Indexed Semantics and Its Application in Modelling
Interactive Unawareness

MSc Thesis (Afstudeerscriptie)
written by

Yanjing Wang
(born March 3rd, 1982 in Beijing, China)

under the supervision of Prof. Dr. Frank Veltman and Dr.
Maricarmen Martinez, and submitted to the Board of Examiners in
partial fulfillment of the requirements for the degree of

MSc in Logic

at the Universiteit van Amsterdam.

Date of the public defense: Members of the Thesis Committee:
March 8th, 2006 Prof. Dr Frank Veltman

Prof. Dr. Johan van Benthem

Lector. Dr. Peter van Emde Boas

nTa
Eud

INSTITUTE FOR LOGIC, LANGUAGE AND COMPUTATION



Copyright (© 2006, Yanjing Wang. All rights reserved.



Acknowledgments

First of all, T gratefully acknowledge the Beth Foundation
for the scholarship I received, without which I would not
have been able to come to ILLC.

I would like to thank my supervisors Frank Veltman and
Maricarmen Martinez who encouraged me to find, sharpen
and solve my own questions. I appreciate their patience for
listening to my “gases in the air” and the efforts to get my
feet back on the ground at the last moment.

Special thanks to Floris Roelofsen and Fenrong Liu, the
friendship with them teaches me research, love and help
me to find my way of life. I am also grateful to my mentor
Khalil Sima’an who was willing to help me with all kinds
of practical problems. Many thanks to those people in the
Logic & Game reading group and the Stanford student visi-
tors especially Tomasz Sadzik, I was inspired a lot by them.

Last but not least, I'd like to thank my parents for their
unconditional support as always.



Contents

1 Introduction 4
1.1 Motivation . . . . . . . . ... e 4
1.2 Overview of the thesis . . . . . . . .. ... ... ... .... 8
2 Indexed Models and Indexed Semantics 9
2.1 Indexed Model . . . . .. . . . ... ... ... .. ..., 9
2.2 Indexed Semantics . . . . . . . .. ... 11
2.3 Pruned Model . . . . . . . . ... 14
2.4 Translation From Language £/ (®) to £5D(®) . . . ... .. 15
2.5 Correspondence Between Indexed Model and Classical Model 17
2.6 Validity and Indexed Frames . . ... .. ... ........ 25
2.7 I-modal Logics . . . . ... . ... ... ... ... ... 35
3 Non-redundant Models and Awareness 42
3.1 Non-redundant Models . . . . . . . ... ... ... ...... 42
3.2 Indexed Model with Awareness . . . . . ... ... ...... 48
4 Conclusion 54



Chapter 1

Introduction

Chuangtse and Hueitse had strolled on to the bridge over the Hao,
when the former observed, “See how the small fish are darting
about! That is the happiness of the fish.”

“You not being a fish yourself,” said Huei, “how can you know
the happiness of the fish?”

“And you not being I,” retorted Chuangtse, “how can you know
that I do not know?”

“If I, not being you, cannot know what you know,” urged Huei,
“it follows that you, not being a fish, cannot know the happiness
of the fish.”

“Let us go back to your original question,” said Chuangtse. “You
asked me how I knew the happiness of the fish. Your very ques-
tion shows that you knew that I knew. I knew it from my own
feelings on this bridge.”

—Chuangtse, 300 B.C

1.1 Motivation

Possible-worlds models and the corresponding Kripke semantics have been
used extensively in the literature about epistemic/doxastic logic in the last
few decades. An example of a typical possible-worlds model for multi-agents’

185,, model, we omitted the arrows.



is as follows:
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Here the points stand for the possible worlds agents can be in; the la-
belled relations among them represent the possibility relations agents may
consider. The status of a possible world is determined by the primitive
propositions that hold on it and the structures reachable from it. The
combination of possible-worlds models and the associated Kripke seman-
tics enjoys the great advantages of both simplicity and expressive power.
Numerous logic systems based on them have been studied. However, there
are some fundamental problems which deserve more discussion.

1. Problem 1 on model building.

e Problem: Given a consistent set of formulas, there are tons of
classical possible-worlds models which satisfy those formulas on
some points. Clearly, not all of them are desired. One reasonable
criterion for a “right model” might be to require the model has
as few “side effects” as possible(in terms of the extra formulas
that hold but are not the logical consequences of the given set).
Another criterion might be about complexity of the model-the
simpler the better. Then the question is: do we have a way to
build models step by step according to these two criterions? It is
easy to see that to build the classical possible-world models with
the fewest worlds usually won’t do the job. We normally get lots
of unwanted formulas which are satisfiable at the same point.

e Example. Consider such a situation in which agent 1 thinks both
p and —p possible, no matter what the real world is. And so does
agent 2. The most intuitive model for agent 1 is as follows?:

P—i1—"D

Now we add agent 2 in the simplest way:

2The reflexive arrows are omitted.



p—12-7p

It is clear that O;—0Os—p holds on every world. However, this is
undesired, since there is no constraint about how agent 1 thinks
agent 2’s information state. The above observation shows that
it is not “safe” to add the relation 2 into the first model in the
simplest way.

e Cause: In the classical possible-worlds model, the status of a
world is determined also by all the structures reachable from that
world. If we add relations to a world then actually the world
changes. Suppose a world is considered possible by agent 1 and
there is a 2-relation from that world, then agent 1 automatically
considers that 2-relation.

e Possible Solutions:
1. Use information structures instead, which constructs agents’
high order information recursively(see [FHV91]). The price is to
lose the beauty of simplicity of possible-worlds models.
2. Try to avoid the undesired compositional side-effects of the
relations. The most ideal way to build models is that we fix the
worlds first and add relations or worlds whenever needed.

2. Problem 2 on Generalization and Uniform Substitution rules.

e Problem: In the classical set-up, Generalization(from ¢, prove
O¢) and Uniform Substitution (from ¢(p), prove ¢(1) where ¢(1))
is obtained by uniformly substituting ¢ for p) preserve validity
on any class of frames. It follows that they should be included
in every complete normal modal logic. However, we may not be
happy with these rules all the time.

e Example: It is reasonable to have a logic with positive introspec-
tion O;p — 0,;0;p as an axiom for each agent 7, but at the same
time, not want O;(0;p — U;0;p) to be a theorem for any agent
J # 1, since agent j may not believe agent ¢ is positive introspec-
tive. Similarly, we may want a logic with the axiom O;p — p
but without 0;¢p — ¢ for an arbitrary formula ¢ as a theorem.
It is possible for agents only have true beliefs about propositions
concerning only primitive facts in any case, but hardly know any-
thing about more complex facts concerning other agents, due to
the lack of information for others.



e Cause: Classical logic can only talk about the properties for all
the worlds while we may care only about part of the worlds.

e Possible Solution:
If we can restrict validity in some way on part of the whole worlds.
Consider the following model:
SN

P—i1—"Dp

g
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Clearly, the above model doesn’t validate the axiom —0; L which
is normally regarded important in modelling beliefs. However, if
we only care about the above two worlds, then the serial axiom
holds on both, while Oy—0; 1 does not. This is reasonable since
the bottom two worlds only exist in the imaginations of agent 2,

when he is at the top two worlds. And it could be the case that
in agent 2’s imaginations there is no such an agent 1.

In this thesis we will give an alternative semantics for multi agent dox-
astic/epistemic logic and try to solve the above problems. The basic idea
of our approach is based on an simple intuition: when thinking about the
others’ information state, an agent is actually considering the “imaginary
agents” in his mind, who may differ from the real agents in the possibility
relations they have. Our trick is to include explicitly all the possibility rela-
tions for each imaginary agent in the so called “indexed models”. Let’s look
at an example:

Example 1.1.1 Consider a variant of 2-person Muddy Children scenario.
There are two children who may have mud on their foreheads. Normally,
the children can only see the other one’s forehead. However, child 2 is
actually blind, therefore he can not get any information by looking at child
1. Unfortunately, child 1 has no ideas about that. Let’s build a model
according to this scenario as follows:

(D,C) .~ (©0)

g

(D,D) —,— (C, D)



where there are 4 primitive possibilities: (D, C), (D, D), (C, D) and (C,C).3
Child 1 thinks all of the them are possible since in any case he can not
see anything, while child 2 can not distinguish (D, C) from (D, D) and
(C,D) from (C,C). These are represented by l-relations and 2-relations
respectively. Moreover, child 2 falsely believes that child 1 is normal, so he
would think child 1 can not distinguish (D, C) from (C,C) and (C, D) from
(D, D). This is represented by the 21-relation in the model®.

It is easy to see that we have got rid of the compositional side-effects by
setting relations for different agents independently. For example, the rela-
tion 1 will not be considered by child 2, since child 2’s imagination about
child 1(or say, the imaginary agent 21) is represented by relation 21.

We will develop an indexed semantics based on the indexed models which
interprets the nested-modality formulas context-dependently, in order to
capture the intuition about the imaginary agents. For example, the modal
operator U; in the formula O;0;¢ corresponds to the relations for the imag-
inary agent ji, and O; in formula O40;¢ corresponds to the relations for
imaginary agent ki. As we will see in the next chapter, our approach will
solve problem 2.

1.2 Overview of the thesis

The rest of this thesis is organized as follows. In Chapter 2, we first give
the formal definition of indexed models and develop the intended indexed
semantics. Then we discuss the corresponding results between this approach
and the classical set-up. Finally we give several complete logics. Chapter 3
discusses the non-redundancy criterions of indexed models and give a simple
application of it in modelling interactive unawareness. The final chapter
concludes our results and discusses the possible further developments.

3For example, (D,C) means child 1 is dirty while child 2 is clean.
“We omit the higher order imaginations in the model.



Chapter 2

Indexed Models and Indexed
Semantics

2.1 Indexed Model

According to the convention in doxastic logic and epistemic logic, we use the
following language to talk about the factual and higher-order information
that the agents in a non-empty group I have:

Definition 2.1.1 (Language L'(®)) The formulas of L1(®) are formed
based on a set of proposition letters ® as follows:

T | p | orv | —¢ | O

where pe ® and j € 1.

Notation As usual, we define L, ¢ v ¥, ¢ — ¢ and ;¢ as the abbrevia-
tions of =T, =(—=¢ A =), =¢ v b and —0;—¢ respectively. Let S(I) be the
set of all non-empty finite sequences of elements in 1. We use O.¢ as the
abbreviation for O; 0,,...0; ¢, where ¢ = (ji, ..., jny € S(I). Similarly ¢.¢
is the abbreviation for <, <¢;,...¢;, . Especially, we denote ¢.¢ and O ¢ as
two alternative forms of ¢ where € is the empty sequence. In the following
we assume that @ is finite.

Remark 2.1.2 Depending on the purpose, 0;¢ will sometimes be read as
“agent i believes ¢” and at other times as “agent i knows ¢.”



Definition 2.1.3 (Classical Relational Frame and Model) A classical
relational frame for language L1(®) is a pair:

§ = (W, {Ri}ier)
o W is a non-empty set of possible worlds.
o R €W xW foreachiel.

A classical relational model M is a pair (§,V), where V. : W — P(®) is
called a valuation on W.

Remark 2.1.4 Intuitively, (w,v) € R; means that when agent i is at world
w, he actually thinks world v could be one possible candidate for the real
world w. Moreover, v is actually part of w, in the sense that whenever any
agent thinks w possible, he would also think agent i considers v possible at w.
In such case, the relation (w,v) € R; also means in any agents’ imagination
agent i would think v possible when at w.

