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Abstract

Decidability of the validity problem is established for a family of many-valued
modal logics, notably Godel modal logics, where propositional connectives are
evaluated according to the order of values in a complete sublattice of the real
unit interval [0, 1], and box and diamond modalities are evaluated as infima and
suprema over (many-valued) Kripke frames. If the sublattice is infinite and the
language is sufficiently expressive, then the standard semantics for such a logic
lacks the finite model property. It is shown here, however, that, given certain
regularity conditions, the finite model property holds for a new semantics for the
logic, providing a basis for establishing decidability and PSPACE-completeness.
Similar results are also established for S5 logics that coincide with one-variable
fragments of first-order many-valued logics. In particular, a first proof is given of
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the decidability and co-NP-completeness of validity in the one-variable fragment
of first-order Godel logic.
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1. Introduction

Many-valued modal logics extend the Kripke frame setting of classical modal
logic with a many-valued semantics at each world and a many-valued or crisp
(Boolean-valued) accessibility relation to model modal notions such as necessity,
belief, and spatio-temporal relations in the presence of uncertainty, possibility, or
vagueness. Applications include modelling fuzzy belief [17,22], spatial reasoning
with vague predicates [33], many-valued tense logics [12], and fuzzy similarity
measures [18]. Fuzzy description logics may also be interpreted, analogously to
the classical case, as many-valued multi-modal logics (see, e.g., [5,21,35]).

Quite general approaches to many-valued modal logics, focussing largely on
decidability and axiomatization issues for finite-valued modal logics, are described
in [6,15,16,30]. For modal logics based on an infinite-valued semantics, typically
over the real unit interval [0, 1], two core families can be identified. Many-valued
modal logics of “magnitude” are based on a semantics related to Lukasiewicz
infinite-valued logic with connectives interpreted by continuous functions over
real numbers [13,19,23]. Typical many-valued modal logics of the second family
are based instead on the semantics of infinite-valued Godel logics [9, 10, 19, 27].
The standard infinite-valued Gédel logic (also known as Godel-Dummett logic)
interprets truth values as elements of [0, 1], conjunction and disjunction as mini-
mum and maximum, respectively, and implication x — y as y forz > y and 1
otherwise. Modal operators [] and ¢ (not inter-definable in this setting) are in-
terpreted as infima and suprema of values at accessible worlds. More generally,
“order-based” modal logics may be defined over a complete sublattice of [0, 1]
with additional operations depending only on the order.

Propositional Godel logic has been studied intensively both as a fundamental
“t-norm based” fuzzy logic [19,28] and as an intermediate (or superintuitionistic)
logic, obtained as an extension of an axiomatization of propositional intuitionistic
logic with the prelinearity axiom schema (¢ — v) V (¢» — ). The many-valued
modal logics considered in this paper diverge considerably, however, from the
modal intermediate logics investigated in [36] (and elsewhere), which use two
accessibility relations for Kripke models, one for the modal operators and one for



the intuitionistic connectives. We remark also that, unlike the operations added
to infinite-valued logics in [11,20], which represent truth stressers such as “very
true” or “classically true”, the modalities considered here cannot be interpreted
simply as unary connectives on the real unit interval [0, 1].

The first main contribution of this paper is to establish PSPACE-completeness
results (matching the complexity of the classical modal logic K [25]) for the va-
lidity problem of G6del modal logics and other order-based modal logics defined
over complete sublattices of [0, 1] satisfying certain local regularity conditions
(e.g., sublattices order-isomorphic to the positive integers with an added top ele-
ment and the negative integers with an added bottom element). The finite model
property typically fails even for the box and diamond fragments of these logics.
Decidability and PSPACE-completeness of the validity problem for these frag-
ments of Godel modal logics over [0, 1] was established in [27] using analytic
Gentzen-style proof systems, but this methodology does not seem to extend easily
to the full logics. Here, alternative Kripke semantics are provided for order-based
modal logics that not only have the same valid formulas as the original semantics,
but also admit the finite model property. The key idea of this new semantics is to
restrict evaluations of modal formulas at a world to a particular set of truth values.

The second main contribution of the paper is to establish co-NP-completeness
results for the validity problem of crisp order-based “S5” logics: order-based
modal logics where accessibility is an equivalence relation. Such logics may be
interpreted also as one-variable fragments of first-order many-valued logics. In
particular, the open decidability problem for validity in the one-variable fragment
of first-order Godel logic (see, e.g., [19, Chapter 9, Problem 13])) is answered
positively and shown to be co-NP-complete. This result matches the complexity
of the one-variable fragments of classical first-order logic (equivalently, S5) and
first-order Lukasiewicz logic (see [19]), and contrasts with the co-NEXPTIME-
completeness of the one-variable fragment of first-order intuitionistic logic (equiv-
alently, the intuitionistic modal logic MIPC) [26].

2. Order-Based Modal Logics

We consider “order-based” modal logics where propositional connectives are
interpreted at individual worlds in an algebra consisting of a complete sublattice
of ([0, 1], A, V,0, 1) with operations defined based only on the order. Modalities
[J and ¢ are defined using infima and suprema, respectively, according to either
a (crisp, 1.e., Boolean-valued) binary relation on the set of worlds or a binary
mapping (many-valued relation) from worlds to values of the algebra. For con-



venience, we consider only finite algebraic languages, noting that to decide the
validity of a formula we may in any case restrict to the language containing only
operation symbols occurring in that formula.

We reserve the symbols =, &, ~, and & to denote implication, conjunction,
negation, and equality, respectively, in classical first-order logic. We also recall an
appropriate notion of first-order definability of operations for algebraic structures.
Let £ be an algebraic language, A an algebra for £, and £’ a sublanguage of £. An
operation f: A" — Ais defined in A by a first-order £'-formula F'(xy, ..., z,,y)
with free variables x4, ..., x,,yifforall ay,...,a,,b € A,

A E F(ay,...,a,,0) < flai,...,a,) =Db.

2.1. Order-Based Algebras

Let £ be a finite algebraic language that includes the binary operation sym-
bols A and V and constant symbols 0 and 1 (to be interpreted by the usual lattice
operations), and denote the finite set of constants (nullary operation symbols) of
this language by C,. An algebra A for £ will be called order-based if it satisfies
the following conditions:

(1) (A, A%, VvA,0,1) is a complete sublattice of ([0, 1], min, max, 0,1); i.e.,
{0,1} € A C[0,1] and for all B C A, A®"'B and \/'*"! B belong to A.

(2) For each operation symbol % of £, the operation «* is definable in A by a
quantifier-free first-order formula in the algebraic language consisting of A,
V, and constants from C .

We also let C2 denote the finite set of constant operations {c* : ¢ € C.} and
define R(A) and L(A) to be the sets of right and left accumulation points, re-
spectively, of A in the usual topology inherited from |0, 1]; that is,

a € R(A) < thereisac € A suchthat a < ¢ and for all such c,
there is an e € A such that a < e <# ¢.

be L(A) < thereisad € A such thatd <? b, and for all such d,
there is an f € A such thatd <# f < b.

Note that, because A is a chain, an implication operation —* may always be
introduced as the residual of A:

1 ifa<?b

A
A = cA:cN*a <) =
“ \/ {e ¢ a <" b b otherwise.
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Let s < t stand for s At &~ s and let s < ¢ stand for (s < t) & ~(s ~ t). Then
the implication operation —* is definable in A by the quantifier-free first-order
formula

Fo(r,y,2) = (e <y)= (z=1) &((y<z)= (2 =y)).
That is, for all a, b, c € A,
AEF7(abec) & a—tb=c

In this paper, the connective — will always be interpreted by —* in A. We will
also make use of the negation connective —p := ¢ — 0, which is interpreted by

the unary operation
A, 1 ifa=0
0 otherwise.

Examples of other useful operations (see, e.g., [1]) covered by the order-based
approach are the globalization and Nabla operators

1 ifa=1 0 ifa=0
AAg = tha . and VAa = na .
0 otherwise 1 otherwise,

definable in A (noting also that VAq = =4—=%q), by

FAz,y) = (z=1)= (y~
F¥(z,y) = (( y

and the dual-implication connective (the residual of VA)

A 0 ifo <A
a(—Ab:/\{ceA:bSAavAc}: ! _'a
b otherwise,
definable in A by
Fo(r,y,2) = (y<o)=(2~0) & ((z<y)= (2 ~y)).

For the remainder of this work, we will omit the superscript A when the algebra
or order is clear from the context.



2.2. Many-Valued Kripke Semantics

Let us fix a finite language £ including the operational symbols 1, 0, A, V,
and —, and an order-based algebra A for £. We define order-based modal logics
K(A)€ and K(A) based on standard (crisp) Kripke frames and Kripke frames with
an accessibility relation taking values in A, respectively.

An A-frame is a pair § = (W, R) such that WV is a non-empty set of worlds
and R: W x W — Ais an A-accessibility relation on W. If Rxy € {0, 1} for all
x,y € W, then R is crisp and § is called a crisp A-frame. In this case, we often
write R C W x W and Rxy to mean Rxy = 1.

Now let Fm be the set of formulas, denoted by ¢, v, x . . ., of the language £
with additional unary operation symbols (modal connectives) [J and ¢, defined
inductively over a countably infinite set Var of propositional variables, denoted
by p, q, . ... We call formulas of the form Uy and (¢ box-formulas and diamond-
formulas, respectively. Subformulas are defined as usual, and the length of a for-
mula ¢, denoted by ¢(¢), is the total number of occurrences of subformulas in .
We also let Var(y) denote the set of variables occurring in the formula ¢.

A K(A)-model is a triple 9 = (W, R, V) such that (W, R) is an A-frame
and V: Var x W — A is a mapping, called a valuation, that is extended to
V:Fmx W — Aby

V(*(gplv SR Qpn)7 $) = *(V(Spla 1’), R V(SOTH l'))

for each n-ary operation symbol x of £, and

V(@Og,z) = N{Bey—=V(e,y):yeW}
V(0p,z) = \{ReyAV(p,y):y e W}

A K(A)C-model satisfies the extra condition that (W, R) is a crisp A- frame. In
this case, the conditions for [J and ¢ simplify to

V(@p,x) = A{V(ey) : Rey}

V(Op.2) = {V(ey): Ray}.
A formula ¢ € Fm will be called valid in a K(A)-model M = (W, R, V) if
V(p,z) = 1forall z € W. If p is valid in all L-models for some logic L, then ¢
is said to be L-valid, written = .

