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Abstract

In this work we introduce a 3-valued logic with modalities, with the aim of having
a clear and precise representation of epistemic states, thus the formulas of this logic will
be our epistemic states. Indeed, these formulas are identified with ranking functions of 3
values, a generalization of total preorders of three levels. In this framework we analyze
some types of changes of these epistemic structures and give syntactical characterizations
of them in the introduced logic. In particular, we introduce and study carefully a new
operator called Cautious Improvement operator. We also characterize all operators that
are definable in this framework.

1. Introduction

Classical propositional logic is the most common choice when studying and modelling belief
change operators (see for instance Géardenfors, 1992; Peppas, 2008; Pino Pérez & Uzcétegui,
2010). In the classical AGM framework (Alchourrén et al., 1985; Gérdenfors, 1988), for
instance, epistemic states are represented by theories and new pieces of information by
propositional formulas. In the Katsuno and Mendelzon framework (1991) (denoted KM
hereafter), on the other hand, epistemic states as well as new pieces of information are
propositional formulas. In both AGM and KM settings, the new information is intended
to express a fact about the world and this new knowledge must always be included in the
epistemic state resulting from the revision process.

A very useful tool for understanding the logical model of revision operators is Katsuno
and Mendelzon’s Representation Theorem (Theorem 3.3, 1991). It says that revision op-
erators are represented by assignments mapping epistemic states to total preorders over
interpretations and the output is a formula or theory having as models the minimal models
of the new piece of information with respect to the preorder associated to the old epistemic
state. As a matter of fact, this tool is exploited by Darwiche and Pearl (1997), to shift the
notion of epistemic state to a more abstract one, where the paradigm of epistemic state is
indeed that of a total preorder over interpretations. In our view, this work together with
Boutilier’s Natural Revision (1996) is one of the most influential in a series of works trying
to capture some types of semantical behavior via a syntactical characterization (Booth &
Meyer, 2006; Booth et al., 2006; Jin & Thielscher, 2007; Konieczny et al., 2010; Konieczny &
Pino Pérez, 2008; Medina Grespan & Pino Pérez, 2013; Nayak, 1994; Rott, 2009). In most
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of these works the notion of epistemic state is quite general and classical logic is used to
express properties of the beliefs (the logical visible part of an epistemic state). However, the
most representative structures of epistemic states are total preorders over interpretations.

In this work, we follow this tradition but in a new way. Our aim is, first of all, to
have a complete logic representation of epistemic states and then to be able to describe
change operators in this logic. Thus, we want the semantical structures of preorders to be
represented in a logical language. In order to do that, we introduce a 3-valued logic with
modalities where the formulas can be identified with a generalisation of total preorders of
three levels: a ranking function mapping interpretations into truth values.

The typical situations we want to model in our framework are illustrated in the following
example.

Example 1. Sébastien is reasoning dynamically about the following fact: the chloroquine
cures the coronavirus. At first, he rejects completely this fact. Now he reads in a newspaper
that a reputed French Doctor claims that the fact is true. After that, given that he is quite
skeptical, he is dubious about the fact. He doesn’t accept nor reject the fact. He has a
cautious attitude. At this moment, he is uncertain about the fact. After that, he read that
Japanese Doctors have been using the chloroquine to treat the coronavirus successfully. Now,
he ends up accepting this fact.

In his lockdown Sébastien has more time for reading the news in the web, and he reads
that the experiments until now are not concluding for acceptation or rejection of the fact.
After that, Sébastien is uncertain about the fact.

Note that if Sébastien is accepting the fact and he is informed that the fact is false, he
doesn’t reject the fact and, by a sort of inertia, he thinks that the fact is uncertain.

Thus, in order to model situations like in our previous example, we suppose that the
agents are working within a finite propositional 3-valued logic on n variables. One value
represents acceptation, the second value represents rejection and the third value represents
uncertainty. Each variable in this logic, as customary, represents an atomic “fact” about the
world. We chose a 3-valued logic because this agent does not necessarily have an opinion
—or knowledge— about every single atomic fact.

In a general manner, we suppose that our agents classify all the possible worlds, i.e., all
the truth assignments into three blocks L, Ly and L3. Those in L; are the most plausible
scenarios. Assignments in Lo are assignments about which the agent is uncertain. She
doesn’t know whether to accept or reject these worlds. At the level L3 the agent puts
the worlds which she considers unlikely. Note that naturally this induces a total preorder
over interpretations: we order the interpretations following the level of acceptance, that is
interpretations in L; are preferred to interpretations in Lo or L3, and interpretations in Lo
are preferred to interpretations in Lg. These structures will be the epistemic states of the
agents.

In the same manner as propositional classical logic captures all the structures at two
levels (accepted or rejected)!, we present here a logic in which the formulas capture all the
three levels’ structures. In order to do that, we propose here the use of the Kleene Strong

1. Note that two levels’ structures (ranking functions of two values) are more general than total preorders
having at most two levels. This is because we can have empty levels. For instance, if the first level is
empty, this corresponds to a contradiction; if the second level is empty, this corresponds to a tautology.
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three valued logic (Bergmann, 2008) plus two modalities which will be necessary for the
completeness of the representation.

Thus, with the help of this logic, we can model belief change under uncertainty. In
order to understand the mechanisms which govern the changes, we begin with a particular
operator we call Cautious Improvement which captures the features of Example 1. The way
to describe the changes produced in the old epistemic state by the new piece of information is
reminiscent of the changes produced by the improvement operators introduced by Konieczny
and Pino Pérez (2008) (see also Konieczny et al., 2010; Medina Grespan & Pino Pérez, 2013).

It is worth to note that in our framework, both the (old) epistemic state and the new
piece of information are formulas. Since they are formulas in our new logic, they are both
(complex) epistemic states. Therefore, we return, in a natural way, to the paradigm of
revising an epistemic state by an epistemic state first proposed by Benferhat et al. (2000).

The Cautious Improvement operator is characterized syntactically. An analysis of the
techniques involved in the definition and in the syntactical characterization allows us to
find a general method for defining all the operators under uncertainty and extract syntactic
postulates that characterize them.

This work is organized as follows. In Section 2 the Kleene strong 3-valued logic with two
new modalities is defined. Therein it is established that every ranking function mapping
interpretations into an ordered scale of three elements can be represented by a formula of
this new logic. Section 3 is devoted to the definition of the Cautious Improvement operator
and its syntactic characterization. In Section 4 we characterize each of the 3° (19,683)
possible change operators in our logic. In Section 5 we compare our results with other works
in the literature. In Section 6, we conclude with some remarks and give some lines for
future development of this work. Finally, in Appendix A we give all the proofs, namely a
combinatorial proof of the necessity of our two modalities in order to be able to represent
all ranking functions over the interpretations into three values (Theorem 2).