Definition 2.1.5 (Indexed Relational Frame and Model) An indexed
relational frame for language L(®) is a pair:

§ = (W {Rec}eesn))
o W is a non-empty set of possible worlds.
o S(I) is the set of all the non-empty finite sequences of agents in I.
o Rec W x W for each ce S(I).

An indexed relational model M is a pair (§,V) where V : W — P(®) is a
valuation on W.

Remark 2.1.6

o Slightly different from the intuition behind the possibility relations in
classical models, (w,v) € Rg; here means that agent d(or imaginary
agent d when d ¢ I) thinks agent i would consider world v possible when
agent i is at w. Especially, when d is €, (w,v) € Re; = R; means that
at world w agent i actually thinks world v possible, which is the same
as in classical models. Notice that, Rg; in indexed models has only one
interpretation, it belongs to agent d’s imagination about agent i, not
in any other agent’s imagination as the relations in classical models.

10



e It is easy to see that any indexed relational model M = (W, {Rc}ces(r), V')
can be looked as a classical relational model M" = (W, {Rc}ces(r), V)

for the language ES(I)((I)).

Definition 2.1.7 (Pointed model) A pointed classical/indexed relational
model is a classical/indexed relational model M with a specific point w € W.
We denote it as the pair (M,w). Usually the specific world w plays the role
of the real world if (M,w) is a model for a situation.

Notation In the following, we will call the classical relational models for
language L£!(®) “classical models” for short. Similarly, we call indexed re-
lational models for language £!(®) “indexed models”.

Definition 2.1.8 (c-path)

e Given a classical model M, suppose ¢ = (ji, ..., jny € S(I), a c—path in
M from w to v is a tuple {wo, w1, ..., Wy, ¢) where (wg, Wi, ..., W1, Wy )
is a sequence of possible worlds in M ,such that wg = w, w, = v and
wi_leiwi fO’I”i € {1, ,n}

o Given an indexed model M, suppose ¢ = (ji,...,jny € S(I), a ¢ — path
in M fromw to v is a tuple {wp, w1, ..., Wy, ¢) where {wo, W1, ..., Wp—1, Wy )
is a sequence of possible worlds in W such that wg = w, w, = v and
wi—1Rj, . j,w; forie {1,..,n}.

o Foranyc,de S(I), we say a cd—path {wy, ..., wn, cd) is an d-extension
of a ¢ — path {vy, ..., Um, C), if {vo, ..., m) is the initial segment of the
<w0, ,wn>

Notation € — path is the empty path, denoted as (w, €). In the following,

for any ¢ € S(I), we consider the sequences ec or ce as c itself. We normally
use ¢, d as sequences in S(I), and 7, j as agents in I.

2.2 Indexed Semantics

We now define two satisfiability relations |-, = for the language £!(®) based
on classical models and indexed models respectively.

11



Definition 2.2.1 (Truth Condition for |+) The truth conditions |+ for
the L1(®) formulas are defined recursively as below:

M;sI-T — always

M,sI-p = peV(s)

M,slF—¢p << M,slf¢

M,slFopAnyp<— M,sl-¢ and M,s |+
M,s|+0;¢ <= forallt, if sR;t then M,t |- ¢

We call the above semantics Classical Semantics.

Definition 2.2.2 (Truth Condition for =) Let c € S(I) u {€}, the truth
conditions for LI(®) formulas are defined recursively by . as below:

M,sE ¢ — M,skE¢

M,;sE:.T — always

M,sEcp — peV(s)

M,skEc—¢ < M s¥.9

M,sE.ontp<= M,skE.¢ and M,s =,
M,skE.0;¢0 <=  forallt, if sRt then M,t =g ¢

We call the above semantics as Indexed Semantics.

Remark 2.2.3

o =, is used to encode the context and thus to define = recursively. For
example:
M,w E Oi(p A $jq)
< there is a v e W,wRv and M,v =; (p A <jq)
<= thereis ave W,wRyv and M,v E; p and M,v E; <jq
<= thereis av € W such that wR;v, M,v E p, and there isate W:
vRi;t and M,t = q.

e The above truth conditions represent an explicit contexrt-dependent fea-
ture of the indexed semantics, in the sense that the meaning of a modal
operator is explicitly determined by its position in the formula. For
example, the “John” in the sentence ”I believe that John believes in
God” is my certain imaginary agent who may differ from the real John.
Then the meaning of ”John believes in God” in that sentence is differ-
ent from the one in "Mary believes that John believes in God”.

12



o The context only matters for modal operators. We assume that all the
agents have the same understanding towards the factual propositions,
namely the boolean combinations of proposition letters.

Definition 2.2.4 (Indexed Semantic Consequence) Let I' U {¢} € LI,
K be a class of indexed frames then we say that ¢ is a semantic consequence
of I over K(notation: I = @) if for all models M based on the frames in K,
and all points in M, if M,w =T then M,w E ¢.

Here are some straightforward propositions from the above truth condi-
tions:

Proposition 2.2.5
e Given any classical model M', w' € W', M',w' |+ Onp <= for all
v' € W if there is a ¢ — path from w' to v' in M', then M’ v |- ).

o Given any indexed model M, we W, M,w = O < forallve W
if there is a ¢ — path from w to v in M, then M,v E. .

Proof. Trivial.
QED

Similarly we have the following propositions about <. :

Proposition 2.2.6

e Given any classical model M', a w' € M': M',w' |+ Onp <= there
is a ¢ — path from w to v where ve W' and M',v I+ .

o Given any indexed model M, a we M: M,w E O <= there is a
¢ — path from w to v where ve W and M,v =, 1.

It is clear that:

Proposition 2.2.7

e Given any classical model M', a w' € M', M', w' & Opp > —0O.—).

13



o Given any indexed model M, a we M, M,w = Oup <> —O,—p. !

Based on the above results, it is safe to denote —O,.— as <.

2.3 Pruned Model

Notice that, in an arbitrary indexed model/frame, some relations may not
be reachable by any path from any point. For example, consider the follow-
ing frame:

1 12
)y O

wW=<1—17

It is clear that the above 12—relation is unnecessary at all in verifying
any L£!(®) formula ¢, since there is no 1-path to v. Such models are also not
reasonable intuitively. Consider the above one, how can agent 1 think about
agent 2’s possible uncertainties at v, if agent 1 never thinks v possible? In
general, If there is a relation c¢i from w to v then there should be a path
¢ from some world to w otherwise that ci-relation is nonsense. We hereby
define the model without such unnecessary relations.

Definition 2.3.1 (Pruned indexed frame/model) A pruned indexed frame/model
is an indexed frame/model which satisfies the following condition:

For any w,ve W,ce S(I),j € I if wRcv then there is at € W such that tR.w.

Definition 2.3.2 (Pruned pointed indexed model) A pruned pointed
model is a pointed indexed model (M, w) which satisfies the following condi-
tion:

For anyv,se W,ce S(I),j €I if vR.;s then there is a c—path from w to v.

Notation In the following, we say that ce€ S(I) u {€} fitswe W ifc=¢
or there is a ¢c—path from some world to w in M.

!Actually we can prove the stronger version M,w kg $ctp <> —O.—) for any ¢ €
S(I),de S(I) u {e}.

14



Notation Given two indexed models M, M’ and we M, w' € M', we use
M, w e~ M’ w'(or w <, w' if the models are clear) to denote that for
any L£!(®) formula ¢ :

MuwkE. ¢ = M, v k..

Especially let w «»w w' be w e~ w'.
From the definition of pruned models and the truth conditions of indexed
semantics, we have some immediate propositions.

Proposition 2.3.3 Given an arbitrary indezed model M = (W, {R¢}ces(r), V),
there is a sub-model of it:M" = (W', {R.}ces(1), V') which is a pruned model
such that W = W' and for any we W : (M, w) e~ (M' w).

Proof. We build the sub-model M’ by throwing away unnecessary re-
lations. Formally, M' = (W,{R(}ces(r),V) where R}, = {(w,v)|(w,v) €
Rg; and d fits w} for any d € S(I) u {€}. It is easy to check that (M, w) <~
(M, w). QED

Proposition 2.3.4 Given an arbitrary pointed indexed model (M,w) =
(W {Rc}ees(r), V), w, there is a sub-model of it: M' = (W', {R.}ces(r), V')
which is a pruned model such that W = W' and (M,w) e~ (M’ w).

Proof. Similar to the above proof; we cut off all the relations ci from v if
there is no ¢ — path from w to v. QED

Notice Based on the above observation and results, without any special
notice, we will only work with pruned frames and models in the following.

2.4 Translation From Language £!(®) to £50)(®)

As we mentioned before, indexed models can also be looked as classical mod-
els for the language £3()(®). The following questions arise consequently:
can we just use language L’S(I)(CI)) to talk about those indexed models by
adapting the classical semantics? And what is the difference between the
two approaches? This section will answer these questions.

Definition 2.4.1 Given a L'(®) formula ¢, a translation T transforms ¢
into a L5 (®) formula T(p) as follows:

15



T(¢) Te(9)

Tc(p) = p

T(T) = T

Te(—p) = —Te(y)

Tc(¢ A W): Tc(w) A Tc(wl)
Tc(‘:‘ﬂp) DciTci(w)

For example: T'(D;(p A —=0;q) = O;Ti(p A —=04q) = Oi(p A =T3(0jq) =
O;(p A =0ijq).

Remark 2.4.2 It is obvious that not every L3 (®) formula is a translation
of a formula in L1(®). For example, O1203p is not a translation for any
L1(®) formula. Intuitively O1503p is nonsense, since an imaginary agent
12 can not think about the actual agent 3, but only about the imaginary one
123 in his mind.

Based on the insight mentioned in Remark 2.1.6, considering the two
roles of an indexed model, we have the following result:

Theorem 2.4.3 For any LI (®) formula ¢, any indexed model M, any w €
M:
M,w - Te(¢) <= M,w k. ¢

Proof. Induction on the structure of ¢. According to the definition of T¢,
we have the following:

M,skEc T < always M, s+ Te(T)
M,skEcp — peV(s) M, s I+ Te(p)
M,s k=, _‘Qb = M,sWc.¢ Ma3||_Tc(_‘¢)

M,sEcpAtp) <= M,sk=.¢and M,s =, 1
M,sE.0;,¢ <=  forallt, if sR.t then M,t = ¢
= M,s |- O4T.(¢)

M, s+ Te(¢d A1)
for all t, if sRet then M.t |- Tpi(¢)
M, s I T.(0;9)

PTTTTet

QED
As an immediate corollary, we have:

Corollary 2.4.4 For any L(®) formula ¢, any pointed indexed model M, w,
Mwl-T(¢) < M,w k= ¢.

16



Remark 2.4.5 The above result shows that instead of LI (®), we can also
use the translatable part of the language [,S(I)(q)) along with the Kripke
semantics to talk about the indexed models. The reason we choose the indezred
semantics with L1(®) is that it is more intuitive and there is no restriction on
the language. The translation, along with the later correspondence results,
will help us to study the indexed models by making use of old results for
classical models.

2.5 Correspondence Between Indexed Model and
Classical Model

In this section, we discuss the correspondence results between indexed mod-
els and classical models for the language £!(®).
We first introduce the most important technique in this section:

Definition 2.5.1 (Unravelling)

Given a pointed classical model (M,w) = (W, {Ri}ics(r),V),w), the
pointed classical model (M",w") = (W, {R} }ier, V"), w") is called the un-
ravelling of (M,w) (or say the unravelling of M around w) where:

o W" ={s|s is a c — path from w in M for some ce S(I)}.
o Rl ={(s,5")|s" is an i — extension of s in M}.
o V'({w,...,wp,c)) = V(wy,).

