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ABSTRACT. We address the issue of belief revision in a multi-agent setting. We represent agents’
beliefs in a semantic manner, through a Kripke structure, and model a communication process
by which agents communicate their beliefs to one another. We define a revision rule that can
be applied even when agents have contradictory beliefs. We study its properties and show that
agents need not agree after communicating their beliefs. We finally address the dynamics of
revision and show that the order of communication may affect the resulting belief structure.
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1. Introduction

Situations in which agents have mistaken beliefs abound. In this paper, we propose
a revision rule that specifies how agents’ beliefs evolve after communication among
themselves has taken place. Specifically, we work with KD45 Kripke structures (e.g.,
[CHE 80]) and allow agents to communicate (non strategically) their beliefs. The is-
sue is to come up with a rule specifying how initial beliefs that are contradicted by
the announcement of some other agent are changed to cope with this contradiction.
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In the absence of any mistake (i.e., in S5), the process is simple: each agent simply
drops from his beliefs the ones that are not compatible with the announcements. This
yields a new S5 Kripke structure. However, in the presence of mistaken initial be-
liefs, the rule has to propose a way to correct these beliefs. We proceed in two steps.
First, we specify a selection procedure. that specifies which initial beliefs the agent
retains upon hearing the other’s announcement. We do so by defining agent selection
functions on the possible worlds. These selection functions allow for the possibility
that agents eliminate certain of their initial beliefs. We do not try to ground these
selection functions on some rational basis and leave them essentially unconstrained.
The only restriction we consider is a minimal consistency requirement which says the
following: any state, initially believed possible, that is not contradicted by the an-
nouncements is still considered possible after the revision process. We also modify
the accessibility relation so that the beliefs of the agents who have announced are now
commonly known. We show that this rule is always well defined, in the sense that
it leads to a KD45 Kripke structure. We provide conditions under which no revision
occurs. We also give conditions on the initial structure that guarantee the emergence
of consensus. We next extend this rule to a dynamic setting, in which agents announce
and revise their beliefs sequentially. We show that, interestingly, the rule proposed is
commutative whenever agents’ beliefs are correct (that is, in S5), but that in general,
in KD45, the order according to which the agents announce their beliefs might matter.
For instance, the final epistemic situation reached is not the same whether all agents
announced simultaneously or one at a time.!

We consider only a semantic framework. In certain fields such as economics and
game theory, the semantic approach is favored while logicians rather prefers to con-
sider the syntax. We will discuss informally along the text the issue of belief revision
from a syntaxical point of view. In particular, we will discuss the difficulties about
stating some axioms of belief revision in a multi agents situation with respect to the
AGM axioms for a single agent’s setting. Indeed, while it would be nice to adapt the
AGM [ALC 85] axiomatic method to multi-agent belief revision, this is far from being
a simple task.? Indeed, belief revision in a multi-agent framework poses not only the
problem of integrating new information but also the issue of how agents perceive how
other agents will integrate new information. This could lead for instance to violations
of AGM’s axiom of success. ' '

2. Minimal Kripke structures: definition and preliminaries

Let I = {1,...,7,...,n} be a finite set of agents and S a set of states of nature
(for instance the game that is being played among the agents). A Kripke structure is
a representation of agents’ beliefs about the state of nature s and about the beliefs of
the other agents. |

I. The possibility of non commutativity of belief revision has already been noticed in the liter-
ature. See [GER 97].
2. For an attempt in that direction, see [BOA 03].
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(Q,wo, s, (t;)ic1), where QU is a set, and the following conditions are satisfied:

DEFINITION 1. — A Minimal Kripke Structure (MKS) is a collection

(i) s is a mapping from Q to S;

(ii)Viel, t;isa mappingﬁom Q 1o 2%;
(i) Vi € I,Vw € Q, ' € t(w) = £(w') = t3(w);
(iv) wg € Q; )

(v) there does not exist ' G Q such that (', wo, slav, (tilar )ier) satisfies condi-
tions (i) to (iv).> , .

We will refer to an element {w; s(w); t1(w), ..., tn(w)) as a state of the world. w
is the name of the state, s(w) is the state of nature in the world w, ¢;(w) is the set of
states of the world that ¢ considers possible in state w. Finally, wqg is the true state
of the world. Abusing notation slightly we will denote a state of the world w =

(S(w)v tl(w)7 ""tn(w)>'

Since we do not require that agents consider wg possible, the structures we look at
‘may contain mistaken beliefs. Hence, we place ourselves in the system KD45 rather
than S5. Embedded in the definition are several assumptions about the nature of the
situations we model. First, we assume a form of consistency of the beliefs: (iii) of
the definition implies that beliefs are partitional (i.e., {¢;(w)}weq is a partition of
Qi =: Uuenti(w)). Note however that ; is not necessarily equal to Q. Second,
the true state wy is given, since by construction an MKS is a representation of given
beliefs (the ones encapsulated in wy, the other states being part of the description of
these beliefs). Third, we assume that the Kripke structure is minimal in the sense that
it does not contain a smaller Kripke structure (condition (v)). This last condition is
equivalent to assuming that the system does not contain states that are not deemed
possible via a finite sequence of steps of the form “I think that you think that she
thinks...” (condition (v") in Proposition 2 below, which will be used repeatedly in the
proofs of this paper.) This does not imply that {2 is finite.

PROPOSITION 2. — * Let (Q, wq, 8, (t1)icr) be a collection which satisfies conditions
(i) to (iv) of Definition 1. Then condition (v) is equivalent to

(v)Vw € Q\ {wp}, there exists a finite sequence, {zk}’ﬁii with iy, € I for all k
such that w € t; (ti,(...(ti.(wo)))) where for any A C Q, t;(A) = Uyeat;(w).

Condition (v’) defines what is often called the generated sub-model. The classical
example of the muddy children can be expressed in this formalism.

EXAMPLE 3. — Three children come home after playing in the field. They might
have a clean face (C') or a dirty face (D). Each child sees the other two’s faces but does
not see whether there is mud on her own face. Assume that the three faces are actually
dirty. Denoting the states of nature by Fy Fp F3 where F; € {C, D} is the state of 2’s
face, we represent this situation by an MKS given by Q = {wy, ..., w7 } where,

3. t;|q is the restriction of ¢; to €, i.e., ti]qr : Q@ — 22 and t; |/ (w) = ti(w) forallw € Q.
4. All proofs are gathered in Appendix B.
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—wo = (DDD, {wy,ws} , {wo,ws}, {wo,w1})
— Wl = DDC’,{U)l,UJ5},{Wl,(x)g},{&)o,wl})
— Wy = DCD){w2)w6}>{w0,w2}){w27w3}>

)
~wy = (CDD,{wp,wq},{ws,ws}, {ws,ws})
—wy = (CDC, {w,ws}, {ws,wr}, {wa,ws})
—wg = (CCD,{ws,ws}, {wa,ws} , {ws,wr})
— w7 = (CCC, {ws,wr} ,{ws,wr}, {“)'6’“)7” h -

I

(
(
(
(DCC,{ws,wr},{wi,ws}, {ws,ws}
(
(
(

The next example illustrates an instance of mistaken beliefs.
EXAMPLE 4. — Let S = {«, 8}, I = {1,2} and Q = {wp, w1, ws, w3} such that:
~wo = (o, {w1,wa},{ws})

— Wy = (O‘a {WI,WQ}’{wl)WQ})
—wy = (B, {wi,wy}, {w1,wa})
— w3 = (0, {wa}, {ws}) ' =

To describe the situation which is represented in this structure, let us introduce
some elements of syntax. First, for notational simplicity we will denote also by «, f...
the primitive propositions i.e: considered as a proposition, o means “the nature is in
state ”. We note A, V, —, and — for respectively, the and, or, negation and material
implication operators. We consider individual belief operators b; and a common belief
operator cb. ° Therefore, the previous example catches a situation where the proposi-
tion aw A bycb (e V 3) A bochf holds true, that is, in words, a situation where the state
of nature is «, where agent 1 believes that it is common belief that « or § and agent 2
believes that it is common belief that (.

