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Abstract. In this paper we provide a simplified semantics for the logic
K D45(G), i.e. the many-valued Godel counterpart of the classical modal
logic K D45. More precisely, we characterize K D45(G) as the set of valid
formulae of the class of possibilistic Godel Kripke Frames (W, 7), where
W is a non-empty set of worlds and m : W — [0,1] is a normalized
possibility distribution on W.

1 Introduction

Possibilistic logic 7, 8] is a well-known uncertainty logic to reasoning with graded
beliefs on classical propositions by means of necessity and possiblity measures.
These measures are defined in terms of possibility distributions. A (normalized)
possibility distribution is a mapping 7 : 2 — [0,1], with sup, ¢, m(w) = 1,
on the set {2 of classical interpretations of a given propositional language that
ranks interpretations according to its plausibility level: w(w) = 0 means that w
is rejected, m(w) = 1 means that w is fully plausible, while w(w) < 7(w’) means
that w’ is more plausible than w. A possibility distribution 7 induces a pair of
dual possibility and necessity measures on propositions, defined respectively as:

() = sup{m(w) | w € £,w(p) =1}
N(p) =inf{l —7(w) | w € 2,w(p) =0} .

From a logical point of view, possibilistic logic can be seen as a sort of graded
extension of the non-nested fragment of the well-known modal logic of belief
K D45 [9], in fact, {0, 1}-valued possibility and necessity measures over classical
propositions can be taken as equivalent semantics for the modal operators of the
logic K D45 [1].

When trying to extend the possibilistic belief model beyond the classical
framework of Boolean propositions to many-valued propositions, one has to come
up with appropriate extensions of the notion of necessity and possibility measures
for them (see e.g. [11]). In the particular context of Gédel fuzzy logic [12], natural
generalizations that we will consider in this paper are the following. A possibility
distribution 7 : £2 — [0, 1] on the set {2 of Gddel propositional interpretations
induces the following generalized possibility and necessity measures over Godel
logic propositions:
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II(p) = sup,,e p{min(m(w), w(y))}
N(p) = infyeof{r(w) = w(p)}

where = is Godel implication, that is, for each z,y € [0,1], z = y = 1 if
x <y, x =y =y, otherwise.! These expressions agree with the ones commonly
used in many-valued modal Kripke frames (W, R) to respectively evaluate modal
formulas O and Oy (see for example [2] and references therein) when the [0, 1]-
valued accessibility relation R : W x W — [0,1] is defined by a possibility
distribution 7 : W — [0,1] as R(w,w’) = w(w’), for any w,w’ € W.

Actually, modal extensions of Godel fuzzy logic have been studied by Caicedo
and Rodriguez [5], providing sound and complete axiomatizations for different
classes of [0, 1]-valued Kripke models. These structures are triples M = (W, R, e),
where W is a set of worlds, R =W x W — [0, 1] is a many-valued accessibility
relation and e : W x Var — [0, 1] is such that, for every w € W, e(w, -) is a Godel
[0, 1]-valued evaluation of propositional variables (more details in next section)
that extends to modal formulas as follows:

e(w, Op) = sup, ey {min(R(w, w’), e(w’, ©))}.
e(w, DQO) = infw/EW{R(wa w/) = e(wla 90)}

We will denote by KD45(G) the class of [0, 1]-models M = (W, R,e) where R
satisfies the following many-valued counterpart of the classical properties:

— Seriality: Yw € W, sup,, ey R(w, w’) = 1.
— Transitivity: Yw, w',w” € W, min(R(w,w’), R(w',w")) < R(w,w")
— Euclidean: Vw,w',w"” € W, min(R(w, w'), R(w,w"”)) < R(w’,w")

In this setting, the class IIG of possibilistic Kripke models (W, m,e), where
7w : W — [0, 1] is a normalized possibility distribution on the set of worlds W, can
be considered as the subclass of KD45(G) models (W, R, e) where R is such that
R(w,w") = w(w"). Since IIG C KD45(G), it follows that the set Val(KD45(G))
of valid formulas in the class of D45(G) is a subset of the set Val(IIG) of valid
formulas in the class IIG, i.e. Val(KD45(G)) C Val(I1G).