We now introduce some useful notation and terminology. A subset > C Fm
will be called a fragment if it contains all constants in C. and is closed with respect
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to taking subformulas. For a formula ¢ € Fm, we let 3(¢) be the smallest (always
finite) fragment containing . Also, for any K(A)-model 0t = (W, R, V'), subset
X C W, and fragment X C Fm, we let

VIE,X]={V(p,x):p€Xandz € X}.

We shorten V[X, {z}] to V[, z]. For ¥ C Fm, we let ¥ and ¥, be the sets of
all box-formulas in > and diamond-formulas in 3, respectively.

Given a linearly ordered set (P, <) and C' C P, amap h: P — P will be
called a C-order embedding if it is an order-preserving embedding (i.e., a < b if
and only if h(a) < h(b) forall a,b € P) satisfying h(c) = cforall c € C. We will
call an order embedding h: P — P inflationary or deflationary if for all a € P,
a < h(a), or for all a € P, a > h(a), respectively. h will be called B-complete
for B C P if whenever \/ D € Bor A\ D € B for some D C P, respectively,

h\/D)=\/h[D] or n(A\D)=/\nD]

The following lemma establishes the critical property of order-based modal logics
for our purposes. Namely, it is only the relative order of the values taken by vari-
ables and the accessibility relation between worlds that plays a role in determining
the values of formulas and checking validity.

Lemma 1. Let M = (W, R, V) be a K(A)-model and > C Fm a fragment, and
leth: A— AbeaV[SnU Xy, W|-complete C-order embedding. Consider the
K(A)-model M = (W, R, V) with Rxy = h(Rxy) and V (p,z) = h(V (p, z)) for
allp € Varand x,y € W. Then forall p € X and x € W':

~

V(SO7 .I) = h(v(@a 1’))

Proof. We proceed by induction on /(). The case ¢ € Var U C follows from
the definition of V. For the induction step, suppose that ¢ = x(¢1,...,¢,) for
some operation symbol * of £ and ¢4, ..., p, € Y. Recall that % is definable in
A by some quantifier-free first-order formula F*(xy, ..., z,,y) in the first-order
language with A, V, and constants from Cp, i.e.

*(ay,...,a,)=b < Ak F*ay,...,a,,0b).
Because F™*(x1,. .., Z,,y) is quantifier-free and h preserves A, V, and C,
Al F¥ay,...,a,,0) &  AE F*(h(ay),...,h(a,),h(D)).
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So we may also conclude

*(h(ay),...,h(a,)) = h(x(a,...,a,)).

Hence for all z € W, using the induction hypothesis for the step from (1) to (2):

Vix(pr,-s0n)i0) = #(V(pn,),..., Vign, 7)) (1)
= *(h(V((pl,fL‘)),...,h(V(gOn,l’))) (2
= h(*(V(gDhJJ),,V(gOn,I))) (3)
= MV (x(p1,. -, 0n), 7). (4)
If o = (1) for some ¢ € X2, then we obtain for all x € W
V(Oow,x) = \[{Rey A V() :y € W} 5)
= \/{(Bzy) NV (4, y)) :y € W} (6)
= \V{h(Bey AV(,y)) 1y € W} (7
= W(\/{Rey AV (,y) : y € W}) 8)
= h(V(0y,x)). ©))

(5) to (6) follows from the definition of R and the induction hypothesis, (6) to
(7) follows because h is an order embedding, and (7) to (8) follows because h
is V|20 U X¢, W]-complete and \/{Rzy AV (¢,y) : y € W} = V(O,x) €
V[Xs, W]. The case ¢ = [y is very similar. O

We now consider many-valued analogues of some useful notions and results from
classical modal logic (see, e.g., [4]). For an A-frame (W, R), we define the crisp
relation R as follows:

R*={(z,y) e W?: Rey >0}, R'z]={yeW: Rzy} forz e W.

Let M = (W, R,V) be a K(A)-model. We call M’ = (W', R V') a K(A)-
submodel of 9N, written 2 C M, if W’ C W and R’ and V' are the restrictions
to W’ of R and V, respectively. In particular, given x € W, the K(A)-submodel
of M generated by x is the smallest K(A)-submodel 9" = (W', R/, V') of M
such that z € W' and for all y € W', whenever z € RT[y], also z € W".

Lemma 2. Let M = (W, R, V') be a K(A)-model and M = </V[7, R,V) a gener-
ated K(A)-submodel of M. Then V (p,x) = V(p,x) forallx € W and ¢ € Fm.
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Proof. We proceed by induction on /(). The base case is trivial for any submodel
of M, so also for M. For the induction step, the case where ¢ = x(¢1,...,¥,)
for some operation symbol x follows immediately using the induction hypothesis.

Suppose now that ¢ = LY. Fix x € W and note that for any y € W'\ /W, we
have Rxy = 0. Observe also that 0 — a = 1 for all « € A. Hence, excluding
all worlds y € W such that Rxy = 0 does not change the value of A{Rzy —
V(¢¥,y) : y € W}. So, using the induction hypothesis,

V(Op,z) = N\{Rey—V(,y):yeW}
= N\{Bzy = V(,y):y e W}
= V(Oy,z).
The case where ¢ = (1) is very similar. [

Following the usual terminology of modal logic, a tree is defined as a relational
structure (7', S) such that (i) S C 77 is irreflexive, (ii) there exists a unique root
xg € T satisfying S*xqx for all x € T where S* is the reflexive transitive closure
of S, (iii) for each x € T \ {x}, there is a unique ' € T such that Sz'z. A tree
(T, S) has height m € Nif m = max{[{y € T : S*yz}| : v € T}. AK(A)-
model M = (W, R, V) is called a K(A)-tree-model if (W, R™) is a tree, and has
finite height hg(9t) = m if (W, R™) has height m.

Lemma 3. Let MM = (W, R, V') be a K(A)-model, o € W, and k € N. Then
there exists a K(A)-tree-model M = (/V[7, R, V) with root Ty and hg(ﬁ) <k
such that \7(g0, zo) = V (g, x0) for all ¢ € Fm with () < k. Moreover, if M is
a K(A)C-model, then so is .

Proof. Consider the K(A)-model 0" = (W’ R', V') obtained by “unravelling”
M at the world xy; i.e., for all n € N (noting that 0 € N),

W/ = U{(x()u cee wrn) S WnJrl . RJF.CUZ‘SC?;JA fori < n}
neN
R’yz _ Rxnxn+1 1fy= ('I(],...,l’n), z = (170,...,[L’n+1)
0 otherwise

V'(p,(xo,...,x,)) = V(p,xn).

Clearly, M is a K(A)-tree-model with root Zy = (). Now let M = </T/I7, R,V)
be the K(A)-tree-submodel of 9 defined by cutting 9 at depth k; i.e., let W =
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{(zo,...,xp) € W :n <k} and let R and V be the restrictions of R’ and V"’ to
W x W and Varx /VI7, respectively. A straightforward induction on ¢(¢) shows that
forall o € Fmandn € Nsuch that ((p) < k—n, V(p, (2o, ..., xn)) = V(, ).
In particular, V (¢, Zo) = V (i, 7) for all ¢ € Fm with £(¢) < k. O

2.3. Godel Modal Logics
The “Godel modal logics” GK and GKC studied in [9, 10,27] are K(G) and
K(G)C, respectively, defined with respect to the infinite-valued Godel algebra

G = ([0,1], A, V, —,0,1).

Axiomatizations of the box and diamond fragments of GK are obtained in [9]
as extensions of an axiomatization of Godel logic (intuitionistic logic plus the
prelinearity axiom schema (¢ — ©) V (¢ — ¢)) with, respectively,

O — Oy Ol Vb)) = (Op V OY)

O = 70y
O(e = ¢) = (Mo = Oy) ond 200
D£ o=
7 Op — Q.

An axiomatization of the full logic GK is obtained in [10] by extending the union
of these axiomatizations with the Fischer Servi axioms (see [34])

Olp = ¢) = (Op = OY)
(O = O¢) = D(e = ¥).

It is also shown in [10] that GK coincides with the extension of the intuitionistic
modal logic IK (see [34]) with the prelinearity axiom schema (¢ — )V (¢ — ¢).

No axiomatization has yet been found for the full logic GK. However, the
box fragment of GK® coincides with the box fragment of GK [9], and the diamond
fragment of GKC is axiomatized in [27] as an extension of the diamond fragment

of GK with
oV (1 — 1)
Qo V (01 — Q).
More generally, we may consider the family of Gddel modal logics K(A) and

K(A)C where A is a complete subalgebra of G: in particular, when A is G| =
<G¢, AV, —, 0, 1> or GT = <G¢, AV, —, 0, 1> with

G, ={0}U{ [neN} and G;={1—-|neNu{l}.

10



Clearly, order-based algebras with universes (G| and G+ are isomorphic to algebras
with universes {—n : n € N} U {—o0} and NU {00}, respectively.

It is not hard to show (see below) that for finite A, the sets of valid formulas
of K(A) and K(A)® depend only on the cardinality of A and are decidable. Note,
moreover, that although all infinite subalgebras of G produce the same set of valid
propositional formulas [14], there are countably infinitely many different infinite-
valued first-order Godel logics (considered as sets of valid formulas) [2]. This
result holds also for Godel modal logics.

Proposition 4. There are countably infinitely many different logics K(A) (consid-
ered as sets of valid formulas), where A is an infinite subalgebra of G. Moreover,
the same is true for K(A)C.

Proof. By the mentioned result of [2], there are at most countably many such
logics. Just note that for each infinite subalgebra A of G, the modal logic K(A)
corresponds to a specific fragment of the first-order logic over A, determined
by the same standard translation 7 as in the classical setting, where box- and
diamond-formulas are translated as follows:

m(0p) = (vy)(Rry = 7(p)(y)) and  7(Op) = (Fy)(Rry A 7(p)(y))-

To obtain the fragment in the crisp case, we may use the usual “crispification” of
the relation symbol R by prefixing it with ——.

