versa.

Secondly, we require a complete decomposition of the original problem
instance, that is, we would like to find a set of subproblems that can be
solved concurrently and independently to obtain a complete solution to the
original instance. This, in particular, makes our approach relevant to those
problems where there are actors who want to solve their part of the con-
straint satisfaction problem in a completely autonomous way, without us-
ing communication (or without being able to communicate) and revision
or backtracking necessitated by incompatible partial solutions proposed by
other players.

In this paper, first of all, we address some decision problems associated
with this concurrent decomposition approach. Then we want to enhance its
applicability in the following way: if we detect that a system S, whose set
of variables X is partitioned, does not allow for a decomposition in inde-
pendently solvable subsystems, we minimally change the constraint system
S to a system S’ in such a way that (i) every solution to &’ is a solution
to S and (i7) S’ can be decomposed into independently solvable subsystems
whose solutions always can be always reassembled to give a total solution
to S.

Before we state these problems in a more precise way, we first intro-
duce some notational conventions and a general framework for discussing
distributed constraint systems.

3 Preliminaries

We consider (abstract) constraint systems S = (X,D,C) where X is a
(finite) set of variables X, D is a set of (value) domains D’ for every variable
z; € X and C is a set of constraints on X.

We assume constraints ¢ € C' to be specified as formulas over some
language. A solution s of the system is an assignment s = {x; := d;}"; of
all variables in X such that each ¢ € C is satisfied. A partial solution is just
an assignment to a subset X’ C X of the variables. We will assume that
we have a constant d; in the language for every domain element d;, and we
often will identify d; with d; and think of an assignent s = {z; := d;}}_; as

a formula N\;_,(z; = d;) or a set of formulas {(x; = d;)}_,. To preserve



generality, we don’t feel the need to specify the set of allowable operators
used in the constraints ¢ € C' and their interpretation.

By Sol(S) we denote the set of solutions s, i.e., satisfying assignments,
to a constraint system S. The system S is called consistent if Sol(S) # 0.
For every ¢ € C, let Var(c) denote the set of variables mentioned in ¢. For a
set of constraints C, we put Var(C) = .o Var(c). Given S = (X, D, C)
we obviously require Var(C) C X. Similarly, if D is a set of value domains
D' for variables z; € X and we have X’ C X, then Dy is the set of value
domains D%, for variables x; € X’ with the obvious conditon that for all
z; € X', D' = _ix/. Given a set of constraints C' and a set of variables X'
we let C'ys denote the subset {¢ € C' | Var(c) C X'}. Furthermore, if X
and Xs are subsets of X and sj is an assignment of values to variables in
X1 and s9 an assignment of values to variables in X5, then the composition
s = s1 U s9 denotes an assignment of values to variables in X1 U X5. In
particular, this assignment is well-defined if { X7, X2} is a partitioning of X.

3.1 Simple constraint systems

Given a constraint system S = (X, D, (') we often want to concentrate on
the constraints relevant to a subset X’ of the variables X. Selecting such
a subset of variables and the constraints associated with it will induce just
another constraint system, being a subsystem of the original system:

Definition 1 Let S; = (X1, D1,C1) and Sy = (Xg, Dy, Ca) be two con-
straint systems. Then we say that 81 is a subsystem of Sa, written S C Sa,
if the following holds:

1. X1 C Xy
2. Dy =Dy,
3. C1 = Cay,

Let s = {x; := d;}}_ be a solution for So I S1. Then ss, = s(x,,p,,cy) 18
the assignment {x; := d; | z; := d; € s,x; € X1}.

It seems reasonable to assume that if a global constraint system S = (X, D, C)
is consistent, any subsystem S’ = (X', Dx/, Cx/) with X’ C X derived from
it, is also consistent.!

!But note that if we use an underlying nonmonotonic logic for the satisfaction relation
this does not necessarily holds.



Note that, by definition of a constraint system S = (X, D, (), we have
Var(C) C X. Now, given a constraint system Sz = (X3, D2, C2), there are
at least three natural ways to obtain a subsystem &) = (X1, D1, C}) from it:

1. Fix aset X7 C X5 and from that, derive D1 and C] using Definition 1.
In this case, we will write S = S» X, -

2. Fix a subset set D7 of value domains from D; and find as set X5 such
that Dy = Do Xy This can always be done by removing from X5 those
variables that have a value in a doman in Dy but not in D;. The set
of constraints 'y is then also directly obtained: C; = Co X, We write:
S1=8 Dy

3. Fix a subset C; of the constraints of Cy and find as set X9 such that
C, = CQCZ. This can always be done by removing from Xs those
variables that do occur in Cy but not in C;. The set of domain values
D is then also directly obtained: D = D2X1. We write: &1 = 8201.

With respect to the subsystem relation T, we assume our constraint
systems to satisfy the following preservation property:

Preservation
Let (X1, D1,C1) = 81 £ Sa. Then s € Sol(Sz) implies s(x, p,,cy) €
SOl(Sl)

Constraint systems that satisfy Preservation will be called Simple Con-
straint Systems.

3.2 Distributed Constraint Systems

Usually, constraint systems S are distributed, that is, there is a set of actors
A;, each being able to make assignments or adding relations for/to only
a subset X; of variables and these agents are collectively responsible for
producing a global solution for S. More specifically, if S = (X, D,C) is a
constraint system and X; C X is the subset of variables controlled by agent
A; then S; = (X;, Dy, Cx;) is the subsystem that has to be solved by agent
A;, where Dy, is the set of domains for the variables in X; and Cy, is as
defined above.

X=X UXoU...UX, and U], X; = X, while for 1 <i # j =n,
X; N X; = 0, the collection {X;}" , constitutes a partitioning of X, and
each X is called a block of X. If {X;}I', is a partitioning of X, we let
S = ({X;},,D,C) denote a distributed constraint system.



4 The concurrent decomposition problem

In general, the distributed constraint solving problem can be simply stated
as follows:

Given a distributed constraint system S = ({X;},,D,C) is
it always possible to find a solution s € Sol(S) using solutions
si € Sol(S;) for its induced subsystems S; = (X;, Dx,, Cx;)?

As we observed, while there are quite a few proposals for solving dis-
tributed systems, they almost all come down to some (distributed) back-
tracking process needed to resolve conflicts between partial solutions. Ba-
sically, what we are interested in are backtracking-free concurrent solutions.
That is, we would like to investigate the following concurrent decomposion
problem:

Given a distributed constraint system S = ({X;}I,,D,C), is
it true that the composition s = s; LI sg U ... U s, of arbitrary
solutions s; € Sol(S;), where S; = (X;, Dx,,Cx,), is always a
solution for the total system S7

If the answer is yes, we say that a distributed constraint system is con-
currently decomposable. More exactly we can define this property as follows:

Definition 2 (Concurrent decomposition) A consistent distributed con
straint system S = ({X;}11, D, C) is concurrently decomposable if,

1. for everyi=1,...,n there exists a consistent partial constraint system
Si = (Xi, Dx,, Cx,) restricted to X;, and

2. Sol(81) U ... U Sol(S,) C Sol(S), that is, for every (s1,...,8,) €
Sol(S1) x ... x Sol(Sy,) it holds that s = s1 U sy ...Usy is well-defined
and s € Sol(S).