In the classical case (where truth-evaluations, accessibility relations and pos-
sibility distributions are {0, 1}-valued) it is well known that (see e.g. [14]) that
the semantics provided by the class of Kripke frames with serial, transitive and
euclidean accessibility relations is equivalent to the class of Kripke frames with
semi-universal accessibility relations (that is, relations of the form R =W x E,
where ) # E C W). But the latter models are nothing else than {0, 1}-valued
possibilistic models, given by the characteristic functions of the E’s.

However, over Godel logic, the question of whether the semantics provided by
the class of [0, 1]-valued serial, transitive and euclidean Kripke frames is equiv-
alent to the possibilistic semantics, that is, whether Val(IIG) = Val(KD45(G))
also holds, is not known. In this paper we positively solve this problem. Indeed

! Strictly speaking, the possibility measure is indeed a generalization of the classical
one, but the necessity measure is not, since z = 0 # 1 — x.
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we show that Caicedo-Rodriguez’s Gédel modal logic K D45(G) [5] properly
captures the above possibilistic semantics. In this way, we extend the results
obtained in [11] for the non-nested fragment of the modal language. We also
note that this problem has already been solved for logics over finite and linearly
ordered residuated lattices (MTL chains), thus in particular for finite-valued
Godel logics, but with a language expanded with truth-constants and with Baaz-
Monteiro operator A, see [13, 3].

After this introduction, in the next section we first summarize the main
results by Caicedo-Rodriguez on Gédel modal logic K D45(G) and its semantics
given by [0, 1]-valued serial, transitive and euclidean Kripke models. Then we
consider our many-valued possibilistic Kripke semantics, and prove in the last
section that it is equivalent to the relational one. We conclude with some open
questions that we leave as future research. We also include an appendix with
several technical proofs.

2 Godel Kripke Frames

In their paper [5] Caicedo and Rodriguez consider a modal logic over Godel
logic. The language Lo (Var) of propositional bi-modal logic is built from a
countable set Var of propositional variables, connectives symbols V, A, —, |,
and the modal operator symbols O and ¢. We will simply write £, assuming
Var is known and fixed.. Then, the modal semantics is defined as follows.

Definition 1. A Gédel-Kripke frame (GK-frame) will be a structure F =
(W, R) where W is a non-empty set of objects that we call worlds of F, and
R:W xW — [0,1]. A F-Kripke Gédel model is a pair M = (F,e) where F is
a GK-frame and e : W x Var — [0, 1] provides in each world an evaluation of
variables. e is inductively extended to arbitrary formulas in the following way:
e(w, o AY) = min(e(w, @), e(w, V) e(w, ¢ V) = max(e(w, @), e(w, 1))
e(w,p =) = e(w,p) = e(w,v)  e(w,L)=0
e(w,0¢) = infyrew{R(w, w') = e(w’, o)}
e(w, Op) = sup, ey {min(R(w, w’), e(w’, ¢))}.

Truth, validity and entailment are defined as usual: given a GK-model M =
(W, R, e), we write (M,w) | ¢ when e(w,¢) =1, and M = ¢ if (M,w) | ¢ for
every w € W; given a class of GK-models NV, and a set of formulas T, we write
T E=n o if, for every model M = (W, R,e) and w € W, (M, w) = ¢ whenever
(M, w) =1 for every ¢ € T.

In [5] it is shown that the set Val(K) = {¢ | Fx ¢} of valid formulas in K,
the class of all GK-frames, is axiomatized by adding the following additional
axioms and rule to those of Godel fuzzy logic G (see e.g. [12]):

(Ko) By = ¢) = (e = 0y) - (Ko) O(p V) = (0 V OY)
(Fg) OT (P)DO(p = ¢) = (Op = Ov)
(FS2) (Op = OY) = O(p — v)  (Nec) from ¢ infer O
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The resulting logic will be denoted K (G). Moreover, in [5] it is also shown that
the set Val(KD45(G)) of valid formulas in the subclass of GK-models XD45(G)
is axiomatized by adding the following additional axioms:

(D) OT
(4o) Op = O0p  (4o) 00w — Op
(50) O0p — O (5¢) O — OO

The logic obtained by adding these axioms to K(G) will be denoted K D45(G).

3 More about KD45(G)

Let kg denote deduction in Gédel fuzzy logic G. Let £(X) denote the set of
formulas built by means of the connectives A, —, and L, from a given subset of
variables X C Var. For simplicity, the extension of a valuation v : X — [0, 1] to
L(X) according to Gddel logic interpretation of the connectives will be denoted
v as well. It is well known that G is complete for validity with respect to these
valuations. We will need the fact that it is actually sound and complete in the
following stronger sense, see [4].