2. The Logic

We work within a modal variant of finite K 39 , the Kleene strong 3-valued logic (Kleene, 1938;
see also Bergmann, 2008), with variables xg, x1,...,z,—1. We will call Var,, the set of these
variables. The usual version of Kgs has the same syntax as classical propositional logic. For
the semantics, we have three possible truth values: 1 representing truth, 0 for falsehood and
1/2 for non-determined. The truth tables for the connectives are the following:

These two structures are identically represented as a flat preorder. Thus, total preorders are less rich
structures than two levels structures. Idem for three levels structures.
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Pl Q|PAQ Pl Q|PvQ PlQ|P—Q
1| 1 1 1| 1 1 1| 1 1
1|12 1/2 1 |1/2] 1 1| 1/2] 1/2
1[0 0 1] 0 1 1 0
12 1 | 1/2 1/2 | 1 1 12| 1 1
12 1/2| 1/2 12| 1/2| 1/2 1212 1/2
12| 0 0 12| 0 | 1/2 12| 0 1/2
0| 1 0 0| 1 1 0|1 1
0 1/2| o0 0 |1/2] 1/2 0 |1/2 1
00 0 0|0 0 0 0 1

As usual, given an interpretation w and a formula ¢ of K3, we denote w(y) the value of
the formula ¢ in the interpretation w, calculated recursively using the truth tables.

For the sake of brevity, let’s say that a valuation w is a quasi-model of 6 iff w(f) = 1/2
and a countermodel of 0" if w(#') = 0. Then we say that w is a quasi-model of a set X iff
it is a quasi-model for all the formulas in ¥. The notion of model is the same as in classic
propositional logic. That is, w is a model of 0 iff w(f) = 1. A formula is a contradiction if it
only has countermodels.

Regarding semantics, we have to define some usual symbols:

1. For two formulas «, § we write = when they have the same truth table.

2. We write a F 8 when every model of « is a model of 3, i.e., we use this symbol with
its classic interpretation.

3. We write a=Ff to abbreviate a F § and 3 F «.

Note that the meaning of the symbols 9F and = is quite different. Indeed, when o = 3,
their sets of models, quasi-models and countermodels are exactly the same. Whereas a=F(
means only that the set of models of both formulas coincide.

An interesting aspect of this logic is that there are no tautologies. Actually, it is easy
to check that for any interpretation w taking the constant value %, we have that for every
formula ¢, w(p) = 1.

We extend K gq by adding the modal operators ¢ and ;. We include also the symbols
‘17 and ‘T’ as the logical constants that always evaluate to 0 and to 1, respectively. Our
syntax is also extended by the new formation rule stating that if ¢ is a formula then ¢1¢

and Oy are also formulas. The modal operators are interpreted as follows:
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Intuitively, {1 worsens the truth value of ¢ and [J; improves it. It is easily noted that
[y = =017, so these are dual operators.

Note that in Kgs extended by [J; there are many tautologies. As a matter of fact, for
every formula ¢, the formula [;0; ¢ is a tautology.

With the use of ¢; and [J; we can find, given a truth assignment w, a formula ¢, such
that its only model is w. Indeed, given a truth assignment w = (tg,t1,...,t,—1) on Var, we
have the formula

Ywi=agANar AN Nap—1

where each «; is a formula given by
X; if =1
Chax; A -z if 8 = 1/2

This formula evaluates to 1 if, and only if, all of the «;’s evaluate to 1, thus the only model
for ¢, is w. Notice that it can have more than one quasi-model. On the other hand, if

{wo,w1,...,wk—1} is a set of truth assignments, the formula
SDWO:wlv--wW'n—l = \/ Spwi (1)
0<i<n—1
has the interpretations in {wg,w1,...,wr_1} as its only models.

We can also give “normal” forms that allow us to “push” the modal operator {; within
parentheses. One can easily check that

01(01 N O2) = 0101 A O102
and that
01(01 V 02) = 0101 V 0102

On the other hand, for reasons that will become apparent later, we are going to introduce
the modal operator (o and its dual [Jy whose semantics are given by the truth tables

It is also easy to check that

O2(01 A B2) = G261 A Q202
and
02(01 V 02) = Q201 V Q26
We denote by K:;? + O1 + Q2 the modal extension of K:f by ¢1 and {2 and by Kgg + Oy
the extension by ¢; for ¢ = 1,2. The set of all the formulas in this logic is denoted by F.
Again, given an interpretation w and a formula K5 + (1 + 02, we denote as w(y) the

value of the formula ¢ in the interpretation w, calculated, as usual, recursively using the
truth tables.
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2.1 Formulas, Ranking Functions and Preorders

In the finite case, the logic Kg? + 01 + Qo over the set of variables
Var, = {z¢,z1,...,Tn_1}

the set of all interpretations is
7, = {wo, w1, .., w3n_1}

Each formula ¢ in K:f + 01 4 02 induces a partition of Z,, into three blocks L1 (p), La(¢)
and L3(p) defined as

Li(p) ={w eIy : w(p) =1}
Lo(p) ={w e, : w(p)=1/2}
Ls(p) ={w e, : w(p) =0}

We call these blocks levels, and we call L;j(y) the j-th level. Thus, the first level contains
the worlds accepted by ¢; the second level contains the uncertain worlds of ¢ and the third
level contains the worlds rejected by .

Note that this partition can be seen as a ranking function r, : Z,, — {0, %, 1}, where
ro(w) =1 when w € Li(), ry(w) = 3 when w € La(p) and ry(w) = 0 when w € Ly(¢).

As a matter of fact, in a general manner, it is easy to see that there is a one to one
correspondence between the partitions into three levels and the ranking functions taking
three values. Actually, given a ranking function r : Z,, — {0, %, 1} we use the notation
L;(r) for the levels of the partition associated to it, that is, L1(r) = r~1(1), La(r) = r~1(3)
and Ls(r) = r=1(0).

Note also that we can associate, in a natural way, a binary relation <, on Z,, to a ranking
function r : 7, — {0, 3,1} as follows:
w=pw = rw)>rW) = we L(r),w € Lj(r) with i>j

The reader can easily check that it is a total preorder, i.e., a binary relation which is reflexive,
transitive and total.