We note that most constraint systems & will not allow us to simply
decompose S into partial constraint systems S; derived from S, determine
the solutions s; to the partial systems and then just merge or compose these
(partial) solutions to obtain the solution to the original system.

Example 1  Take a simple constraint system S = (X, D,C) where X =
{21, 22} and is partitioned into X1 = {x1} and Xz = {2}, and D' = D? =
N. Let C = {x1 # x2} U{n; < x; < my; :i=1,2} for some given numbers
ni+mne +5 < my+mo. Itis easy to see that the partial solutions s1 for
Sz} and s2 for Sy,,y cannot always be joined to a global solution, since xq
might be given the same value as x2.



Example 2 Take a meeting scheduler, which has the aim to schedule two
different meetings at a University in one and the same week. Meeting mq
should be among faculty members of a specific Department, its Head, and
its Dean, while meeting mo involves the Head of Department, the Dean and
the Vice Chancellor. Moreover, we should keep in mind that no person can
attend different meetings at the same time. Again, the partial solutions
cannot always be joined to obtain a global solution.

Note that in both cases splitting the problem into several parts means
that some constraints ¢ such as z1 # z9 (Example 1) and the constraint
that two meetings cannot overlap if there is a person that should attend
both of them (Example 2) are not taken into account while solving the
partial constraint systems individually. These constraints are the so-called
inter-block constraints. Therefore, concurrent decomposability should also
be viewed upon as a specification of a special relation between the set of
intra-block constraints C'x, and this set of inter-block constraints.

It is not difficult to show that, indeed, if the sets C'x, of constraints cov-
ered by the partition blocks X; together imply all constraints in C, that is
also the inter-block constraints ¢ € C such that Var(c) is not contained in
a single partition block, then the constraint system is concurrently decom-
posable:

Proposition 1 Let S = ({X;}],,D,C) be a consistent distributed con-
straint system and fori=1,...,n, let S; = (X;, Dx,,Cx,). Then Sol(S1) x
... X Sol(Sy,) C Sol(S) iff Ui, Cx, EC.

Proof. [Sketch] Assume that Sol(S1) X ... x Sol(S,) C Sol(S). Take an ar-
bitrary s satisfying (i ; Cx,. Then s can be written as s = sy UsaU...Usy,
where each s; satisfies Cx, and therefore, s; € Sol(S;). By assumption,
s € Sol(S). Therefore, s satisfies C.

Conversely, assume | J;_; Cx, = C. Then every solution s satisfying | J;-, Cx,
will satisfy C'. Each such a solution s can be written as s = sy Uso . ..Ls,
where each s; satisfies Cx,. Hence, Sol(S1) x ... x Sol(S,,) C Sol(S). O

The last proposition almost immediately suggest that the problem whether
a given distributed constraint system is concurrently decomposable or not
is computationally closely related to deciding propositional logical conse-
quence, which is co-NP complete. Indeed, as the next proposition shows,
this is the case, even in the most simple distributed cases:



Proposition 2 Let S = ({X;}!"1, D, C) be a distributed constraint system.
The problem to decide whether S is concurrently decomposable is coNP-
complete.

Proof. Membership of coNP is easy: just guess a set of solutions {s;}" ;,
where each s; is a solution guessed for subsystem S;. Now check for each
i = 1,2,...,n whether s; € Sol(S;) and then check the compatibility of
these solutions. The violation of one or more inter-block constraints ¢ can
be easily verified using the composed global solution s.

Completeness follows using the following reduction from the coNP-complete
LocGIicAL CONSEQUENCE problem (Given a set of variables U, a set of clauses
C over U and a clause ¢, is ¢ implied by C7): Given an instance (U, C, ¢)
of this problem, we consider the distributed constraint system & = (U U
{z},CU{d}u{-z}, {{0, 1}1’}LZI1+I)’ where the set of variables is partitioned
in the set U and the set {2}, and ¢/ = cU {x} is the clause ¢ extended with
the new atom x ¢ U. Clearly, using this partitioning, S is decomposed into

two systems Sy = (U, C, {{0, 131}, while Sppy = ({a}, {-2}, {{0,1}).

Now, let 7 be any assignment verifying C, but falsifying ¢. Then 7 is a
solution for Sy and together with the only possible solution {z = 0} for
S{z} it constitutes an assignment 7 U {z = 0} that also falsifies ¢’ = cU {z}.
Hence 7U{z = 0} is a certificate for non-decomposability. For the converse,
assume that there are local assignments 7 and 79 such that 7| is a solution
for Sy and 73 is a solution for Sy, while 71 U 75 does not satisfy S. Then,
clearly 7 satisfies C, but cannot satisfy ¢. Hence, 71 is a certificate for
showing that C' does not imply c. 0

Note that this proof shows that this problem is already co-NP-complete
for the simplest possible distributed case where a partition contains only 2
blocks.

Remark 1 It is well-known that for general constraint systems finding a
solution is NP-hard [3]. We therefore might ask whether having additional
information about a satisfying assignment would help us in solving the de-
composition problem. This turns out not be the case:

Proposition 3 Let S = (X, D,C) be a consistent constraint system, let
{Xi}, a partitioning for X and o € Sol(S) a satisfying assignment. Then
the problem to decide whether S is concurrently decomposable is co-NP com-
plete.



Proof. Take a formula ¢(z1, 22, ... xz,) over some alphabet X = {z1,z2,...,2,}.
Without loss of generality we may assume that n > 1. Consider the con-
straint system S = (X U{y}, D,C) where C = {¢(z1,22,...2n)VYy,yV -y},
D is a set of {0, 1} domains and the partitioning of X is X = {{z;}I" ,,{y}}.
Let o be an arbitrary assignment where y = 1. § is consistent and is con-
currently decomposable exactly iff ¢p(x1,xa,...zy) is a tautology, the latter
being a co-NP complete problem. Il

It is easy to see that the same proof can be used to show that the availability
of a partial solution that can be extended to a complete solution will not
alleviate the difficulty of the decomposition problem.

Finally, note that if we have given all satisfying truth assignments o
to the constraint solving problem, the concurrent composability problem
can be seen to be polynomially solvable, but of course, this comes at the
price of an exponential blow-up: we might be forced to take into account
exponentially many assignments.

5 Minimal Change and Concurrent Decomposabil-
ity

As we have seen, the problem whether a distributed constraint problem is

concurrently decomposable is an intractable problem (unless P=NP). But

what happens if we could change a particular instance in such a way that

it would become a yes-instance of the concurrent decomposition problem?
Let us consider an example we discussed before:

Example 3 Take the constraint system S = (X, D, C) where X = {z1,x2}
and is partitioned into X1 = {x1} and Xo = {x3}, and D' = D?> = N. Let
C ={x1 # 2} U{n; < z; < my} for some given numbers ny +ng +5 <
m1 + ma. The system is not concurrently decomposable, but if we add the
constraints ‘xy is odd’ and ‘ry is even’ to the set of constraints, joining
individual solutions will always deliver a global solution.