Proposition 1. i) If TU {p} C L(X), then T t¢g ¢ iff info(T) < v(p) for
any valuation v : X — [0, 1].

it) If T is countable, and T ¥ @i, V..V @, for each finite subset of a countable
family {p;}ier there is an evaluation v : L(X) — [0,1] such that v(0) = 1
for all @ € T and v(p;) <1 forallic 1.

The following are some theorems of K (G), see [5]:

T1. =00 < O—-0

T2. --00 — O-—0

T3. O——p — = —Op

T4. (Op = 0v) VO((¢ = ) — )
5. O0(p = ) = (Op — Ov)

The first one is an axiom in Fitting’s systems in [10], the next two were intro-
duced in [5], the fourth one will be useful in our completeness proof and is the
only one depending on prelinearity. The last is known as the first connecting
axiom given by Fischer Servi.

Next we show that in K D45(G) iterated modalities can be simplified. This
is in accordance with our intended possibilistic semantics for K D45(G) that will
be formally introduced in next section.

Proposition 2. The logic K D45(G) proves the following schemes:

(Foo) OOT < 00T « L
(Us)  00p = O < OO
(Ug) OOp < Op < 00¢
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Proof: It is easy to prove Fo, using axioms Fo and D. The details are left to
reader. For schemes Uy, and Up, axioms 40, 4¢, g and 54 give one direction
of them. The opposite directions are obtained as follows:

Proof 1: Proof 2:

Qv — OO0y  axiom 5y OOy — Oy  axiom 5o

O(e — Op) by MP and FS2 O(Cp — ) by MP and FS2
Op = 00 by MP and P O0p - Op by MP and K
Proof 3: Proof 4 :

Qp — Op prop. taut. Op — Oy prop. taut.

O(0p = Op) by D O(0p — Oy) by D

O0p — 0O by MP and T5 O0¢p — 00w by MP and T5
O0p — O by 4o Op — O0p by 40

From now on we will use ThKD45(G) to denote the set of theorems of
K D45(G). We close this section with the following observation: deductions in
K DA45(G) can be reduced to derivations in pure propositional Gédel logic G.

Lemma 1. For any theory T' and formula ¢ in Lo, it holds that T' -k pas(a) ¥
iff TUThKD45(G) kg .

4 Possibilistic semantics and completeness

In this section we will show that K D45(G) is also complete with respect to the
class of possibilistic Godel frames.

Definition 2. A possibilistic Gédel frame (IIG-frame) will be a structure (W, m)
where W is a non-empty set of worlds, and = : W — [0,1] is a normalized
possibility distribution over W, that is, such that sup,cy m(w) = 1.

A possibilistic Godel model is a triple (W, m, e) where (W, ) is a IIG-frame
frame and e : W xVar — [0, 1] provides an evaluation of variables in each world.
For each w € W, e(w, ) extends to arbitrary formulas in the usual way for the
propositional connectives and for modal operators in the following way:

e(w,Op) == infyrew {m(w') = e(w’,¢)}
e(w, Op) = sup,, e {min(m(w’), e(w’, )}

Observe that the evaluation of formulas beginning with a modal operator
is in fact independent from the current world. As we already mentioned in the
introduction, it is clear that a possibilistic frame (W, 7) is equivalent to the
GK-frame (W, R,) where R, = W X 7.

In the rest of the paper we provide a completeness proof of the logic K D45(G)
with respect of the class IIG of possibilistic Godel models, in fact we are going
to prove weak completeness for deductions from finite theories.

In what follows, for any formula ¢ we denote by Sub(¢) C L the set of
subformulas of ¢ and containing the formula 1. Moreover, let X := {006, 06 :
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0 € Lo} be the set of formulas in £ beginning with a modal operator;
then Loo(Var) = L(Var U X). That is, any formula in Lo (Var) may be seen
as a propositional Godel formula built from the extended set of propositional
variables Var U X. In addition, for a given formula ¢, let ~, be equivalence
relation in [0, 1]V%"YX x [0,1]Ve"YX defined as follows:

u ~, w iff Vi € Sub(yp) : u(Oy) = w(dY) and u(Q) = w(Ov).

Now, assume that a formula ¢ is not a theorem of KD45(G). Hence by
completeness of Godel calculus and Lemma 1, there exists a Gddel valuation
v such that v(ThKD45(G)) = 1 and v(p) < 1. Following the usual canonical
model construction, once fixed the valuation v, we define next a canonical I1G-
model M? in which we will show ¢ is not valid.