In this way, we can associate a total preorder to a formula ¢ of K. gg + 01 + 02, namely,
the total preorder =, which will be denoted =<, in order to simplify the notation.

Here it is important to note that equivalent formulas have exactly the same ranking func-
tion. Moreover, two formulas are equivalent if and only if their ranking functions coincide,
that is,

p=0 <= r,=r1p

Therefore, the ranking functions associated to formulas characterize the logical equivalence.
However, this is not the case with the associated preorders. Of course, if two formulas are
equivalent their associated preorders coincide. But the converse is not true. Indeed, we can
have formulas far from being equivalent, like | and T, having the same associated preorder:
the flat preorder. Thus, the semantic representation of formulas as ranking functions is
richer and, by far, more precise than the preorder representation.
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As a matter of fact, our logic is complete, concerning the ranking functions. We will
prove that for every ranking function r : Z,, — {0, %, 1} there is a formula in K5 + 01 + 02
having r as its associated ranking function.

By abuse of notation, in this work we will continue to call three-level preorder, any
partition in three levels given by a ranking function r : Z,, — {0, %, 1}. Thus, ranking
function, three-level preorder and partition in three levels are synonyms in this work.

1

Theorem 1. Given a ranking function r : 1, — {0, 5,1}, there is a formula ¢, in K:;? +

O1 4 O2 such that r =ry,.

Theorem 1 shows that every three level preorder on I, is characterized by a formula in
K5+ 01+ 0o
In Theorem 2 we establish that both {71 and {9 are needed for this.

Theorem 2. K:;? + O; with i = 1,2 is not enough to define every 3-level preorder on I,

As a straightforward consequence of the previous theorem, we can see that the logic K :3?
is not rich enough to represent all ranking functions into three values.

Corollary 1. There are three-level preorders on all the interpretations on Var,, that cannot
be defined by any formula in Kgq .

This is an important difference between K. 35 and classical logic which is enough to rep-
resent all the two levels preorders.

3. The Cautious Improvement Operator
We want to define a belief revision operator of the kind

¥ FxF—F

Thus, in this framework we are going to represent both epistemic states and epistemic inputs
by formulas in K:;S + $1 4+ ¢2. Also the outputs will be represented by the same type of
formulas. As usual, *(¢, 0), is written as ¢ * 6.

3.1 Definition of the Operator

We exploit the representation of formulas as ranking functions in order to define our oper-
ators. Thus, for a fixed n € N we will define % as a binary operator on ranking functions
mapping Z, into {1, %, 0}.

Definition 1. Let x : F x F — F an operator. This operator is said to be the Cautious
Improvement operator if and only if ry,, 1o and ry.e satisfy the following table:

w Li(rp) La(rp) Ls(rg)
Li(ry) | Li(rese) | Lo(rpso) | La(rps) 2)
Lo(ry) | Li(rese) | Lo(rese) | La(rps)
L3(T¢) LQ(T@*G) L2(TQD*0) L3(T<p*0)

The previous table completely describes the level of every interpretation w in ry.g given the
levels where it is located in ry, and ry.
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We have defined * in a semantical way. Thanks to Theorem 1, we know that there is a
formula in K. gg + 01 + O2 having the ranking function r . described by Table 2. Thus, * is
well defined up to logical equivalence.

It is important to note that Table 2 yields the following truth table for ¢ * 6:

% ‘ 0 ‘ p*x0
1 1 1
1 [1/2] 1/2
10|12
2] 1| 1
121172 1/2
/21 0 0
0| 1 |1/2
0 |1/2] 1/2
0 0 0

Figure 1 illustrates graphically the behavior of this operator.

WWRWg W] WiwWy Wy Wy

WAW5We N WolsWg _ W]WowsWsWo

WiWow3 WawWgwg w3 Wwg
2 0 wx*0

Figure 1: Cautious Improvement operator’s behavior captured graphically.

3.2 Postulates and Characterization

In this section we will establish some postulates in terms of formulas of the logic K 35 +01+09
which characterizes the Cautious Improvement operator.

Observation 1. Note that for every formula ¢ of Kgq + 01+ O2, the formula Dy captures
the first two levels of w. More precisely, for every interpretation w, we have that w is a
1

model of T if and only if w is a model of ¢ or w(p) = 5.

Now, we consider the following postulate:

ex03F01p A 0 (CI1)

By Observation 1, this postulate says that the models of the revision of ¢ by 8 are exactly
the models of # which are in some of the two first levels of ¢, that is, the models of the new
information which are not rejected by the old information.

Observation 2. Note that the models of = are exactly the interpretations rejected by ¢
(the countermodels).
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We also consider the following postulate:
(@ *0)4F01-p A =0 (CI2)

By Observation 2 and Observation 1, this postulate says that the countermodels of the
revision of ¢ by # are exactly the countermodels of § which are in some of the two first levels
of =y, that is, the countermodels of the new information which are not accepted by the old
information.

Observation 3. Note that the interpretations which are uncertain for ¢ are exactly the
models of Oy A O,

With the help of the previous observation and following Table 2, we can make a literal
interpretation of the models of ¢ % § which leads to the following postulate:

(p*Q:”:(QO/\Q) V ((Dup/\Dl—'gO) /\(9) (CIl’)

This postulate says that the models of the revision of ¢ by 6 are either the models of
conjunction of both formulas or the models of the new formula which are uncertain for the
old information.

In an analogous manner, using Table 2, we can consider literally the rejected models of
@ * 0. This leads to the following postulate:

=@ x )F=((Oip AQimp) A=0) V (mp A —0) (C127)

This postulates says that the countermodels of the revision of ¢ by 6 are either the interpre-
tations rejected by both formulas or the interpretations rejected by the new formula which
are uncertain for the old information.

As a matter of fact, we have the following result:

Theorem 3. Postulates C11 and CI2 are respectively equivalent to CI11° and CI2’.
Moreover, we have the following characterization:

Theorem 4. Postulates CI1 and CI2 characterize the Cautious Improvement operator. That
is, the Cautious Improvement operator satisfies CI1 and CI2 and, conversely, if an operator
satisfies CI1 and CI2, then this operator is precisely the Cautious Improvement operator.

3.3 Other Postulates

We will now consider other postulates. Some of them are new, others are related to postulates
proposed in the belief change literature.