A given epistemic situation could be captured by MKS that are formally different.
This fact is not bothersome in S5, i.e., if agents do not make any mistake. However,
as we want to study revision in beliefs when agents potentially have initial mistaken
beliefs, we have to make sure that “irrelevant” mistakes can be dropped at the outset
so.as to focus on beliefs that are mistaken in a meaningful way. A simple intuition of
why some mistakes are not meaningful is the following: imagine that wy ¢ t;(wp).
This can reflect two very different situations: either the agent is correct in the sense
that in wg he believes possible a state w’ which represents the same beliefs as wp; or
the agent is making a mistake in the sense that he is not considering as possible the
true state of the world wq or any state of the world that represents the same epistemic
state.

5. The commori belief operator ¢b has the intuitive meaning that everybody believes that every-
body believes...an infinite number of time. Since we do not allow for infinite conjunction, the
definition of the common belief operator cannot be defined from the individual belief operators
and its properties have to be defined per se. For instance, we have cby — b;p and cb<p — bichy
for all 7 and proposition . See [BON 96]
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EXAMPLE 5. — Let § = {a}, I = {1, 2} and consider two MKS.
Q = {wo, w1 } such that:

—wy = (047 {wl} ) {w1}>
—wi = (o, {wi},{wi})
and 2’ = {w{} such that:

/
—wp = (& {wp}, {wo})
These two MKS represent the same situation: « is the state of nature and it is common
belief that ¢ 1s the state of nature. ‘ O

A way of getting around this difficulty is to define notions of representation and
equivalence of MKS as well as a notion of irreducibility for MKS.

DEFINITION 6. — An MKS, (,w{, s, ())icr), is a representation of the MKS
(Q,wq, s, (t;)ic1), if there exists a mapping o from Q to Q) such that

(i) o () =
(ii) o(wg) = Wy}
(iii) ' oo =5
(v)Yiel, t;oo =00t

DEFINITION 7. — Two MKS, (Q,wo, s, (ti)icr) and (S, w(, s, (t})icr), are equiv-
alent if they have a common representation, (0", w(, s", (t])icr1)-

" This notion of equivalence corresponds to bisimulation. We now define a notion
of redundancy within an MKS.

DEFINITION 8. — Let (2, wo, 3, (t;)ie1) be an MKS. Two states wy, wg ¢ Q are said
to be identical if there exists an MKS, (¥, w{, 8', (t)):cr) and a mapping o : @ —
as in Definition 6 such that o(w1) = o{wa).

Two states of the world are thus identical if there exists a representation of the
MKS in which these two states: are represented by the same state of the world. Our
next step is to define irreducible MKS, in which such a problem does not arise.

DEFINITION 9. —

— An MKS, (Q,wq, s, (ti)icr) is irreducible if no two distinct states of the world
w,w’ € 8§, are identical. :

—An  MKS, (Y, w{,s’,(t))ier) is an imeducible representation of
(Q,wo, 8, (t:)ier) if it is a representation of (2, wo, s, (ti)icr) and it is irreducible.

In the paper we deal exclusively with irreducible MKS. This is without loss of
generality as the next proposition makes it clear, since non irreducible MKS always
have an nreducible representation.

PROPOSITION 10. — Let (2, wq, 8, (t:)icr) be an MKS. Then it has an irreducible
representation (V' ,w], s, (t,):ier) and all its irreducible representations are equiva-
lent.
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Finally, we define a notion of correctness for MKS.

DEFINITION 11. — Let (2, wq, 8, (t:)ic1) be anirreducible MKS. An agent i € Ihas
correct beliefs if wy € t;(wy). The MKS is correct if all agents have correct beliefs.
The MKS is totally correct if w € t;(w) for allw € Q and all © € 1.5 |

Total correctness amounts to assume S5. Obviously, an MKS can be correct. but
not totally correct, as illustrated in the following example. o

EXAMPLE 12. — Let S = {a, f} and I = {1,2}. Consider Q = {wq,w; } whe‘rejpg,:;‘l”

— W = (Q';{("JU} ) {wU’wl}) ‘ s L
~wy = (f,{wo}, {wo,w1}) ., L D

3. Common belief in minimal Kripke structures

When agents hold mistaken beliefs, they do not necessarily all have the same view
of what the model actually is. We introduce here the notion of belief horizon of an
agent which is the model the agent has in mind.

DEFINITION 13, — Let (2, woq, S, (ti)ier) be an MKS. The belief horizon of agent
i € I, denoted by BH;(wy, t), is the minimal subset Y of ) satisfying: '
(i) ty(wo) C Y,
(i)VweY,Vjel, tjw)CY.
Thus, BH;(wg,t) is the smallest set such that 7 believes it and believes that all

other agents believe it, believes that others believe that others believe it and so forth.
In Example 4, one has BH; (wg,t) = {w1,ws} and BHa(wq, t) = {ws}.

PROPOSITION 14. — Let (2, wo, S, (t;)ic1) be an MKS. Then,

Q = {wo} U (U BHi(wo,t)>

iel

- Define now the notion of common belief.

DEFINITION 15. — Let (2, wq, 8, (t;)ier) be an MKS. An event & C §) is common
belief (CB) if for any r € N and sequence {ix}F=7, i € I, by, (tiy (- - . (ts, (wo))) C
E,

' Note that as an MKS describes a mutual belief structure at a specific, “true”, state
of the world, common belief is also defined at that state wg. The following pr0p051t10n
characteuzes those events that are common beliefs.

6. If the MKS considered were not irreducible, the deﬁmtxon should be slightly more general:
an'MKS is correct if Vi € I, there exists w € t;(wp), such that w and wy are identical. When
the MKS is irreducible, this definition and Definition 11 coincide.
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PROPOSITION 16. — Let (Q,wyq, 8, (£:)sc1) be an MKS. An event E C Q) is common
belief if and only if BH;(wo,t) C E foralli € I.

This notion of common belief is meaningful for the analyst since, according to
i’s beliefs, any event containing BH;(wp,t) is CB. As we shall see later, only at the
absence of mistakes, CB events have stronger meaning.

COROLLARY 17. — Let (2, wo, 8, (ti)ic1) be an MKS. An event E C § is common
belief if and only if

UieIBHz’(UJO, t) Q E g Q= {wo} U (U BHi(u)o,t)>
1€l

This corollary establishes that in an MKS, at most two events can be common
belief. 2 is always commonly believed (by construction), while Q2 \ {wo} is common
belief only if the true state wgy does not belong to the belief horizon of any agent. In
other words, €2 is the only common belief event at wq if and only if wq is in the belief
of at least one agent, that is, if and only if there exists ¢ such that wy € ¢;(wp)-

In syntaxical terms, that means that cbtp is true (in the real state wp) if and only if
 is true in all the worlds of BH;(wy,t) for all 4.