A first obvious restriction on the set of allowable changes of a given
distributed constraint system S = ({X;}!"_;, D,C) would be that the set of
solutions of S is preserved: For every resulting system S’ it must hold that
Sol(S8') C Sol(S).

Of course, one would immediately ask whether such allowable changes
are always possible. The following proposition shows that every consistent

10



distributed constraint system can be turned into a concurrently decompos-
able one, without violating the solution preservation condition:

Proposition 4 Given a consistent distributed constraint system
S = ({Xi}1,D,C), there always exists a concurrently decomposable dis-
tributed system S’ = ({X;}1-1, D,C") such that Sol(S") C Sol(S).

Proof. Since S is consistent, there exists a solution s = {z; = d;}, €
Sol(S). We show that the system S’ = ({X;}I1,D,C U s) is concurrently
decomposable and satisfies the solution preservation condition. For an arbi-
trary i, take the subsystem S, = (X;, Dx,,Cx, U {sx,}). By Preservation,
sx, € Sol(S]) and every solution s’ # sx, will violate at least one constraint
xj = dj occurring in sx,. Hence, for every X; € {X;}I',, Sol(S]) = {sx,}.
Likewise, we have Sol(S’) = {s}. Therefore, &’ is concurrently decompos-
able and Sol(S") C Sol(S). O

Such solutions, however, are not always wanted, since they add quite a
lot of additional constraints and seriously affect the set of solutions of the
original system. In general, instead of adding an arbitrary set of constraints,
we would like to apply the idea of minimal change: how could we minimally
change the original system such that it becomes concurrently decomposable.

Applying this idea of minimal change, we could follow two different ap-
proaches:

1. mazximize the set of solutions Sol(S’) such that the difference Sol(S)—
Sol(S’) is minimized;

2. minimize the amount of constraint change necessary to obtain the
resulting system &’.

We could view the first approach as a semantically inspired approach,
and the second as a syntactical approach. While the latter ensures that the
syntactical difference between the two constraint systems is minimized, the
first approach does not care which syntactical changes have to be applied
but takes care for minimizing the loss of information associated with the
transition to a decomposable system.

Here the bad news is: both the syntactical and the semantical approach
give rise to intractable problems. To start with the latter approach, let
S = {Xi}1,D,C) be an instance of the distributed constraint problem.
Following the semantical approach, we would like to obtain a distributed
system S such that

11



1. 8= ({X;}~,,D,C");
2. Sol(S8") C Sol(S) and Sol(S) — Sol(S’) is minimal
3. &' is fully decomposable, i.e., Sol(S") = Sol(S]) x ... x Sol(S))

This problem, however, can be easily shown to be intractable, even if the set
of solutions to the original system is of polynomial size and can be obtained
in polynomial time:

Proposition 5 Let S = ({X;}!,,D,C) = (X,D,C) be a distributed con-
straint system. The problem to find a set of decomposed subsystems {S! =
(X, Di, CH Yy such that (i) II7_, Sol(S!) C Sol(S) and (ii) I, Sol(S}) is
a cardinality mazimal subset of Sol(S) is NP-hard.

Proof. (Sketch) We use a reduction from the MAX-CLIQUE problem. Let
G = (V, E) be an instance of the MAX-CLIQUE problem. We create an in-
stance of concurrent decomposition problem as follows: Let S = ({X;}-,, D,
be a distributed constraint system where X = {1, z2} partitioned as X =
{z1} U {2} with domains D; = Dy = V and let C' contain the con-
straint r(x1,z2) = (x1 = z2) V ({z1,22} € E). Finding two subsystems
S1 = ({x1},V,C1) and Sy = ({z2}, V, Co) such that z1 € C1, z2 € Co would
imply r(x1,x2). Note that C1 and Cy are unary relations defining subsets of
V' and maximizing C7 X Cy under the constraint Cy x Co C r comes down
to finding a maximal clique in G. 0

Taking the syntactical approach, let us define a distributed constraint
system S = ({X;}1,D,C) to be k-decomposable if a partial assignment
to k variables already suffices to decompose S in independently solvable
subsystems. Here, we assume that after adding the k£ assignments to the
variables, the original system of constraints is simplified by taking these
assignments into account, i.e. replacing the variables by their values.

Note that a 0-decomposable distributed constraint system is just a con-
currently decomposable system. Also note that a consistent distributed
constraint system is always n-decomposable: just use a solution s € Sol(S)
and add s to the set of constraints C.

The general problem to decide whether or not a system is k-decomposable
for some k£ > 0 turns out to be harder than just checking whether the system
is concurrently decomposable:

Proposition 6 Let S = (X, D,C) be a constraint system, {X;}7, a parti-
tioning of X and k a positive integer. The problem to decide whether S is
k-decomposable is b -complete.

12



Proof. To show that the problem is in ¥, given a constraint system S and
a partitioning {X;}!" ; for X, guess a partial solution o for k-variables in
X and add the constraints x = o(x) for all z € dom(o) to C. Then, use a

co-NP-oracle to check 0-decomposability of the resulting constraint problem
S'.

To show that the problem is ¥5-hard, we take the X5-complete SUCCINCT
SET COVER problem [9]: Given a collection T' = {¢1, @2, . . ., ¢m } of 3-DNF
formulae on a set X of variables and a positive integer k, is there a subset 1"
of T with |T"| = k such that - \/,c7v ¢ 7 The reduction from this problem
is as follows: Let (3,7 = {¢1,¢2,...,0m}, k) be an instance of SUCCINCT
SET COVER. Construct a distributed constraint system S = ({X;};, D, C)
where

LAXi e, = {2, {z1,22,...,xm}}, where for j =1,...n, z; €3,

2. C contains two constraints Yy, cr(¢; + x;) > 1 and X" 2; = m — k,
where each ¢/ is obtained from ¢; by replacing V by +, and A by +,

3. D a set of {0,1}-domains for each of the variables occurring in ¥ U
{z1,... 2}

Suppose there is a subset 77 C T of size k such that - \/ ser - Then, for
every ¢; ¢ T', add a constraint z; = 1 to C. Now consider the subsystem
Sy. Due to the presence of the variables x;, the set of constraints Cy is
empty. Hence, any assignment s; to the variables in ¥ can be proposed as
a solution s € Sol(Sx). Each such a solution s; will satisfy the constraint
Ygier(¢; + i) > 1 since = Ve ¢, implies that Xy e (¢} + 2;) > 1 for
every assignment s; to variables occurring in 7" and every assignment to
the variables x; and X4, cr_77(¢; + 1) > 1 is also satisfied by every such an
assignment sj.

Considering the subsystem Sg;, 4, . 2,1, We observe that Cy, 4y 201 =
{E xzi=m—k}U{z; =1:¢; € T—T'}. Since |T —T'| = m — k, exactly
one assignment will satisfy these constraints: the assignment s, that assigns
0 to all variables x; such that ¢; € T” and 1 to all variables x; such that
¢; € T'. Hence, every combination s; LI so will satisfy C'.