To show that there are infinitely many such logics, let us fix, for each n € Z+,
a complete subalgebra A, of G with exactly n right accumulation points (i.e.,
|R(A)| = n). We then prove that for all distinct n, m € Z*, the logics K(A,,) and
K(A,,) are mutually distinct, and so are K°(A,,) and K(A,,,). For this, we define

w(p,q) = (B(g = p) Ag = Og) AO((p = q) = q)) = ((Op = q) = q),
which detects right accumulation points, and for eachn € Z™, let

n—1 n

(D1 @1y P ) = \ (@1 = @) = @) = \/ @i, 0)-
=1 =1

We leave the reader to show that for each n € Z*, the formula ¢,, is K(A)-valid
if and only if |R(A)| < n. O

The logics K(G), K(G+), and K(G ) and their crisp counterparts are all dis-
tinct. The formula LJ=—p — ——=0p is valid in the logics based on G+, but not in
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those based on G or G. To see this, note that 0 is an accumulation point in [0, 1]
and G (but not in G4); hence for these sets there is an infinite strictly descend-
ing sequence of values (a;);e; with limit 0, giving =—a; = 1 for each ¢ € I and
inf,c; -—a; = 1, while =—inf,c; a; = =0 = 0 (see the proof of Theorem 7).
Similarly, (Op — O0q) — (=0q VvV O(p — ¢)) is valid in the logics based on G|
but not those based on G. Moreover, the formula = —Qp — (——p is valid in any
of the crisp logics, but not in their non-crisp versions.

2.4. The Finite Model Property

Let us call an L-model for a logic L countable or finite if its set of worlds is
countable or finite, respectively. We say that a logic L has the finite model property
if validity in the logic coincides with validity in all finite L-models. Observe first
that if the underlying algebra of an order-based modal logic is finite, then the logic
has the finite model property.

Lemma 5. If A is a finite order-based algebra, then K(A) and K(A)C have the
finite model property.

Proof. By Lemma 3, it suffices to show that for any finite fragment > C Fm and
K(A)-tree-model M = (W, R, V') of finite height with root z, there is a finite
K(A)-tree-model M = <W, R, V) C O with root « such that V (¢, z) = V (¢, z)
for all ¢ € ¥. We prove this claim by induction on hg(91). For the base case,
W = {z} and we let M = M.

For the induction step, consider for each y € R*z|, the submodel 9, =
(W, Ry, V,) of M generated by y. Each M, is a K(A)-tree-model of finite height
with root y and hg(91,) < hg(91). Hence, by the induction hypothesis, for each
y € R[], there is a finite K(A)-tree-model /EIT\Ky = (W\y,fiy,%> c o, M
with root y € /Wy such that for all ¢ € ¥, by Lemma 2, ‘A/y(go, y) = Vy(p,y) =

V(p,y)-

Because A is finite, we can now choose for each ¢ € Y5 U X, a world y,,
such that V' (p, z) = Razy, — V,(¢,y,) when ¢ = Oy, and V(p, ) = Rxy, A
Vy (¥, y,) when ¢ = (. Define the finite set Y = {y, € R[z] : ¢ € Eg U Xy }.

—

We let M = </VI7, R, V) where
W= {ztuJ W,

yey

and R and V are R and V/, respectively, restricted to W. An easy induction on
{(¢p) establishes that V (p, z) = V (¢, x) forall p € ¥. O
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We are also able to establish the finite model property when the underlying (infi-
nite) algebra is G+.

Theorem 6. K(G+) and K(G+)© have the finite model property.

Proof. By Lemmas 3 and 5, it suffices to show that if ¢ € Fm is not valid in some
K(Gy)-tree-model 90t of finite height, then there is a finite subalgebra B of GT
and a K(B)-model m (that is crisp if 901 is crisp) such that ¢ is not valid in M.

Suppose that § = V(p,x) < 1 for some K(G)-tree-model of finite height
M = (W, R, V) with root z. Let B be the finite subalgebra of G4 with universe
(G+ N[0, 5]) U {1} and consider : G+ — B defined by

h(a):{a ifag.ﬂ

1 otherwise.

We define a K(B)-model M = (W, R, V) (that is crisp if 9T is crisp) as follows.
Let Ryz = h(Ryz) forall y,z € W and V(p,y) = h(V(p,y)) forally € W
and p € Var. We prove that XA/(@D,y) = h(V(¢,y)) forally € W and ¢ €
Fm by induction on ¢(1)). The base case follows by definition (recalling that
the only constants are 0 and 1). For the induction step, the propositional cases
follow by observing that h is a Heyting algebra homomorphism (i.e., preserves
the operations A, \V, —, 0, and 1). The case of 1) = [l is also straightforward. If

Y = Qx, then

VOox,y) = V{RyzAV(x,2):2€ W} (10)
= V{(Ryz) ANW(V(x,2)) : 2 € W} (11)
= \{W(Ryz AV (x.2): 2z € W} (12)
= h(\[{RyzAV(x,2): z € W}) (13)
= h(V(Ox,y))- (14)

The step from (10) to (11) follows using the induction hypothesis and the step
from (11) to (12) follows because h is a Heyting algebra homomorphism. For
the step from (12) to (13), note that for \/{Ryz A V(x,2) : z € W} < 3, the
equality is immediate. Otherwise, Ryz A V(x,z) > [ for some z € W and
h(Ryz AV (x,z)) = 1,50 h(\J{Ryz AV (x,2) : z € W}) =1 = \/{h(Ryz A
V(x,z)):z2€ W}

Hence ‘A/(gp,a:) = h(V(p,x)) = h(B) = < 1 as required. O
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The finite model property does not hold, however, for Godel modal logics with
universe [0, 1] or G|, or even G if we add also the connective A to the language.
The problem in these cases stems from the existence of accumulation points in the
universe of truth values considered together with the non-continuous operation —
or A. If infinitely many worlds are accessible from a world z, then the value taken
by a formula (i (or Q) at x will be the infimum (supremum) of values calculated
from values of ¢ at these worlds, but may not be the minimum (maximum). A
formula may therefore not be valid in such a model, but valid in all finite models
where infima (suprema) and minima (maxima) coincide.

Theorem 7. Suppose that either (i) the universe of A is [0,1] or G|, or (ii) the
universe of A is G4 and the language contains A. Then neither K(A) nor K(A)¢
has the finite model property.

Proof. For (1), we follow [9] where it is shown that the following formula provides
a counterexample to the finite model property of GK and GK¢:

D—|—|p — —|—|Dp.

Just observe that the formula is valid in all finite K(A)-models, but not in the

infinite K(A)“-model (N, R, V) where Rmn = 1 for all m,n € Nand V (p,n) =

7 forall n € N. Hence neither K(A) nor K(A)¢ has the finite model property.
Similarly, for (ii), the formula

AQp — OAp
is valid in all finite K(A)-models, but not in the infinite K(A)“-model (N, R, V')
where Rmn = 1 forallm,n € Nand V' (p,n) = 5 foralln € N. [

Let us remark also that decidability and indeed PSPACE-completeness of validity
in the box and diamond fragments of both GK and GK® have been established
in [27] using analytic Gentzen-style proof systems, but that decidability of validity
in the full logics GK and GK® has remained open.

3. A New Semantics for the Modal Operators

Consider again the failure of the finite model property for GK® established in
the proof of Theorem 7. For a GK®-model to render (J-—p — ——[p invalid at a
world x, there must be values of p at worlds accessible to = that form an infinite
descending sequence tending to but never reaching 0. This ensures that the infinite
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model falsifies the formula, but also that no particular world acts as a “witness” to
the value of [lp. Here, we redefine models to restrict the values at each world that
can be taken by box-formulas and diamond-formulas. A formula such as [lp can
then be “witnessed” at a world where the value of p is merely “sufficiently close”
to the value of [lp.

To ensure that these redefined models accept the same valid formulas as the
original models, we restrict our attention to order-based algebras where the order
satisfies a certain homogeneity property. Recall that R(A) and L(A) are the sets
of right and left accumulation points, respectively, of an order-based algebra A
in the usual topology inherited from [0, 1]. Note also that by (a, b), [a,b), etc. we
denote here the intervals (a, b) N A, [a,b) N A, etc. in A. We say that A is locally
right homogeneous if for any a € R(A), there is a ¢ € A such that a < ¢ and for
any e € (a, c), there is a complete deflationary order embedding h: [a,c) — [a, €)
such that h(a) = a. In this case, c is called a witness of right homogeneity at a.
Similarly, A is said to be locally left homogeneous if for any b € L(A), there is
ad € Asuchthat d < band for any f € (d,b), there is a complete inflationary
order embedding h: (d,b] — (f,b] such that h(b) = b. In this case, d is called a
witness of left homogeneity at b. We will call A locally homogeneous if it is both
locally right homogeneous and locally left homogeneous.

Observe that if ¢ € A is a witness of right homogeneity at a, then any e € (a, ¢)
will also be a witness of right homogeneity at a. Hence c can be chosen sufficiently
close to a so that (a,c) is disjoint to any given finite subset of A. A similar
observation holds for witnesses of left homogeneity.

Example 8. Any finite A is trivially locally homogeneous. Also any A with A =
0,1] is locally homogeneous: for a € R(A) = [0,1), choose any ¢ > a to
witness right homogeneity at a, and similarly for b € L(A) = (0, 1], choose any
d < b to witness left homogeneity at b. In the case of A = G|, L(A) = {,
R(A) = {0}, and any ¢ > 0 witnesses right homogeneity at 0. Similarly, for
A =Gy, R(A) =0, L(A) = {1}, and any d < 1 witnesses left homogeneity at
1. Moreover, infinitely many more non-isomorphic examples can be constructed
using the fact that any ordered sum or lexicographical product of two locally
homogeneous ordered sets is locally homogeneous.

Let us assume for the remainder of this section that A is a locally homogeneous
order-based algebra. An FK(A)-model is a five-tuple M = (W, R, V, T, Ty)
such that (W, R, V') is a K(A)-model and Tr: W — P(A) and Tp,: W — P(A)
are functions satisfying for each x € W
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(i) CF C Tn(x) N Ty(x),

(i) To(z) = A\ U,c;(ai, ¢;) for some finite I C N (possibly empty), where
a; € R(A), ¢; witnesses right homogeneity at a;, and the intervals (a;, ¢;)
are pairwise disjoint,

(iii) To(x) = A\ Ujc,(d;,b;) for some finite J C N (possibly empty), where
b; € L(A), d; witnesses left homogeneity at b;, and the intervals (d;, b;)
are pairwise disjoint.

The valuation V' is extended to the mapping V' : Fm X W inductively as follows:

V(*(@la R (pn)a 3:) = *(V(gpl, x)? ct V(me 33'))

for each n-ary operational symbol x of £, and

V(Op,x) = \/{7“ eTn(z):r< /\{ny = Vipy):ye W}}
V(Qp,z) = /\{r € Ty(x):r> \/{ny AV (p,y) :y € W}

As before, an FK(A)C-model satisfies the extra condition that (W, R) is a crisp
A -frame, and the conditions for [J and ¢ simplify to

V(@p,x) = \/{reTn():r < \{V(e,y) : Rey}}
V(Op,r) = N{reTo@) :r=\/{Vigy) : Ray}}.
A formula ¢ € Fm is valid in M if V(p,x) = 1 forallz € W.