T

o w' = (w,e)

Similarly we can define the unravelling for indexed models.

Definition 2.5.2 (Indexed Unravelling)

Given a pointed indexed model (M,w) = ((W,{Rc}ces), V), w), the
pointed classical model (M",w") = (W', {R}}ier, V"), w") is called the un-
ravelling of (M,w) (or say the unravelling of M around w) where:

o W ={s|s is a c — path from w in M for some ce S(I)}.
o R ={(s,s")|s" is an i — extension of s in M}.

o V'((w,...,wp,c)) = V(wy,).

17



T

o w' = (w,e)

Remark 2.5.3

o The above definition is slightly different from the traditional definition
of unravelling. The elements in a traditional unravelling are simply
sequences of worlds. We use c—paths here to get rid of the unnecessary
compositional side-effects. For example, if we unravel the following
indexed model traditionally around w:

2
w IS v —12> ¢
we get:

(w)
)i
(w,v)

|

(w,v,t)

which is not exactly what we want, since in the original model there is
no 22-path from w to t.

o Unravelling an indexed model transforms it into a classical model. This
is the key to the correspondence result as we will see in the following.

o In general, the unravelling of an pruned indered model around some
point only contains partial information of the original model. Only
paths starting from the selected points matter for the unravelling around
that point.

Notation It is easy to see that for each pointed classical/indexed model
(M, w), there is an unique unravelling (M", (w,€)). In the following we
denote it as (Unr(M, w), (w,€)).

Proposition 2.5.4 Given a classical model M' = (W' {R}}ies(r), V'), an
indezed model M = (W, {Rc}ees),V), w' € W' and w € W. Suppose

18



V(w) = V'(w') then for any ¢ € S(I) u {€}, any L1(®) formula ¢ which

doesn’t contain modalities, we have:
MwE:.¢p < M | ¢.
Proof. Trivial. QED

Lemma 2.5.5 (Invariance for Unravelling)

(a)If a classical model M', (w,€) is the unravelling of a pointed classical
model (M,w), then for any LI(®) formulas ¢, and any {(w, ..., wy,cy € M’
we have:

M,w, I+ ¢ = M {(w,..,wy,c) I+ ¢.

(b)If a classical model M', (w,€) is the unravelling of a pointed indexed
model (M,w), then for any L1(®) formulas ¢, and any {(w, ..., wp,c) € M’
we have:

M, wy, Ee ¢ = M {w,....;wy,c) I+ ¢.

Proof. For part (a):

It is easy to see that the w-generated sub-model of M is a bounded
morphism image of M’ w.r.t the mapping f : f(w, ..., wp, c) = wy,. Then we
have M, wy, I+ ¢ < M’ (w,...,wp,c) I ¢ cf. [BRV].

For part (b):

Induction on the structure of ¢.

e When ¢ is formed by boolean combinations of p € ® and T then we
have M, w,, E. ¢ < M' {w,...,wy,c) |- ¢ from Proposition 2.5.4,
since V' ({w, ..., wy, ¢)) = V(wy,).

e Let ¢,v' be £I(®) formulas. Suppose for any ¢ — path {(w, ..., wy, c)
in M, we have M,w, E. vV < M’ {(w,...,wy,c)l+1 and M,w, =,
Vo= M {w,..,wy,cy - Y. Tt is easy to see that M, w, k.
- = M {w,.,wy,c)y - = and M,w, E. Y A Y
M’ (w, .ywp, ey - A
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e Suppose ¢ = O;1p. For any (w, ..w,,cye W':
M’ {w,..ywp, ) - @
< for all s e W', if (w, ..., wn, c)R;s, then M’ s |- 1
< for all s, if s = (w, ..., wy,v,ciy e W' for some ve W, M' s |-
< forallve W,if{w,...,wy,v,ciy e W' then M' {w, ..., wn,v,ciy -1
< for all v e W, if (w,...,wy,v,ciy € W then M,v E¢ ¢ (from
Induction Hypothesis)
= for all v e W, if w,Rev, then M,v Eq ¥ (since (w, ..., wn,c) €
W)
— M,w, = 0;0
— M,w, = ¢.

QED

Since (w, €) € Unr(M,w), as an immediate corollary of Lemma 2.5.5, we
have:

Corollary 2.5.6 Given any pointed indexed model (M,w), for all LI(®)
formulas ¢ : M,w = ¢ < Unr(M,w),(w,e€) I+ ¢.

Moreover, we now prove a proposition which will be useful in the later
sections.

Proposition 2.5.7 Given an indexed pointed model (M, w), if vRyw and
for every sequence {t1...t,),n € N,ce S(I) the following holds:

(v,w,ty, ..., tp,ic) is an ic—path <= {(w,ty,...,ty,c) is a c—path
then for any ¢ € From(L!(®)) :
MwE; ¢ < M,wkE ¢

Proof. Consider the unravellings Unr (M, v) of M around v and Unr(M, w)
of M around w. From part (b) of Lemma 2.5.5, we have for every L!(®)
formulas ¢: M,w =; ¢ < Unr(M,v),{v,w,i) |- ¢ and M,w = ¢ <
Unr(M,w),{w,€) |- ¢. However since for every sequence of (ti...t,),n €
N,ce S(I):

{(v,w,t1,...,tn,ic) is an ic—path <= (w,t1,...,t,,c) is a c—path
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Then it is obvious that the the sub-model of Unr(M,v) generated by
the point {(v,w, ) is isomorphic to Unr(M,w). It follows that for all ¢,
Unr(M,w),{w,e) I+ ¢ <= Unr(M,v),{v,w,i)y I+ ¢. Namely, M,w &=
¢ — M,wkE; ¢.

QED

Now we are ready to build the relationship between indexed models and
classical models.

Theorem 2.5.8 (Correspondence)

(a)Given an indeved model M = (W,{Rc}ces(r), V) there is a classical
model M' = (W' {R!}ier, V') such that for any w e W, there is a w' € M':
for any L(®) formula ¢, M,w = ¢ < M’ v |- ¢.

(b)Given a classical model M' = (W' {R!}ier,V') there is an indexed
model M = (W,{Rc}ces(r), V) such that W =W’ and for any w' € W', any
L(P) formula ¢: M,w' E ¢ < M' W' I+ ¢.

Proof.

e For part (a): given an indexed model M = (W, {Rc}ces(r), V). We
first define a function f on W: f(w) = Unr(M,w). In other words, f
gives the unravelling of each pointed model based on M. Consider the
disjoint union of those unravelling: (4, ;77 f(w). Since classical modal
satisfaction is invariant under disjoint unions, we have:

) fw), (w, &) IFé = fw),(w,e) 6.

weW
From the Corollary 2.5.6, we have that

M,wE ¢ = f(w),(w,e) I+ ¢.

Then for each w € W, we have (w,€) € |4,,cy f(w) such that for any
L1(®) formula ¢:

Muwk¢ < |4 f(w),(we) o

weW

That is to say, [H,,en f(w) is the classical model we want.

21



e For part (b), given a classical model M’ = (W', {R!}ier,V') we can
build an indexed model M = (W, {Rc}ces(r), V) where:

W =W,V =V,
— Rei = R where ce S(I) u {€}.

We claim that:

Claim : For any w’' € W', Unr(M’,w'), (w', €) is isomorphic to Unr(M,w'), (w', €).
If this is true, then from Lemma 2.5.5, we have for any w e W', L(®)

formula ¢:

Mw' = ¢ = Unr(M,w'), (W' ) I+ ¢

and
Unr(M',w'), (W' e) IF ¢ &= M ' I ¢.

It follows from the above claim that:
For all w' e W', M,w' &= ¢ < M' v |+ ¢.

Now we move on to the proof of the claim. For simplicity, we now
call w' in the claim “wg”. From the definition of c-path, we have
that if ¢ = j1...Jp, then (wy, ..., wy,c) is a c-path in M <= for all
ke [1,n] : wg_1Rj, j,wk. Since Ry = R, for all ¢ € S(I) u {€}, it is
clear that for all k € [1,n]:

/
wk,lelnjkwk, — wk,lekwk

Then we have:
{wg, ..., wp, ¢y is a c-path in M < {wy, ..., wy, ¢y is a c-path in M’.

That is to say, the worlds in Unr(M’ w'), (w',€) and the worlds in
Unr(M,w'), (w', €) are the same. Since the worlds actually determine
the relations in the unravellings, clearly we have

'y wy, c>R§<w', ey Wi, 0, )y = (W wy, C>R37<w', vy Wiy, Uy CJ )
Moreover, since V' = V', then Unr(M’,w') and Unr(M,w’) are iso-

morphic, which completes the proof.
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QED

Remark 2.5.9

e In the proof of part (a), we actually built a “forest” of the unravelled
trees. However, only the roots of those trees in |4,y f(w) are the
counterpoints for the worlds in the original indexed models.

e Given an indexed pointed model (M, w), it is not always possible, gen-
erally, to find a classical pointed model M’ ,w' such that |M| = |M’|
and M,w = ¢ <= M,w | ¢ for any L1(®) formula ¢. See the
following simplest example of an indexed model M :

™
w:p

It is impossible to find a singleton classical model M' such that M', w &=
=<0 but M',w = <O;p Normally the classical model M’ contains
many more worlds than M, if the above invariance is to be guaranteed.

Now we want to know under what conditions, two indexed pointed mod-
els satisfy the same set of formulas in £!. The Classical bisimulation seems
to be the best starting point.

Definition 2.5.10 (Bistmulation) Let M = (W,{Ra}aer, V) and M' =
(W' {R\}rer, V') be two relational models.

A non-empty binary relation Z € W x W' is called a bisimulation be-
tween M and M’ (M < M') if the following conditions are satisfied:

1. If wZw' then V(w) = V(w').

2. If wZw' and wRAv, then there exists v/ € M’ such that vZv' and
w'R\V'.

3. If wZw' and w' R\v', then there exists v € M’ such that vZv' and
wRav.

If there is a bisimulation linking w € M and w' € M’, we say that w and w’
are bisimilar (M,w < M’ w').
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It is commonly known that modal formulas are invariant under bisimu-
lation w.r.t to the classical semantics. Now let’s see the counter part of this
results for indexed model and semantics.

Proposition 2.5.11 Suppose M, M’ are indexed models, for anyw € M,w' €

M', we have M,w € M' w' implies w e~ w'.

Proof. Consider the indexed models M and M’ as classical models for
language £30)(®). M,w < M’ w' implies for any £50)(®) formula 1,
M,w |+ ¢ < M' w' I+ 1. By Proposition 2.4.3, we have for any ¢ €
LI(®) : Myw IF T.(¢p) < M,w . ¢. Since for any L£/(®) formula
o, Te(o) is a ES(I)(q)) formula, we have for all £/(®) formula ¢, M,w I
T.(¢) = M’ w I T.(¢). Namely for all £L/(®) formula ¢, M,w k.
o = M v k. . QED

An immediate corollary is as follows:

Corollary 2.5.12 For any two pointed indexed models (M, w)and(M', w'"),
if M,w < M w then w o w'.