First we consider the coherence principle (or non contradiction principle). If the new
information is coherent, that is, it is not contradictory, then the result of applying the
operator with this new information is also coherent. More precisely:

If 6 is not a contradiction, then ¢ * 6 is not a contradiction (CI3)

This principle is one of the rationality properties that good belief change operators have to
satisfy. It is easy to check using the truth table, that the Cautious Improvement operator
satisfies this principle.
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Another well known principle is the success principle considered for revision operators.
The new information has to prevail after revision. More formally:

pxOFE0 (Cl4)

Again, it is easy to check, using the truth table of Cautious Improvement operator, that the
success postulate is satisfied by this operator.

Now we are considering one principle concerning the iteration by the same information.
It is a strong form of the principle of iteration success of improvement operators (Konieczny
et al., 2010; Konieczny & Pino Pérez, 2008; Medina Grespan & Pino Pérez, 2013).

(px0)x0=0 (CI5)

This principle says that two iterations by the same epistemic state are enough to attain
exactly this epistemic state. Using the truth table, it is easy to check that the Cautious
Improvement operator satisfies this postulate.

Another very natural rational principle is the idempotency principle: an information
revised by itself remains unchanged.

0x0=0 (CI6)

The Cautious Improvement operator satisfies this postulate. This can be seen through the
truth table of this operator.

An interesting postulate concerning the negation is the following one: the negation of a
revision is the revision of negations. More formally:

(@) = o (CI7)

This postulate evokes a de Morgan’s law in which the dual of the operator is the operator
itself. This postulate is new in the literature. Our Cautious Improvement operator satisfies
this postulate as can be easily checked with the truths tables.

Finally we are going to consider a postulate, concerning the trace of the old information
in the result of revision. Actually the postulate says how to recover a part of the old
information after revision. More precisely:

e EOi(px6) (CIB)

This postulate, which is also new in the literature, is satisfied by the Cautious Improvement
operator. This can be seen through the truth tables. Thus, putting together our previous
discussion, we have the following result:

Theorem 5. The Cautious Improvement operator satisfies postulates CI3-CIS.
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4. General Definition of a Belief Change Operator

Now we want to define general belief change operators of the kind
R:FxF —F

In order to do this, we follow the idea used for defining the Cautious Improvement operator
(Definition 1). Now, we generalize Table 2 to a more abstract framework.

Definition 2. Given a function k : {1,2,3}2 — {1,2,3} we define the binary operator
ik F X F — F in the following way: given the ranking functions r,, 19, the ranking
function ryg, ¢ satisfies the following table:

w Ly(rp) Ly(rp) Ls(rp)
Li(ry) | L,y (Towie) | Le,2) (o) | Li(1,3)(Tooi0) (3)
La(re) | L) (Tewre) | Lre2) (Toews) | Lres) (Teo,0)
L3(ry) | Lis ) (Tewie) | Lia.2) (Teoe) | Li3,3)(Teoi0)

Here, again, we have defined ®; in a semantical way. Thanks to Theorem 1, we know
that there is a formula in K. 39 +01+<2 having the ranking function r,g, ¢ which is completely
described by Table 3. Thus, ®;, is well defined up to logical equivalence.

Since the function k determines the operator ®, there are | {1,2,3} [{1:23}* = 33* —
3% = 19, 683 possible belief change operators in this setting. Different functions yield oper-
ators with different epistemological attitudes. The Cautious Improvement operator (Defini-
tion 1) for instance, gives priority to new information (i.e., to the models of #) but does so
in a cautious manner. For example, if an interpretation w is a counter model of ¢ and it is
a model of § then it will be, not a model, but a quasi model of ¢ *x 6. Actually, the Cautious
Improvement operator is ®; when k is defined as follows:

k(1,1)=1  k(1,2)=2  k(1,3)=2
E2,1)=1  k(2,2)=2  k(2,3)=3
k(3,1)=2  k(3,2)=2  k(3,3)=3

4.1 Examples of Operators Definable in this Framework

We have already seen that the Cautious Improvement operator is a particular case of these
general operators. In the sequel we will see other examples.
The absolute priority operator (or drastic operator) is the operator satisfying the following
equality
pol =40

This operator has the form ®j; where k is the function: k(i,j) = j, thus the table defining
the absolute priority operator is is the following one:

w Li(rg) | La(re) | L3(re)
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Contrary to the attitude of the drastic operator, we have the recalcitrant operator which
completely ignores the new information. This operator is defined by the following equation:

pel =y

This operator also is in the form ®j where k is the function: k(i,j) = ¢, that is, the table
defining the recalcitrant operator is the following one:

w Li(rg) | La(rg) | Ls(re
Ll(rgo) Ll(rgooe) L ( L (
L2(T<p) L2(Tg0o€) L2(Tgo09) L2(7“¢.0)
L3(ry) | L3(reen) | La( Ls(

~—

We can also have an operator which is close to contraction via an adequate function
k. Remember that the postulate of success for a contraction operator can be expressed as
follows
THO= podt/o

that is, if the new piece of information is not a tautology then, after contraction, the resulting
formula does not entail the new information.
Define k : {1,2,3}> — {1,2, 3} by putting
1 ifj=1
k(i,j) =

1 otherwise

We call the quasi-contraction operator, denoted ©, the operator ®j using the previously
defined k. The table defining this operator is the following one:

w Li(re) | La(rg) | Ls(re)

=
<
S
0]
>
~—
h
=
<
S
0]
>
~—
h
=
=
S
0]
>
~—

Ly ( Ly ( ( (
La(ry) | La(rpee) | L1(rece) | Li(rece)
Ls( L3(rece) | L1(reen) | L1(rpce)

What this table is expressing is that if there are interpretations which are not accepted
by the new information, then they will be accepted after contraction. Therefore, the new
information will not be entailed after contraction. Thus, the success postulate for the quasi-
contraction operator is satisfied.

Let us see three graphical examples of this operator at work:

In Figure 2 we can observe that ¢ - 6, 8 is not a tautology and 6 is not entailed by the
formula after contraction. Thus, we see that the success postulate for contraction holds in
this example.

The following example (Figure 3) shows the behavior of the operator when the formula
to be contracted is a tautology:

In Figure 3 we can observe that ¢ - T is equal to (. Thus the old information remains
unchanged when the new information is a tautology.

Example in Figure 4 shows a case when the the information to be contracted is not
entailed by the old beliefs.
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— w3

w5 __wa = _wi
Wi 9% w2 W] w3
¥ 0 pol

w3 w3
) o _ w2
W1 W1wWows w1
% T pe T

Figure 3: Second example of quasi-contraction at work.