The converse is proven along the same lines. O

Note that the proof of this proposition again show that >5-completeness
already holds for the simplest distributed case where we have a partition
into two blocks.

13



6 Discussion

As announced in the beginning, this is an incomplete first draft of a pa-
per investigating the problem of concurrent decomposability in distributed
constraint problems. There still remains quite a lot to investigate. Let us
mention a few problems that definitely have to be addressed. First of all, we
have to investigate whether some of the complexity results obtained in the
general case still do hold if we restrict the class of allowable constraints. For
example, what are the most simple distributed constraint systems where
decomposition is tractable? What are the distinguishing features of such
classes? Next, we have to investigate what happens if in the case of min-
imal change we do not constrain the objects that can be added to partial
assignments i.e., unary constraints, but also allow refinements of general
constraints to be added. How does this influence the complexity of the
k-decomposability and other syntactical notions of minimal change? For
example, it can be shown that Simple Temporal Networks are minimally
decomposable in polynomial time [7], if we are allowed to refine a certain
subset of constraints and look at minimal refinements as a criterion for min-
imal change. Finally, we should concentrate on the construction of suitable
heuristics that should provide additional constraints in order to make a given
distributed constraint system decomposable.

Quite a lot of problems, but hopefully we also have quite a lot of time
after Wiebe’s fest!
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Abstract

Expectations, among other things, are beliefs about the future. Expectations play
a role in decision making and may influence the choice of action of an agent.
Expectations may facilitate an agent’s decision-making as it may make it easier
to select an action to perform next. Vice versa, expectations may depend again
on actions that the agent needs to perform itself in order to make these expecta-
tions come true. Expectations thus should not lead an agent to conclude it does
not have to perform the actions required to make expectations come true. In Ar-
tificial Intelligence, the latter problem has been labelled the Little Nel problem.
Expectations may also make an action seem less attractive, and make an agent
reconsider performing the action. In this paper, we propose a model of how to
balance these different roles of expectations in decision making. We present a
formal model of action selection in the agent programming language GOAL as a
formal idealized model of how expectations may be operative in an agent’s deci-
sion making. We only treat the simple case where a single agent is the sole factor
of change in the environment.

1 Introduction

Expectations, among other things, are beliefs about the future. Wiebe may not have
foreseen that a workshop was being organized for his 50th birthday and therefore will
have had quite different expectations related to March 16th 2009.

There has not been paid a lot of attention to the role of expectations in decision
making within the agent community. Some work on expectations aiming to describe
the “’cognitive anatomy” of expectations has been reported in [1, 9], but this work has
not focussed on the role of expectations in decision making in particular.

Wiebe, together with Wojciech and Mike, introduced a notion of weak belief in
[13] that seems closely related to the concept of expectation. “Weak” belief is based on
the actions an agent intends to perform and is optimistic in the sense that it assumes that
the agents intentions are bound to succeed. As a result, an agent may believe that the
(necessary) effects of all its intended actions will eventually occur. Correspondingly,
in [13] an axiom of the form Iy — W By is introduced that expresses that intention
to realize y implies a weak belief in y for linear temporal formulae x. The axiom is
to represent a very important feature of agents, namely, that the future is under control
of the agent. In contrast, the notion of “strong” belief is pessimistic and only gives



rise to beliefs about the future that are independent from actions the agent would have
to successfully perform. Strong belief thus is a stronger notion than weak belief and
implies it. Although the notion of weak belief seems related to that of expectation, the
latter notion is not discussed in [13].

We believe the distinction between two different forms of belief is interesting and
useful, and we will use a similar strategy that distinguishes between two types of be-
liefs about the future. The first type of beliefs are those that are considered to be
inevitable by the agent given the information available to it. These beliefs about the
future concern properties of the world that the agent believes are not within its control,
i.e. independent of any action it may perform. Here we will not be particularly con-
cerned with how an agent comes to believe that certain things are inevitable, nor how
an agent may justify having such beliefs.! Such beliefs about the future that are con-
sidered to be independent of an agent’s own actions are simply called beliefs here, and
relate to the notion of “strong” belief introduced in [13]. The second type of beliefs
about the future are dependent on the agent’s own actions and are called expectations
here. It should be noted that the notion of expectation discussed here thus is more
restrictive than the common sense concept of expectation. We focus in particular on
the notion of expectation that depends on the successful performance of actions by the
agent that has the expectation.

The paper is organized as follows. Section 2 discusses the role of expectations in
decision making informally by means of a simple example. We will present a model
of expectations in the context of the agent programming language GOAL. GOAL is an
languages for programming rational agents, which derive their choice of action from
their beliefs and goals. As it is natural to consider the role of expectations in the choice
of action that an agent makes, introducing the concept of expectation into an agent
programming language seems a useful extension in itself. Moreover, GOAL provides
a formal semantic framework and by extending it we thus are able to provide a formal
model of expectations. Section 3 presents a model of expectations as an extension of
the GOAL programming framework. Finally, Section 4 concludes the paper.

2 The Role of Expectations in Decision Making

Here we informally discuss the role of expectations in decision making by means of a
simple example.

Suppose an agent believes it will rain today and has a(n achievement) goal to be at
work. Also suppose that the agent’s only means to get to work is a bicycle. Initially,
the agent does not expect to get wet. Only after deciding to go to work by bicycling the
agent will expect to get wet and form the corresponding belief. As a result, because
the agent will only consider bicycling to be an option if the agent will not get wet,
the choice to bicylce will be reconsidered. Given the expectation to get wet, however,
the agent may decide to wear an umbrella which will prevent the agent from getting

'See [7] for one approach. Moreover, beliefs about the future need not be believed to be inevitable,
e.g. an agent may believe that it is likely that tomorrow will be a sunny day. To simplify matters, we do
not consider notions related to the plausibility or probability of an event happening in the future. In this
paper, an agent may be wrong and have beliefs about the future that do not correspond with the way the
world will turn out to be.



wet in the first place. This decision, in turn, will result in removing the expectation
to get wet; moreover, the agent may add the expectation that it will not get wet. As a
consequence, the agent may now reconsider going to work by bicycling again.

Using the action rules available in the GOAL programming language, this informal
example may be modelled by the following rules:

if A-Goal(at(work)) A =B(Qwet) then do(bicycle).
if B(Qwet) V B(O-wet) then do(wearUmbrella).

Initially, the first rule will fire and the agent will select the action bicycle. However,
after computing expectations given this choice the agent believes that it will get wet.
It will reconsider the choice to bicycle (the first rule does not fire anymore because
of the second conjunct in the condition) and will decide to wear an umbrella, given
the second rule. Upon recomputing expectations given the choice to wear an umbrella
the agent will expect it to not get wet. As the second disjunct of the second rule
represents this expectation, the rule will fire also given the presence of this expectation.
Therefore, the choice to wear an umbrella is stable (the choice is not reconsidered
given the new expectation) as are the expectations the agent has. As a consequence,
moreover, the choice to bicycle is available again because the agent does not expect
to get wet anymore. As bicycling while wearing an umbrella will not result in an
expectation to get wet, the end result of performing the action wearUmbrella and
thereafter performing the action bicycle is stable and will not be reconsidered by the
agent again.’