4. Communication and revision in minimal Kripke structures

We are interested in studying the evolution of beliefs when agents can communi-
cate their beliefs to each other and update accordingly. In this section we provide a
rule according to which agents revise their beliefs in a communication process. At
this stage of our work, we do not allow agents to announce false (or partly false) or
even imprecise beliefs. Thus, the analysis will concentrate on the case in which agents
announce truthfully and precisely their beliefs. "

DEFINITION 18. — Ler (2, wo, 3, (¢;)icr) be an MKS. A communication is simply a
subset I¢ of I, of agents that announce their beliefs (i.e., (t;(wo))icrc)-

A communication can be identified by ¢ C I, the group of agents who announce
their true beliefs. We’ll refer to it as full communication when I¢ = I. The restriction
that agents announce precisely their true beliefs can be understood as an assumption
that the information revealed can be somehow certified. We will assume in the se-
quel that it is “common belief” that agents announce precisely their true beliefs. For
instance, in Example 4, full communication by agent 1 and 2 means concretely that
agent 1 announces publicly that he believes that the state of nature is o or 3, that
he believes that this is common belief, while agent 2 announces that he believes it is
common belief that the state of nature is 3. :
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4.1. Selection functions

Before mtroducmg the revision rule we propose, we need to add a sort of pe
sonal attitude of the agents as part of the data of the model. Assume that glven an
MKS, (2, wo, 8, (t:);c;) and a communication I¢ we consider the selection functmns, i
satisfying the followmg definition: U

DEFINITION 19. — A selection function f; is a mapping from € to QQ‘tha‘tv Satis_— ‘3'_-‘,5-
fies:’ et
(Vo €D, fi(w) € t ()
(ii) Vw,w" € Q such that t; (w) = t; (W) we have f; (w) = f; (W) .
(iii) consistency : Yw € Qift; (w) N{w' € Qlt; (W) =1t (wo) V) € I°} # @ then}j
Ji(w) =t (w) N{w" € Q|t; (W) =1t; (wo) V7 € I°} .

The consistency condition states that every state of the world initially deemed to
be possibly believed by 4 (i.e., states that are in €);) and that explains (is compatible,
with) the others’ announcements should be kept and furthermore, if there exist such o
states, only these states should be kept.

A particular selection function which fits the definition is the following: Vw € §) i' o

fi(w) = ti(w)yn{w €Nt; (W) =1t; (wo) Vj € I} ifitis not enfpty _

= t; (w) otherwise

This selection function corresponds to a conservative attitude: if the initjai‘be4
liefs of an agent were proven false by the announcement, then the agent keeps all the
possible world he initially believed in. :

' The revision rule we are about to introduce is based on these selection functions -
and on the assumption that, loosely speaking, they are commonly believed by all
agents so as to enable interactive reasoning about mutual beliefs. It should be noted -
that the function f; is defined on €2, which does not, in general, coincide with 4’s be-
lief horizon. This is important since 7 might (mistakenly) believe that i might believe
possible states that are not in ¢’s belief horizon. Hence, j needs to know how to revise
i’s beliefs in these worlds and the selection function precisely tells him how to do so.
Implicit in the fact that the selection function for agent 7 is defined on all of 2 is the
idea that all agents agree on how to revise i’s beliefs. If states w and w’ belong to
both j and j”’s belief horizon, then these two agents agree on which states are kept
according to ¢’s selection function. Furthermore, this fact is commonly believed by
all agents. Hence, we’ll make the maintained implicit assumption that given an MKS,
(Q, wo, 8, (ti);e I) and a communication, all selection functions f; are commonly be-
lieved by all agents.

7. Rigorously, one should index a selection function by the communication, that is, f{ . For
sake of simplicity we drop the reference to the communication and simply write f;.
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4.2. Revision rule: definition and example

We now propose a revision rule that copes with announcements contradicting ini-
tial beliefs. We first define the rule and then illustrate it via a few examples. Given an
MKS and a communication, the revision rule captures two elements: (i) each agent 1
retains all states of the world according to the selection function f; and this selection
process is commonly believed among the agent, (i) all announcements made become
common beliefs.

DEFINITION 20. — Let (Q,wo, s, (ti)z'ef) be an irreducible MKS, 1¢ a communi-
cation, and (f;);c; be selection functions.® The revision of (2w, s, (t:);c;) is
(Q°,wo, 5, (£¢),e1) where t£(.) is defined as follows:

~YweQ,VielI\I t5(w)=filw)

—VYw e Q, Vi€ I t(w) = fi(wo)
and Q)¢ = {wo} U ( .z'eIBHi(wo} t°))

REMARK 21. — There is a slight abuse of notation in the previous definition, as Q¢
is defined via belief horizons that are only defined once 2 is given. O

To understand the logic of the revision rule we propose, let us examine in details
the following example.

EXAMPLE 22. — (Example 4 continued) Consider first a simple communication by
agent 2. For agent 1 there are three possible selection functions corresponding to the
three possible non-empty subset of {wy, w2} while the selection function fy is simply
equal to to. Consider for instance the “conservative” selection function for f;, that is:

fi(wo) = fi(w1) = {w1, w2} and f1(ws) = {ws}.

" The revision rule leads to the following MKS:

~wg = (o, {w,w2},{ws})
- —w1 = (o, {w1, w2}, {ws})

—wg = (B, {w1, w2}, {ws})

~ws = (8,{ws},{ws})

It is easy to check that in the above MKS, states wg and w- a_ctuélly express the séme
- hierarchy of beliefs and hence, it can be reduced to the following MKS: - '

—wp = (a, {wo, w2}, {ws}) | |

—Wwp = (5, {wo,wz} ) {ws})

~wz = (8, {ws},{ws})

Therefore, in syntaxical terms we start from a situation where the proposition a A
bich (v B) AbachB is true (the state of nature is c, agent 1 believes that it is cpmmyon

8. We define the revision rule only for irreducible MKS, since otherwise the outcome of the
revision process might depend on the representation used. * ‘
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belief that & or B and agent 2 believes that it is common belief that ) to a situation -

where a A by (a V 3) A bibachB A bach is true, that is the state of nature is «, agent
| believes o or 3, believes that agent 2 believes that it is common belief that 3 and
agent 2 still believes that it is common belief that (3. L

The result seems intuitive: -

— there is no reason why agent 2 should change his beliefs since he received no
announcement and e believes that his own announcements brings no news to agent -
1, ' |

—agent 1 who discovered that he was wrong about agent 2’s beliefs, simply takcs
them into account in order to modify his own beliefs.

In fact, this case is a very special case which is no more than a single agent revision
process: the content of the announcement (i.e: the proposition bacbf) is taken literally -
in the revised beliefs of agent 1. This does not have to be the case in general (even in
the case where there is only one agent who announces) as we will see below.

Consider now full commﬁnication and let us use the “conservative” selection func-
tions, that is: fi(wo) = fi(wi) = fi(w2) = fa(wi) = fo(wz) = {wi,w2} and
fi(ws) = falwo) = fo(ws) = {ws}.