©
The canonical model Mg = (W", 7%, e?) is defined as follows:

e W is the set {u € [0,1]V*"YX | 4 ~, v and u(ThK D45(G)) = 1}.

o m7(u) = mingesup(p) {min(v(0Y) = u(®), u(y) = v(0¥))}.
e e?(u,p) = u(p) for any p € Var.

In this context, we call the elements of A, = {{10,06 : 6 € Sub(y)}, the
fized points of the Canonical Model.

Note that having v(ThK D45(G)) = 1 does not guarantee that v belongs
to the canonical model because it may not take the appropriated values for the
fixed points, i.e. it may be that v 4, v. However, the next lemma shows how,
in certain conditions, to transform such an evaluation into another belonging to
the canonical model.

Lemma 2. Let u € WY and let v : VarUX — [0,1] be a Godel valuation.
Define a = max{u(X) : v(A\) < 1 and X\ € A} and f = min{u(N) : v(\) =
1 and A € Ay}, If v satisfies the following conditions:

a. v(ThKD45(G)) = 1.

b. for any v, ¢ € {\:u(A) <« and X € Ay}, v(v) < v(o) iff u(y) < u(e).
c. v(A) =1 for every A € A, such that u(\) > «,

then, there exists a Gadel valuation w € WV such that, for any formulas 1, ¢:

v(y) =1 implies w(y) > 4.

v(y) < 1 implies w()) < 0.

1 £ 1(6) < v(6) implies w(v) < w(6).

v(¥) <w(¢) implies w(y) < w(e).

V() = v(9) =1 and u(y) < u(¢) imply w(y) < w(e).
V() = v(9) =1 and u(y) < u(¢) imply w(y) < w(e).

Proof: See Appendix. |

S G Lo o =

Completeness will follow from the next truth-lemma.

Lemma 3 (Truth-lemma). e?(u,v) = u(y) for any ¢ € Sub(e) and any
URSHUAS



Possibilistic semantics for a modal K D45 extension of Godel fuzzy logic 7

Proof: For simplicity, we write W for W". We prove the identity by induction
on the complexity of the formulas in Sub(y), considered now as elements of
Loo(Var). For L and the propositional variables in Sub(y) the equation holds
by definition. The only non trivial inductive steps are: e?(u, Jv) = u(Cy) and
e?(u, 01) = u(Oy) for Oy, v € Sub(yp). By the inductive hypothesis we may
assume that e?(u', ) = u/(¢)) for every v’ € W; thus we must prove

Jnf {7 () = w/(¢)} = u(@) 1)
sup {min(r(u), v'(@))} = u(0¢) (2)

By definition, 7% (v") < (v(Oy) = u/(¢)) and 79 (v') < (W' (v) = v(Ovy)) for
any 9 € Sub(p) and v’ € W; therefore, u(Oy) = v(dy) < (7% (v') = v/ (¥))
and min(7%(u'), v (¥)) < v(OY) = w(Qy). Taking infimum over «’ in the first
inequality and the supremum in the second we get

w(@y) < inf {7°() = «'($)}, sup {min(7? (W), ' (¢))} < w(09).
u'e u' €W
Hence, if w(0Oy) = 1 and u(Qy) = 0 we obtain (1) and (2), respectively. There-
fore, it only remains to prove the next two claims for O, O1p € Sub(p).

Claim 1. If u(Oy) = a < 1, for every € > 0, there exists a valuation w € W
such that m%(w) > w(y) and w(Y) < a+ e, and thus (1% (w) = w(Y)) < a +e.

Claim 2. If u(0v¢) = a > 0 then, for any € > 0, there exists a valuation w' € W
such that w'(y) =1 and m¥(w') > a — ¢, and thus min(w'(¢), 79 (w')) > a —¢.