In Figure 4 we can observe that ¢ &6 is not ¢ even when ¢ I/ 0. This example shows that
sometimes the quasi-contraction operator produces changes even when the new information
is not entailed by the old information. Thus, the postulate of minimality for contraction
which establishes that the old information remains unchanged when the new information is
not entailed by the old beliefs, is not satisfied.

4.2 Characterization of (General Operators

We use in this section the same ideas we develop in Section 3.2, that is, we exploit the
information given in Table 3 and the techniques developed in Section 2 to find formulas
describing the levels of a given formula.

In order to do this, we need to define a set of formulas

{g@: Lj,le<{h2,3}}
as follows. For every triple (i, j,1):
1. If I # k(i,j) then ¢}, = L.
2. If I = k(i,7) then

(=t A B
where
% ifi=1
ol =T AO~p  ifi=2
- ifi=3
and
9 ifj=1
BE=SThOADI—0 ifj=2
-0 ifj=3
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— w3 — W — w3
w5 __w
Wi w3 W] w2
¥ 0 pol

Figure 4: Third example of quasi-contraction at work.

Observe that for any interpretation w, regardless the value of I, w(al) = 1 iff w € L;(p)
and w(,@é) =1iff we L;(0).

Note also that if k(i,j) = [, w € Li(¢) and w € L;(f) then w should be in L;(¢ ® 0).
This is, actually, the behavior captured by the following postulates:

\VARGEECRY) (®k1)
1<6i<;5<3

\/ RO (9 # 0) AD1~(0  6) (®12)
1<i<;5<3

\/ Ao x0) (®k3)
1<i<;5<3

The postulate ®;1 says that the interpretations accepted by ¢ ®p 0 are precisely the
interpretations satisfying one of the formulas ilj, that is, necessarily, when k(i,j) = 1,
w € L;i(p) and w € L;(6).

The postulate ®;2 says that the interpretations which are uncertain for ¢ ®; 6 are
precisely the interpretations satisfying one of the formulas ij, that is, necessarily, when
k(i,7) =2, w € Li(p) and w € L;(0).

The postulate ®; says that the interpretations rejected by ¢ ®i 6 are precisely the
interpretations satisfying one of the formulas Z-?’j, that is, necessarily, when k(i,j) = 3,
w € Li(p) and w € L;(6).

Now we are able to give a syntactic characterization of ®.

Theorem 6. Given a function k : {1,2,3}2 — {1,2,3}, the operator ®j is completely
characterized by Postulates @1, Q2 and Qy 3.

Observation 4. A three level partition is completely determined when two of the levels are
known, because the interpretations in the third level are exactly the complementary of the
union of the other two levels.

By virtue of the previous observation, we have, in a straightforward manner, the following
corollary:

Corollary 2. Let {i,j} be any pair in {1,2,3}. The operator ®j is completely determined
by Qi1 and Q7.

As a matter of fact, one instance of this Corollary, when % : {1, 2,3}2 — {1,2,3} is
the function associated to the Cautious Improvement operator (see page 12) and ¢ = 1 and

4 =3, is that the Cautious Improvement operator is characterized by ®;1 and ®;3, that is
to say CI1’ and CI2’.
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5. Related Works

There are some interesting works linking modal logic and belief revision. Namely, the works
of Giacomo Bonanno (Bonanno, 2005, 2007). The aim of these works is to give modal logics
in which the process of revision can be simulated and the original postulates of the AGM
framework are satisfied. Our aim is different in at least two aspects. First, the processes of
change we want to capture in our model differ from the changes proposed in the AGM or
KM (Katsuno-Mendelzon) framework where the beliefs before the change (and after it) are
represented either as a classical propositional theory or as a classical propositional formula.
We model change in a bit more complex structures. The purpose of the 3-valued logic with
modalities we use is to be able to represent these structures through the formulas of the
logic and the semantics associated. The second aspect in which our approach differs from
those works is in our postulates, which come naturally from the complex process we want
to model, that is to say, changes in ranking functions. We may say that our approach to the
syntactic postulates is oriented by semantics and this leads to the discovery of the axioms.
It is worth to note that our modalities of type one ({; and [J;) are related to ideas
on improvement operators (Konieczny & Pino Pérez, 2008; Konieczny et al., 2010; Medina
Grespan & Pino Pérez, 2013). Actually, J; is similar to the operator of one improvement
introduced in those works: the effect of this modality consists of improving by one degree
the plausibility of all worlds, whenever possible. Of course, our structures of three levels do
not allow to simulate completely operators as the one-improvement operator, because these
operators can create new levels in the process of revision. In order to simulate that, we
should have structures with at least 3" levels, the maximal length of a total preorder on Z,.
Note that Hans Rott in his work Shifting Priorities: Simple Representations for Twenty-
Seven Iterated Theory Change Operators (Rott, 2009) analyses the behavior of 27 change
operators looking at the changes in spheres’ systems (alias total preorders). Our work is
reminiscent of this approach and the subtitle of our work is a sort of tribute to his work.

6. Final Remarks and Future Research

This work is a first step in order to have a logic in which formulas represent complex epistemic
states, such as ranking functions on interpretations, a generalization of total preorders.
We have focused here on ranking functions taking three values: acceptation, rejection and
indetermination. Mainly, there are three contributions in this work which we want to remark
here:

1. We have defined a modal expansion of the Kleene’s strong 3-valued logic that allows
us to describe three-level preorders associated with any formula ¢ in this logic. Level
Li(¢p), L2(p) and L3(p) are respectively the sets of models, quasi models and coun-
termodels of .

2. We have defined semantically all the change operators (3°) and, what is most impor-
tant, we have introduced a technique to characterize them syntactically in the Kleene’s
strong 3-valued logic with modalities.

3. We have focused on a particular, natural and meaningful operator, called the Cautious
Improvement operator. This operator has been characterized through two postulates.
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We have characterized all possible change operators (19,683 in total) in the three-level
structures following the methodology used for characterizing the Cautious Improve-
ment operator.

The main issues we want to develop next are the following:

To define a complete proof theory for Kleene’s strong 3-valued logic expanded with ¢y
and Oo.

To characterize syntactically a class of operators in which the new piece of information
does not worsen, that is, the truth value of interpretations after revision is at least as
good as the truth value of the new information. In symbols, operators satisfying the
following inequality: w(p * 0) > w(#), for every interpretation w. This is important
because this class corresponds to operators of general improvement in the logic K:;? +
01 + Q2. Note that the Cautious Improvement operator is not in this class.