Remark 2.5.13

e Similar invariance results could be proved for generated sub-models and
bounded morphisms if we look indexed models as classical models for

LSD(),

o The above results shows that bisimulation is too strong to obtain solely
w e w'. So we should not expect w «~> w' to imply that w and w'
are bisimilar, even in the image-finite cases®. For example, take two
pruned pointed indexed I-models as follows:

M :
e:D
1

—
—

1
\

W:p—]>e:—
p<~111? p

2A model is called finite-image, if no world of it has infinitely many successors.
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M
w ip—1>e:7p

11
.:p
131

14
.:p

It is easy to see that M,w and M',w' are pruned pointed models which
are finite but not bisimilar. However, w «~» w' and it is not the case
that w e~ w'3.

Notice that in the above counter-example, although M, w and M’ w' are
not bisimilar, we still have the bisimulation somewhere else:

Unr(M,w), (w,e) € Unr(M',w'), (v, ¢).
In general, we have the following result:

Proposition 2.5.14 Let (M, w), (M’ ,w') be two pointed indexed models.
Unr(M,w), (w,e) < Unr(M' w'), (', €) implies that (M, w) e~ (M’ w').

Proof. Suppose Unr(M,w), (w,e) € Unr(M' ,w'), (w' €), then we have
Unr(M,w), (w,€) e~ Unr(M',w'"), (w' e). Since Unr(M,w), (w,€) e~
M, wand Unr(M',w'"), (W', €) e~ M’ w' then we have (M, w) e~ (M w').
QED

2.6 Validity and Indexed Frames

Definition 2.6.1 (C-Validity)

A formula ¢ is c-valid at a world w in an indexed frame §(notation :
Sow Ee @) if (§,V),w Ec ¢ in every model (§,V') based on §; ¢ is c-valid on
a frame §(notation : § . ¢) if it is c—valid at every world in §. A formula
¢ is c—valid on a class of frames K(K =, @) if it is c-valid on every frame
$ in K. When ¢ = € we obtain the normal validity. In the following we call
e-validity “validity”.

Proposition 2.6.2 O,(p — q) — (O;p — O,q) is c-valid on the class of all
indexed frames for any c € S(I) U {e}.

3For example, when ¢ = 11.
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Proof. Trivial. QED

Proposition 2.6.3 Any instance of any tautology is c-valid on the class of
all indexed frames for any c € S(I) v {€}.

Proof. Trivial. QED

It follows from the above propositions that any instance of tautologies
and O;(p — q) — (O;p — O,q) are valid(e —valid) on the class of all indexed
frames.

Now we prove a proposition which will turn out to be useful in the next
section.

Proposition 2.6.4 A LI(®) formula ¢ is classically valid on the class of
all classical frames

< ¢ is c—valid on the class of all indexed frames for every c € S(I)

< ¢ is valid on the class of all indexed frames.

Proof. For the first < :

=: Suppose towards contradiction that ¢ is classically valid on the class
of all classical frames, but there is a pointed indexed model (M,w) =
(W, {Ra}des(r), V) such that M,w . ¢ for some ¢ € S(I) U {e}. Then
we can build an indexed pointed model (M’ ,w') = (W', {R}}aesr), V")
such that W = W',V = V', w = w',R), = Rcq. Then it is obvious that
M’ w" ¥ ¢. Then from Lemma 2.5.5 we have Unr(M' w'), (w',€) # ¢.
Since Unr(M’,w') is a classical model then ¢ is not valid w.r.t. the class of
all the classical frames. Contradiction.
«: Suppose towards contradiction that ¢ is c-valid on the class of all in-
dexed frames for every c € S(I) u {€}, but there is a pointed classical model
(M, w), such that M,w ¥ ¢. Then from the correspondence result, there
is an pointed indexed model (M’ w') such that M’ w’ ¥ ¢ then ¢ is not
e—valid on the class of all indexed frames. Contradiction.

For the second «<—:
=>: Trivial, follows from the above.
<: Suppose ¢ is valid on the class of all indexed frames then it is easy t
see that ¢ is valid on the class of all the classical frames, thus it is c-valid
on the class of all indexed frames. Suppose not, there is a classical pointed
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model (M, w) such that M, w | ¢ then from the correspondence result we
have there is an indexed pointed model such that M, w # ¢. Contradiction.
QED

We have already showed in Proposition 2.4.4 that every £!(®) formula
¢ can be safely translated to a £50)(®) formula T(¢) such that M,v &
¢ < M,v |- T(¢). Clearly this invariance result also holds for validity,
namely, § E ¢ < F I T(¢) for any frame F. Thus, by using the standard
translation ST from modal formulas to first-order formulas we can translate
a modal frame property? into a second-order frame property:

Proposition 2.6.5 Let ¢ be a L' (®) formula. Then for any indexed frame
S, we have:

FEo e FIT(¢) > VP..VPNVzST,(T(¢)).

where the second order quantifiers bind second-order variables P; correspond-
ing to the proposition letters p; appearing in ¢.

Proof. The first <= result is directly from Proposition 2.4.4, and the
second follows from the standard proof. QED

Remark 2.6.6 The above result shows that the validity in indexed seman-
tics is actually a second-order concept just like the validity in classical se-
mantics. The tools for studying definability also work here, the only thing
is that we are now only concerned with part of the formulas in L' (®). We
will not go into details on this issue. In the following, we will focus on some
important modal formulas which have first-order correspondents.

Let us use an infinitary first-order language to talk about indexed frames.
It has binary predicates R, for each ¢ € S(I) describing the relations in the
frames.

Proposition 2.6.7 § = O;p —> p < § I+ Vw(wRw).

Proof. <: Suppose § I+ Vw(wR;w) then for all (M,w) based on §, if
M,w E O;p we have M, w E p.

=: Assume towards contradiction that § | Yw(wR;w) then there is a
M based on § in which there is a non-reflexive point w. We can revise the
valuation V' such that w ¢ V(p) and for all v, v € V(p) if wR;v. Clearly,
M, w ¥ O;p — p. Contradiction. QED

41f we regard the valid modal formulas are modal frame properties.
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Proposition 2.6.8 § = O;p » 0,0,p < F IF YwVoVs((wRvAvR;;s) —
wR;s).

Proof. «<: Suppose § I VwVvVs(wR;v A vRj;s — wR;s) and for a (M, w)
based on §: M, w = O;p. Then we have that for all v: wR;v implies v € V (p).
From the property of § we have for all v if there is an ¢ — path from w to v
then wR;v. That is to say for all v if there is an i — path from w to v then
v € V(p) namely M, w &= 0;0;p.
=: Assume towards contradiction that § [ VwVoVs(wR;v A vR;is —
wR;s) then there is a point w in a model M based on § such that there is
an i — path from w to s but it is not the case wR;s. We can revise the
valuation V' to let s ¢ V(p) and for all v, if wR;v then v € V(p). Clearly,
M, w ¥ O;p — 0,;0;p. Contradiction.
QED

Proposition 2.6.9 § = —0O;p — 0,—-0;p < F I+ YwVoVs(wRv A
wR;s — vR;;s).

Proof. Similar to the classical case, trivial. QED
Proposition 2.6.10 § = —~0;1 < § I+ YwIv(wRw).
Proof. Trivial. QED

Remark 2.6.11

o Following the traditional notation, we give the names for the above
formulas and the correspondent first-order frame properties:

T/ :O;p > p r Vw(wR;w)

42 0,p — O,;0;p, ¥ VwVoVs(wRv A vRiis — wR;s)
57 =O,p — 0;—=0;p | e : VwVoVs(wRv A wR;s — vR;;s)
d; » —0; L. si @ YwIv(wR;v)

e The corresponding frame properties also have intuitive interpretations.
For example, the transitive property YwVoVt(wR;v A vRiit — wR;t)
according to 47 actually says: at world w, if agent i indeed thinks
v possible and he has the reflection on himself that he would think t
possible when at v, then for consistency he must also think t possible
since he thinks v could be real world right now at w.
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e In the above notations, i stands for the agent and p denotes a formula
which is only about the factual propositions. We can not substitute
arbitrary formula for p. For example, § E 0,0 —> ¢ < F I+
Vw(wR;w) doesn’t hold for arbitrary ¢:

N N
\ ) Wy
—p —12->D
[y
o/

Although 1-relations are reflexive everywhere, 01 ap — Oop doesn’t
hold at the —p world. This is reasonable since we didn’t say anything
about how one thinks about others in terms of constraints on relations.

Proposition 2.6.12 Let T; be the set of formulas {¢ — O;¢|¢ € Form(LI(®))},
r; be the first-order formula /\djes(l) VuVo((wRgv — wR;giv) A (wRigjv A
Jw' (W' Rqw)) = wRgv)) A Yw(wRw), then:

SET, < §I-r;.

Proof.

<: Suppose F I r;. Given an arbitrary ¢ € Form(L!(®)), let (M, w) be
a pointed indexed model based on §, such that M, w &= ¢. We need to prove
that M, w = <;¢. Since § IF Yw(wR;w), then every world is reflexive. Then
we only need to show that M, w E; ¢. To prove this, we have the following
claim:

Claim: For any n € N, any sequence t1, ..., tn, t: {w,w,t1, ..., ty, t,idj) is
an idj-path < (w,t1,...,ty,t,dj) is a dj-path.

Induction on the length of d:

e Suppose the length of d is 0, namely d = €. If (w, t, j) is an j-path then
since § I VwVo(wRgv — wRigv) A Yw(wR;w), we have (w,w,t,ij)
is an ij—path. Suppose {(w,w,t,ij) is an ij—path. Then from wRcw
and § I+ /\djes(I) VuVo((wRigiv A Jw(w Rgw) — wRgv)), we have
wR;t, then (w,t,j) is an j-path.

e Suppose when the length of d is k, we have (w, w, t1, ..., tg, t,idj) is an
idj-path < (w,t1,...,tx, t,dj) is a dj-path.
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e Suppose the length of d is n + 1. If (w, t1, ..., tx11,t,dj) is an dj-path,
then since § I VwVo(wRgv — wR;qv), we have (w,w, ..., v,t,idj) is
an idj—path. Suppose (w,w,t1,...,tx41,t,idj) is an idj—path. Then
{w,w,t1,...;tg11,1d)y is an id—path. From Induction Hypothesis, we
have (w,t,...,tg+1,d) is a d—path. Then there is a t; such that
txRaty41. From § |- /\djeS(I) VYo ((wRigv A Jw(w Rgw) — wRgv)),
we have t;,41 Rg;t. Since (w, t1, ..., ty41,d) is a d—path then (w, t1, ..., tg41, ¢, dj)
is a dj—path.

From proposition 2.5.7, M,w E; ¢ < M,w E ¢. Then we have
M, w =5 gf)

=: Suppose that § | r;. If § is not i-reflexive then from Proposition
2.6.12, we can find a formula ¢ in the shape of p — <;p such that §F ¥ ¢.
There are two other cases to be considered:

1. There are w,v € § such that (w,v) € Rg; but (w,v) ¢ Riq;.

2. There are w,v € § such that wR;gjv A Jw' (W' Rqw) but (w,v) ¢ Rg;.

For case 1: We define a valuation V as follows: V(p) = {w}; V(q) = {v}°.
Thus we can talk about w and v by their unique valuations. Since § is
a pruned frame and (w,v) € Rg;, there is a dj—path from some world
wy to v extending a d-path from wy to w. Let’s consider the formula
¢ = Cda(p A Ojq). It is clear that (§,V,wo) E ¢. However, (§,V,wo) ¥ i
since there is no R;4; relation from w to v.