The revision rule leads to the following MKS:

—Wp = (a){wl’w.Q}’{w3})'
~ w1 = (o, {wi, w2}, {ws})
—wg = (B, {w1, w2}, {ws})
—wy = (B, {w1,w2}, {ws})

which can be reduced to the following MKS:

— W = (Oé, {w07w2}a {wz})
—wy = (B, {wo, w2}, {wa})

The final situation is a situation where a A cb(bi(a V ) A baf3) is true, that is the
state of nature is v and it is commonly believed that agent 1 believes o or § and agent
2 believes .

| Note that contrarily to the previous single announcement, agent 1 does not simply
incorporate in his beliefs agent 2’s announcement. Indeed, for instance, the fact that
agent 2 believes that agent 1 believes § (i.e., b2b1(5) is no longer true since agent 1
has announced b1 (« V ) and therefore we can not consider that agent 1 will believe
that agent 2 believes that agent 1 believes 8 (i.e., bib2b;3). Hence starting from
thé: announcements, agents are deducing new beliefs by calculating how the others
are deducing their new beliefs... We do not try to formalize the detail of this cross-
deduction process and the rule we propose can be seen as a short cut for this process.
The result it gives is a rather natural one.

| This example illustrates some difficulties with transposing AGM’s axiom of suc-
cess in a multi-agent setting. If one takes that beliefs are revised by the announcements

I
'
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of both agents, i.e., b1cb (o V 3) Abach(, then this announcement is not true any longer -
in the revised system.

Next, let us still consider full communication but let us change agent 1°s selection
function: fi(wo) = fi(w1) = fi(we2) = {w1} and f1(w3) = {w3}, maintaining £, as
before.

Then we get the following MKS:

—wo = (o, {wr},{ws})
—wy = (o, {w1}, {ws})
—wy = (B, {w1},{ws})
—w3 = (8, {w1},{ws})
which can be reduced to the following MKS:

—wp = (o, {wo }, {w2})
— Wo :.(5,{‘*)0}’{(")2})

~ The final situation is a situation where a A cb(biax A bg[3) is true, that is the true
state of nature is « and it 1s commonly believed that agent 1 believes « and agent 2
believes 8. Compared to the “conservative selection function” case, we see that agent
1 has also revised his beliefs on the state of nature, although there is not much intuition
as to why agent 1 should deduce that 3 is not the case. Perhaps, it is reasonable to
impose more restrictive conditions on the selection function. But it is not clear which
kind of restriction to impose. Indeed, in more complex examples, it is not clear why
~ we should only restrict our attention to “conservative selection functions”.

Finally, we illustrate on that example what would possibly happen when agents
communicate in a less precise manner than the one assumed so far. Consider for
instance the case in which agent 1 announces simply that he believes a or 3 (i.e.,

"b1(a V 3)). The event in which this is true is {wg, w1, w=}. It seems natural to think
that beliefs will change in the following manner: whenever we had o A by [cb(a V
B)] A bach3, we now have a A by [eb(a V 8)] A bacb[bi (e V B) A b2 3]. In our semantic
approach, the MKS representing this change would be: :

—wp = (o, {w1, w2}, {ws})
—wy = (o, {w1, w2}, {wi,wa})
—wz = (B, {wr, w2}, {w1,wa})
— W3 = (/8> {w3)w4}’{w3}) :
—wg = (Ot, {w3aw4}7{w4})

- It is however not clear what the general revision rule should be when faced with

- this type of partial communication. Previous work (see [GER 97]) addressed this

question for general type of communication. They however do not consider Kripke
semantics; but a representation based on non-well-founded sets. This means, loosely
speaking, that they tolerate empty belief sets when there exists some contradictions:
-agents do not attempt to solve the inconsistencies they face. ' O
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4.3. Revision rule: agreement and consensus

Before studying properties of the revision rule, we check that it is well defined.

PROPOSITION 23. — Let (Q,wg, s, (t )261) be an irreducible MKS. Then,
(2%, w0, 5, (t),¢7) is a MKS.

}

We now seek to characterize conditions under which the revision leads to different
forms of agreements among agents. This requires making a detour via the definition
and characterization of common S-beliefs systems, in which agents’ beliefs about the
state of nature are common belief.

For a given MKS, (€, wo, s, (¢ )zel) define the S-belief to be the event
SB(wg,t) ={w € le(ti(w)) = s(ti(wp)) Vi € I}

The S-belief is the event “for all ¢+ € I, agent ¢ believes that the state of nature is in
s(t;(wp))”. In other words, S B(wg, t) is the subset of §2 in which the first level beliefs
about S are as those in wy, i.e., the beliefs in the true state. We define now a special
case of belief systems, where the first level beliefs about .5 are common beliefs.

DEFINITION 24. — An MKS, (Q,wo, s, (ti)icr) is a common S-belief system
(henceforth CSBS) if SB(wg,t) is common belief.

Ina CSBS, the agents’ beliefs about the state of nature are common beliefs. Agents
need not agree in a CSBS. It is thus possible to represent situations in which agents’
disagreement is common belief. Example 12 is an instance of such a situation: 1
believes a, 2 believes o or § and this is common belief, i.e., agents disagree and
this disagreement is common belief. We now establish properties about the degree to
which agents agree after communication and revision have occurred. When all agents
communicate, the revision leads to a situation in which beliefs about the state of nature
are common belief. When agents still disagree about the state of nature, this models
situation in which this disagreement is common belief. Such a case is illustrated in
Example 22 above.

PJ(OPOSITION 25. — Let (Q,wo,s (t )zEI) be an irreducible MKS. Then,
(Q°,wo, s, (t),¢7) is a CSBS whenever 1¢ = 1.

?When the initial MKS is already a CSBS, that is, when the beliefs about the state
of nature of all agents are common belief, then communication does not lead to any
further revision.

PROPOSITION 26. — Let (9, wo, 8, (t:);c;) be an irreducible CSBS. Then,

(Sl;c,wo,.s, (tzg)iel) = (Q,LUO,S, (ti)iEI)

: : , . : .

. The notion of CSBS does not entail a strong notion of agreement since indeed,
disagreement can be common belief. A particular case of a CSBS is when the first
level beliefs of all agents are the same, and thus ¢;(w) = t;(w) forall 4,5 € I and

|
|
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all w € Q. This represents a situation of consensus, when all agents have the same
beliefs.

DEFINITION 27. — An irreducible MKS, (Q, wo, s, (t;)ic1) 1S consénsual if for all
1,J € I, ti{wo) = t;(wo).”

We now give a sufficient condition that entails that revision leads to a consensual
MKS.

I. Assume {w € Q|t;j(w) = t;(wo)Vj € I} Nt;(wo) # O foralli € I. Then,
(02, w0, s, (t),c1) is consensual if and only if

PROPOSITION 28. — Let (Q,wo, s, (tz-)ief) be an irreducible MKS and let ¢ =

{w & Qltj (w) = tj (wo)\fj - I} N ti<w0)‘ = ﬂie[ti(u}o)

This proposition establishes necessary and sufficient conditions for consensus to
emerge in the case in which the announcements entail no contradiction. A direct
corollary is that consensus is implied by total correctness.

COROLLARY 29. — Let (Q,wq, s, (t:),c;) be an irreducible MKS and assume it is
totally correct. Assume further thar I° = I. Then, (Q°, wq, 5, (£¢),c;) is consensual.

4.4. Revision rule: dynamics

~ 'We now extend the static framework considered so far to study situations in which
announcements are made sequentially. A communication sequence of length T, is
the specification of a sequence of sets {I¢},—1, 7. At each stage T, agents in I¢
announce precisely their true beliefs. We’ll say that the communication is exhaustive
if Ur=y,. 7If = I, 1.e, if all agents announce at some point in time. One can also
easily adapt the definition of the selection function to take into account this temporal
aspect (it is enough to have selection functions indexed by 7).