To understand when the operators have a representation in terms of the inputs, that
is, when the formula corresponding to ¢ *6 can be expressed in terms of ¢ and 6 within
the logic K5 + 01 + O2.

In particular, it is for us an open question if the Cautious Improvement operator can be
expressed as a formula of the logic K?*? + 1+ Q2 in terms of its inputs. We conjecture,
even in presence of Theorem 1, that this is impossible.

To generalize the Kleene’s strong 3-valued logic with modalities to a modal 3"-valued
logic which can capture all the ranking functions into 3" values and find the way to
encode in such a logic important attitudes with respect to the new information, such
as acceptance, rejection, improvement and some of its variants. Note that in the DP
approach to revision (Darwiche & Pearl, 1997) (a generalization of AGM operators)
there is in general creation of levels in the output. Thus, it is not at all clear if this kind
of operators can be encoded in a natural way in a framework with ranking functions
where the number of possible values is fixed.

To explore the links between our operators and non monotonic logics, exploiting
the ideas of duality between belief revision and the rational relations (see Freund
& Lehmann, 2002; Gérdenfors, 1991; Makinson & Gérdenfors, 1991). The idea is,
given a formula ¢ and an operator %, to define the entailment |~ by putting a|~f if,
and only if, ¢ * « = 8. Then, the program is to study the logical properties of this
kind of entailment.
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Appendix A. Proofs

Proof of Theorem 1: Letr:Z, — {1, 2,0} be a ranking function. We know, due
to Equation 1, that there are formulas 11,2 and 13 such that w(¢;) = 1 if and only if
w € L;(r). Define the formula?

= (012 V O213)
Then,
weLi(r) < w¢&Ls(r) and w¢ L3(r)
= w(t2),w(ys) € {0,1/2}
— w(01¥2) = w(O23) =0
= w(O1Y2 vV O23) =0
= w(=(0192V O2¢3)) =
1.€.,

For the characterization of the second level, we have

we Ly(r) = w() =1 and w(y3) € {0,1/2}
= w(0192) =1/2 and w(O2v3) =0
= w(O1P2 V O21h3) = 1/2
w(

= w(=(C1¢2 V O2¢i3)) = 1/2

On the other hand,

w(=(0192 V O21h3)) = 1/2 = w(O1¢h2 V Oath3) = 1/2
= w(Q112) =1/2 or w(O3) =1/2

It is not possible to have w(Q213) = 1/2 because the truth value of ¢21)3 is either 1 or 0 under
any interpretation, thus, it must be w(0192) = 1/2, so w(1) = 1 and as a consequence
w € Lo (’l“)
Hence
w € La(r) <= w(p,) =1/2

for any interpretation w.
Finally, for the third level:
we Lz(r) = w(ya) €{0,1/2} and w(y3) =1
= w(01¥2) =0 and w(O2th3) =1
= w(O192 V O2¢3) =1

2. Note that in formula ¢,, formula 11 doesn’t appear as a parameter. This is, essentially, due to the fact
that knowing two levels of the partition leads to knowing the third level. Actually, the formula ¢, is not
unique.
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= w(=(01¢2 vV O2¢3)) =0
For the converse, we have

wW(—(O192 V O2103)) =0 = w(O12 V O2th3) =1

Thus, either w(Q112) = 1 or w(Q2tb3) = 1. Since w(016) < 1/2 for every formula 6, it must
be the case that w(Q213) = 1, so w(v3) =1 and w € L3(r). Consequently

we L3(r) <= w(p,) =0

Henceforth ¢, captures completely the ranking function r. i

Proof of Theorem 2: We consider K3 + ¢; for i = 1,2 with only one variable. We have
the interpretations wq, we, ws such that wy(x) =1, wa(z) = 1/2 and w3(z) = 0. Consider the
set P = {Py, P1,..., Py} of all three-level preorders on these three interpretations, being
Py the preorder

w3
w2

w1

This is represented by the formula ¢g := z in the sense that wi(po) = 1, wa(po) = 1/2 and
w3 (o) = 0.

1. In order to prove this result for Kf + {1, we define the operations —,[]; and V on the

set of preorders. Given preorders P, P’

(a) Ll(ﬁp) = Lg(P), Lg(ﬁp) = LQ(P) and Lg(—'P) = Ll(P)

(b) Ll(Dlp) = Ll(P) U LQ(P), LQ(Dlp) = Lg(P) and L3([11P) = @

(c) If interpretation w is at level L;(P) and level L;(P’), then w is at level Ly(PV P’)

where k& = min {4, j}.

Let us call ?01 the closure of the set { Py} under these three operations and ?0,1€ the
set of the preorders obtained after k or less successive applications of {—,y, V}.

Let us say the preorder P belongs to the set JF; if and only if it has one of the following

forms:
w wo w w'w"
W W 0 0 (4)
wo w w'w” w

We will prove that no preorder in F; belongs to ?01. We do it by induction in the
number of steps, being our base case the application of the operations to Fy. These

yield:
w1 0
—FPy= wo hPy= ws PhVFE=PF (5)
w3 W19

674



BELIEF CHANGE AND 3-VALUED LOGICS

Obviously none of those preorders belongs to Fj.

Now suppose that no preorder in F; belongs to ?ollg

Given a sequence Py, Py, ..., P, P, of preorders with 79 = 0 such that P, is ob-
tained from P;; by an application of one of our operators, suppose, for a contradiction,

that P, , is in F;. Then:
(a) If P, ,, = —P;, then P;, must be in F; which is a contradiction.
(b) If P;,,, = 01 P;, then L3(P;, ) is empty thus it is not a linear order and it has
a level which is empty other than Ly(F;, ) hence P, is not in F7.
(c) If P, ,, = P;, V P' with P’ a preorder in ?0,1:
e Suppose P, is a linear order with wy in L3, i.e.,
w2
Pik+1 = W
w/

then wy must be in both L3(P;, ) and L3(P’') and w' must be in Li(F;,)
or Li(P’). Without loss of generality, we may assume that we € L3(P’)
and w’' € Li(P’). Then necessarily either w € Lo(P') and P’ = P, or
Ly(P') =0 in P'. In both cases, we can conclude that P’ € Fj.