For case 2: We define a valuation V' as above: V(p) = {w}; V(q) = {v}.
Since § is a pruned frame and (w’,w) € Ry, there is an d—path from some
world wp to w. Let’s consider the formula ¢ = $g4(p A —<Ojq). Since there
is no Rg; relation from w to v, then it is clear that (§,V,wo) = ¢. However,
(8, V,wo) ¥ Oi¢ since (w,v) € Rig;.

QED

Proposition 2.6.13 Let 4; be the set of formulas {Ci0ip — Oiplg €
Form(L(®))}, t; be the first-order formula /\djesu) YwVv((wRjigiv — wRigiv) A
(wRigjv A Jw' (W' Rjjqw)) — wRyigiv)) A YwVvVs(wRv A vRis — wR;s),
then:

SE4 = FIHt.

5For other proposition letters in ®, arbitrary.

30



Proof.

<: Suppose F I t;. Given an arbitrary ¢ € Form(L(®)), let (M, w) be
a pointed indexed model based on § such that M, w = <;<$;¢0. We need to
show that M, w E <©;¢. Since § I+ YwVoVs(wR;v A vRiis — wR;s), then if
there is an ii-path from w to v then there is an i-path from w to v. Since
M, w = ©;<0;0, there is a ii-path from w to v extending an i-path (w,w’, i)
such that M, v =4 ¢. We only need to show that M, v E; ¢. To prove this,
we claim that:

Claim: For any j € I, n € N and any sequence {t1...t,,_1,ty: {w,w’, v, t1,
is an iidj—path < (w,v,ty,...,t,idj) is an idj—path.

Do induction on the length of d:

e Suppose the length of d is 0, namely d = e. If {w, w', v, t,iij) is an iij-
path then since § |- /\djeS(I) VwVv(wRiigv — wR;gv), we have vRijt.
Then (w,v,t,ij) is an ij—path. Suppose {w,v,t,ij) is an ij—path.
Then from w'R;v and § I /\djes(l) VuVo(wR;giv A Jw' (w'Rijqw) —
wR;iqiv), we have vR;;;t, then (w,w’, v, t,iij) is an iij-path.

e Suppose when the length of d is k, we have (w, w', v, t1,...ty, t,didj) is
an iidj-path <= (w,v,t1,...ty, t,idj) is an idj—path.

e Suppose the length of d is k + 1. If {w,w’,v,t1,...,tg41,t,7idj) is an
1idj-path, then from § |- /\djeS(I) VwVu(wRiigiv — wR;gv), we have
{w,v,t1,...,tg41,t,idj) is an idj—path. Suppose (w, v, t1, ..., tg41,t,idj)
is an idj—path. Then {(w,v,t1,...,tx, txr1,7d)y is an id—path. From
the Induction Hypothesis, (w,w’, v, t1, ..., tg, tx11,9id) is an itd—path.
Then t;Rjjqtr1. From § |- /\djeS(I) VwVo(dw' (w' Rijqw) — wRiiqgv),
then ty 1 Riigt. Namely, we have (w,w’,v,t1,...,tk41,t,19dj) is an
1tdj—path.

Similar to the proof of Proposition 2.5.7, it is easy to see that M, v =y;
¢ < M,v E; ¢. Then it follows that M, v =; ¢.

=: Suppose that § I t;. If § I VwVoVs(wRv A vRis — wR;s) then
from Proposition 2.6.8, we can find a formula ¢ in the shape of ¢;Cip — Op
such that § ¥ ¢. There are two cases to be considered:

1. There are w,v € § such that wR;gv A Jw'(w' Rijqw) but (w,v) ¢ Riig;-

2. There are w, v € § such that (w,v) € Ryq; but (w,v) ¢ Rig.
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For case 1: We define a valuation V as follows: V(p) = {w}; V(q) = {v}.
Since § is a pruned frame and there is a w’ such that (w',w) € Rj;q, then
there is an iid—path from some world wy to w. Let’s consider the formula
¢ = Og(p A =<Cjq). Since (w,v) ¢ Ryig; then (F,V,wo) = <;<;¢. However,
(3, V,wo) # ©i¢ since (w,v) € Ryg;S.

For case 2: We define a valuation V' as above: V(p) = {w}; V(q) = {v}.
Since § is a pruned frame and (w,v) € Rjig, there is a #idj—path from
some world wg to v extending a iid-path from wg to w. Let’s consider the
formula ¢ = O4(p A ©jq). It is clear that (§,V,wp) &= <©;<;¢. However,
(8, V,wo) ¥ Oi¢ since there is no R;q; relation from w to v.

QED

Proposition 2.6.14 Let 5; be the set of formulas {—0;¢ — 0;—0;¢|¢ €
Form(LY(®))}. Let e; be the first-order formula /\djeS(I) VYo ((wRigv —
wWRG;igv) A (WRjigiv A F' (W Rigw)) — wRigjv)) AVwVoVs(wRv AwR;s —
vR;;s), then:

SES < §IFe

Proof. Similar to the above proof. QED

Remark 2.6.15 The corresponding first-order formula for T; roughly re-
quires the i-reflezivity and R, = R for every c € S(I), which coincides with
our intuition about true beliefs. The first-order correspondents for 4; and
5; roughly says Rii. = Ri.. Here we said “roughly”, since there are extra
constraints in those first-order correspondents. For example, in

T /\ VuVo(wRgiv — wR;givA(wR;gvAdw' (W' Rgw) — wRgv)) AVw(wRw),
djeS(I)

we don’t have the exact R. = Rj.. Instead, we have Rgj S R;q and if
Jw'(w'Rqw) then wR;gv implies wRgiv. Unfortunately, the intuition of this
extra constraint is not very clear so far.

If we want to model knowledge, then following the traditions in epistemic
logic, we should have T;, 4; and 5; all as axioms in the intended logic. It is
easy to check that:

Proposition 2.6.16 § = T;04,U5, <= § I riath nel AVwYo /\ceS(I) (wRicv <>
wR;v).

5No matter whether there is an id—path to w.
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If we want to model the situations in which agents only have true beliefs
about the primitive facts, but no enough information about others, then we
should require 77, 4; and 5;. The corresponding first-order frame property
is rf At A €.

Now we conclude the above corresponding results here:

Modal formula | First-order correspondent Class of frames
K; T all frames
1! P i-reflexive frames
T; T restricted i-reflexive frames
4P t? i-transitive frames
4; t; restricted i-transitive frames
5P el i-euclidean frames
5; e; restricted i-euclidean frames
1 1
d; Si i-serial frames

As we have shown above, the classical uniform substitution doesn’t pre-
serve validity w.r.t to arbitrary class of frames. Instead of uniform substi-
tution, we can have a weaker version. To define it, we will use the following
concept.

Definition 2.6.17 (I-modal Depth) The I-modal depth of an occurrence
of a proposition letter p in a L1 (®) formula ¢ (notation: (ID(o(p),¢)) is a
sequence in S(I) u {e} which is defined recursively as follows:

e ID(o(p),p) =1D(T) =€
e ID(o(p), —¢) = ID(o(p), ¢)
ID(¢) if o(p) appears in ¢
° ID(O(p)a¢ A ¢) = { ID(w) if O(Z) aziears m P
e ID(o(p),0;¢) = il D(o(p), ¢).
where o(p) is the occurrence of p.

If all the occurrences of a proposition letter p in a formula have the same
I-modal depth c, then we say p in ¢ has the uniform I—modal depth c.

Definition 2.6.18 (I-Uniform Substitution) A transformation from a
LI(®) formula ¢ to another L1(®) formula 0 is called an I-uniform substi-
tution, if 0 is obtained from ¢ in one of the following ways:
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1. uniformly replacing proposition letters of the uniform I-modal depth
in ¢ with arbitrary L1(®) formulas.

2. uniformly replacing proposition letters in ¢ with arbitrary L1(®) for-
mulas without any modalities.

Proposition 2.6.19 I-uniform substitution preserves validity on any class
K of indezxed frames.

Proof. Suppose towards contradiction that there is a frame class K such that
K = ¢(p) but K £ ¢(¢)) where ¢(v)) is obtained by I-uniformly substituting
¢ for p in ¢(p). Then there is a pointed indexed model (§, V,w) based on a
frame § € K such that (F,V,w) ¥ ¢(¢).

e Suppose ¢(1)) is obtained in the first way of the definition of I-substitution.
Then let V'(q) = V(q) for any proposition letter ¢ € ® except p, but
let V'(p) = {w|w . 9} where ¢ is the uniform I-modal depth of p in
¢. then it is easy to see that (§, V', w) ¥ ¢(p). Contradiction.

e Suppose ¢(1)) is obtained by in second way of the definition of I-
substitution. Then let V'(¢) = V(q) for any proposition letter ¢ € ®
except p and let V'(p) = {w|w E v¥}. Tt is easy to see that (F, V', w) ¥
¢(p). Contradiction.

That is to say I-substitution preserves validity”. QED

Definition 2.6.20 (I-Uniform Substitution Rule) Given a LI(®) for-
mula ¢, prove 8 where 0 is obtained by I-uniform substitution from ¢.

Classical generalization(that is, given ¢ prove O;¢) doesn’t preserve va-
lidity on arbitrary class of frames either. For example, Oyp — Oy04p is
valid w.r.t to the class of 1-transitive frames but Oy(01p — O;10;p) is not.
Consider the following model:

M:
/21\

w:ﬁp—hﬁ;v pJ1

"Informally, when a formula is valid on some frame, this can not depend on the partic-
ular value its propositional letters have. Thus it should be safe to uniformly replace these
letters with any other formulas as long as every occurrence of the uniform replacement
has the same meaning. The 3 conditions of I-substitution guarantee this.
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It is easy to see that M is based on a l-transitive frame, but clearly,
M,U) bé D2(D1p —> DlDlp) Wthh means D2(D1p —> DlDlp) iS not valid on
the class on 1—transitive frames.

Remark 2.6.21 It is reasonable not to have the classical generalization
all the time as we discussed in the first chapter. In the classical set-up,
if we assume an agent is positive introspective, then other agents must
"know/believe” this by classical generalization.

2.7 I-modal Logics

Definition 2.7.1 (I-modal Logics) An I-modal logic A is a set of modal
formulas that contains all instances of propositional tautologies and is closed
under modus ponens(MP: ¢ € A and ¢ — 1 € A then 1) € A.) and I-uniform
substitution. If ¢ € A, we say that ¢ is a theorem of A(notation: -, ¢).

Soundness and completeness are defined as in the classical set-up.

Definition 2.7.2 (Soundness)
Let S be a class of frames(or models). A I-modal logic A is sound with
respect to S if for all formula ¢, and all structures © € S, 5 implies © E ¢.

Definition 2.7.3 (Completeness) Let S be a class of frames(or models).
An I-modal logic A is strongly complete with respect to S if for any set of
formulas T' U {¢}, I Egs ¢ implies ' - ¢. An I-modal logic A is weakly
complete with respect to S if for any formula ¢, S E ¢ implies -, ¢.

Proposition 2.7.4 A logic A is strongly complete with respect to a class
of structures S iff every A-consistent set of formulas is satisfiable on some
O€es.