The proof of these two claims are rather involved and they can be found in
the appendix. |

Theorem 1 (Finite strong completeness). For any finite theory T and for-
mula ¢ in Log, T Frg ¢ implies T F g pasa) ¢-

Proof: One direction is soundness, and it is easy to check that the axioms are
valid in the class IIG of models. As for the other direction, assume T = ()
and /g pas(a) ¢- Then ThKD45(G) /¢ ¢ by Lemma 1, and thus there is,
by Proposition 1, a Gédel valuation v : Var U X — [0,1] such that v(p) <
v(ThKD45(G)) = 1. Then v is a world of the canonical model M¥ and by
Lemma 3, e? (v, ) = v(p) < 1. Thus £ 7¢ . This proof can be easily generalized
when 7" is a non empty and finite. ]

5 Conclusions

In this paper we have studied the logic over Godel fuzzy logic arising from many-
valued Godel Kripke models with possibilistic semantics, and have shown that it
actually corresponds to a simplified semantics for the logic K D45(G), the exten-
sion of Caicedo and Rodriguez’s bi-modal Godel logic with many-valued versions
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of the well-known modal axioms D, 4 and 5. The truth-value of a formula ¢y in
a possibilistic Kripke model is indeed a proper generalization of the possibility
measure of ¢ when ¢ is a classical proposition, however the semantics of Ly is
not. This is due to the fact that the negation in Gédel logic is not involutive.

Therefore, a first open problem we leave for further research is to consider
to extension of the logic K D45(G) with an involutive negation and investigate
its possibililistic semantics. A second open problem is to investigate the logic
arising from non-normalized possibilistic Godel frames. In the classical case,
one can show that this corresponds to the modal logic K45, that is, without
the axiom D, see e.g. [14]. However, over Godel logic this seems to be not as
straightforward as in the classical case.
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Appendix
Proof of Lemma 2

Proof: First of all, notice that if v satisfies the condition b, then necessarily
a< fB.Let B={v(A): e A,,v(\) <1} U{0} ={bp =0 < b <...bn}.
Obviously, by < 1. For each 0 < i < N, pick A\; € A, such that v(\;) = b;.
Define now a continuous strictly function g : [0,1] — [0,0) U {1} such that

g(1) =1

g(b;) =v(\;) forevery 0 <i < N

9l(bn, 1)] = (,9)
Notice that a = g(by). In addition, define another continuous strictly increasing
function A : [0, 1] — [4, 1] such that

h(0) =0

h[(0, B)] = (4, )

h(z) =z, for z € [B,1]
Then we define the valuation w : Var UX — [0, 1] as follows:

_Jglw(p), if v(p) <1,
wlp) = {hw(p)), if u(p) = 1.

First of all, let us show by induction that this extends to any propositional
formula, that is,

g(w(p)), if v(p) <1,
w(p) = .
@ ={ A it 1
Note that, since g and h are strictly increasing mappings, g o v and h o u are
valuations as well. So, in the induction steps below we only need to check that
everything is fine when both are used at the same time when evaluating a com-
pound formula. The base case holds by definition.

— Assume ¥ = 11 A . We only check the case when v(¢)) < 1 and
v(1) < 1 and w(ypz) = 1. Then w(y) = min(w(yy),w(ys)) =
min(g(v(¢1)), h(u(hz))) = g(v(¢1)), since g(v(¥1)) < 6 < h(u(tz). But,
g(v(¢r)) = min(g(v(41)),1) = min(g(v(¥1)), g(v(v2))) = gw(¥1 Ath)) =

)

— Assume ¥ = 1)1 — 12, and consider two subcases:
(1) v(¢p1) < 1 and v(1p2) = 1. Then v(vh; — ¥2) = 1 and w(v) = w(y )
w(¥2) = g(v(1)) = h(u(¥2)) =1 = h(u(¥r)) = h(u(yz)) = h(u(r
P2)) = h(u(¥)).
(2) v(¢1) = 1 and v(¢p2) < 1. Then v(¢1 — 92) = v(¢2) < 1 and
w0 ) = () 2 (1) Ga)) — 9002 8o o)
9w (¥2)) = g(v(¥r = ¥2)) = g(v(¥)).
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Properties 1 — 6 now directly follow from the above.

Finally, we prove that w € W*. By definition of w it is clear that w ~, v. It
remains to check that w validates all the axioms. The axioms of G are evaluated
to 1 by any Godel valuation. As for the specific axioms of KD45(G), it is an
immediate consequence of Property 3 because it implies that if v(vp — ¢) =1
then w(y — ¢) = 1. |

Claim 1 from Lemma 3. If u(Ov) = a < 1, for every ¢ > 0, there exists
a valuation w € W such that 7%(w) > w(y) and w(y) < a + ¢, and thus
7 (w) = w() = w) < a+e.