As the example illustrates, expectations may lead an agent to reconsider its choices
and may result in a decision to not perform an action that the agent initally committed
to perform. Expectations play a role in maintaining the rational balance between be-
liefs, goals and action choices. It is only rational for an agent to stick to its decision
to perform an action if the expectations the agent has about the effect of performing
the action will be met. Reconsidering the performance of an action may introduce yet
again new expectations that may also lead an agent to choose to perform other actions.
The choose to perform these actions may result in changes to the agent’s expectations
again, however, simply because the world will look different when other actions are
performed. Only when a stable state is reached in this process of decision making,
reconsideration and updating of expectations an agent may be said to have reached a
(final) decision to perform an action. The main issue therefore that we will consider
in the remainder is how we can formally model this balance of updating of expecta-
tions and decision making, which both involves projecting the future, and how we can
compute a stable state (if it exists).

The subtlety here resides in the fact that we added the disjunct B(O—wet) to the second rule to
avoid Little Nel like problems where the choice to perform an action is dropped again as the reason for
selecting the action is no longer operative, as in this case the agent will no longer expect to get wet. The
basic idea to avoid the Little Nel problem is to add the expected result of an action as a condition to the
action rule that is required to choose the action. The fixed-point semantics introduced below then will
automatically yield the desired result obtained by the stepwise reasoning in the text.



3 Formal Model of Expectations in GOAL

The reasons for choosing GOAL to formally model expectations are twofold. First,
GOAL provides a programming framework with a rule-based decision mechanism. We
need a decision-making mechanism to model the formation of expectations based on
the performance of own actions and the possible reconsideration of the choice of action
based on such expectations again. Second, GOAL agents derive their choice of action
from their beliefs and goals. In [7], we showed how to incorporate temporal formulae
in the belief and goal bases of GOAL agents. We can build on this work and extend the
semantics of [7] with expectations.

Section 3.1 presents the GOAL programming framework where temporal formulae
are allowed in agent’s belief and goal bases as in [7]. The main difference with [7] is
that we do not account for the bounded rationality of agents in this paper which moti-
vated the work of [7]; we are also not concerned here with the origin of beliefs about
the future and whether such beliefs are justified. Instead we focus here on introduc-
ing a model for the role of expectations in decision making. Section 3.2 extends this
framework and introduces a formal model of expectations and their role in decision
making.

3.1 Temporal GOAL

GOAL agents maintain a mental state of declarative beliefs and goals and derive their
choice of action from their beliefs and goals. A GOAL agent program defines the initial
beliefs and goals of an agent, specifies the preconditions and effects of the actions
available to the agent, and contains a set of action rules to select actions for execution
at runtime. Action rules define a strategy or policy of the agent for acting. The beliefs
and goals of an agent are dynamic and change over time. The action specifications and
action rules are static.

Here we use linear temporal logic (LTL) to represent beliefs and goals of agents,
as in [6, 7]. One advantage of using temporal logic is that it facilitates establishing a
connection between the agent programming language GOAL and agent logics, as done
in [6], which in turn paves the way for verification of agent programs. Obviously, the
use of temporal logic increases the expressive power compared to a framework that
only allows Boolean operators as in [3]. In particular, it allows to express expectations,
i.e. beliefs about the future. A base language L of classical propositional formulae
over a set of atoms At, with typical element ¢, is assumed that includes T, L € Ly,
denoting respectively the true and false sentence.

Definition 3.1 (Linear Temporal Logic)
The language of linear temporal logic L7, with typical element , is defined by:

¢ = any element from Ly
X == ¢]x[xAx|Ox|xuntil x

The eventuality operator < is introduced as an abbreviation for T until x and
its dual Oy is defined as ~O—y. We will also use x before x’, which is defined as
—|(—|X until X’).



The semantics of LTL formulae is defined as usual on traces. It will be convenient
here to define a trace as an infinite sequence of states instead of valuations. A state
state simply is a subset of objective formulae L£j3. An objective formula ¢ then is
evaluated on a trace by evaluating ¢ on the corresponding state, i.e. if ¢ is a trace then
¢ is satisfied on ¢ in state 4, denoted by ¢, =7 ¢, iff t; = ¢ where t; denotes the
ith state in trace t. Temporal operators are evaluated as usual. For example, Oy is
satisfied on ¢ in state ¢, i.e. t,7 =7 Ox, iff t,i+1 Er7r x- See, e.g., [4] for further
details.

Rational agents need to maintain a rational balance among their beliefs and goals
[2]. That is, the beliefs and goals of a rational agent need to be reasonable and ide-
ally are justified in some way. Allowing temporal formulae as beliefs and goals raises
particular issues related to maintaining such a balance. In particular, arguing that im-
posing particular constraints on the relation between beliefs and goals is reasonable,
is much harder in a temporal setting and has been the subject of much debate. In this
paper, we follow the approach proposed in [2] when it comes to defining rationality
constraints on beliefs and goals and their relation. That is, we provide primitives for
the representation of an agent’s beliefs and goals, imposing only a few basic constraints
at this level on the relation between beliefs and goals. Using these primitives, other
variants of these mental attitudes can be defined that can be used for rational action
selection.

Mental State A GOAL agent maintains a mental state that consists of a belief base,
typically denoted by 3, and a goal base, typically denoted by I', which represent the
agent’s current beliefs and goals. Here we assume > C LTL and I' C LTL, and
require both the belief base and goal base each to be consistent. Following [2], we
maintain that a rational agent should not want to change the inevitable. This is called
realism in [2]. Informally, things that the agent believes will happen inevitably are
represented by an agent’s beliefs about the future, whereas a goal expresses something
that an agent wants to achieve at some moment in time in the future. That is, the goals
of an agent should determine a condition that is more specific than what is believed to
be inevitable; since the more specific entails the less specific, an agent’s goals should
entail its beliefs. Goals are thus more specific than beliefs, in the sense that they add
desired properties that can be influenced or controlled by the agent to the inevitable
beliefs.

The following definition formally defines mental states and the accompanying ra-
tionality constraints.

Definition 3.2 (Mental States)

A mental state of a GOAL agent, typically denoted by m, is a pair (3,T") with ¥ C
L7 the belief base, and I' C L7 the goal base. Additionally, mental states need
to satisfy the following rationality constraints:

(i)  The belief base is consistent: Y Frrr L,
(i)  The goal base is consistent: ¥ L,
(i11) Goals refine (inevitable) beliefs: I' =p7p X.

Note that it follows from this definition that the belief base and goal base are also mu-
tually consistent, i.e., ¥ U " = L, which means that the agent cannot have something



as a goal that is never realizable according to its beliefs.