Example 9. Note that when A is finite, Th(x) = Ty(z) = A. For A = [0,1],
both Try(x) and Ty (x) are obtained by removing finitely many arbitrary disjoint

intervals (a,b) not containing constants. For A = G, the only possibilities are
To(x) = Aand To(x) = A or Th(x) = {0,1, 2= ... 1} for some n € Z*

'm?n—1"

respecting Cp C Try(z). The case of A = Gy is very similar.

It is worth pointing out that in every FK(A)-model 0t = (W, R, V, Ty, Ty,) and for
any x € W, Tn(z) and Ty (x) will be complete subsets of A. Hence, the suprema
and infima defining V (O, z) and V (O, =) will actually be maxima and minima,
and always V (Op, x) € Tn(x) and V (Op, x) € Ty(z).

We now extend some previously introduced notions to FK(A)-models. Given
an FK(A)- model M = (W, R, V, 15, Tyy), we call MM = (W', R, V', T}, T) an
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FK(A)-submodel of 9, written M C M, if W' € W and R', V', 17, and T}
are the restrictions to W’ of R, V, Th, and Ty, respectively. As before, given = €
W, the FK(A)-submodel of 9 generated by x is the smallest FK(A)-submodel
M = (W', R, V', T5, T;) of M satisfying 2 € W and forall y € W', z € R*[y]
implies z € W’'. Lemmas 2 and 3 then extend to FK(A )-models as follows with
minimal changes in the proofs.

Lemma 10. Ler 0 = (W, R, V, T, Ty) be an FK(A)-model.

(a) Let M = </W7, R,V,Th,T,) be a generated FK(A)-submodel of M. Then

~

V(p,x) =V(p,z) forallz € W, and ¢ € Fm.

(b) Given any v € W and k € N, there exists an FK(A)-tree-model M =
(W, R,V T, Ty) with root T and hg(IM) < k such that V(p,z) = V(p, x)

—

forall o € Fm with ((p) < k, and if M is an FK(A ) -model, then so is M.

Example 11. There are very simple finite FK(A)-counter-models for the formula
O-—p — —==0p when A = [0,1]. For M = (W, R, V, T, Ty) with W = {a},
Raa =1, Th(a) = Ty(a) = Cz, and 0 < V(p,a) < min(Cg \ {0}):
V(O-—p,a) = \/{reCc:r< A{V(=p,y) : Ray}}
= \/{r €Cr:r<V(-—p,a)}
= \/{rECl;:rgl}
1

V(==Op,a) = —=\/{reCc:r < A\{V(p,y): Ray}}
= =\/{reCo:r<V(pa)}

= -0
= 0
V({d-—p— --0Op,a) = V(O-—-p,a) = V(-—-0Op,a)
= 1—=0
= 0.

The same formula fails in a similar finite FK(A)“-model when A = G, and
AOp — OAp fails in a similar FK(A)C-model when A = G;.
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Indeed, as shown below, given an FK(A)-tree-model of finite height where ¢ €
Fm is not valid, we can always “prune” (i.e., remove branches from) the model
in such a way that ¢ is still not valid in the resulting finite FK(A )-tree-model. It
then follows from part (b) of Lemma 10 that FK(A) and FK(A)® have the finite
model property.

Lemma 12. Let ¥ C Fm be a finite fragment. Then for any FK(A)-tree-model
m = (W R,V Th, T<>> of finite height with root x, there is a finite FK(A) tree-
model M = (W RV TD,T<>> with <W R,V) C (W,R,V), root z € W, and
]/W| < |S P such that V (o, z) = V (g, z) for all ¢ € 3.

Proof. We prove the lemma by induction on hg(9). For the base case, W = {z}
and it suffices to define 20t = .

For the induction step hg(9t) = n + 1, consider for each y € R[z], the
submodel M, = (W,, R,,V,,Thy, Ty,) of M generated by y. Each 9, is an
FK(A)-tree-model of finite height with root y and hg(91,) < n. Hence, by the in-
duction hypothesis, for each y € R[], there is a finite FK(A)-tree-model f/D\Ty =
(/Wy, ﬁy, \A/y, fgy, f0y> with <Wy, }A%y, ‘A/y,> C (W,, Ry, V,) and root y € Wy, such
that |Wy| < |X|™ and for all ¢ € ¥, using Lemma 10(a), \A/y(go, y) = Vy(p,y) =
V(p,y).

We choose a finite number of appropriate y € RHYz] in order to build our
finite FK(A)-submodel M = (W R,V , T, T,) of M as the “union” of these Dﬁ
connected by the root world 2 € 1. First we define Ty(z) and Ty ().

Consider T5(z) = A\ U,¢;(ai, ¢;) for some finite / € N (possibly empty),
where for all i € I, a; € R(A), ¢; witnesses right homogeneity at a;, and the
intervals (a;, ¢;) are pairwise disjoint. Consider also the finite (possibly empty)
set (V[Eg,z]NR(A))\{a;:i €I} ={a;:j€ J}ywhereINJ={.ForjeJ,
choose a witness of right homogeneity ¢; at a; such that the intervals (a;, ¢;) are
pairwise disjoint, for all ¢ € I U J, and (V[¥g, 2] U Cz) N (U, 05 (i) = 0.
We define Th(z) = A\ Uicrus (@i, c;), satisfying conditions (i) and (ii) of the
definition of an FK(A)-model by construction. Note also that V' [¥5, 2] U C, C

Similarly, consider Ty (z) = A\ U, (di, b;) for some finite I” C N (possibly
empty), where for all i € I’, b; € L(A), d; witnesses left homogeneity at b,
and the intervals (d;, b;) are pairwise disjoint. Consider also the finite (possibly
empty) set (V[X,, 2] N L(A))\ {b; :i € I'} = {b; : j € J'}. For j € J', choose
a witness of left homogeneity d; at b; such that the intervals (d;, b;) are pairwise
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disjoint forall 7 € I'UJ’, and (V' [Xy, 2]UC.) N (U, e (di, b5)) = 0. We define
To(z) = A\U ierruy (di, b;), satisfying conditions (i) and (iii) of the definition of
an FK(A)-model by construction. Note also that V[, z]UC, C Tp () C T ().

Consider now ¢ = [y € ¥gandleta = V(Oy, z) € T\D(x). If a ¢ R(A),
choose y, € R*[z] such that « = Rxy, — V(¢,y,). If a € R(A), there is
ani € I U J, such that a = a;, and we choose y, € R[z] such that Rxy, —
V(¢,y,) € [a;,¢;). Similarly, for each ¢ = Q1) € Xy, letb = V (0, x) € Ty(x).
Ifb ¢ L(A), choose y, € R'[x] such that b = Rxy, AV (¢,y,). If b € L(A),
there is an ¢ € I’ U J', such that b = b; and we choose y, € R*[z] such that

Ry, NV (1, y,) € (di, bi].
Now let Y = {y@ € R+[ ] = YnUXe }, noting that |Y| < [ZqUX,| < |X].

We define 2t = <W R,V,Th,T,) where
W= {ztuJ W,

yey
and R and V are R and V/, respectively, restricted to W. T D( ) and T, v(z ) are
defined as Tgy( ) and Toy( ), respectively, if z € W for some y € Y. Th(x)
and T, (z) are defined as above.
Observe that (W,ﬁ V) C (W,R, V), z € W is the root ofim and |W| <
Y[|S|" + 1 < [S]|S|" =[SO, Moreover, for each y € Y, M, is an FK(A)-

submodel of 91 generated by y. Hence, by Lemma 10(a) and the induction hy-
pothesis, for all p € 3,

V(e,y) = Vy(o,9) = V(o y) = Vg, y). (15)

We show now that ‘A/(go, x) = V(p,x) for all ¢ € ¥, proceeding by induction on
((p). The base case follows directly from the definition of V. For the inductive
step, the non-modal cases follow directly using the induction hypothesis. For
¢ = [, there are two cases. Suppose first that V (v, z) = a ¢ R(A) and
recall that

V(Oy,x) = \/{r € To(z):r < /\{Ra:y = V@,y):ye W}} =a.

This implies that Rzy — V(¢,y) = a forally € Y C R'z]. Hence, by (15),
Ray — V(ib,y) > aforally € Y = R*z]. Moreover, ny¢, — Vi, Yp) = a
and hence, because a € V[Xq, 2] C Tn(x),

V(Oy,z) = \/{7" € Th(z):r < /\{}/%xy SVW,y) :ye Wl =a.
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For the second case, suppose that V (v, ) = a € R(A). Then a = a;, for some
v € I'UJ, and we observe that

a; =a < /\{ny = V@,y):ye W}

By (15), we know that Rzy — V (¢, y) = Rxy — V (1, y) for each y € W, and
because W C W, it follows that

a: < \{Ray = V(,y) 1y € W < N{Ray — V(ih,y) cy € W},
By the choice of y, € W
ﬁx% — ?(%yw) = Rxy, = V(¢,y,) < .
Hence a; < A{Rzy — V(¢,y) 1y € ﬁ/\} < ¢; and

V(Op, z) = \/{r eTh(x):r< /\{Eazy —V(,y) ye /W}} = a; = a.
The case where ¢ = (1 is very similar. [

Corollary 13. FK(A) and FK(A)€ have the finite model property.

4. Equivalence of the Semantics

Let us assume again that A is a locally homogeneous order-based algebra. We
devote this section to establishing that a formula is valid in K(A) or K(A)¢ if and
only if it is valid in FK(A) or FK(A)C, respectively. Observe first that any K(A )-
model can be extended to an FK(A )-model with the same valid formulas simply
by defining 7 and T}, to be constantly A. Hence any FK( A )-valid formula is also
K(A)-valid. We therefore turn our attention to the other (much harder) direction:
proving that any K(A )-valid formula is also FK(A)-valid.

The main ingredient of the proof (see Lemma 16) is the construction of a
K(A)-tree- model taking the same values for formulas at its root as a given FK(A)-
tree-model. Note that the original FK(A )-tree- model without the functions 7
and T}, cannot play this role in general; in [0, 1], for example, the infimum or
supremum required for calculating the value of a box-formula or diamond-formula
at the root = might not be in the set T7(x) or Ty (x). This problem is resolved by
taking infinitely many copies of an inductively defined K(A )-model in such a way
that certain parts of the intervals in A missing in 7(x) or Ty (z) are “squeezed”
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closer to either their lower or upper bounds. The obtained infima and suprema
will then coincide with the next smaller or larger member of T(x) and Ty (z):
that is, the required values of the formulas at z in the original FK(A )-tree-model.
The following example illustrates this idea for the relatively simple case where
A =0G.