In view of Proposition 23, that asserts that the revision of an MKS is a well defined
MK, the sequential rule of revision in that case is a straightforward extension of the
revision rule proposed in Definition 20. This rule is implemented at each stage, yield-
ing an MKS at stage 7 denoted (2¢. Recall however that, without further restrictions
on agents’ selection function , the revision rule has to be applied to MKS that are irre-
ducible. Hence, if at the end of any given stage, the resulting MKS is not irreducible,
then we replace it by one of its urreducible representations before proceeding to the
next round of announcement/revision. In this process, we always make sure that the
labelling of the true state remains wq at all stages. The revision process is well defined

9. Recall that the MKS we are interested in are irreducible. If the MKS is not irreducible then
the definition of consensus needs to be modified: an MKS that has a representation that is
consensual would then be deemed “consensual” itseif.
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in the sense that it does not depend on the choice of the 1rredu01ble representation (see
Proposition 37 in Appendix A).

Of particular interest in this dynamic setting are first whether agreement is even-
tually reached and second, whether the order of the announcements (who announces
when) might matter for the situation eventually reached. We answer these two ques-
tions affirmatively.

PROPOSITION 30. — Let (Q,wo, s, (t:),c;) be an irreducible MKS and assume the

communication (I7),_;  p is exhaustive, then (QCT,wO, 8, (tf,T)iEJ is a CSBS.

The revision process ends when the smallest & such that U,—;  xI? = I 1s
reached. Hence, we established that convergence occurs and at the point of conver-
gence, beliefs about the state of nature are common beliefs (but might be different).
The following proposition shows that there is no loss of generality in restricting at-
- tention to communication in which an agent announces his beliefs only once, i.e.,
having an agent announcing his beliefs at two dlfferent stages of the commumcatlon
is useless.

PROPOSITION 31. — Let (Q,wo, s, (ti)ser) be an irreducible MKS, (I7), ;..
be a communication, and (f; r).__, o selection functions. Define the commumca—

tion (ig)"r:L...,T by I = If and ch = IS\ Up IS for 7 = 2,..,T. Then, if

d X ; \ . ) . . ¢
(Q;, Wy, 8, (ti’T>i€I> ot is a sequence of revised MKS after communication I,
then, it is also a sequence of revised MKS after communication 1°.

The next point we address is whether the order of announcements matters and
show that it does not if the MKS is totally correct, but might otherwise.

PROPOSITION 32. — Let (Q,wg, s, (ti)z’eI) be an irreducible totally correct MKS.
Consider two sequential communications (I7)r=1,...1 and (I3),—1 . 7 of length T
and T respectively, such that Ur=y . Tl% = UT=1,...,T1:f- Then, the revision rule
leads to two equivalent MKS. '

' The proposition provides a rather strong sufficient condition (that the MKS is to-
tally correct) under which the order of announcement does not matter. This sufficient
condition can be relaxed but not much. In Example 33, it is shown that as soon as one
has to cope with contradictions, the order matters. One may wonder whether commu-
tativity holds when there is no contradiction. Example 34 is a case of a correct MKS
in which the final beliefs depend on whether the agents announce simultaneously or
sequentially. In this case, the order does matter. This points out the fact that as soon
as we depart from MKS that satisfies S5, that is situation where all agents satisfy the
truth axiom and it is common belief that all agents satisfy the truth axiom, then the or-
der does matter. In Example 34, all agents satisfy the truth axiom but it is not common
belief that this is the case. Therefore, in sequential announcement, agents believe that
other agents may have to deal with contradictions and this makes the difference.

EXAMPLE 33. — Let S = {a, f,v} and I = {1,2,3}. Consider = {wg,w1,ws}
where
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- wo = (o, {wr,wa}, {wo, wi}, {wo,wa})

—wWy = (ﬁ; {wl,(.Ug} ) {w0>w1} ) {wl})

— Wy = (77 {Wl,&)g} 3 {w2}J {L‘JO) w2})

~ I) First consider the case where there is only one round of announcement and ¢ —

{1,2,3}. Given this announcement, there is only one possible selection function for
each agent 2 and 3,

fa(wo) = falw1) = fa(wo) = fa(wa) = {wo}, fa(wa) = {wa}, fa(wr) = {wi}

while there are three possible selection functions for agent 1

@ filwo) = fi(w1) = fi(w2) = {wr,wa}
(b) filwg) = f1(911) = fi(ws) = {w1}
() filwo) = fi(w1) = filwe) = {wa}

We give the outcome of the revision in these three cases:
case (a): the revision rule yields the following MKS

—wo = (@, {wr,w2} , {wo} , {wo})
—-w1 = (0, {QLWQ} ,{wo} ; {wo})
—Wa = (’Y) {wlywz} ) {WO} ’ {wO})

case (b): the revision rule yields the following MKS

—wo = (o, {w1},{wo}, {wo})
—W = (/37 {wl} ) {WO} 7{w0})

case (c): the revision rule yields the following MKS ‘

~wo = (e {we}, {wo} , {wo})

—Wa = (7’ {WQ} ) {"‘JO} ) {WO})
I1) Consider now the case where 1 and 2 announce first, revision occurs, and then
3 announces, that is, If = {1,2} and I§ = {3}. In the first round, the only pos-

sible selection functions are that fi(wg) = fi(w1) = fi(ws) = {w1} for agent 1,
f2(wo) = fao(w1) = {wo, w1}, fa(wa) = {wa} for agent 2 and f3(wo) = fa(wz) ="
{wo}, fa{w1) = {w1} for agent 3. Thus, the revised MKS after the first round is given
by o
~wp = (a,{w1},{wo, w1}, {wo}) -
LT = (B, {w1}, {wo, w1}, {w1})

The same type of computation after 3’s announcement yields:

— Wo : (O&, {wl} ) {WO} ’ {(“JO})
—wi ‘: (ﬁa {wl} ) {WO} ) {UJO})



492 Journal of Applied Non-Classical Logics. Volume 14 —n°® 4/2004

[IT) Finally, consider the case where 1 and 3 announce first, revision occurs and then
2 announces, that is, IT = {1, 3} and I§ = {2}. Here again, selection functions are
uniquely determined and we obtain after the first round:

—wp = (o, {wz}, {wo}, {wo, wa})
— Wy = (7a {u)g} ) {wZ} ) {w0>w2})

and finally we have, after 2’s announcement:

— Wy = (O" {wz} ) {"‘JO} ) {WO})
— Wy = (’Y:{WZ} ’{w0}7{w0})

Thus, we end up with different MKS according to the order of announcements. O

In this example, observe that non-commutativity does not come from possible in-
consistencies in the selection functions. Non-commutativity comes from the fact that
agents’ revisions are done sequentially without keeping track of the reason why they
changed their initial beliefs to begin with. This absence of memory explains why, in
the sequential process in which 1 and 3 announce first and 2 second, 1 does not re-
consider the elimination of wy (made upon 3’s announcement) when 2 announces in
the second stage. In the next example, the outcome of the revision process depends on -
the sequence of announcements although the MKS is initially correct (but not totally
correct).