It should be noted that the beliefs in the belief base Y. of an agent are those beliefs
about the future that are independent of the performance of actions by that agent. In
the terminology of [13], these beliefs are “’strong” beliefs. An example is the belief
B(Oraining) that it will be raining, no matter what the agent will do. In this sense,
the belief Oraining is inevitable as the agent has no control over the atom raining.
In Section 3.2 another semantic component will be added to represent the expectations
of agents.

As, intuitively, the future beliefs of an agent represent all the possible futures that
an agent considers conceivable, it seems also reasonable to require the stronger I' = X,
given that a goal base is consistent. This constraint expresses that the agent’s goals
should aim at realizing a subset of the timelines considered conceivable by the agent.’

Another motivation for introducing the constraint I' |= ¥ relates to the interac-
tion of disjunctive goals and beliefs. For example, a rational agent may be expected
to derive the goal Op from a goal Op vV Og and the belief that O—¢q. This follows
immediately given the constraint.

Even though the “goals” in an agent’s goal base deviate from the common sense
notion of a goal in that they entail the inevitable, it should be noted that the concept
of goal used here is a primitive notion and concepts more closely related to intuition
can be defined (see below). It is off course true that an agent should not invest any
of its own time and resources into goals that have been or will be achieved no matter
what the agent will do, but we will be able to express such a constraint using the belief
operator B introduced below by means of ~B.

Moreover, even though it seems reasonable to also require that (*) Vx € LTL :
Y Errr x = T oo x. ie. an agent does not have goals that it believes are
inevitable, we argue that this requirement would be too strong. The reason is that this
constraint prohibits an agent to believe that part of one of its goal has been realized.
For example, consider the goal p A ¢ before r; as it may be reasonable for an agent to
first achieve p and thereafter ¢, in such a scenario it would be expected that the agent
comes to believe p before r before it achieves p A ¢ before r. Since we have that
p A q before r implies p before r, however, by constraint (¥) the agent would not be
allowed to believe p before r, or would be required to update its goal p A ¢ before r
to ¢ before r somehow. Intuitively, the latter is not what is desired since what is
intended here is that the agent aims to achieve p A ¢ simultaneously before r. As it is
important in the agent’s decision-making to be able to take into account (i.e. believe)
that part of its goal has been achieved in order to focus its attention on what is left to
be done, we conclude (*) is not a desirable property of a rational agent.

Mental State Conditions A GOAL agent needs the means to inspect its beliefs and
goals in order to derive its choice of action from these. To do so, so-called mental state
conditions are introduced to reason about the agent’s beliefs and goals. The language
Ly, of mental state conditions extends L7y, with a belief B and (primitive) goal G

3We would like to note that there is a direct correspondence between the constraint I' |= X and the
constraint G C B introduced in [2] with G and B modal accessibility relations respectively modeling
goals and beliefs (see also [5]). Moreover, our notion of goal as defined here is a primitive notion similar
to the GOAL operator in [2]. That is, it introduces a basic motivational operator that facilitates the
definition of notions of goals that are more closely related to common sense notions of goals.



operator, which can be used to express conditions on the mental state of an agent. That
18, the set of mental state conditions consists of Boolean combinations of mental atoms
of the form B and Gy with x € Lrrr.

Definition 3.3 (Mental State Conditions: Syntax)
The language £,,, with typical element 1), of mental state conditions is defined by:

x == anyelementin Lrpp,

(0 Bx |Gx ||y A

Note that it is not allowed to nest the operators B and G, nor to use temporal op-
erators outside the scope of these operators. The semantics of mental state conditions
is defined with respect to mental states.

Definition 3.4 (Mental State Conditions: Semantics)
Let (X, I") be a mental state. The semantics of mental state conditions is defined by:

5,T) Em Bx iff ¥ FErrn X,

) Em Gx iff T F=rrrox,

> ):m _‘1/} iff <E’ F) I#m 77[)7

) Em YA ' iff (3,T) Em ¢ and (X,T) =, Y.

Using the belief and primitive goal modalities B and G it is possible to define
several common sense notions of goals. First, we define an operator Goaly by Gx A
—By, i.e., Goaly holds if x follows from the agent’s goal base, and is not believed to
occur inevitably. The operator Goaly corresponds more closely to the intuitive notion
of a goal as being something that the agent should put effort into bringing about. Using
this operator, we can make several additional classifications of types of goals that an
agent may be said to have. For example, y is said to be an achievement goal whenever
Goal<y, and we write A-Goaly.* Similarly, maintenance goals may be defined as
GoalOy.

Note that if an agent has an achievement goal A-Goaly and believes that x al-
ways implies y/, i.e. BO(xy — x’), although we have G/, it does not follow that
A-Goaly’ since the agent may for instance believe that x’. Achievement goals are
particular instances of deadline goals of the form Goal(x; before y2) with yo = L.
An agent is said to have a bounded maintenance goal when Goal(x1 until y2) holds.

We list some of the properties of these operators, see also [7].

* A-Goaly thus is defined as GOx A -B<y. We agree with [5] that it is more natural to have -By
than B— as second conjunct, but differ in that we believe this condition should be weakened to ~B<{y
to exclude the possibility that the agent believes x inevitably will occur. We agree with [2] that it should
be allowed that an achievement goal refers to the agent’s environment and it is more natural to have GOy
instead of GB<y in the first conjunct. Finally, it should be noted that the goal operator G used in the
presentation of GOAL in [3] is different from the goal operator G introduced here; the operator G in [3]
is best read as an achievement goal operator, an interpretation formally justified in [6].



Proposition 3.5 The following formulae are valid on mental states:

-BLA-GL

B(x1 — x2) = (Bx1 — Bx2)

By — Gy

(B(x1 before x2) A BOx2) — BOxa
(G(x1 before x2) ABOy2) — GOxq
Goaly < (Gy A =Bx A =B-y)

SEBAN I e

Item 1 expresses that both beliefs and goals are consistent. Item 2 says that B is a
normal modal operator. Item 3 implies realism (cf. [2]). Item 5 (4 is similar) expresses
the following rationality with respect to goals: if the agent has a goal that y; will
happen before o, and it indeed believes that o will sometime occur, then it has a
goal that x; will sometime occur. Item 6 explains why Goal can be considered to
model goals that the agent is willing to act upon: any y for which Goaly holds is in
the agent’s goal base, and not believed to be guaranteed or impossible.

Some other desirable properties follow rather straightforwardly from those above,
e.g., we have that if an agent has a goal, it does not believe that the opposite is in-
evitable, i.e., Gy — —B-y, or, equivalently, By — -Gy.

The principle By — G adopted here was first proposed in [2], where it is called realism.
In [12] the principle Ga — Ba, called strong realism, was proposed, where « is assumed
to express a future possibility. As the latter seems close to the “converse” of the former, we
believe this has given rise to various misunderstandings. The main issue here seems to center
around the acceptance of beliefs about the inevitable future as goals. The operator GOAL in [2]
does entail such beliefs, which are excluded again in their defined notion of achievement goals
(compare our definition above). [12] ensure their primitive goal operator GOAL does not entail
such beliefs, ensuring in that way that an agent’s goals do not entail things the agent believes
will occur inevitably. In addition, using the machinery of CTL instead of LTL, they require
an agent to explicitly believe in the possibility of realizing a goal «, that is, B EF« should hold.
We conclude that, as long as there is no particular interest to have agents explicitly represent
their belief that it is possible to achieve a goal, the differences between [2] and [12] are not so
much conceptual but are more technical in nature. But also see the discussion above about the
constraint I' = X.