e Similarly, if F;, ., is a linear order with we in Ly

k+1
w
Py = w'
w2
then w must be in both L3(P;, ) and Lz(P’) and we must be either in Ly (F;,)
or L1 (P’). Again, suppose without loss of generality that P’ has w in L3 and
ws in Lq. If w' is not in Lo for P’ then this level is empty and if &’ is in Lo

then P’ = P;, . In both cases, we have P’ € Fi.
e [f P, , has the form
w
0
w/ w//

then necessarily:
— w belongs to level L3(P;) and Ls(P’).
— ' must be either in Ly (Py) or Ly (P").
— w must be either in L;(Py) or Li(P’).
Suppose that w’ and w” are in Ly (P’), then
w
P = 0
wl (JJ//
thus P’ € F;. If this is not the case then necessarily
w w
P= W o P=
OJ//

w/
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We examine only the case

then one of those two preorders is linear with wy in one of the extreme levels,
hence one of them is in F.

e Finally, suppose that If P;, . has the form

k+1
CU/ w/l

0

w
then both P, and P’ must have w’ and w” in L3 and one of them has to have
w in Ly. Suppose that P’ satisfies these two properties, then P’ = P;, 4, and
as a consequence P’ € Fj.
As we can see, on each case we contradict the inductive hypothesis, thus it is not
possible that P;, ., € 1 without incurring in a contradiction. Hence, P;, ,, ¢ F1
thus no element of F; belongs to the closure of Py under the given operations.
As a consequence of this, there are preorders in P that have no corresponding
formula in Kif + 0.

2. Now to prove that K:)‘? + Q9 , in the finite case, cannot capture all the preorders, we
define a new operator [y for every preorder P as

Ll(DQP) = Ll(P) ULQ(P) (6)
Ly(E2P) =0 (7)
L3(02P) = L3(P) (8)

Let us denote by ?02 the closure of {Py} under operators —, s, V and by ?Oi the set
of the preorders obtained by k or less successive applications of these operators. Let
JFo denote the set of the preorders with one of the following configurations:

wo w 1] 1] wow' 1] w”
/ / /7,0 / !

w w ww'w w w ww ww

w W 0 wow' 0 W 0

We will prove, using induction in the number of steps, that P € ?02 implies that P is
not in Fo.

Our base case consists of applying these operators to Fy. As we saw in Equation 5,
neither =Py nor Py V Py belong to F5. On the other hand

w3
OoPp= 0
(%)
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which is clearly not in F5.
For the inductive hypothesis, assume that no preorder in ?Oi belongs to Fo.

Suppose we have a sequence Py, P, ..., P, P, of preorders with ig = 0 such that
P;, ., is obtained from P;; by an application of one of our operators and assume for a

contradiction that F;, ., is in 3. Hence:

(a) If P, ,, = —P;, it is immediate that P;
(b) Suppose P
Fa.

(C) If Pik+1

i If P

ol e Fo iffpik € Fo.

= P, then Lo(P;, ) is empty, thus P;,_, does not belong to

k+1 k+1

: 2 .
= P, V P’ with P’ a preorder in Py, we need to consider seven cases.

1 has the form

then wo belongs to L3(P;,) and L3(P’) and w must be either in Ly(FP;, ) or
Li(P"). If wis in Li(P’) then P’ must have the form

wow'

w
since otherwise it would be in F». But then w’ must be in Lo(P;,) and as
a consequence we obtain that P;, is in F2 wherever we place w because P;,
would be in one of the following forms

w2 w2 [09109)
W' w'w w'
w 0 0
ii. If P, ,, is in the form
w
w/
w2

then w € L3(P;,) and w € L3(P’) and wy € Li(P;,) or wy € Ly (P’). Suppose
w € L3(P') and we € L1(P'), then we must have w’ € L3(P’) or, otherwise,
P’ belongs to F» thus P’ must have the form

ww'

0

w2
But in this case we must have ' € Ly(P;, ) and this implies that P;, is in
one of the following forms:

w Wwa w
w' w' wow'
W9 0 0

hence P' ¢ Fo = P;, € Fo.

iii. Suppose P;, .. has the form

k+1
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If neither P;, nor P’ have this form, there are two possible combinations that
yield this:

/

w w
w/wll \/ ww//
0 0
and
ww' W’
w” Vv ww'
0 0
but every preorder in the form
LL)”
ww'
0
belongs to Fo.
When F;,_, is in the form
0
w
wa, w'

there are two subcases to consider.
First, suppose without loss of generality that we and w’ belong to Li(P’)
then, as P’ is not in F», we must have
w
P= 0
wow'
In this case w must be at Lo(P;, ). If P;, is linear, ws is in Ly (P, ) or L3(P;,)
and it is in F5. Thus suppose P;, is not linear, hence it must have wy and '
at the same level and wherever we put ws,w’ we obtain that P;, is in Fo.
Suppose now, without loss of generality, that wy is in L1(P;,) and w' is in
Li(P’). Observe that P;, cannot be linear in this case and that we already
examined the case when wy and w’ are both in L1 (P;, ), thus we can suppose
w and w' are at the same level, which must be Ly or L3. If w and w’ are in
LQ(PZk) then
0
Pi, = ww'
w2
which belongs to Fa. If, on the other hand, w and w’ are in L3(Pix) we have
that
ww'
Pip= 0
w2
thus w is in La(P’) and P’ must be in one of the following forms
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W' 0 0
w ww' w
Wy wo wow'
and all of these forms are in F5.
Suppose F;, ., has the form
wow'
w
0
In this case we must have wo,w’ € L3(P;,) and we,w’ € L3(P’) and necessarily
either w € La(P;,) or w € Lo(P'). Thus either P;, ., = P;, or P, = P’

which is not possible because then P;, . can be obtained in k steps and it

contradicts the inductive hypothesis.
If P,

k+1

41 has the form

=

then necessarily Li(P;,) = Li(P") = 0 and w” is in L3(P;,) and L3(P’).
If neither P;, nor P’ belong to F3 the only combination yielding the given
configuration is

ww w'w
w oV w
0 0

as at least one of them have wy at level L3, then at least one of them is in
Fa.

If P, . has the form

k+1

0

ww'

wl/

Suppose, without loss of generality, that w,w’ € Lo(P’) then necessarily
P’ € F, since it must be in one of the forms

@ @ w//
ww'’ ww'w” ww'’
w// @ @

Thus we can assume that {w,w'} € Lo(P') and {w,w'} € Lo(P;,). Since
{w,w'} = Ly(P;,,,) it must also be the case that {w,w'} ¢ L3(P’') and
{w,w'} € L3(P;,) because if, for instance, we have that {w,w’} C L3(P’)
then we need {w,w’'} C La(P;,).