EXAMPLE 34. — Let S = {a B} and I = {1,2}. Consider 2 = {wp,w;,ws}
where

—wy = (o, {wo, w1 }, {wo})
~wy = (4, {wo, w1}, {wa})
—wy = (o, {wa}, {wa})
I.)- First consider the case where agents announce simultaneously. The dnly possible

selection function for agent 1'is f1(wo) = fi1(w1) = {wo}, fi(w2) = {wa}. Then we
obtain the following MKS:

—wo = (a,{wo}, {wo})

11 ) Consider now the case where I = {1} and I§ = {2}. After the first announce-
ment, we obtain the following MKS:

F wo = (&, {wo,wi }, {wo})
WL = (B {wo)wl} ’{WQ})
—wp = (0, {wo, w1}, {ws)})
Be}fore proceeding to the second round of revision, observe that the MKS after the first

round is not irreducible since state 0 and 2 are identical. Hence, it has an irreducible
1eplesentat10n

;—~w() = (o, {wo, w1 }, {WO})
— wi = (8, {wo, w1}, {wo})
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Now, consider the second step, in which 2 announces his beliefs, 1.e., wg. This does
not lead to any further revision.

Hence, the MKS we end up with is different from the one in which both agents
were making their announcements simultaneously, showing that the order of these
announcements matters, even though the initial MKS was correct.

Another feature of the example is to show that although the agents reach a con-
sensus in the simultaneous case (the conditions of Proposition 28 are satisfied), the
sequential revision does not lead to consensus. 0O

The two previous examples show that the revision process is not necessarily com-
mutative, unless the mitial MKS is well behaved (i.e., totally correct) as established
in Proposition 32. This points out a few interesting issues. First, the non commuta-
tivity is not directly linked to the procedure we adopted to treat announcements that
are in contradiction with the mitial beliefs of the agents. Indeed, in Example 34, the
two sequential processes studied do not entail any contradiction: in both cases, the
announcements made in the first round are compatible with part of the initial beliefs.
Thus, agents only keep those states that are exactly compatible with the announce-
ments. Second, non-commutativity of the revision procedure arises because agents
treat each new MKS afresh, without keeping track of how they arrived at it. In that
respect the sequential revision process we have described is myopic. Another way of
saying this is to describe the revision process we have defined as a markovian pro-
cess: at each stage, the only information taken into account to revise is the state of the
system at that stage. An alternative, more demanding, way of modelling things would
be to go back, after each round of announcement, to the initial MKS and use all the
sequence of announcements made up to that point in time to revise it. It is not clear
whether the framework developed here is the most appropriate to treat this way of
revising. Further, the “unbounded” memory assumption that this altermative approach
would require might be too demanding in terms of the amount of information agents
would have to keep at each stage of the revision process. Indeed, it is not necessary for
totally correct MKS. Here again, an intuition that is correct in the absence of mistakes
(i-e., the path through which one arrives at a given state of the epistemic system is not
relevant) appears to be misleading in the more general case. Finally, non commutativ-
ity points out the fact that communication has another strategic aspect to it beyond its
mere content: the order of the agenda (i.e., who gets to speak when) is important and
agents are bound to take this into account if they have the choice as to when to speak.

Beyond these general remarks, we would like to argue that there is an important
difference between the two examples of non-commutativity. In Example 33, non-
cominutativity is problematic: for instance, in the case where agents 1 and 2 announce
first and then 3 announces, agent 1 should be allowed to reconsider the elimination of
state wo, since 2’s and 3’s announcements have essentially the same value to agent
1. The situation in Example 34 is different: the mistakes were not on the first level
beliefs but on higher order beliefs. Hence, these beliefs do change after a first round
of announcement. Thus, the non-commutativity of the rule simply reflects that higher
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order mistaken beliefs are corrected according to the announcements made at a g1ven
stage, before further revision is done.
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A. Irreducibility and revision of MKS

In this appendix, we tackle the issue of whether the revision process we defined
depend on the representation of the MKS we consider. We first establish that if an
MKS is correct so must be any representation of it.

PROPOSITION 35. — Let (Q,wq, 8, (ti)ier) and (¥, w{, s, (t;)icr) be irreducible
and equivalent MKS. If ) is correct then, SV is also correct.

In the last proposition of this appendix, we show that the sequential revision pro-
cess does not depend on the choice of an irreducible répresentation at each stage.
We first need to define a notion of compatibility of an agent’s ordering between two
equivalent irreducible MKS. :

DEFINITION 36. — Let (2, wa, s, (t:)ier) and (S, wy, s', (t;)icr) be two irreducible
and equivalent MKS. Two functions f from § to 25 and f' from S to 2% are com-
patible if there exists a function ¢ : & — ' such that that conditions (i) to (iv) of
Definition 6 hold and such that Vw € §, f'(¢(w)) = ¢(f(w)).

PROPOSITION 37. — Let (Q,wo, s, (t:)ic1) and (V,wh, s, (t))scr) be two irre-
dug‘ible equivalent MKS. Assume that agents’ selection functions are compatible.

Then (S2°,wy, 5, (£9)se1) and (), wh, ('), (£)))icr) are equivalent MKS.

B. Proofs

PIiOOJJ (PROPOSITION 2). — Assume (v) and define the set ' C Q by 0/ =
{(JJU} U {u) < QHT €N, 3{%}@2, tx € 1,1, =isth wc li; (tzg( .. (tir (wo)))}
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We show that (', wo, sjq, (£i|a )ier) satisfies conditions (i) to (iv) of Definition 1.
Conditions (1), (ii), and (1v) are obvious. Consider ¢ € I, w € ' and take ' €
il (w) = t;(w). Itis easy to see that by definition of 2, w’ € Q' which proves that
t;|c is a mapping from Q' to 2% Therefore, condition (v) implies that €’ = € and
thus condition (v') holds.

Assume now (v') and suppose there exists Q' ¢  such that (', wg, sla, (tila )ier)
satisfy conditions (i) to (iv) of Definition 1. Hence, Jw € Q \ €'. However by (v/),
Jr € Nand {ix}F=7,ix € 1,3, = is.th. w € t4, (£, (- .. (£i. (wp))). Since wy € V,
then t; |/ (wo) = %, (wp) C ' since conchtlon (11) applies. By induction, we can
show that forall k = 1, .., (¢, o (.- (ti, o {we))) = (¢, (.. (£ (wp))) € ' and
thus w € ' yielding a contradiction. " [ |

PROOF (PROPOSITION 10). — Let R((2) be the set of representations of {2, i.e., the
set of MKS (€', wyg, s', (2] ):er) such that there exists a mapping o from Q to Q' that
satisfies the properties of Definition 6.

Let T be a mapping from (2 to §2 that satisfies 7 (w1 ) = & (w2) if and only if there
exists an MKS (Q',wy, 8', (t;)icr) and a mapping o from €2 to Q' that satisfies the
properties of Definition 6 such that o (w1) = ¢ (w2). Let Q =7 () and Wy = T(w]).

Define 5 : 1 — S by 3(@) = s(w;) where wy €  is such that ‘5_(w1) = @.
This is well defined since if 7 (w;) = 7 (wa) we know that there exists o such that
o (w1) = o (wz) which implies that s(w1) = s(ws) since €' is a representation of {2
via o.