Proof. Standard, Cf [BRV]. QED

Let K1 be the classical modal logic that contains all instances of tautolo-
gies, all the formulas:

K;: O;(p — q) — (O;p — O4q)

for ¢ € I, and closed under M P, uniform substitution(SU B) and generalization(GEN).
It is commonly known that this logic is sound and strongly complete with

respect to the class of all classical frames. Then we have g, ¢ < I ¢.

From Proposition 2.6.4, we have the following:
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Proposition 2.7.5 i, ¢ < Kk ¢, where K is the class of all indexed
frames.

Actually we can prove the following stronger result:

Proposition 2.7.6 K is sound and strongly complete with respect to the
class of all indexed frames.

Proof. Soundness follows directly from the above proposition. For the
completeness part:

Fix any Kj-consistent set of formulas A. From the completeness of K7 w.r.t
the class of all classical frames, we have there is a classical pointed model
(M, w) such that M,w |- A. From the correspondence result, there is an
indexed pointed model (M’, w') such that M’ w' E A. QED

Since K7 is clearly an I-modal logic according to the definition, then we
can define the normal I-modal logics based on it.

Definition 2.7.7 (Normal I-modal Logic) An I-modal logic A is nor-
mal, if it contains the logic K; and is closed under MP and I-uniform
substitution(I-SUB). Equivalently, an normal I-modal logic can also be rep-
resented as an axiom system, which contains at least all the formulas in Ki
as its axioms and MP, I-SUB as its rules.

Notation In the following, we will use the name of certain formulas to
denote the normal I-modal logic containing those formulas as extra axioms.
For example, K IT}) denotes the normal logic that contains axioms 77 for
each ¢ € I. Similarly, we call a frame I-reflexive, if it is i-reflexive for each
el

Since K7 is sound w.r.t to the class of all the indexed frames, it follows
that:

Proposition 2.7.8 K is sound with respect to any class of indexed frames.

It is obvious that the rule MP preserves validity. From Proposition 2.6.19, we
know that the rule I —SU B also preserves validity w.r.t any class of indexed
frames. Then to show the soundness for a normal I-modal logic system w.r.t
to a frame class K, we only need to check that the extra axioms are valid
w.r.t to K. From the correspondence results in the last section, we can easily
obtain soundness for several normal logics. For example, logic K ]T}’ is sound
w.r.t to the class of I-reflexive indexed frames; K74;57 is sound w.r.t to the
class of restricted transitive and restricted euclidean indexed frames.
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We should notice that although classical generalization can not preserve
validity on arbitrary class of indexed frames, it indeed could preserve valid-
ity on some certain class of frames. From the completeness result for K7y,
we know that GEN preserves validity on the class of all indexed frames®.

Moreover we have the following results.

Proposition 2.7.9 If ¢ is valid on a class of restricted i-reflexive indexed
frames, then O;¢ is also valid on this class of frames.

Proof. Remember that § is a restricted i-reflexive frame <— 3§ I+ T;.
From the claim in Proposition 2.6.12, and a straightforward generalization
of Proposition 2.5.7 to validity, we know that §,w E ¢ <— F,w k&; ¢.
Thus if § E ¢ then § E; ¢. It follows that § E O;¢. QED

Now let’s consider the normal I-logic K;T7+ GEN which has all the for-
mulas in {0;¢ — ¢|i € I, ¢ € Form(L(®))} as its extra axioms and GEN
as its extra rule of proof. We have the following result:

Proposition 2.7.10 Logic KiTr + GEN is sound and strongly complete
with respect to the class of restricted I-reflexive frames.

Proof. The soundness follows easily from the Proposition 2.7.9(for GEN
rule) and Proposition 2.6.12 (for the validity of axioms). For the complete-
ness part:

It is easy to see that K;T7 + GEN is equivalent to the classical multi-
agent logic KT, since T actually contains all the uniform substitution in-
stances of O;p — p and both systems have the generalization rule. Since
KT is strongly complete w.r.t the class of I-reflexive classical frames, then
given a K;T7 + GEN-consistent set A, it is satisfiable at some reflexive
classical model, suppose it is M = (W, {R;}icr, V). From the construction
in Theorem 2.5.8, we know that there is an indexed model M’ such that
M'" = (W, {Ri}ces(r), V) where R; = R; and M,w |- ¢ <= M',w ¢ for
any ¢ € Form(L!(®)),w € W. Since M is I-reflexive and R, = R; for each
i € I, then M’ is I-reflexive. Moreover, for any i € I, ¢ = (j1, ..., jny € S(I),
R, = Rj, = R}, = R Tt follows M’ is restricted I-reflexive. So any
K;T; + GEN-consistent set A is satisfiable at some restricted I-reflexive
indexed model. QED

81t follows also from Proposition 2.6.4.
9Which is stronger than the requirement for R}, and R’ in 7;.
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Similarly we have the following result:

Proposition 2.7.11 K;T74;51+GEN is sound and strongly complete w.r.t
the class of restricted I-transitive, restricted I-euclidean and restricted I-
reflexive frames.

Proof. The soundness is straightforward. For completeness: It is easy to
see that K;T74:57+ GEN is equivalent to the classical multi-agent logic 55.
Then any K;T74:57+GE N-consistent set of formulas A is also Ss-consistent.
Then according to the completeness result for S5, any K;174;5;7 + GEN-
consistent set of formulas A can be satisfied on some model M, in which
the relations are equivalence relations. We still use the construction in the
above proof to obtain an indexed model M’. We only need to check if M’
is I-euclidean and I-transitive. Suppose there are w,v,s € M’ such that
wRiv and wRs. Since R, = R; and R; is an equivalence relation then R,
is an equivalence relation too. It follows that vR}s. Since R}, = R, = R;
then we have vR];s. That is to say M is i-euclidean. Since i is arbitrary
then M is I-euclidean. Similarly, we can show that M is I-transitive. Since
wRlv = wR] v, then M is restricted I-euclidean and restricted I-transitive.
QED

KiTi4;57 + GEN and K17 + GEN are rather special I-modal logics
which are equivalent to some classical modal logics. Normally we don’t have
such equivalence relation, since the normal I-modal logics extending K but
without 77 axioms, don’t contain the classical GEN and SUB in general'”.
Moreover, for a normal I-modal logic, there is no obvious way of construct-
ing the canonical model which is usually used to prove the completeness!?.
In such case, we’d better prove completeness indirectly. Here is a strategy
to prove the completeness for arbitrary I-modal logic A by making use of

the completeness results for some other classical logics:

Try to find a complete classical normal logic A., such that given any
A-consistent set A, A is also A.-consistent. Since A, is complete w.r.t some
class of classical frames, then any A-consistent set A is satisfiable on some
classical model M in with certain frame properties. Then we just need to
transform this M into an indexed model with the desired property according
to the class of frames we want.

0The corresponding frame property of T; guarantees that GEN preserves validity, as
we showed in Proposition 2.7.9. However, this is a very special case.
" For example, considering how to build R, relations for the canonical model when c ¢ 1.
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Let’s look at an example:

Theorem 2.7.12 K{T7 is strongly complete with respect to the class of I-
reflexive frames.

To prove this theorem we take the above strategy.

Lemma 2.7.13 A set of L1(®) formulas A is KT} -consistent <= A U
{00 — ¢li € I, ¢ is a formula in L (®) without modalities} is K1-consistent.

Proof. Let A = {0;¢ — ¢|i € I, ¢ is a formula in £!(®)without modalities}.
Since I — SUB only substitutes formulas without modalities for the p in
O;p — p, then we can equally add all those instances of substitutions as
premises in Kj;. Namely, we have A kTP ¢ <= AuUAtxk, ¢ Thatis
to say A %KIT? 1l = AUuApyk L. QED

Since K7 is strongly complete w.r.t the class of all indexed frames then
we have:

Lemma 2.7.14 For any KT} -consistent set of L1(®) formulas A, AU A
1s satisfiable in some indexed model.

Now we only need to transform the model which satisfies A, into another
one with the desired property!?.
Let us first define a term which is useful here.

Definition 2.7.15 (Descriptive List) We call a LI (®) formula 7 a “de-
scriptive list” if w is in the form of /\pe¢, +p, which can be regarded as a full
truth list of proposition letters in the finite set ®. We denote the set of all
the possible descriptive lists as V().

Remark 2.7.16 For example, if ® = {p, q}, then the formula p A —q is a
descriptive list. Intuitively, a descriptive list is like a valuation on a world
i a model.

Lemma 2.7.17 Suppose {0;¢ — ¢li € I, ¢ is a formula in L1 (®) without
modalities} is satisfiable at a pointed indexed model (M,w), then there is
an I-reflezive pointed indexed model (M™*,w*) such that for all formula ¢,
M* w*E ¢ < M,wE ¢.

12Tt is easy to see that we can not simply add reflexive relations at each point.
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Proof. Suppose {0;¢ — ¢|i € I, ¢ is a formula in £/ (®) without modalities}
is satisfiable at a pointed indexed model (M, w). Then for each i € I, since
M,w |+ O;,—7m — —7 then M,w I+ m — <;m where 7 is the descriptive
list according to V(w)'3. Namely, for each i € I, there is a world v such
that wR;v and V(w) = V(v). It follows that, in the unravelling model
Unr(M,w) = (S,{R}}icr, V"), for each i € I there is a (w,v,) such that
(w, €)Ri(w,v,i) and V((w,€)) = V(((w,v,7)). We pick one such point for
each ¢ and let T" be the set of them. We now construct a pointed indexed
model (M*,w*) = (S*,{R¢}ces(r), V™), w* as follows:

o S*=5-T.
o V*(s) =VT"(s).

*

o w* = (w,e).

R¥ is obtained by the following operations:

Cc

1. First step: let R, = {(s,t)|s = (w, ..., wp, c),t = (w, ..., Wy, Wp41¢i) €
S} for each ce S(I) and i € I.

2. Second step: Let R! = R..|S*, and if t = (w,v,i) € T and tRy;s
for any 4,j € I then add ((w,€), s) into R

3. Third step: Let R} = R! for all the ¢ € S(I) — I, Let R} =
R! U {(s,s)|se S*} for each i € I.

The intuition behind such construction is this: we first we rename the
relations to encode the path information. Secondly, for each ¢ € I, we cut
off all the certain worlds (w,v,7) in T. Then we engraft the subtrees rooted
at t € T to (w, €). Finally, we make the model I-reflexive closure, namely to
add all the reflexive i-relations at each world for each i € I.

It is obvious that Unr(M*, w*) is isomorphic to Unr(M,w). Intuitively
Unr(M*, w*) unravels the i-paths we hide at (w, €) in (M*, w*).

From Lemma 2.5.5, we have M*, w* E ¢ < M,w = ¢. QED

Then from this Lemma 2.7.17 and Lemma 2.7.14, we have the following
Lemma which implies the complete theorem directly.

Lemma 2.7.18 Any KiT} -consistent set A is satisfiable in some I-reflexive
indexed model.

13We suppose @ is finite.
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Remark 2.7.19 In general, to prove completeness for arbitrary normal I-
modal logic is difficult. We don’t have an elegant way to deal with it uni-
formly. Besides the above results, we are more interested in the following
conjectures about the normal I-modal logics indeed without SUB and GEN :

o K 4P is strongly complete w.r.t the class of I-transitive frames.
o K4 is strongly complete w.r.t the class of restricted I-transitive frames.

o K;4;571 Dy is strongly complete w.r.t the class of restricted I-transitive,
restricted I-euclidean and I-serial frames.