Proof. By definition of Gédel’s implication = in [0,1], to grant the required
conditions on w it is enough to find w € W such that a < w(¥) and, for any
0 € Sub(yp), u(00) < w(f) < u(Of) < . This is achieved in two stages:

— first producing a valuation v € W satisfying v(¢) < 1 and preserving the
relative ordering conditions the values w(f) must satisfy, conditions which
may be coded by a theory 7 y;

— and then moving the values v(6), for 8 € Sub(y), to the correct valuation w
by composing v with an increasing bijection of [0,1].

Assume u(0vy) = a < 1, and define (all formulas involved ranging in Lo (Var))

Iy,={ : €A, and u(X) > o}
U{A = 0: X e A, and u(N) < u(06)}
U{(@ = A) = X: A e A, and u(X) < w(06) < 1}
U{0 = X: A e A, and u(00) < u()}
U{(A—=0) = 0:Xe A, and u(00) < u(X) < 1}

Then we have u(0¢) > « for each § € Iy ,. Indeed, first recall that, by Up
and Uy of Proposition 2, for any A € A, we have u(\) = uw(0X) = u(QON). We
analyse case by case. For the first set of formulas, it is clear by construction.
For the second set, we have u(O(A — 6)) > u(OA — 00) = w(ON) = «(0O0) =
u(A) = w(0P) = 1, by FS2. For the third, by FS2 and P, we have u(CJ((0 —
A) = A) > u(Ol = A) = OX >u((@0 — ON) — OX) = 1, since u(0N) =
u(OA) = w(0d0 — OX) < 1. The fourth and fifth cases are very similar to the
second and third ones respectively.
This implies
Ly YV kDasa) ¥,

otherwise there would exist &1,...,&x € Iy, such that &1,...,& Frpasa) V-
In such a case, we would have Uy, . .., & Fx pas(a) Uy by Nec and K. Then
0&, ..., 08, ThK D45(G) k¢ Ot by Lemma 1 and thus by Proposition 1 (i),
and recalling that u(ThKD45(G)) = 1,

a < infu({0&,...,06} UThKD45(G)) < u(Oy) = a,
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a contradiction. Therefore, by Proposition 1 (ii) there exists a valuation v :
Var UX — [0,1] such that v(Iy, UThKD45(G)) = 1 and v(¢) < 1. This
implies the following relations between w and v, that we list for further use.
Given A € Ay, 0 € Log(Var), we have :

#1. If u(X) > o then v(A\) =1 (since then A € Iy ).

#2. If u(A) < «(00) then v(A) < v(0) (since then A — 6 € Iy ,,). In particular,
if A1, A2 € Ay and u(A) < w(OAg) = u(A2) then v(A1) < v(A2). Further-
more,if (00 € A then from w(00) = w(d6) by #2, v(O6) < v(0). That
means, taking 0 = ¢, v(OyY) <v(y) < 1

#3. If u()\) < u(0d0) < 1 then v(\) < V(H) or ¥(A) = 1 (since then (6§ —
A) = A) € I'yo). In particular, if Adj, Ao € Ay, u(A1) < u(A2) and u(Ag) <
u(y) = a then v(\) < v(¢) < 1 and thus v(A1) < v(Ay). This means that
v preserves in a strict sense the order values by u of the formulas A € A,
such that u(A) < a.

#4. If u(00) < u(N) then v(0) < v(\) (because § — A € Iy ,,). In particular, if
00 € A, then v(8) < v(00).

#5. If u(00) < u(A) < 1 then v(0) < v(A) or v(0) = 1. In particular, if A\, A2 €
A, and u(A) < u(A2) < a = w(dy) then v(A1) < v(A2). Furthermore, if
u(A2) > 0 then v(A2) > 0 (making A\ := L since u(L) = u(¢L) =0).

According to the properties #1, #2 and #3, it is clear that v satisfies the
conditions of Lemma 2. Consequently, for all ¢ > 0 (such that o + ¢ < f),
taking § = a + ¢ in Lemma 2, there exists a valuation w € WV such that
w(¢) < a+e =4. Then in order to finish our proof, it remains to show that:

7 (w) = /\Eiglg(v) min(v(0A) = w(A), w(A) = v(OX)) > w(p) (3)

To do so, we will prove that, for any A € sub(y), both implications in (3) are
greater than §. 2 First we prove it for the first implication by cases:

- If »(OX) < a <1 then min(v(OX) = w(A), w(A) = v(OA)) = 1. Indeed, first
of all, by #2, from u(0X) = v(OX) < a = u(Oy) it follows v(ON) < v(¥) <
1. Now, since w(0A) < u(ON), by #2, we have 1 # v(OX) < v()A), and by 3
of Lemma 2 we have v(OX) = w(OX) < w(A). Then v(OX) = w(A) = 1.