Example 14. Consider the FK(G)C-tree-model M = (W, R, V, Tpy, Ty) with W =
{z,y}, R ={(z,y)}, and Tn(z) = [0,1] \ (0.2,0.8). Note that 0.2 € R(G) and
that 0.8 witnesses right homogeneity at 0.2. Suppose that V (p,y) = 0.6, so that

V(Dp, IE) = \/{T’ € TD(I) r < /\{‘/'(p7 y) : Rl’y}}
— \/{r € 0,1\ (02,0.8) : r < 0.6}
— 02

For each k > 2, we then consider My, = (Wy., Ri, Vi) with Wy, = {yr}, Ry =
0, and Vi(p,yx) = he(V(p,y)), for some deflationary {0, 1}-order embedding
hi: [0,1] — [0, 1], satisfying for each k > 2,

hi[[0.2,0.8)] =[0.2,0.2 + 1).

Defining the K(G)-tree-model M = </VT7, R, V), with W= {z} U{yp: k > 2},
R={(x,yx) : k > 2}, and V (p, yr.) = Vi(p, yx), we obtain (see Figure 1):

~

V(Op,2) = AV, : Reyd
= 0.2
= V(Op,z).

A central tool in the proof of Lemma 16 is the following result which allows the
“squeezing” of K(A)-models so that the values of formulas are arbitrarily close
to certain points (as in Example 14). Intuitively, in the proof of Lemma 16, the
set B below (in Lemma 15) will be the set of values at the root world x of all
box-formulas and diamond-formulas in some fragment .. In (a) below, the values
a and ¢ will denote the endpoints of the removed interval and s will be the relevant
value that we want to squeeze closer and closer towards a. The value ¢, the upper
endpoint of the squeezed interval, will then be chosen in A\ (BN L(A)) in order to
ensure that all the suprema in B (relevant for determining the values of diamond-
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Figure 1: Squeezing models
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formulas in XJ) are preserved by the squeezing. Note that u € [0, 1] can be any
value as close to a as needed (e.g., u = a+ % for any k € Z*) so as to squeeze the
interval [a, t) into [a, u) by the B-complete deflationary order embedding h, with
the intention that s € [a,t) and h(s) € [a,u). For (b), the ideas are very similar.

Lemma 15. Let B C A be countable.

(a) Given a € R(A), some witness ¢ > a of right homogeneity at a, and an
s € la,c), thereisat € (s,c| such thatt ¢ B N L(A). Moreover, for all
u € (a,t], there is a B-complete deflationary order embedding h: A — A
such that
hlla,t)] C [a,u), and h|a\(ap = ida.

(b) Given b € L(A), some witness d < b of left homogeneity at b, and an
s € (d,b), there is at € [d,s) such thatt ¢ B N R(A). Moreover, for all
u € [t,b), there is a B-complete inflationary order embedding h: A — A
such that
h[(t,b]] € (u,b] and h‘A\(t,b) =1idy.

Proof. For (a), let B C A be countable and consider a € R(A), a witness ¢ of
right homogeneity at a, and s € [a,c). We first prove that there is a t € (s, ]
which is eitherin A\ L(A) orin A\ B.If ¢ ¢ L(A), chooset = c. If c € L(A),
then [s, c| is infinite. Recall that A is a complete sublattice of [0, 1] and that every
non-empty perfect set of real numbers (closed and containing no isolated points) is
uncountable. Hence if [s, ¢] is countable, there must be an isolated point ¢ € (s, ¢|
such that t ¢ L(A). If [s, ¢] is uncountable, then there is at € (s,c| \ B, as B is
countable. Either way, there isat € (s, c] such thatt ¢ BN L(A).

Now we define the embedding. Because ¢ < c also witnesses right homo-
geneity at a, for each u € (a, t], there is a complete deflationary order embedding
g: la,t) — [a,u) with g(a) = a. Define h as g on [a,t) and as the identity on
A\ [a,t). Then all arbitrary meets and joins in A are preserved except in the case
where ¢ is a join of elements in [a,?) and so ¢ € L(A). But in this case t ¢ B.
Hence (a) holds. For (b), we use a very similar argument. ]

Lemma 16. Let X be a finite fragment and let M = (W, R, V, Ty, Tyy) be a finite
FK(A)-tree-model with root x. Then there is a countable K(A)-tree-model M =
(/W, R, V) with root T such that V(p, %) = V (g, z) for all ¢ € . Moreover, if
N is crisp, then so is M.
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Proof. The lemma is proved by 1nduct10n on hg(M). The base case is imme-
diate, fixing M = (W R, V) with W = W = {z}, R=RadV =V,
For the induction step, given y € R*[z|, let M, = (W,, R,,V,, Tn,, Tp,) be
the submodel of 9t generated by y. Then 91, is a finite FK(A )-tree-model with
root y, hg(M,) < hg(M), and, by Lemma 10(a), V, (¢, z) = V (g, 2) for all
z € Wy, and ¢ € Fm. So, by the induction hypothesis, there is a countable
K(A)-tree-model ﬁy = (Wy, R,,V,) (crisp if 901 is crisp) with root 7 such that

Vil 9) = Vi(p,y) = Ve, y) forall p € 3.
For each ¢ € ¥ U X, we will choose a world y,, € R*[z] as described

below and then, using Lemma 15, define for each k£ € Z™ a copy of the K(A)-

tree-model ﬁyw, denoted 55?"; Suppose that ¢ = [y € Y. Consider Th(z) =
A\ U,es(ai, ¢;) for some finite I € N (possibly empty), where for all i € I,
a; € R(A), ¢; witnesses right homogeneity at a;, and the intervals (a;, ¢;) are
pairwise disjoint. There are two cases.

(i) Suppose that V(i x) = a; for some ¢ € I. Recalling that

a; = V(O z) = \[{r € To(x) : 7 < \{Ray = V(¥,y) -y € W}},
there must be a world y,, € R*[x] such that
Rxy, = V(¥,y,) € lai, ;).

We fix B = ‘A/W [(ZoUXy, /Wyw]’ which is countable because Wyv is countable and
Y0 U Xy is finite. Using Lemma 15, for some ¢ satisfying

a; <s= Rxy, = V(¥,y,) <t <,

there exists foreach k € Z*, a B-complete deflationary order embedding hy: A —
A mapping [a;, t) into [a;, a; + 1), and hg| a\(a,) = ida. Clearly, this implies that
forall k € Z*, hy is a \7 X0 U ZO, W\ ] complete deﬂationary C-order em-
bedding. We then define the copy SDT’“ <Wk Rk VF ) of E)ﬁy as follows:

e Ve

/\k . —_~ . ~ —_~ /\k
e IV is a copy of W, _, denoting the copy of z,,, € W, by z7,
Rk gk ok _ S e W
o Rix;z; = hk(Rywxwayw) forz, ,z, €W,

° Vk(p, A’;) hk(VW (p, ’x\yw)) for Eyw eWw,,.
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Because hy, is a XA/ [ED U Xy, /W ] -complete deflationary C.- order embedding,

by Lemma 1, Vk(x uE) = h(Vi,, (X, J,)) for all x € . By the induction hy-
pothesis,

(1) hi(Ray,) = VE@,55) = he(Ray,) = hi(V,, (4.5,))

(ii) Suppose that V({i, z) # a; for all ¢ € I. In this case, V(Oy,z) =
N Rzxy — V(¢,y) : y € W} and, because W is finite, there is a y, € W, such
that, by the induction hypothesis,

V(O 2) = Ry, = V(0,p) = Rayy = U, (4,1,
In this case, let hy, be the identity function on A and zmk = (VV'C RE VR =

0 Vo Yo+
Slmﬂarly, when ¢ = <>@/) € Y, we obtain for each k € Z", a K(A)-tree-

model imk as a copy of 93?
We now define the K(A) tree-model 2 = </I/I7, R,V) by

wo={zv | Yyt

pEXQUEy keZt

}A%’;wz ifw,zEW;f for some o € Yo UX,, k€ ZT
Rwz = { hi(Rey,) ifw=7, z=75cWkforpe XU, k€ Z*
0 otherwise

‘7( - ‘Zf(p,z) ifzE/VIfoorsomegpGEDUE<>,/{;GZJr
b= = Vip,x) ifz="7.

If 901 is crisp, then for all ¢ € Y5 U Xy, ﬁyw is crisp and so also are ﬁg for all

k € Z*. Hence, by construction, M is crisp. Moreover, as there are only finitely
many different countable 91, , and we only take countably many copies of each

one, ﬁ is also countable. -
Observe now that for each §; € R*[z], we have that 9t/ is the submodel of

m generated by @’Z. Hence, by Lemma 2, for all Y € ¥ and g?ﬁ c Rt (7],
(i) V(Xa g{;) = Vj(X?@\g) = hk(v;ﬁp (Xv @\go)) = hk(‘/yg; (X?ycp)) = h’k’(v(Xang))
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Finally, we prove that XA/(X, z) = V(x,z) for all y € 3, proceeding by induction
on {(x). The base case follows directly from the definition of V. For the induction
step, the cases for the non-modal connectives follow easily using the induction
hypothesis. Let us just consider the case y = ¢ = [y (a formula in X), the case
x = O being very similar. There are two possibilities.

(i) Suppose that V ([0, x) = a; for some i € I. Then for all z € W, we have
Rzz — V(1¢,z) > a;. Note that it is not possible for any a € A and hy, defined
above that hy(a) < a; < a, as hy, is either the identity on 75(z) or is inflationary
on A. So by construction, for all z € /V[Z

Rz = V(¥,2) > a..
Moreover, for y, € W,
Rry, = V(1. y,) € [ai, ¢i),
and by (1) and (%),
o < NRIZ-V@,2):2eW}
< N(RZgE - V(. 38) : k € Z*)
= Nf{h(Ray,) — VE@,5%) - ke 2}
= A{h(Ray, — V(,y,) : k € Z*)

< /\{ai—i—%:kEZJr}

a;.

So V(Ow,7) = N{Riz — V(¥,2) : 2 € W} = a; = V(O z) as required.