Action Rules and The Semantics of Actions In order to simplify the technical pre-
sentation here, we assume a transition function 7 that maps an action a and a mental
state m to a new mental state 7 (a, m) = m/, representing both the preconditions and
effects of action execution. Note that we require action execution to lead to a mental
state again, thus enforcing the agent to maintain the rationality constraints of Defini-
tion 3.2 at all times. We say that an action is enabled in a mental state m, denoted
m |= enabled(a), if we have that 7 (a,m) is defined.’

From the actions that are enabled in a mental state, a GOAL agent has to make a
choice as to which actions it will actually perform. The basic mechanism available in
GOAL that allows an agent to make this choice, is a rule-based action selection mecha-
nism using so-called action rules. Action rules have the form if ¢ then do(a) and are
used to specify that action a may be selected by the agent for execution if mental state

3See [7] for an approach using LTL to specify preconditions and effects of actions, based on [10].



condition v holds; if that is the case we say that action a is applicable. If the precondi-
tions of an applicable action also hold, i.e. the action is enabled, we say that the action
is an option. We introduce a special predicate option(a) and write m = option(a)
to denote that a is an option. Formally, if if ¢; then do(a),...,if v, then do(a)
are all the action rules for action a, then we have m |= option(a) iff m = (1 V...V
1) N enabled(a).

Action rules allow agents to derive their choice of action from their beliefs and
goals in the current mental state. Using these rules, the agent selects an action from the
set of actions that are options in the state. For example, the rule if A-Goal(atWork)A
-B(Qwet) then do(bicycle) may be used to specify that if the agent has a goal to
be at work and does not believe it will get wet, it can select the action of bicycling.

The semantics of action selection and execution are formally specified by means
of an operational semantics [11]. A GOAL agent non-deterministically selects a single
action for execution in each state. This is formally defined in the following transition
rule, which describes how an agent moves from one mental state to another.

Definition 3.6 (Action Rule Semantics)
Let m = (X,I") be a mental state. The labelled transition relation — is the smallest
relation induced by the following transition rule.

m |= option(a)

m —— T(a,m)

The action semantics of GOAL induces a set of possible computations. We define
a computation as a sequence of mental states and actions, such that each mental state
can be obtained from the previous by applying the transition rule of Definition 3.6. As
GOAL agents are non-deterministic, the semantics of a GOAL agent is defined as the
set of possible computations of the GOAL agent, where all computations start in the
initial mental state of the agent.

Definition 3.7 (Meaning of a GOAL Agent)
A computation c is an infinite sequence mg, ag, m1, aj, ... of mental states m,; and
actions a; such that m; N mjy1, or for all a: m; 7& and m; = m, forall j > i and
a; = skip for all j > i.

We write ¢ to denote the mental state at point ¢ in ¢ and ¢ to denote the action
performed at point  in c. The meaning M 44 of a GOAL agent named Agt with initial
mental state my is the set of all computations starting in that state.

The purpose of the rule-based action selection mechanism is to allow the agent
programmer to provide the agent with a means to choose actions for execution from an
available set of executable actions. That is, rather than leaving it completely up to the
agent to choose which actions to execute, the rules can be used to reduce the options
an agent has, i.e., the rules specify when it may make sense to execute an action.

%In our example, the belief to get wet is an expectation derived from the actions chosen by the agent.
Syntactically, however, we will not make a distinction between beliefs about the future that are inde-
pendent from the agent’s own action or not. That is, throughout we simply write B(x) for both types
of beliefs x. In Section 3.2 a semantics will be introduced for expectations which will be added to the
mental state of an agent.



3.2 Expectations

The idea is to add expectations given the action choices of an agent and then using
these expectations to reconsider the choices again until a stable state is reached. Both
expectations as action choices need to be stable in this final state. That is, the expecta-
tions in that state should not give reason to reconsider the action choices in that state
nor should the action choices provide reason to revise the expectations the agent has
in that state. It thus is natural to define a semantics of expectations as a fixed-point
construction, starting with the ”strong” beliefs as a basis. The beliefs in the belief base
3} are used to bootstrap the process.

Expectations are derived from action choices. The meaning of a GOAL agent, the
set of computations M 444, is used as a starting point here. Technically, the expecta-
tions of an agent at a time point ¢ in a computation ¢ may be computed using the pos-
sible continuations of the initial computation up to point <. The possible continuations
of a computation ¢ from time point 7 on is denoted by cont(c, 7). These continuations
depend only on the mental state at point ¢ in ¢, as GOAL is a state-based formalism;
we therefore also say that cont(c, ¢) denotes the continuations of mental state ¢} and
also write cont(m) where m is a mental state. The function cont(c, 7) is defined by:

cont(c,i) == {c | is a computation starting in mental state " }

As expectations depend on actions choosen, and vice versa, both need to be fixed
simultaneously in order to reach a stable state in a decision process that takes expecta-
tions into account. It therefore is useful to introduce a function cont(c, i, A) where A
is a set of actions. We will also use cont(m, A) below for the same reasons mentioned
above. cont(c,i, A) is defined as:

cont(c,i,A) == {c | isacomputation starting in mental state ¢ with ¢’ € A}

In order to compute expectations, i.e. beliefs induced by performing actions chosen
by the agent, we need to be able to derive which LTL formulae would be believed by
the agent given that these actions are performed. We need to derive expectations from
a computation, but this is not exactly what we need. We cannot simply evaluate LTL
formulae on GOAL computations. We therefore extract LTL traces from computations
that may be used to this end.

Definition 3.8 (Mapping Computations to LTL Traces)

Let ¢ be a computation my, ag, m1, a1, ... where m; = (¥;,I";). The trace derived
from ¢, denoted trace(c), is a sequence sg, s1, ... where s; = {¢ € Ly | X; = ¢}
The function trace is lifted to sets of computations in the obvious way.

The traces resulting from the application of trace to computations are LTL traces,
where each state state; consists of the set of objective formulae that represent the cur-
rent state of affairs. The idea is to derive the expectations that an agent has in a mental
state from the LTL traces obtained by applying ¢race to the continuations of that men-
tal state. The set of expectations F(m) that an agent has given a mental state m can
then be defined by:

E(m) == {x € Lrrr |Vt € trace(cont(m)) :t,0 = x}
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The next step is to add these expectations to the beliefs in the mental state again.
Adding the expectations to the mental state will allow the agent to reconsider action
choices it has made based upon the contents of the mental state without these ex-
pectations. That is, in the bicycling example, after adding the expectation that the
agent will get wet, the agent may reconsider choosing the action of bicycling and se-
lect an alternative action, e.g. to wear an umbrella, instead. The idea is to update
a mental state m = (3,I") simply by adding F(m) to the belief base ¥, i.e. we
get mp = (X U E(m), T U E(m)).” We introduce a function expect that updates
a mental state m = (X,T") with the expectations induced by that mental state, i.e.
expect((X,T)) = (XU E(m),I' U E(m)).