Next, we show that if & (w1) = 7 (ws) then 7 (¢; (w1)) = 7 (£ (w2)). Since

T (wy) = 7 (wa), it must be the case that there exists ¢ such that o (w1) = o (w2).
Then, o (t; (w1)) = o (t; (w2)). Now, let @ € T (¢; (w1)). There exists w3 € ¢] (w1)
such that 7 (w3) = @. Since o (wa) € o (t; (w1)) = o (t; (w2)) , there exists wy €
t; (we) such that 0 (w3) = o (w4) . Hence, 7 (w3) = 7 (wq) € T (¢; (w2)) and there-
fore @ € T (t; (we2)) proving that & (¢; (w1)) < T (t; (wa)). Similarly, the reverse
inclusion holds and hence & (¢; (w1)) =T (¢ (w2)). , :

Finally, define; : @ — 22by %, (@) = 4 (7 (w)) = 7 (t(w)) where w € Qis such
that & (w) = @. This is well defined since we showed that if @ has two antecedents
wi and we, T (t{ (wl)) =0 (t,,; (wz)).

We first show that (ﬁ, Wy, 8, (fi)z. c 1) so defined is an MKS. The two conditions
to check are condition (ii1) and (v) of Definition 1. Check first condition (1i1) and let
W2 € ti(@y). There exist wy and ws such that 7 (w1) = @7 and 7 (ws) = e and
wy € t; (wy). Hence t; (wl) ti (wa) and therefore 7(¢; (w1)) = T(¢; (w2)), ie.,
t,(wy) = Q(wg) . -

We next check that condition (v') holds (by Proposition 2, this is equivalent to
check condition (v) of Definition 1 directly). Let @ € (). By construction, there exists
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w € §lsuch that7(w) = @. Thuis, there exists 7 finite and a sequence {'Lk}::‘; with
ix € I forall 7 such that w € t;, (¢4, (...(:, (wo)))). Hence,

7(w) € Tlta, (B4, (- (82 (w0))))]
Recall that 7(¢;(w)) = 1: (T (w)). Hence,
oty (b, (- (8, (w0))))] = 2, (& [t3a (- (Ea (w0)))])

and, eventually,

\

by (i (et (D)) = B (e, (00)) = B B B (0))

|
proving condition (v”) of Proposition 2. Observe that (Q,UO,E; (ﬂ;)ieJ is a repre-
sentation of (0, wo, s, (t;)se1), sirice T satisfies the conditions of Definition 6.

We next want to show that <ﬁ,wg,§, (i) ;e I) is irreducible. Assume this is not the
i

case and that there exists a representation (Q,QO, 3, @)161) of (ﬁ, Wo, 3, Gi)z‘é[-)

and a mapping & : {1 — §2 such that 7(wy) = o (ws) for some Wy, Wy € Q, Wy # Wo.
Let wy and wy in ) be such that W1 = T(w1) and Wy = T(wy). It is easy to show

that <ﬁ, wo, 3, (;) > is also a riepresentation of (2, wo, 8, (¢;)ics) via the mapping

el
7 o7. Hence, 2 € R(Q) and 7(wh ) = 7(w2), i.e., W1 = Wo, a contradiction. |
PROOF (PROPOSITIONS 14 AND 16). — First, we prove the following lemma:

LEMMA 38. — Let (2, wp, s (t~‘)ief) be an MKS. Foralli € I, Vw € Q,

. w€ BH; (wo, )@EITGN H{zk}k ik €1, zr—-zsth wet“(tm( (i (wo)))

PROOF (LEMMA 38). —  For i € I consider NHi(wo,t) = {we
BHi(wo,t)|vr € Nand {ix};= 1,1% €l,ip =isth w ¢ty (i, (.. (i, (wo))) } and
suppose N H;(wo,t) £ 0. ConslderY B H(wo,t)\N H; (wg, t). _

Note that ¥ is strictly mcluded‘ in BH;(wp,t) since N H;(wp, t) # 0. Remark that
tr1v1al]y ti(wg) €Y Wthh show> that Y # 0 and condition (i) of Definition 13 is
satlsﬁed ‘ |

gl

'Con31derw €Yandj el S’mcew € BH;(wo,t), t;(w’) © BH;(wp,t). Sup-
pose that ¢;(w’) € Y and thus there exists w € N H;{wo, ) Ntj(w’). Since w’ € Y,
there eXJSts a sequence {ig Yo=T ij € 1, zr =1q such that w’ € i, (£5,(. .. (¢, (wo))).
\. Then define the sequence {1, ’,2 TH by i} = 7,7 = 1x—1 forall k: = 2,..,7+1. Note
that i1 = 1. Then we have that w € &y (tiy (- .- (ti7, (wo))) whichis a contradiction
w1th w € NH;(wp,t). Thus, corldmon (11) of Deﬁmtlon 13 is also satisfied. That

proves that BH,(wy, t) is not the 1Jrreduc1ble subset which satisfies these conditions.

gThus NH;(wpg,t) = @ and BH, (wo,t) € {w € QIr € Nand {i}r=7, 4k € I,
- = isth. w ety (b, (. (4, (o))}

i
i
;
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Conversely, consider w € £ such that there exists'® » € N and {zk}izg, 1 €1,
ir = % such that w € t;, (5,(. .. (¢, (wo))) and let us suppose that w ¢ BH,(wp,t).
Then there exists {wy }¥=7 such thatw, = wq, Vk = 1,..,7 — 1wy € t;,,, (k1) and
w € t;, (w1). Since w ¢ BH;(wgq,t), condition (i1) of Definition 13 implies that wy ¢
BH;(wp,t). Recursively, we have that Vk = 1,..,7 — 1, wx ¢ BH;(wg,t). Hence,
since wy_1 ¢ BH;(wo, 1), ti(wo) € BH;(wg,t), contradicting (i) of Definition 13. M

Propositions 14 and 16 are direct consequences of the lemma. n
PROOF (PROPOSITION 23). — It is straightforward to check conditions (i) to (v) of
Definition 1 for both systems. [ ]
PROOF (PROPOSITION 25). — Before proceeding to the proof of the proposition

itself, we need a lemma in which CSBS is characterized by the fact that any given
agent must have the same beliefs in all the states of the world.

LEMMA 39. — Let (Q,wq, s, (t;)ics) be an irreducible MKS. Then, the following
assertions are equivalent
(i) (Q,wo, s, (t:)icr) is CSBS
(ii) SB(wo, t) = O
(lll) Yw € Q,VZ € I, tz(w) = ti(wg)
PROOF (LEMMA 39). — We first prove (i)« (i1). Since SB(wg, t) is common be-
liefs, we know by Corollary 17 that U;e 1 BH;(wo,t) € SB(wo,t) C = {wo} User

BH;(wo,t). Note that by definition, wy € SB(wyp, t) and thus SB(wg,t) = . Con-
versely, if SB(wy,t) = , then (Q, wo, s, (¢;)icr) is a CSBS.

We next prove (i)<>(ii1). From what we just proved, one way is obvious: since the
condition t;(w) = t;(wp) Yw € Q,Vi € [ implies that SB(wp,t) = (2, and hence the
MKS is CSBS.