We have a case with w € L3(P;,), w' € La(P,), w € La(P’) and o' €
L3(P’) (the other possible case is symmetric) but then necessarily either
W’ e Li(P;,) or " € Li(P'). Suppose w” € Li(P’) (the other case is, again,
symmetric) thus we have one of the following cases:
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One possibility is

/

w w
X _ /
P ,= w V w
w// (JJ”

in this case, we have at least one linear order with ws at an extreme level,
hence at least one of the preorders is in Fs.
Another possible configuration is

w w
P w V !
w// @
but in this case P;, € Fo.
The remaining possibility is
W ww'
Po,= w VvV
w// @

If W' # wy and w” # wy then w = wo and

W

and this finishes the proof. i

Proof of Theorem 3: According to CI1’,
(pAO)V (O A~ AB)Ep * 6
It is easy to check, using truth tables, that

(eNO)V (O AOi~@ AO)F=(e V (Oip AD1—~)) A0

and
(80 V (Dlgo A Dl—w’p)):”:Dup
hence
x0T A0
That is CI1.

On the other hand, by CI2’
(M1 AO1=9) A=0) V (mp A =0)TF—(p * 0)
And again, using truth tables, it is easy to check that

(O AOr—p A=0) V (me A =0)3=((O1p A1) V —p) A0
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and
oV (O1p A D)3~
thus
(@ * 0)FEO—p A -0
That is CI2. x

Proof of Theorem 4: It is a consequence of Theorem 3 and the following two lemmas:
Lemma 1. The Cautious Improvement operator satisfies the postulates CI1’ and CI2’

Proof: CI1: If w((¢ A0)V ((Oie AOi1—p) A6)) = 1 then either w(p AF) = 1 or
w(O1p A1) AB) = 1. In the first case, w(p) = w(f) = 1 thus w € Li(p) N L1(f) and
this implies by Table 2 that w € L1(¢ * 6), and so w(p * 6) = 1.
In the second case, we have w(d;pAO;—¢) = w(f) = 1 which implies that w € L1(0) = 1.
On the other hand,
w(lbip) =1 = w(p) > 1/2

and
w(imp) =1 = w(~yp) > 1/2
= w(p) <1/2
then
1/2 <w(p) <1/2
thus

1/2<w(p) =1/2

and w € La(¢p). Hence w € Li(p * ) by Table 2 and w(p x0) = 1.

Conversely, if w(p*60) =1 then w € Li(¢ * ). There are only two cases in Table 2 that
make this possible: either w € Li(¢) N L1(6) or w € La(p) N L1(6).

If we Li(p)NLi(#) then w(p) =w(f) =1 and w(pAb) =1. If w € La(p) N L1(6) then
w(@ip AOi—p) =1 and w(f) = 1, hence w((Tip A1—p)0) = 1. Thus if w(p x0) =1 we
have that w((@ A 0) V (O AD1—) AB)) = 1.

CI2’: Suppose w is an interpretation such that w(((Hip AQ1—¢@) A=0) V (mp A—0)) = 1.
Then either w(((ip AO1—p) A=6)) =1 or w(—p A—6) = 1. In both cases w(—=6) = 1 which
implies that w € L3(0). In the first case, w((Jip A =) = 1 implies that w € La(p) thus
w € La(p) N Lg(f). In the second case, w(—#) = 1 implies that w € L3(p) N L3(#). In both
cases w € L3(p * 0) by Table 2, thus w(—(p x0)) = 1.

If w(=(px0)) =1 then w € L3(¢ *0). The only options given in Table 2 are w €
La(p) N Lg(0) and w € Lz(p) N Ls(6).

©)NL3(0) = w((Uip AO1mp) A=) =1
)N L3(0) = w(-pA-0)=1

w e Lg(
w e Lg(
hence

w((Brp ADi=p) A=0) V (mp A =0)) =1
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Lemma 2. If x is any binary operator on F satisfying CI1’ and CI2’ then * is the Cautious
Improvement operator.

Proof: Suppose  satisfies

(e AO)V (O A1) AO)FHEp x 0 (CI1)
(O AD1=@) A=8) V (2o A =0) === (p % 0) (C12')

We have to prove that Lj(¢x0) = L;j(p*0) for j =1,2,3, i.e., that px 0 = ¢ x 6.
Given any interpretation w

we Li(px0) <= w((@n) V(e AOimp)A0)) =1
< we Li(px0) (Lemma 1)

similarly,

w€ Ly(p*0) <= w((Cip AD1mp) A=0) V (mp A=0)) =1
< we Li(px0) (Lemma 1)

Finally, suppose w € La(p * ). As we are assuming that x satisfies CI1’ and CI2’, this
is equivalent to

w((@A0)V (CipADimp) AO)) <1/2
and
w((Crp AD1=9) A=0) V (mp A —0)) < 1/2

which is equivalent, via Lemma 1, to

wlpx0)<1/2
and
w(=(px0)) <1/2
This happens if, and only if

wlpx0) <1/2
and
w(px0)>1/2
1.€.,
1/2 <w(ex*x0) <1/2

or, equivalently, w(p * 8) = 1/2 which is equivalent to w € La(¢ * 0).
Hence w € La(px0) iff w € La(p * 0) thus Lao(p % 0) = La(p x 0).
Henceforth, o x 0 = ¢ * 0. i

Proof of Theorem 6: It is a consequence of the following two lemmas:
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Lemma 3. The operator ®;, defined by Table 3 satisfies Postulates ®i1, @12 and Q3.

Proof: Let us denote:

P1=p @0
P2 = O1(p @ 0) A D1~(p @ 0)
¢3 = ~(p @ 0)

Notice that for every interpretation w and every [ € {1,2,3}
w(g) =1 <= we L(px0)

Fix [ € {1,2,3}. Suppose w is an interpretation that satisfies \/1<z‘<j<3 Cll] Thus, there

l

is a pair 4, j such that k(i,j) = [ and fj # 1, e, i; 1s a conjunction aé A [3; such that

w(al A ,8;) =1.

That is, w(al) = w(ﬁé) =1, hence w € L;i(p) N L;(¢) and thus w € Ly; ;) (¢ @k 0) by Table
3 and w(¢;) = 1.

Conversely, suppose that w(¢;) = 1, then w € L;(p ® 0). According to the definition of
@y, by Table 3 there is a pair 4, j such that [ = k(i, j) thus w € L;(¢) N L;(#). This implies
that w(al A BJZ) =1, hence

w \/ ij =1

1<i<j<3

Lemma 4. If an operator x satisfies Postulates @1, ®12 and Q@3 then x and Qi are the
same operator.

Proof: Analogous to the proof of Lemma 2. i
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