Proving such results will definitely give us better understanding of indexed
model and its semantics. We leave them here for further study.
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Chapter 3

Non-redundant Models and
Awareness

3.1 Non-redundant Models

In many cases, the agents are only interested in the primitive possibilities
and what they care about others is also others’ information about those
primitive possibilities. However, in the models we often have multiple worlds
sharing the same primitive facts. A natural question arises: When can we
have the models with unique primitive possibilities? In this section, we will
give the criteria for a set of formulas to have the desirable indexed/classical
models containing only unique primitive possibilities. It will also be clear
that how our indexed approach reduce the size of models than the classical
setting in this specific case.

Definition 3.1.1 (Redundant Model) A classical(indexed) model M is
called a redundant model if there are w,v € W such that V(w) = V(v). If
a classical(indexed) model M is not a redundant model, then we say M s
non-redundant.

Let A and A* be two sets of £!(®) formulas:

A = {Ou(m A Oi) A Og(m A =Oi)|i € T;e,de S(I) U {e},m, " € V(®)},
A* = {Ou(m A Oi") A Op(mm A =Oim!)|i € ;€ S(T) U {e}, m, 7' € V(D)].
Moreover, let =A = {=¢|p € A}, ~A* = {—=p|p € A*}.

'Remember that as we defined in last chapter, V(®) is the set of all descriptive lists
and @ is finite.
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Lemma 3.1.2

e (a) For any pointed classical model (M, w), M,w |- =A < there is
a non-redundant pointed classical model (M™,w™) such that M™, w" <~
M, w.

e (b) For any pointed indexed model (M, w), M,w = —A* <= there is
a non-redundant pointed indexed model (M™,w™) such that M™, w"™ <~
M, w.

Proof. For (a):
=: Suppose M, w [ —A. We claim that:

Claim: If two worlds v,v’ are connected to w? and V(v) = V(v') then
M,v e~ M, 2.

Now we prove the above claim by induction on the structure of a £ (®)
formula :

e Suppose ¢ is a boolean combination of primitive propositions and T.
It is clear that M,v I ¢ <= M,v" |1, since V(v) = V (V).

e Let ¢,¢' be two L/ (®) formulas. Suppose for any v,v’ such that
V(v) = V(v') we have M,v |- ¢ < M,V |- ¢ and M,v |- ¢/ <
M,v" |- ¢'. Tt is easy to see that M,v |- p A ¢/ < M, |-dp AP
and M,v |- —¢ < M,V |- —o.

e When 9 is of the form <;1)’, suppose towards contradiction that M, v |
v and M,v" |- 1), namely M, v |- —1). Since M, v I+ 1), there is a world
s such that vR;s and M, s I+ 1)’. Let 7’ be the descriptive list according
to V(s), we claim that

Claim’ : M,V | =07,

Suppose not, then M, v |- <;n', namely there is a world s’ such that
v'R;s" and V(s') = ' = V/(s). It is obvious that s and s’ are connected
to w since v and v’ are connected to w. Since M, s |- 1, then from
induction hypothesis we have M, s’ |- 1'. It follows that M, v |- Oz

2In the sense that there are paths from w to v and v’. Especially, the path can be the
e-path namely v or v’ could be w itself.
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which contradicts M, v’ |- —). Then Claim’ is proved.

Moreover it is obvious that M,v | ;7" since V(s) = 7’. Suppose
v, v’ are connected to w by a ¢ — path and a d — path respectively. Let
7 =V(v) =V(®)and formula ¢ = Ou(m AT ) AOg(m A=) € A3
Then it is clear that M, w I ¢. Contradiction. Now Claim is proved.

Suppose for now (M, w) is a pointed model in which every world is con-
nected to w*. Based on the Claim, we can build a non-redundant model
(M",w™) from (M, w) as follows:

o W™ = {|v||v e W} where |v| is the equivalence class w.r.t «~ relation;
e R!|s||t|] «< 35’ €|s|3t' € |t| such that s'R;t’;

o V2 (Jvl) = V(v);

o W' =|w|.

It is easy to check that M™ is a filtration of M’ through Form(L!(®)).
Now from the Filtration Theorem cf.[BRV], we have M, w |+ ¢ < M", |w| I+
o.

Suppose there are two worlds |w/|, |v| in M™ such that V" (Jw|) = V"(|v]).
From the definition of V", we have V(w) = V(v). But from the Claim, we
have M™ w «~> M" v. It follows that v € |w| which means |[v| = |w|,
namely M™ is non-redundant.

<: Suppose there is a non-redundant classical pointed model (M™, w")
such that M™, w" |- ¢ <= M’ ,w' I ¢ for any ¢ € Form(L!(®)). Sup-
pose towards contradiction that M"™, w™ | —A namely there is a formula
—¢ € —=A such that M™, w™ | —¢. Then it follows M™, w™ | ¢ where ¢ € A.
That is to say there are two worlds v,v" € M™ such that V(v) = V(v') =7
and M"™, v | O;n' and M™, v | —=O;n" for some descriptive list 7/. How-
ever, since M"™ is non-redundant, v = v’. But it is not possible for any world
v € M™ to satisfy O;n’ and —<O;7" at the same time. Contradiction.

For (b):
=: Suppose M, w E —A*. We build the non-redundant model M" as follows:

3Especially, if ¢ = ¢ (or d = €), then ¢ = O (7 A Oi') A Cg(mm A =Oi’) =7 A Oy’ A
Og(m A —=Om') according to the notation for ¢. we mentioned before.
4Otherwise we can simply ”cut off” all the unreachable worlds.
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Let W™ = {|v||lv € W'} where |v| is the equivalent class w.r.t to the

relation «ng?;

e R}|s||t| < 35’ € |s|3t' € |t] such that s'R.t';
o V(Jv]) = V(v);
o W' =|w|.

Assume without generality that (M, w) is a pruned pointed indexed model®.
We claim that:

Claim: Unr(M,w), (w,€) < Unr(M",|wl), (Jw|, €).

If the claim is true, then from Proposition 2.5.14 we have M,w <~
M™, |w| which is what we want.

To prove the claim we have to find the bisimulation between those two
models. Let’s define a relation Z < Unr(M,w) x Unr(M",|w|) : (s,t) €
Z = s ={w,...,wp,cyand t = {Jw|,...,|wy|,c) for some c € S(I) U {€}.
We now show that Z is a bisimulation.

Suppose not, then there are s = {w,...,wp,cy € Unr(M,w) and t =
{Jwl, ..., |wy]|, ¢y € Unr(M", |w|) which violate at least one of the three con-
ditions of bisimulation. It is clear that V(s) = V(t). Suppose sR[s" for
some s’ € Unr(M,w), namely s = (w, ..., wn,v,ci)’. Then from the defini-
tion of Ry, there must be a t' = {Jw|, ..., |wy|,|v],ciy € Unr(M™,w™) such
that tR"t'. In such case, the back-condition of bisimulation must be vi-
olated. That is to say, there is a t' such that tR}"t’ for some i € I, but
there is no s’ € Unr(M, w) such that sR]s" and s'Zt’. Namely there is t' =
{wl, ...y |wn), |v|, iy € Unr(M™, |w]) but there is no s’ = (w, ..., wy, v*, ci) in
Unr(M,w) where v* € |v|. Since t' = {Jw|, ..., |wy], |v|, i), according to the
definition of Ry, in (M, w) there is a ci-path from a w’ € |w| to a v’ € |v| which
extends a c-path from w’ to a w), € |wy|. Since (M, w) is a pruned pointed
model, then all the paths in (M, w) are from w. It follows that there is a
ci-path from w to a v' which extends a c-path from w to a w!,. Evidently,

Pw envg v = V(w) = V(v).

50Otherwise we can make it pruned and the formulas satisfiable at w will not be changed.
"Remember we use R” to denote the relation in unravelling models. Here we use R}
as relations in Unr(M,w) and R}" as relations in Unr(M"™,w™) for each i € I.
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M,w E Oc(m A O’) where 7 coincides V(Jwy,|) = V(w,) and 7' coin-
cides V (v"). However, since there is no such {w, ..., wy,v*,ciy € Unr(M,w)
for any v* € |v| while s = (w, ..., wy, c) exists, then it is easy to see that
M,w E O A =Oin"). Therefore M, w E Ou(m A =) A O A O’
which contradicts to the assumption that M, w E —A*. That is to say, Z is
indeed a bisimulation, which completes the proof.
«: Similar to the < proof in part (a).
QED

Theorem 3.1.3 (Non-redundancy Criteria for finite ®)

e (a) Given a set of LI(®) formulas T, T' has a non-redundant classical
model <= I' U —A has a classical model.

e (b) Given a set of LT(®) formulas T, T has a non-redundant indeved
model <= T'u —A* has an indexed model.

Proof. For (a):

=: Given a set of L!(®) formulas I, suppose I has a non-redundant clas-
sical model (M, w). We claim that —A is also satisfiable on (M, w). Suppose
not, then there is a formula ¢ = (1 A Oin') A Oy(m A —Oi’) € A such that
M, w |- ¢. However since (M, w) is non-redundant then there is at most one
world which satisfies m, suppose it is v, but M, v |- O;n' <= M, v ¢ =<
Then M, w |- Oo(m A Oith) A Cg(m A 1)), Contradiction.

<: Suppose there is a model for I" U —=A, then from Lemma 3.1.2 we
have I' has an non-redundant model.

For (b):

=: Easy, similar to (a).
<: Suppose there is a model for I' U =A*. From Lemma 3.1.2 we have
I" has an non-redundant model.
QED

Remark 3.1.4 Let’s take a look at the formulas in A and A*. We now
call a ™ as a primitive state, since it is the full description of the primitive
factual propositions. Then the formula $o(m A Oim’) Ac(m A =im) roughly
says that: the (imaginary)agent c thinks it is possible that the primitive state
is ™ but he is not sure whether agent i would consider @' possible when at
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primitive state w. And the formula Oo(m A Oi’) A Og(m A =) says
that: the imaginary agent c thinks it is possible that the primitive state is 7
and agent i considers w' possible at such primitive state but the imaginary
agent d thinks it is possible that agent i doesn’t consider m' possible at such
primitive state .

Based on the above interpretations of formulas, the above theorem shows
that:

e We can have a non-redundant classical model for a situation if and
only if in that situation, any two (imaginary)agents don’t have different
opinions on whether an agent j considers a primitive state ©' possible
when j is at primitive state 7.

e We can have a non-redundant indexed model for a situation, if in
that situation, any (imaginary)agent doesn’t have uncertainties about
whether an agent j considers a primitive state ©' possible when at a
possible primitive state w. In other words, if every primitive state can
determine the (imaginary)agents’ attitudes towards all the primitive
states, then we can have a non-redundant indexed model for it. Al-
though this determinacy criterion looks very strong, there are still lots
of interesting situations like Muddy Children® and many card games
satisfying it. For example, consider the muddy children example men-
tioned in Chapter 1. Both children are sure that at any primitive state
how the other would think, although child 2 falsely believes child 1 is
just as mormal as he is. For instance, child 2 thinks that at prim-
itive state < dirty,clean > child 1 would thinks < clean,clean >
and < dirty, clean > both possible. Though child 2 is wrong, he still
doesn’t have any doubts(uncertainties) about child 1’s attitude towards
the primitive states at any given primitive state.

The criterions for having non-redundant indexed model is weaker and more
reasonable than the one for having non-redundant classical model. This
shows that the indexed model/semantics approach is more suitable if we are
dealing with some specific situations or have strong preference to use non-
redundant models. Modelling interactive unawareness is a good application
for indexed non-redundant models. We will discuss it in the next section.