(ii) Suppose that V (O, z) # a; for all i € I. Again, for all z € W, we have
that Rez — V (¢, 2z) > V(Oy, x) € Th(x). As hy is either the identity on 7(x)
or is inflationary on A, by construction, for all Z € W,

R#2 — V(1,2) > V(Oy, 2).
Moreover, as in (ii) above, because W is finite, there is a y, € W such that

Rxy, = V(¢,y,) = V(Oy, x).
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Using (1) and the fact that hy is either the identity on 75(x) or inflationary on A,
VOws) = NRE- V.2 2eW)
= N{RZFE - V(.55 : k € 2+
= N{(Ray,) = Vi, ) k € Z*}

- /\{hk(ny@ = V,y,): ke Z'}

= Ray, = V(¥ y,)
V(Oy, ).

So V(Ou, 7) = V(i, ) as required. O
We obtain the following equivalence results.

Theorem 17.
(@) k() ¢ if and only if |=rk(a) ¢.

(b) Ekeay ¢ ifand only if Frkia)c ¢-

Proof. For (a), the right-to-left direction is immediate using the fact that every
K(A)-tree-model can be extended to an FK(A)-tree-model with the same valid
formulas by setting 75 and T, to be constantly A. Suppose now that Erxa) ¢.
By Lemmas 10 and 12, there is a finite FK(A)-tree-model 0t = (W, R, V, Ty, Ty,)
with root x such that V(y, x) < 1. By Lemma 16, we obtain a K(A )-tree-model
M = <W, R, XA/) with root Z such that IA/(go, r) = V(p,x) < 1. So [Fka) ¢

The proof of (b) is very similar, using the fact that Lemmas 10, 12, and 16
preserve crisp models. ]

5. Decidability and Complexity

Let us assume again that A is a locally homogeneous order-based algebra.
In this section, we will use the finite model property of FK(A) and FK(A) to
obtain decidability and complexity results for K(A) and K(A)® in various cases.
We prove, in particular, that the Godel modal logics GK and GK® (i.e., where A
is G) are both PSPACE-complete and that the same is true for the cases where
A is G| or G4. These and other results in this section contrast with the fact
that no first-order Godel logic based on a countably infinite set of truth values is
recursively axiomatizable [1].
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For simplicity of exposition, we will assume that the only constants are 0
and 1. To explain the ideas involved in the proofs, consider ¢ € Fm and n =
1X(p)| = l(p)+]|Cr| = €(p)+2. To check that ¢ is not K(A)-valid, it suffices, by
Lemmas 10, 12, and 16, to find a finite FK(A)-tree-model 9 = (W, R, V, T1, T})
of height < ¢(¢) with root x and |[W| < |S(¢)[*¥) < n™ such that V (¢, r) < 1.

If A is infinite, then 75(x) and Ty () may also be infinite, and hence 9t may
not be a computational object. We therefore introduce a modified version of i:

m* = <W> R, ‘/7 {q)(x)}:cEWa {\Ij<x)}IEW>7

where for each x € W, ®(x) C A? is the set of ordered pairs for which T(z) =
AN U syeaw (r:8), and ¥(z) C A? is the set of ordered pairs defining Ty ().
Using the proof of Lemma 12 applied to a K(A)-model, we may assume that
1D ()], |¥(x)| < |E(p)| = n forall z € W, as the left endpoints of the intervals
utilized in the proof to define fg(x) in the finite FK(A)-tree-model belong to
V[2(¢)g, 2], and similarly for T} (z). Let us define inductively in 90*, for all
r € Wandy € Fm,

)

;

r it A\yew(Ray — V(¥,y)) € (r,s)
V(Oy,z) = for some (r, s) € ®(z)

K/\yeW(Rﬂcy — V(¢,y)) otherwise,

(s if \/ e (Rey AV (1h,y)) € (r, 5)
V(Oy,r) = for some (r, s) € V(z)

\\/yEW(RI’y AV (i,y)) otherwise.

Then 9" and 91 assign the same values to a formula at any world. Moreover, for
X € (), the computation of V' (y, z) in 9t* involves only the set of values

N =V[E(p), W]U{Rzy : z,y e W} U{r,s: (r,s) € ®(x) UV(x), v € W}.

Note that |[N| < 4n*" = ¢,. Hence, we may assume that R and V' take values in
the fixed set A(e, ), where for m € Z*,

A(m) ={0,L,..., ==L 1},
We can also assume that W is W,, C {0,1,...,n"}, yielding a finite structure
M (en) = (Wa, B,V {®(0) biew,, {¥(0) biew, ),

28



where (WW,,, RT) is a tree with root 0 of height < n and branching < n, and the
sets ®(i), W (i), for i € W, determine the endpoints of a family of disjoint open
intervals in A(e,,). We will call this kind of structure a (crisp if R is crisp) FK(e, )-
tree-model. In order to recover the connection with the original FK(A )-model, we
introduce the following convenient notion.

A finite system is a triple A(m) = (A(m), ®, ¥) where &, ¥ C A(m)?. We
call A(m) consistent with A if for some order-preserving embedding h: A(m) —
A, satisfying h(0) = 0 and A(1) = 1,

e h(c) witnesses right homogeneity at h(a) € R(A) for all (a,c) € P,
o h(d) witnesses left homogeneity at h(b) € L(A) for all (d,b) € V.

Then we obtain from the previous discussion:

Theorem 18. The validity problems of K(A) and K(A)C are decidable if the
problem of consistency of finite systems A(m) with A is decidable. Moreover, the
validity problems of K(A) and K(A)¢ are co-NEXPTIME reducible (in the length
of the formula) to the problem of consistency of finite systems A(m) with A.

Proof. As observed above, ¢ € Fm with n = £()+2 is not K(A)-valid (K(A)*-
valid) if and only if there is a (crisp) FK(e,,)-tree-model of the form 9Mt*(e,) =
(Wi, R, V,{® (%) }iew,,, {¥ (%) }iew,, ) for which V (o, 0) < 1 and the finite system
A(en) = (Alen), Uiew, ®(9), U;ep, W(4)) is consistent with A.

Choose non-deterministically V': Var(¢) — A(e,), R: W? — Ale,), and
(i), (i) C Ale,)? for all i € W, to obtain M*(e,,), and compute V (¢,0) to
verify V' (¢, 0) < 1. This takes a number of steps bounded by a constant multiple
of e,. Then utilize an oracle to verify the consistency of A(e,) with A. [l

Example 19. Any finite system A(m) = (A(m), ®, V) is consistent with G. Also
A (m) is consistent with G if and only if ¥ = () and ® = {(0, ’:n—l), ..., (0, %)}for
somel € Z" and ky, ...,k € N, or is 0, and A(m) is consistent with G4 if and
onlyif ® =0 and U = {(& 1),..., (& 1)} for some | € Z* and k, ...,k €N,
or is (). Hence in these cases the consistency problem is obviously decidable in
linear time and space (null-space if the size of the input tape is not considered).

Moreover, it is easy to verify inductively that any algebra A obtained from
G, G, Gy, and finite order-based algebras as a finite combination of ordered
sums, lexicographical products, and fusion of consecutive points has a (PTIME)
decidable consistency problem. In all of these cases, validity in K(A) and K(A )¢
is (co-NEXPTIME) decidable. This includes the case when A, as an ordered set,
is isomorphic to an ordinal o + 1 < w“ or its reverse.
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The algebras G, G|, G+, and finite order-based algebras have the additional prop-
erty that if the finite systems (A(m), ®;, V;), fori = 0, ..., k, are consistent with
A, then the same holds for (A(m), U, @i, ;< V). This will allow us to im-
prove the decidability result in these cases to PSPACE- completeness. First, how-
ever, we need a result about FK(e,, )-tree-models.

Lemma 20. The following problem is PSPACE-reducible (in n) to the consistency
of finite systems with A.:

Given 3 = {1, ..., or} € Fm (not necessarily distinct formulas) such that
k <nandl(p;) < nforj=1,... k and given intervals I, ..., I;, C A(e,)
(closed or open at their endpoints), determine if there exists a (crisp) FK(e,)-
tree-model M* = (W, R, V,{®(i) }iew,,, {¥ (i) }icw,, ) with root 0 and height
< n such that V(¢;,0) € I;, for j = 1,...,k, and for i € W, the system
(A(en), ©(i), U(0)) is consistent with A.

Proof. As PSPACE = NPSPACE (see [32]), it suffices to give a non-deterministic
polynomial space algorithm to produce the FK(e,, )-tree-mode 90t*. Because the
full model may need exponential space to be displayed, our strategy is to search
sequentially the branches of t*, from the root down, so that all branches are built
in the same polynomial space. This is the basic idea of Ladner’s proof in [25] of
the PSPACE complexity of the classical modal logic K. We do not try to optimize
the space bound but show that 22n° does the job.

Input. Each value in A(e,,) may be represented by a binary word of length
at most loge,, < 2n?, and the only information we need from the input, besides
Y., is the maximum (strictly smaller than 1) of A(e,) and the endpoints of the
intervals [;, indicating if they are included or not in the intervals. We consider
also as part of the input a particular world x € W, written in binary notation
(length < logn™ < n?). At the initial stage, z = 0. With appropriate markings in
the formulas, we may also assume that each ¢; appears decomposed in the form:

Y = X](pla s 7pl7|:|¢{’ .- '7D¢%j700{’ e '700271]')7

where P = {p1,...,pi} € Var and x;(p1,.--,0;, 1, qnys 51,5 5m;) is a
non-modal formula. Set:

So=A{00,...,0¢ j=1,....,k}, So={061,...,005, :j=1,....k},
FD:w{,...,%;j:1,...,k}, Fo={6],....03, :j=1,...k}.

Note that the input may be displayed in space at most 3n? + (1 + 2n)2n? < 9n?.
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Step 1. Choose values V(p, x) € A(e,), forall p € P U Sp U Sy, and verify
that V' (¢;,x) € I, foreach j < k.

Choose partial functions ®(z) = {(a,c,) : a € G} C V[Sh, z| x A(e,) and
U(x) = {(dp,b) : b€ H} C A(e,) x V[Sy,x] and verify that the finite system
(A(en), ®(x), ¥(x)) is consistent with A. Each a € G plays the role of a “right
accumulation point” and ¢, plays the role of a “witness of right homogeneity” at
a; similarly, each b € H plays the role of a “left accumulation point” and dj, plays
the role of a “witness of left homogeneity” at b. An oracle for the consistency
problem must certify that this distribution can be realized in A.

Choose also worlds 1, ...,y, € W, for m < n in the next level of the tree
and values Rzy; € A(e,) fort =1,...,m.