This new mental state, obtained by adding expectations, then may be used to re-
consider choices of actions, i.e. mp = expect(m) is used to recompute the actions the
agent will perform. It is obvious that any changes to the choice of action may change
the expectations again, and we cannot simply stop the decision and expectation pro-
cess after a single step but need to continue this process until a stable state will be
reached. That is, we need to compute expect™!(m) = expect(expect™(m)), where
expect!(m) = expect(m), until expect™(m) = expect™(m) for some n. Such a
stable state does not have to exist, but if it does, it is reached after a finite number of
steps n. We therefore introduce a fixed point operator F' to formalize this process, i.e.
we define:

expect™™(m) for the least n > 0 s.t. expect™ ! (m) = expect™,
F(m) == if such an n exists,
undefined otherwise.

Note that without the existence of an “expectation fixed point”, i.e. the case that
F(m) is undefined for mental state m, an agent will not reach a stable state where
decisions and expectations are fixed, and no decision is reached at all.®

Using the operator F', we can extend the reconsideration process using expecta-
tions from mental states to compute complete computations that take expectations into
account. The idea is simply to first compute a fixed point for the initial mental state,
given this fixed point compute a fixed point for the second state, and repeat this process
for later points.

That is, given an initial mental state mg of an agent, we want to obtain computa-
tions that take expectations into account. To this end, we introduce an operator G and

"Note that we also add the expectations to the goal base in order to obtain a mental state again, i.e.
to ensure that the rationality constraint 'y |= X5 of Definition 3.2 is satisfied in the state m g, which is
trivially satisfied by taking 'y = I' U E(m) and ¥ = ¥ U E(m) (as we already must have I' = X).
Note that by adding expectations in this way we do not introduce new achievement goals , as such goals
require that the agent does not believe x. We should also make sure that adding expectations do not make
the belief or goal base inconsistent; we simplify and do not provide a detailed account here, but stipulate
that if inconsistency results expect(m) is undefined.

81t may be beneficial to alternatively set F'(m) = m if no fixed point exists, although this is not
completely clear. In that case, a decision mechanism is needed to establish the non-existence of a fixed
point.
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use it to produce computations c as follows:’
G(m) == {F(m),a,c|F(m)—=>m/,ce G(m)}U
{F(m),skip, F(m),skip,... | F(m) 7~}

The meaning of a GOAL agent with initial state mg that takes expectations into
account in its action selection or decision making process may now be defined as
G(my), if a least fixed point exists, and as undefined otherwise.

N

1 |main example

2|1

3 :beliefs{

4 O(raining) .

5 - umbrella.

6 at(home).

7 at(home) — = at(work). at(work) — = at(home).
8 distance(work, 20) .

9 outside A raining A — umbrella — wet.

10 umbrella vV at(home) VvV at(work) — — wet.

11 }

12 :goals{

13 O(at(work)) .

14 -

15 }

16 :program{

17 if A-Goal(at(work)) A =B(<(wet)) then do (bicycle) .
18 if B(O(wet)) vV B(O(— wet)) then do (wearUmbrella) .
19

20 :action-spec{

21 bicycle {

2 ipre{ distance(work,X), X >0 }

23 post{ outside, — distance(work,X) A distance(work,X —1) }
24 bicycle {

25 :pre{ distance(work,0) }

26 :post{ — outside A at(work) }

27 wearUmbrella {

28 :pre{ — umbrella }

29 :post{ umbrella }

30

31 }

2|}

Table 1: GOAL Agent Program Example

Remark 3.1 The semantics of expectations and their role in decision making defined here
may provide a setup that is a simplification of what is actually needed. The point is that
the semantics now fixes the initial action first and assumes this action will never need to be
reconsidered again based upon reconsiderations of choices to perform actions at a later time,
but we do not discuss such complications here any further.

Table 1 is a GOAL program that implements the example discussed in Section 2 in
more detail. The dots ... in the goal base indicate the missing formulae needed to en-
sure the initial mental state satisifies the constraint I' =777, ¥, where I represents the
content of the initial goal base and ¥ represents the content of the initial belief base.

°G(m) is the least fixed point.
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We have taken the liberty to use some variables here to be able to concisely represent
the agent program. The action bicycle is specified twice in the action specification sec-
tion to represent the different effects of performing the action given different distances
to work.

It is not difficult to verify that in the initial mental state mg of the example agent
the only option is to perform bicycle, until the distance to work is O; in the latter
case, the agent has achieved its goal to be at work and A-Goal(at(work)) will no
longer be true. The bicycling action also inserts outside into the belief base of the
agent.'® Using the semantics for expectations introduced above, we then are able to
derive the expectation that the agent will get wet sometime, assuming that O(raining)
will progress to the next state as O(raining) (cf. [7]). That is, we have E(mg)
O(wet) since we have outside A O(raining) A —umbrella in the next state. Using
the expect function, we then obtain that a mental state where < (wet) is believed. This
expectation leads the agent to reconsider the action bicycle. It is easy to see that the
action bicycle is no longer an option in this state, as the corresponding action rule
requires “B(<O(wet)). Instead, the action wearUmbrella now becomes an option.
As aresult, umbrella is added to the mental state which implies —wet in future states
(as umbrella is assumed to persist). Using the function F again, we can compute a
new expectation that O—wet. This state is stable as the action wearUmbrella does
not need to be reconsidered again. In subsequent states, the agent then can perform
bicycle to arrive at work.

4 Conclusion

The formal model of expectations introduced here provides a model that is able to
reproduce the natural interplay between expectations and action choices. That is, our
model explains the role of expectations in decision making, as illustrated by the simple
example presented in Section 2.

Various extensions of the work presented remain future work. In particular, it will
be interesting to investigate the combination of the action theory integrated into GOAL
in [7] with the model of expectations introduced here. The semantics for expectations
is an extension of the semantics for GOAL. However, this does not mean the semantics
proposed is computational. More work is needed to investigate its computational prop-
erties. Other extensions that seem interesting involve introducing notions of likelihood
or probability into the model.

I would like to conclude with some more personal remarks. As a PhD in Utrecht,
I have very much enjoyed working with Wiebe. Wiebe has an eye for detail that has
always struck me and that, to my advantage, has helped improve my PhD work. After I
returned to Academia, Wiebe had moved to Liverpool but I am very glad we managed
to join forces again after some time. This work would not have been written without
various interesting discussions with Wiebe, and I expect to have many more fruitful
discussions with Wiebe in the future. Congratulations with your 50th birthday!

%We assume such basic facts are persistent, i.e. a fact ¢ will only be removed when an action is
performed with a postcondition —¢, i.e. we assume a STRIPS-style semantics of actions here, see [8]).
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