- If o(0X) > a then by #1 and #2, 1 = v(OX) < v(A). Therefore, by 1 of
Lemma 2, w(A) > § which implies v(OX) = w(A) > 6.

For the second implication we also consider two cases:

- If v(ON) = u(ON) > § then it is obvious that w(\) = v(ON) > 6.

- If w(QOA) < 4, by definition of ¢ and taking into account that OX € A,
then u(O\) < a. Now from u(QOX\) = u(QOA) we obtain by #4, that v(\) <
v(OA) < 1. Then by Lemma 2 we have w(A) < w(OA) = v(OA) and thus
w(A) = v(0N) = 1. |

2 Remember that u ~g v~y w.
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Claim 2 from Lemma 3. If u(0y) = a > 0 then, for any € > 0, there
exists a valuation w' € W such that w'(v) = 1 and 7% (w') > o« — &, and thus
min(w’ (), 79 (w')) > a —¢.

Proof: Assume u(0¢) = a > 0 and define Iy, in the same way that it was
defined in the proof of Claim 1. Then we consider two cases:

-If u(Qy) =1, let U, , ={\: A€ A, and u(A) < 1}. We claim that

VY, Ly w K Das(@) \/ Upu s

otherwise we would have 01, ...,0, € Iy, such that Fgpssq) ¥ — ((91 /\
0n) — \ Uy.u), and then we would also have g pys(a) O — O((01A. )
V Uy,u), that would imply in turn that Fxpss) 0¥ — (061 A . /\ D9 n)
OV Uy.). In that case, taking the evaluation w it would yield: 1 = u(Oy) <
w(@O1A...A00,) = u(OV Uy.u), a contradiction, since w(61 A...A00,) =1
and u(Q\ Uy,y)) < 1.3

Therefore, there is a Godel valuation v/ (not necessarily in W) such that
V() = V([pw) = V(ThKD45(G)) = 1 and v/ (\/Uy,u) < 1. By #2 and
#3, it follows that for any A, A2 € A, such that u(A;),u(A2) < a, we have
u(A1) < u(A2) < o iff V(A1) < V/(A2). Thus, v/ satisfies the conditions of
Lemma 2 because it is strictly increasing in A, (i.e. it satisfies condition b of
Lemma 2), and v/ (ThK D45(G)) = 1. Therefore, there exists a valuation w’ € W
such that w'(¢) = 1.

It remains to show that 7% (w’) = 1. Indeed, by construction, it holds that
w(00) < w'(0) < u(0h), and hence mln( (O0) = w'(0),w'(0) = u(00)) =

- If 1> u(0y) = a >0, then we let Uy, , = (0¥ — ) — 1. We claim that

OT, 'y Yxpas(c) Up,u

otherwise there would exist 61,...,0, € Iy, such that Fxgpysq) OT — ((91 A

.. N0p) = Uy ), and then we would have g pas(q) OOT — O((01A. ) —
Uy ), which would imply Fgpasey OT — (06 A ... AD6,) — <>U¢ w)- 1
that case, evaluating with w it would yield 1 = w(OT) < w(0J6; A ... AD0 )
w(QUy,u)), contradiction, since w(O0; A ... AO6,) > a and u(QUMu)) <a
(because u(O((0Y = ¢) = ¢)) < uw(@(OY = ¥) = 0y) < u(Py) < a).

Therefore, there is an evaluation v’ such that v/(ThKD45(G)) = v/ (Lyu) =

1 and v'(\/ Uy,) < 1. Hence, we can conclude that the three pre-conditions a
b and c required in Lemma 2 are satisfied. In addition, the following condition
is also satisfied:

d. V'(0v) =V'(9).

At this point, we can now do a proof dual to the one for Claim 1. Again, by
Lemma 2 for § = 2 , we obtain from v/ an evaluation w’ € W? such that
w'(¢) = a. It only remains then to show that 7%(w) > «. But in this case, the

proof is the same than the one given for equation (3) using w’ instead of w. This
finishes the proof. ]

VAN
_>
_>

3 Note that, in this case, the first subset of I'y , is empty.