8Even with wrong information as we mentioned in the first chapter.
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3.2 Indexed Model with Awareness

The “awareness” that we want to discuss in this section corresponds to the
details of the primitive possibilities agents may consider. Suppose the prim-
itive possibilities with full details are described by all the propositions in .
Then for any agent who is only aware of ® c ®, his unawareness intuitively
corresponds to filtering or collapsing certain full-detail possibilities into to
one. According to such intuition, several semantic approaches based on the
state-space have been proposed recently[ MR99][HMSO03][Sad05]. However,
under some constraints, we think the projections and multiple levels in their
models can be encoded in a simpler way via indexedmodels. We now define
our own awareness models based on indexed models.

Definition 3.2.1 (Indexed Models with Awareness) An indexed model
with awareness is a tuple:

M = (W, {(RC)AC)}CES(1)7 V)

where:

o W is a non-empty set of possible worlds.

A is a subset of .

R. is a relation on W x W.

o V. :W — P® is a valuation on W.
Such that for any w,ve W, V(w) = V(v) < w=.
Remark 3.2.2

e [t is clear that an indexed model with awareness can be seen as a pair
(M*,{Ac}ces(r)) where M* is a non-redundant indexved model. We
can choose the preferable underlying indexed models depending on the

purpose’.

e The intended interpretations of R. relations are as before.

9For example, to deal with belief and awareness, we’d better use the indexed models
which are restricted I-euclidean, restricted I-transitive and I-serial.
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o A, represents the awareness set of the (imaginary) agent c. We al-
low A; to be & in some cases. Notice that the awareness set in our
model is world-independent. Namely, the awareness is uniform for an
(imaginary) agent at any world. It follows that in our model, we don’t
allow (imaginary)agents to have uncertainties about others’ awareness
ability. For example, j’s awareness set is certain in agent i’s mind,
although agent i might be wrong. As Remark 3.1.4 discussed, by using
such non-redundant models, we are aiming at the situations in which
agents only have uncertainties about primitive possibilities.

Notation In the following, we call the indexed models with awareness
“IA-models”.

According to our intuition, If an agent is not aware of p, then he can not
distinguish two primitive possibilities which only differ in the truth value
of p. To represent this explicitly, we should add some constraints on the
TA-models. First of all, we define the indistinguishable relation ~. w.r.t to
an awareness set A, as following:

Definition 3.2.3 (Indistinguishable relations) Given an IA-model M =
(W, {(Ac, Rc)|ce S(I)}, V), for any c€ S(I), ~¢ is a relation on W x W:

~e={(w,0)|(V(w) 0 Ac) = (V(v) n Ac)}
Obviously, ~. is an equivalence relation.

Let’s define an useful concept here:

Definition 3.2.4 (A.-bisimulation) Let M = (W, {(Rc, Ac)}ces(r), V) be
an TA-model. A binary relation Z € W x W is said to be an A.-bisimulation
i M if the following conditions are satisfied:

o [fwZv thenpeV(w) < peV(v) forallpe A..

o If wZv and wRqw' for some i € I, then there is v/ € W such that
vR v and w' Zv'.

o If wZv and vRv' for some i € I, then there is w' € W such that
wRw' and w'Zv'.
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We say that two worlds v,w of M are Ac-bisimilar(notation w <4, v), if
vZw and Z is an A.—bisimulation on M.

There are several intuitive basic constraints on IA-models:

1. Limited Awareness: A, € A, for any ce S(I).

The idea behind this constraint is that one agent can not really imagine
that others could be aware of what he is unaware of'?.

2. Consistency for Indistinguishable States: For any c¢ € S(I),
w,v,te W :
1. if w ~. v then (t,w) € R. < (t,v) € R,,
2. ~.1s an A.—bisimulation.

The idea behind this is that if agent can not distinguish two primitive
states w, v then:

1. At any world, he thinks w if f he thinks v possible.

2 He has the equal imaginations for others on these two worlds.

In sum we can identify the worlds with the same A, for (imaginary)agent
c.

Like many properties about indexed models that we mentioned in the last
chapter, there are some stronger constraints about awareness sets. Those
stronger constraints don’t hold in general, but may be useful depending on
certain purpose. We now list some of them:

e Stronger alternatives of Limited Awareness:

1. Positive Introspection of Awareness: A.; = Ag for any
ceS(I){e},iel.
The idea behind this is that agents have the correct reflection
about their own awareness sets, and they also assume everybody
does so.

2. Weak Correctness of Imaginary Awareness: A, € A.n A;
for any non-empty sequence c € S(I) and i € 1.
The idea behind this is that we assume agents could only think
others are less or equally aware than they actually are. For exam-
ple, teachers always think students are aware of less things than

10 Although he may doubt about this.
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they actually are. On the other hand, this stronger constraint
excludes the possibilities in which agents can be wrong about
others’ awareness abilities. For example, students always think
teachers are aware of more things than they actually are.

3. Strict Correctness of Imaginary Awareness: A, = A. N A;
for any non-empty sequence c € S(I) and i € 1.

The idea behind this is that we assume the agents can do their
best in guessing correctly about others’ awareness. Such con-
straint doesn’t hold in general, but may be helpful when mod-
elling many situations in which a rather small ® is considered
and agents know each other pretty well.

Now take a look at an example which often appears in the multi-context
systems.

Example 3.2.5 There are two agents Mr.1 and Mr.2 who are looking from
different sides of the “magic box” as the following picture shows. The box
1s called “magic” since the agents only can see if there is a ball in some
columns but can not tell the depth where the ball actually is. Now put a ball
in the box, then both agents have asymmetric and partial information about
the position of the ball. One thinks the other won’t see anything useful at
the other position(since they can not see the depth).

o o Mr.2

Mr.1

Let ® = {L,{} where L means “there is a ball at the left-hand side from the
view of Mr.1”, while | means that “there is a ball at the left-hand side from
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the view of Mr.2”. Since there is only one ball in the box, then if you don’t
see the ball at the left-hand side then you must see it at the right-hand side
so we can denote proposition letter R as =L, and r as —[. According to the
scenario, Ay = {L} while Ay = {I} and A2 = A1 = &. Then Aja. = Asic
must be ¢J for any ¢ € S(I) according to Limited Awareness. According
to Positive Introspection of Awareness we have A; ; = A; = {L} and
A2“2 = AQ = {l} MOI“GOVGI', Al,,12 = A12 = A21 = AQ_.QI = @ So far we
have defined A, for any non-empty ¢ € S(I). For possibility relations: since
Ai12c = Az.91c = & for any ¢ € S(I) from Consistency for Indistin-
guishable States we have Ri2 = Ro1 = {(w,v)|w,v e W}. Let Ry.1 = Ry
and Ry 5 = Rs. Now we only need to define the relation Ry and Rs. Ac-
cording to the scenario, we have the following model'!:

ws ¢ (R)2, (1)1 ————wy : (R)2, ()1

—121

1%%1 13’2%2\;
vl 19 vl
wy = (L)2, (D1 wy 1 (L)2, ()1

1

21—

where the proposition letters in the brackets labelled by 7 represent the un-
awareness set of agent 7. It is easy to see that we can generate the sub-model
from it for each agent ¢ by identifying worlds according to the equivalence
relation A.. For example, for agent 1 we have:

1 1
y (D
R—12—L
For agent 2 we have :

2 2
) )

r —1—1]

Remark 3.2.6 We can actually transform the above IA-model into a HMS-
style multi-state model as:

"Where the relations are equivalence relation. And we omit the higher-order relations
which are not interesting.
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WiL (D1(—L

\\\\//

where A. in the IA-model determines the projections between multiple
levels and the relations for imaginary agents in the IA-model can be trans-
lated into the possibility relations for agent within each level. We now leave
the precise correspondence results to the further study.

From this example, we can see that the non-redundant indexed model
with awareness gives us a compact way of modelling interactive unaware-
ness, under the constraint that agents only have uncertainties about primi-
tive possibilities.
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Chapter 4

Conclusion

This thesis aimed to propose an alternative semantics for multi-agent doxas-
tic/epistemic logics. We started from the intuition that when thinking about
others’ information states, we actually have some “imaginary agents” in our
mind, who may differ from the actual persons in the possibility relations
they have. By including extra possibility relations for each imaginary agent,
we can explicitly represent such imaginations of agents about each other
in the so called indexed models. Accordingly, the indexed semantics inter-
prets nested-modality formulas context-dependently to capture the intuition
about the imaginary agents. In the indexed semantics, a modal operator has
different explicit meanings under different scopes of other operators. The
similar idea of context dependent Kripke semantics also appears in some
recent works [Gab02][Gab04][BE06], where the meaning of a modality in a
formula sometimes depends on the path of worlds we passed to evaluate that
formula.

We have shown some advantages of our indexed semantics approach. The
explicit imaginary relations make modelling much easier. We have proved
that we can always have a desired non-redundant indexed model for the
situations in which agents don’t have uncertainties about others’ possibility
relations. On the other hand, the criteria for having a non-redundant classi-
cal model is much stronger and not very intuitive. By taking the advantage
of such non-redundant indexed model, we give an intuitive and succinct way
for modelling interactive unawareness under some constraints. As we have
shown, the generalization and uniform substitution no longer preserve va-
lidity on all the class of indexed frames. Sometimes, this is useful, for we
can have more subtle axioms in the logic. Some complete logic systems have
been given which can be used for different purposes.
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However, we have to admit that the indexed model/semantics approach
is not the ideal alternative of the classical possible-worlds model/semantics.
It is most useful and best understood in modelling situations in which agents
don’t have higher order uncertainties. Actually, the problem lies in the way
we think of the imaginary agents. In fact, if agent 1 has uncertainties about
how agent 2 considers the primitive possibilities, then there are actually
more than one imaginary agents in agent 1’s mind, each has its own certain
information. This suggests a possible way to keep the non-redundant model
and deal with higher-order uncertainties at the same time, namely, to add
more imaginary agents. For example, if agent 1 thinks there are two possible
“versions” 2.1 and 2.2 of agent 2, then we could revise the semantics to
interpret any formula in the shape of O;09¢ as 01 (0210 A O2.20).

Moreover, we should notice that although we indeed reduce the size of
models on one hand, we also have to pay the price for adding complex
relations on the other hand. The logic without GEN and SU B looks com-
plicated and it is hard to obtain straightforward completeness proofs.

What we have explored in this thesis, are just the basic results about
indexed model and semantics. We hope those results could help people to
make use of the old tools to solve new questions in our approach. Actually,
there is much more to discuss and compare with the classical approach.
Many topics in classical approach are interesting to be reconsidered in the
new approach. For example, here are some interesting questions that should
not be very hard to answer:

e Can we find a straightforward variation of bisimulation for indexed
models?

e Can we find a way of building the “indexed canonical model”?
e How do we add common knowledge?

e Are all the important classical properties of frames still definable by
modal formulas in the indexed set-up?*

e To give a intuitive interpretations for the first-order correspondents of
T;, 4; and 5;.

e To give a suitable semantics for indexed model with awareness and
compare it with the HMS approach.

Tt seems classical transitivity is not definable in a modal formula.
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e Is it easy to do updates on indexed models? It seems we can not
eliminate points as we did for classical models since one point in an
indexed model may stand for different possibilities for different agents.

All of the above questions deserve careful discussions which we hope to
do in the future.
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