Note that the space required to perform this step and store the data produced
is at most 3n - 2n? + n - n? = 7n3. The values of the desired tree-model I*
are guessed at the root. Hence, this model exists if and only if it is possible to
find further (crisp, if necessary) FK(e,,)-tree-models 9t of height < n — 1 with
respective roots y;, fort = 1, ..., m, such that for any p € Fo U Fy,

1. t7\1(nyt S V(p,w) € [V(Op,x),ca) ifp€ Foand V(Op,z) = a € G,
2. ?\1(31;% S Vip,y)) = V(Op, x) if pe Fyand V(Op,a) ¢ G,
3. t\_n}l(nyt AV(p,w)) € (d, V(Op, )] ifp € Fyand V(Op,x) = b € H,
4. \W}(R:cyt AV (p,y)) = V(Op,x) ifpe Fyand V(Op,z) ¢ H.

t=1
If [ (F}) denotes the set of p € Fy (p € FY) for which the minimum (maximum)
associated to p above is realized at g, then the situation p € F, é, V(Op,x) =be€
H and Rxy; < dy, does not arise and, similarly, the situation p € F, é, and Rzxy; <
V(Op,x) ¢ H is impossible. Moreover, the above conditions are equivalent to
asking for all ¢ and p:

1. Rxy, — V(p,y:) > V(Op, x) if p € F
2. Rxy, — Vip,y) € [V(Op,x),c.) ifp e Ffand V(Op,z) € G,
3. Raxy, — V(p,y) = V(Op, x) if p e Flyand V(Op, z) ¢ G,
4. Rxy, ANV(p,y) < V(0p, ) if p € Iy
5. Raxy ANV (p,ye) € (dy, V(Op,z)]  ifpe Fiand V(Qp,x) € H,
6. Rxy, ANV(p,y:) =V (Op, ) if p € Ff and V(Op,z) ¢ H.
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These conditions are equivalent, in turn, to asking that for each model 91} and
p € Fy U Fy, the value V (p, y;) belongs to the interval /,,, fixed to be

1. [V(Op,x), Rry:) ifpe Fpand V(Op,z) < 1
[Rzy;, 1] ifpe Fpand V(Op,z) =1

2. [V(Op,x),cq A Rry,) ifpe FLand V(Op,z) =a € G,

3. [V(Op,z),V(Op,z)] if p € Ffh, V(Op, x) ¢ G,and V(Op, z) <
[Rzy, 1] ifpe FY, V(Op,z) ¢ G,and V(Op, ) =

4. [0, Rey, — V(Op, )] if p € Fy,

5. (dp, Rxyy — V(Op, )] if pe F, V(Op,x) =b € H,

6. [V(Op,z), Rey, — V(Op,x)] ifpe F,V(Op,x) ¢ H.

But this amounts to the original problem: the existence of 9t} with root y; satis-
fying the conditions of the lemma for the input ¥’ = F5 U F), and intervals [,,,,
p € . This justifies the next steps of the algorithm.

Step 2. Find coverings I = U,y £ and Fo = U,y £, verify that
the situations p € Fj§, V(Op,x) = b € H, and Rry, < dy, or p € F§ and
Rxy, < V(Op,x) ¢ H do not arise, and compute for each ¢ and p € Fj U F}, the
interval [,

Note that computing and storing the data produced in this step requires space
at most 2n - n? + 2n? - 2n? < 6nt.

Step 3. For ¢t = 1,...,m, return consecutively to Step 1 with input: ¥’ =
FoU Fy, {I,; : p € ¥}, and © = y,, traversing the resulting tree of worlds
in pre-order; that is, the leftmost branch is exhausted before passing to the next
unexplored sub-branch at the right.

Note that the cyclic repetition of Steps 1 and 2 (an exponential number of
times), if successful at each stage, runs through a tree of height less than n, so
the space needed to guess a branch of the tree is at most 22n°. The key point
is that having verified successfully the existence of a branch we may utilize the
same space for the next one, and thus the total space required is bounded by 22n°.
Informally, returning to Step 1 with ¢ = 1 starts a search for 9017, after finishing it
successfully, we return to Step 1 with £ = 2 and utilize the same space, bounded
by 22n*(n — 1), to search for 9015, etc. Adding to this common space the space of
the first cycle, we obtain 22n°. O

Theorem 21. The validity problems for K(A) and K(A)¢ are PSPACE-complete
for the algebras G, G|, and G+.

32

1,
1,



Proof. Lemma 20 applied to a formula ¢ and the interval [ = [0,1) yields a
PSPACE algorithm in the length of ¢ to determine for these algebras, whether
there is an FK(e,, )-tree-model for which V' (p,0) < 1 and (A(e,), ®(i), V(7)) is
consistent with A, for each i € W,, C {0,1,...,n"}. The latter condition is
equivalent to consistency with A of (A(e,), U;cpp,, ®(7), Usery, ¥(i)). The exis-
tence of this model is equivalent, recalling the earlier discussion in this section,
to the existence of a K(A)-counter-model for ¢. The lower bound follows from
the fact that classical modal logic K is PSPACE-hard [25] and can be interpreted
faithfully in K(A) or K(A)® by the double negation interpretation which adds ——
in front of any subformula of a formula. 0

Note that the last theorem applies to any algebra for which the consistency
problem is PSPACE decidable and the union of consistent finite systems is consis-
tent. Examples of these algebras are finite algebras (trivially), the ordinals w™ 41,
n € NT, and their reverse orders. We also expect that PSPACE-completeness
holds for all finite combinations of G, G|, G4, and finite algebras built via or-
dered sums, lexicographical products, and fusion of consecutive points, but will
not prove this here.

To generalize the results in this section to languages with a finite set of con-
stants C, = {¢; < ... < ¢}, utilize a set of values A'(e,,) containing an isomor-
phic copy C}; = {c] < ... < ¢} of C. such that |[c], ¢j, 1] are,)| = |lci, Civ1]al,
if |[c;, ciy1lal < en, and |[c], ¢} 1] a/e,)| = en, otherwise. This allows V' and
R to take values in any possible interval of consecutive constants. Moreover,
|A'(e,)| < |Ctle, and all bounds are multiplied by a constant. Finite systems
must have now the form (A(m),®, ¥, {c'}.cc,) and the embeddings granting
consistency must send ¢ to c.

6. Order-Based Crisp S5 Logics

As in the classical setting, further many-valued modal logics may be defined
for a given order-based algebra A as logics of particular classes of K(A )-models
(see, e.g., [9,10]). In this section, we restrict our attention to proving decidability
and co-NP-completeness for crisp order-based “S5” logics that may be understood
also as one-variable fragments of order-based first-order logics. In particular, we
give a positive answer to the open decidability problem (and establish co-NP-
completeness) for validity in the one-variable fragment of first-order Godel logic
(see, e.g., [19, Chapter 9, Problem 13]).
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We define an S5(A)-model to be a K(A)“-model M = (W, V, R) such that
R is an equivalence relation. We call 9t universal if R = W x W and in this case
just write 0t = (W, V'), noting that the clauses for [J and ¢ simplify to

V(Og,2) = N{Viey) :yeWw}
V(Op.2) = \{V(ey):ye W}

The following lemma is an immediate corollary of Lemma 2 and the fact that the
generated submodel of an S5(A)¢-model is universal.

Lemma 22. |=g5a)c ¢ if and only if ¢ is valid in all universal S5(A)%-models.

It follows that each order-based modal logic S5(A)¢ may be viewed as the one-
variable fragment of a corresponding order-based first-order logic. Rather than
define this first-order logic and then restrict to its one-variable fragment, let us
simply note that the first-order translation of ¢ € F'm is obtained by replacing each
propositional variable p with the predicate p(z), (] with Yz, and ¢ with Jx. In par-
ticular, S5(G)C is the Godel modal logic GS5¢ corresponding to the one-variable
fragment of first-order Godel logic (see, e.g., [1,19]). GS5¢ is axiomatized in [10]
as an extension of the intuitionistic modal logic MIPC studied in [7,31] with the
prelinearity axiom schema (¢ — ) V (¢ — ¢) and OO V ) — (O v O).
Let us also remark in passing that the logic GS5 based on non-crisp frames may
be axiomatized as MIPC extended with just prelinearity [10], and that decidability
of the validity problem follows from the finite model property for the semantics
with two accessibility relations [3].

The infinite K(A)-model defined in the proof of Theorem 7 for the formula
O-—p — ——=0p is a universal S5(A)“-model. Hence, if the universe of A is
0,1] or Gy, then S5(A)C does not have the finite model property. Also, as in
Theorem 6, the logic S5(G+)¢ has the finite model property, but not if A is added
to the language. We will prove decidability for these and other cases here using
again a new equivalent semantics.

Let us assume once more that A is a locally homogeneous order-based algebra.
We define an FS5(A)C-model as an FK(A)“-model 9 = (W, R, V, T, T},) such
that (W, R, V) is an S5(A)“-model, and for all z,y € W,

(i) To(z) = Th(y) and Ty (x) = Ty (y) whenever Ry,
(i) {V(Op,x):p € Var} C Th(x) and {V(Op, z) : p € Var} C Ty(z).
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We call 9t universal if R = W x W and in this case write 90t = (W, V. 1, T}),
where 7t; and T}, may now be understood as fixed subsets of A, and the clauses
for [J and ¢ simplify to

V(Opz) = \{reTo:r < A{V(e.y) 1y e W}}
V(Op,z) = NreTy:r>\/{V(p,y) :y e W}}

Note in particular that, by condition (i), in universal S5(A)“-models and FS5(A )¢-
models, the truth values of box-formulas and diamond-formulas are independent
of the world.

The new condition (ii) for FS5(A)¢-models reflects the fact that we deal here
with universal models not tree models and must therefore take into account the
values of diamond-formulas and box-formulas when fixing the values in 75 and
T,, respectively. It is easily shown that (ii) extends inductively for universal
FS5(A)C- models to the following condition on all diamond and box formulas:

Lemma 23. For any universal FS5(A)“-model M = (W, V, T, T} and x € W,
(V(Op,z):p € Fm} CTh and {V(Op,z): ¢ € Fm} C Ty,

We now show that S5(A)C-validity is equivalent to validity in finite universal
FS5(A)¢- models, following fairly closely the corresponding proofs from previ-
ous sections.

Lemma 24. Let ¥ C Fm be a finite fragment, 9 = (W, V') a universal S5(A)¢-
model, and x € W. Then there is a finite universal FS5(A)¢-model m =
(W, V,Th, To) with x € W C W and |W| < |S| such that V(e,y) = V(p,y)
forall p € Y and y € w.