Conversely, assume that the MKS is CSBS. Then SB(wg,t) = 2. Consider Q' =
{w}ses(cry and the MK, (Q’,w’ oy s (t;)¢€1> defined by V!, € O, 8’ (w!) = s

s .
and Vi € I, t; (w]) = {w,, € Q|s’ € s(t;(wp))}. Define the mapping o : 2 — ' by
Vw € Q, 0(w) = wy,- By construction, we have that o(2) = ', o(wo) = wy(,,
and s’ c 0 = s. Consider now ¢ € I and w € 2. Then

foo(w) =t (Wi ) = {wh € s’ € s(ti(wo)))
whi.le>
ogot;(w) = {wl €QF" € t;(w) such that ), = o (w")}

{wh € QF" € t;{w) such that 5" = s (W)}
= {wy € Q" € s(ti(w))}

- 10. By Proposition 2, such an r exists.
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But since S B(wop,t) = {w € Q|s(t (w)) = s(ti(wo)) Vi € I} =€), we have
7 0 ta(w) = {wly € 95’ € s{tilwn))) = & 0 o(w)

Thust; oo = 0o o t; which shows that the MKS, (£, Ws(wo)r 8y (t;)ig) is a repre-
sentation of the MKS, (2, wq, 8, (¢i)icr)- Since (2, wo, s, (¢;)ier) is irreducible, o is
a one-to-one mapping. Remark now that by construction Yw), € ', Vi € I, t;(w}) =
£ (W) and since 0" is a one-to-one mapping, t; (07 Hwy)) = ti(o™HWyp))):
establishing that Vw € Q,Vi € I, ti(w) = t;(wo). |

The proof of Proposition 25 i3 now trivial: If I° = I, then by the construction of
t¢ given in Definition 20, Vi, Vw € QF, t5(w) = fi(wo) = t(wo) and thus according
to Proposition 39, (£2%,wo, s, (7) ;) is a CSBS. | |

PROOF (PROPOSITION 26). — : Since (Q,wo,s,(ti)ief) is a CSBS, Lemma 39
yields that Vw. € Q,Vi €1, #i(w) = t;(wp). Hence, @ = {w € Qt;(w) =
ti(wy), vy € I°} and hence, given that the selection funcUons have the consistency
property, Yw € §), V1, t{(w) = t; (‘UQ) and thus

= {WO} U (User BH;(wo, %)) = £

which establishes that (¢, wo, s i(tc)zef) = (Qwo, s, (ti)ser) n

PROOF (PROPOSITION 28). — (° is consensual if and only if fz(wo) fi(wo) for
all 1,7 € I. Given that {w|L1( ) E ti(wo)Vi € I} Nti(wp) # 0, Q° is consensual if

and only if : '
tu(wo) N{w]ti(w) = ti(wo)Vi € I} = t;(wo) N {wlts(w) = ti(wo)¥i € I} Wi, 5 € I.

'[=] Assume §2¢ consensual.

Jt is easy to check that if Nyerti{wo) # @,kthen Nierti(we) = {wlti(w) =
ti((:*)o)>\/7; S I}' '

Since for all 7, j E‘I., A | ,
o) N {wlta(w) = ti(w0)Vi € T} = t5(w0) N {wlti(w) = ta(wo)¥i € I} £ 0

CD -

we| get that Nyerti(wg) #' 0. Tl%erefore, ti(wo) N {wlti(w) = ti(we)Vi € I} =
ti(}wo) Nier ti(wo) = Neerti(wo) |

[ <=] Assume ¢;(wo) N {w]t;(w) = t;(wo)Vj € I} = Nierti(wo). Then, trivially,
'[;q;(_; 0) N {wlf;i(u)) = tz'(wo)\?/i S ]1} = tj(u)()) M {w]ti(w) = ti(wo)V’i < I} V’L,j €l
an? €1¢ is consensual. [ |

PRfOOF (PROPOSITION 30). — This is readily deduced from three observations:

— After a communlcallon if 1€ I°, then by definition, for all w € Q°, ¢ f(w) -
tc(u)()) ' - .
— If we start from a situation where the MKS is such that for i, Vw € ), t;(w) =
t;(lg), then after a communication, it is also the case that Vw € §2°, 5 (w) = t7(wp).
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— Reducing MKS at each stage to irreducible MKS if necessary, does not affect
the two previous properties.

Thus if the sequential communication is exhaustive, we have that Vw € QS
¢ p(w) = t¢ p(wg) which characterizes CSBS. |

PROOF (PROPOSITION 31). — We prove the proposition by induction. It is trivial
that the proposition is true for 7 = 1 since the two communications are identical. Let
- now 7T > 2 and assume that forall ¢t = 1,...,7 — 1, (Qf,wo, S, (tfb)iEJ
_ ’ t=1,...,7—1
is a sequence of revised MKS for communication (I7),_; ;.
Consider (f; ), the selection functions at stage 7 for communication I¢. Observe
that these are also selection functions at stage 7 for communication 7°. Indeed, con-
ditions (i) and (ii) of definition 19 are satisfied. To prove condition (iii), consider
g € IZ\ I¢. Then, there exists ¢ < 7 — 1 such that j € I7. According to the revision
rule, we have t§ ,(w) = t§,(wo) for all w € Qf. Then, it is easy to see that for all
K=1...,7— 1, wealso have # (w) =15  (wo) forallw € Q.

Hence, forall j € I¢\ I¢,t¢__ (w) = ts . 4(wo) forallw € ¢, and hence,

T 3,71
{weQ? 4lt5  1(w) =15, _1(wo)Vj € I7}

= {w € 021121 (w) = 5,y (wo) 7] € I7)

which proves that the selection functions are consistent for communication 1°.

Since for all j € IZ\ IZ, 15 (w) = t5 . ;(wp) forall w € QF it is easy

T Yj,r—1 T—1>
“to check that applying the revision rule according to the selection functions (f; ) for

communication I¢ or for communication I¢ leads to the same result. |
PROOF (PROPOSITION 32). — This is readily deduced from the following observa-
tions: -

— When the MKS is totally correct the revision rule can be applied even if the MKS
is not irreducible. It yields the same MKS as if it were applied on the irreducible MKS
to begin with.

— At each stage, the revised MKS is totally correct.

— Thérefore, revision can be done without worrying about irreducibility of the
MKS. ’

— Thus, the MKS eventually reached corresponds to taking the intersection of all
the agents’ announcements, an operation that does not depend on the order of these
announcements. n

PROOF (PROPOSITION 35). — Observe that for all ¢ € I, t;(c(w)) = o (t:(w)) by
construction and w. € ¢;(w) by assumption. Hence, o(w) € o (¢;(w)) and therefore
o(w) € t(o(w)) forall i € I. : |

PROOF (PROPOSITION 37). — First, we prove the following lemma:
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LEMMA 40. — Let (2, wo, s, (ti)ier) and (2 w(, s, (t)icr) be irreducible and
equivalent MKS. Then there exists a one-to-one and onto mapping ¢ from §) to €
such that conditions (i) to (iv) of Definition 6 hold. -

PROOF (LEMMA 40). — By Proposition 10, 2 and Q" have a common irreducible
representation 27. Let o : 2 — ” and ¢’ : ) — €27 be the associated mappings.
By definition, o and ¢’ are onto. Assume ¢ is not one-to-one, i.e., there exist wy,wg €
Q, w1 # wa, such that o(w1) = o(we). This implies that {2 is not irreducible, a
contradiction. Hence o is one-to-one. A similar argument holds for ¢’'. Therefore,
(0/)~1 o o is a well defined mapping from (2 to £’ that is one-to-one and onto. Take
¢ = (¢')"! o . Conditions (i) to (iv) hold by construction. |

4

Let now ¢ be defined as in Lemma 40. Since the selection functions are com-
patible, it is easy to check that t; o ¢(w) = ¢ o t{(w) for all w € €. Hence,

((S¥)e,wiy 8", ((E)%)ier) Is a representation of (£2°, wy, s, (£5)ier)- ]