Proof. The proof is similar to the proof of Lemma 12. Let us fix a finite fragment
¥ C Fm, a universal S5(A)%-model 9 = (W, V), and x € W. Consider the
finite (possibly empty) sets

V[So, 2] NR(A) = {a; i € I} and V[Se, 2] NL(A) = {b;: j € J},

noting that these sets are independent of the choice of the world = € W. For each
i € I, choose a witness of right homogeneity ¢; at a; such that the intervals (a;, ¢;)
are pairwise disjoint for all 7 € I, and

(V[S0,2] U{V(Op, ) : p € Var N 2} U Cz) N (| J(ai, i) = 0.

il
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Similarly, for each j € J, choose a witness of left homogeneity d; at b; such that
the intervals (d;, b,) are pairwise disjoint for all j € .J, and

(V[So, 2] U{V(Op,z) : p € Varn S} U C,) N (| (d;,05)) = 0.
jed
We define R R
Th = A\ J(ai.c;)) and Ty = A\ | J(d;.b)).
iel jeJ

Now consider ¢ = ¢ € ¥gand a = V(Oy,x) € Th. If a ¢ R(A), then we
choose y, € W such that a = V(¢,y,). If a € R(A), then there is an i € [
such that @ = a;, and we choose y,, € W such that V (¢, y,,) € [a;, ¢;). Suppose
now that p = Q1 € Ly and b = V (O, z) € fo. If b ¢ L(A), then we choose
y, € Wsuch that b = V (¢, y,). If b € L(A), then there is a j € J such that
b = b;, and we choose y,, € W such that V (¢, y,,) € (d;, b;].

Now let W = {2} U {y, € W : ¢ € £ U %}, noting that [IW| < 1+ |Sn U
Y| < |X|. Define for each y € W and p € Var:

o Vip,y) ifpeX
Vip,y) =
#.9) {O otherwise.
Hence M = (/V[7, V, T, T,) is a finite FS5(A)C- model satisfying z € WCw
and |WW| < |X|. It then follows by an easy induction on /() that V(¢,y) =
V(p,y)forally € Wand ¢ € ¥. O

Note that the number of intervals omitted from fg and T\O, defined in Lemma 24,
is smaller than or equal to the cardinality of X5 and X, respectively, for the given
fragment ..

Lemma 25. Let M = (W, V,Tn, Tyy) be a finite universal FS5(A)“-model. Then
there is a universal S5(A)C-model M = (W VY with W C W such that V (¢, x) =
V(p,x) forall p € Fmand x € W.

Proof. Given a finite universal FS5(A)“-model 91, we construct our universal
S5(A)¢- model m directly by taking infinitely many copies of 9.

Consider Ty = A\ U/ (ai, ¢;) and Ty, = A\ ;¢ ;(d;, b;) for finite (possibly
empty) sets I, .J, where for each i € I, right homogeneity at a; € R(A) is wit-
nessed by ¢; such that the intervals (a;, ¢;) are pairwise disjoint, and, similarly, for
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each j € J, left homogeneity at b; € L(A) is witnessed by d; such that the in-
tervals (d;, b;) are pairwise disjoint. We define a family of C,-order embeddings
{h: A — A}yez+ such that

e for each even k € Z™", hy, is the identity function on 75 and for each i € I,
hiellai, ¢i)] € [ai, a; + %)7

e foreach odd k € Z™, hy, is the identity function on T}, and for each j € J,

hil(dy, bi]] € (b — 3, ;).

Note that Lemma 23 ensures for all x € W that {V(Op,x),V(Op,x): ¢ €
Fm} C Th N Ty, and hence that for all & € Z* (even and odd), hy, is the identity
function on {V(»p,x),V(Op,x): ¢ € Fm}. Let hy be the identity on A, let
/I/I?O = W, and for each k € Z*, let Wk be a copy of W with a distinct copy
7y of each x € W; also let Zo = x for each x € W. We define the universal
S5(A)C-model M = (W, V) where

W=JWi and V(p,@) = hi(V(p,x)) for p € Var,z € W, and k € N,

keN

It suffices now to prove that for all p € Fm, z € W, and k € N,

~

proceeding by induction on /(). The base case follows by definition, while for
the non-modal connectives, the argument is the same as in the proof of Lemma 1.
Consider ¢ = (1. Fix x € W and k € N. There are two cases.

(a) Suppose that V' (01, z) = b; for some j € J. Note first that by Lemma 23,
V (O, x) = b; € Ty UTh and hence hy(b;) = b;. Clearly V (¢, z) < b; for all
z € W. Hence, by the induction hypothesis and the construction of {h,,: A —
A}yen, forallm € Nand z, € /W,

V(W,2,) = ha(V (3, 2)) < by.

Also, for some y € W,
V(,y) € (dj, bl
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Hence for any odd n € N,

ha(V (10, y)) € (b; — £, b;].

Using the induction hypothesis,

V(0v,3) = \{V(.3.) 1y € Wyn €N}
= V{m(V(,y) 1y € W,n € N}
= \/{bj—%:nEZJ“}
b

= h(V(09,2)).

(b) Suppose that V (O, x) = b # b; for all j € J. Note again that by
Lemma 23, V (0, z) = b € Ty, U T and hence hg(b) = b. Clearly, V(¢,2) < b
for all z € W. It follows again by the induction hypothesis and the construction
of {h,: A— A},enthatforalln € Nand z, € /W,

V(. 2,) = ho(V(, 2)) < 0.

Moreover, because W is finite, there is a y € W such that V(¢,y) = b =
V (01, x). Using the induction hypothesis and the fact that h,, is the identity
function on {V(Op, 2), V (O, 2): ¢ € Fm} forall n € N and z € W, it follows
that

‘7(0%/@ = \/{‘7(770,3”) :z2 € Wyn € N}
= \V{h(V(¥,2): 2 € W,n e N}
= \/{ha(b) :n e N}
b

= h(V(09,2)).
The case ¢ = [y is very similar. [
Combining Lemmas 22, 24, and 25, we obtain the following equivalence.
Theorem 26. Let A be a locally homogeneous order-based algebra. Then [=ssa)c

@ if and only if @ is valid in all finite universal FS5(A)¢-models.
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The desired decidability and complexity results are now obtained by considering
the number of truth values needed to check validity of formulas in finite universal
FS5(A)“-models. Recall (see Section 5) that if A(m) = {0, -,..., 2= 1},
then a finite system (A(m), ®, ¥, {¢'}.cc,.), where @, U C A(m)?, is consistent
with A if there exists an order-preserving embedding h: A(m) — A such that
h(c') = cfor all ¢ € C,, h(c) witnesses right homogeneity at h(a) € R(A),
for all (a,c) € ®, and h(d) witnesses left homogeneity at h(b) € L(A), for all
(d,b) € .

Theorem 27. Let A be a locally homogeneous order-based algebra. Then the
validity problem of S5(A)€ is co-NP reducible to the problem of consistency of
finite systems with A.

Proof. Consider ¢ € Fm and letn = |X(p)| = £(¢) + |C,|. To check if ¢ is not
S5(A)C-valid, it suffices, by Lemmas 24 and 25, to check that ¢ is not valid in a
finite universal FS5(A)¢-model M = (W, V, Tr, Ty) with [W| < |3(p)| < n. To
compute V (¢, z) in such a model, we need to know only the values V [¥(p), W]
(that is, fewer than n? values) and the endpoints of the intervals defining 7 and
T, (that is, fewer than 2n values). So, we need at most 3n? distinct values. There-
fore, we may assume that these values are in a fixed finite set A,, = A(p(n)) =
{0, I%n), LB 59"(251, 1}, containing properly spaced copies of constants, where
p(n) = 3|Cz|n?. We may assume also that W = W,, C {0,1,...,n — 1}.
Then checking non-deterministically that ¢ is not valid amounts to performing
the following steps:

1. Guessing the values V' (p, i) in A,, for each p € Var(p) and i € W, (at most
np(n) steps).

2. Guessing the sets ®, U C A2 such that ® and ¥ define families of disjoint
open intervals and using them to define, respectively, 155, T} € A(p(n)) (at
most 2p(n)? steps).

3. Checking that the system (A,,, ®, ¥, {¢}.cc,) is consistent with A.

4. Computing V' (¢, 0) in the model (W,,, V, T35, T}}) and checking V' (¢,0) < 1
(essentially n? steps).

Hence a counter-model for ¢ may be guessed in polynomial time if we have an
oracle for the consistency problem. [

Corollary 28. . The validity problems of S5(G)<, S5(G )¢, and S5(G4)¢ are co-
NP-complete. The same is true for S5(A)C if A is a finite combination of G, G|,
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G, and finite algebras via ordered sums, lexicographical products, and fusion of
consecutive points.

Proof. The validity problem is co-NP hard already for the pure propositional logic
over any A, because classical propositional logic is interpretable in these logics.
Moreover, for G, G|, and G4, the consistency problem is checked in null or
linear time. In the other cases, the consistency problem is solvable in polynomial
time. 0

Moreover, recalling the relationship between crisp order-based S5 logics and
one-variable fragments of corresponding first-order logics, we obtain:

Theorem 29. The validity problems of the one-variable fragments of first-order
Gadel logics based on G, G, and Gy are co-NP complete. The same is true for
the one-variable fragments of first-order Godel logics based on a finite combi-
nation of G, G|, and Gy, and finite algebras via ordered sums, lexicographical
products, and fusion of consecutive points.

7. Concluding Remarks

In this paper, we have established the decidability and PSPACE-completeness
of the validity problem for certain “order-based”” modal logics, including the Godel
modal logics investigated in [9, 10,27]. We have also established decidability and
co-NP-completeness for the validity problem of “crisp S5” versions of these log-
ics corresponding to one-variable fragments of first-order logics. In particular, we
have answered positively the open problem of the decidability (indeed, co-NP-
completeness) of the validity problem for the one-variable fragment of first-order
Godel logic. There remain, however, a number of significant questions, notably:

e Are order-based multi-modal logics also decidable? This question is of
particular interest as many-valued description logics (see, e.g., [5,21,35])
may be viewed as many-valued multi-modal logics. The challenge in this
case is to extend the new semantics to a multi-modal setting.

e [s the new semantics suitable for other classes of order-based modal logics?
We have focussed in this paper on “K” and “S5” order-based modal logics,
but it would be useful to develop a more general approach that encompasses
also decidability for logics based on frames satisfying combinations of con-
ditions such as reflexivity, symmetry, and transitivity.
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e [svalidity in the two-variable fragment of first-order Godel logic decidable?
Notably, validity in the two-variable fragment of first-order classical logic
(indeed, any first-order tabular intermediate logic) is decidable [29], while
the same fragment of first-order intuitionistic logic is undecidable [24].
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