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ASYMPTOTIC TRUTH-VALUE LAWS IN MANY-VALUED LOGICS

GUILLERMO BADIA, XAVIER CAICEDO, AND CARLES NOGUERA

Abstract. This paper studies which truth-values are most likely to be taken on finite models by arbitrary
sentences of a many-valued predicate logic. The classical zero-one law (independently proved by Fagin and
Glebskil et al.) states that every sentence in a purely relational language is almost surely false or almost
surely true, meaning that the probability that the formula is true in a randomly chosen finite structures of
cardinal n is asymptotically 0 or 1 as n grows to infinity. We obtain generalizations of this result for any logic
with values in a finite lattice-ordered algebra, and for some infinitely valued logics, including Lukasiewicz
logic. The finitely valued case is reduced to the classical one through a uniform translation and Oberschelp’s
generalization of the zero-one law. Moreover, it is shown that the complexity of determining the almost
sure value of a given sentence is PSPACE-complete (generalizing Grandjean’s result for the classical case),
and for some logics we describe completely the set of truth-values that can be taken by sentences almost
surely.

§1. Introduction. Given a property P of finite structures, a natural question
has been often considered (beginning with [16] in the context of graph theory):
what is the probability that a structure satisfies P when randomly selected among
finite structures with the same domain for a suitable probability measure? More
interestingly, what are the asymptotic probabilities? Or, more precisely, what do
these probabilities converge to (if anything) as the size of the domain of the
structures grows to infinite? Sometimes, when the properties under consideration
are expressible by formulas of a given logic, we may have a ‘zero-one law’: the
probabilities converge to either 0 or 1 (and so we can say that the formula is either
almost surely false or almost surely true). After early preliminary developments for
monadic predicate logic [11], the topic of logical zero-one laws was properly started
independently in the papers by Glebskii et al [19] and Fagin [17] where they establish
a zero-one law for first-order classical logic on finite purely relational vocabularies.
The argument in [19] proceeds by a rather involved quantifier elimination, whereas
the one in [17] makes use of the so-called ‘extension axioms’ that form a complete
theory axiomatizing a countable random structure. Lynch in [33] attributes the
discovery of this theory to Stanistaw Jaskowski; both the theory and the random
structure appeared first in print in [18], where Gaifman acknowledged that the latter
was an example suggested to him by Michael Rabin and Dana Scott. An important
related result was obtained by Etienne Grandjean in [23] when he proved that the set
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of almost surely true formulas is PSPACE-complete. The reader may consult [15, 25,
32] for didactic introductions to zero-one laws and [14] for a rather comprehensive
survey.

Zero-one laws have been only sporadically investigated in the the setting of many-
valued logics, although they offer a number of intriguing issues that are invisible
in the two-valued context. Indeed, in a many-valued setting we have a set of truth
values 4 (with more than two elements) and formulas can take any element of 4
as a truth-value in a given structure. Given a formula ¢, we can say that ¢ takes a
truth-value a € A almost surely if the fraction of finite structures of cardinal # in
which ¢ takes value a tends to 1 as n grows to infinity. Then, a natural question is: do
we have such general asymptotic truth-value laws for any many-valued logic? That
is, in the presence of a multiplicity of truth-values, are some of the values taken by
sentences almost surely? Exactly which of them? And, whenever we do have such a
law, what is the complexity of determining the truth-value that an arbitrary formula
almost surely takes?

Zero-one laws have indeed been obtained for some finitely valued fuzzy logics in
[5. 30]. but, to the best of our knowledge, zero-one laws for infinitely valued logics
remain largely unexplored. In the related context of semiring semantics, analogous
issues have been recently put forward and successfully addressed by Gridel et al
in [22] for sentences given in negation normal form (involving only the additional
connectives of disjunction and conjunction) and letting interpretations assign truth-
values directly to the literals (both atomic and negated atomic formulas) of the
logic.

In this article, we consider asymptotic truth-value laws in many-valued logics
with a general approach that allows for arbitrary probability measures and arbitrary
lattice-based algebras, obtaining as main results:

e a general zero-one law for finitely valued predicate logics, and
e a zero-law for infinitely valued Lukasiewicz logic and other [0, 1]-valued
predicate logics.

Moreover, for finitely values logics, we provide examples in which all values are
almost sure and examples in which only a few are, and we generalize Grandjean’s
theorem on the complexity of asymptotic truth-values.

The article is arranged as follows. In Section 2, we recall some necessary notions
from classical finite model theory and its zero-one laws. In Section 3, we present
our general approach to these issues in the case of finitely valued logics, in Section
3.1 we obtain the general zero-one law for finitely valued logics, in Section 3.2 we
discuss random models (which are behind the proof of the previous result) and their
axiomatizations, and in Section 3.3 we show that the complexity of the problem of
determining the asymptotic truth-value of an arbitrary formula is in PSPACE and,
actually, it is PSPACE-complete in the presence of crisp identity, hence generalizing
Grandjean’s result for classical predicate logic. In Section 4, we provide natural
examples of logics in which all truth-values are actually almost sure, and a rather
wide class of logics in which the almost sure values are few. In Section 5, we prove
the zero-one law for infinitely valued Lukasiewicz predicate logic. In Section 6, we
consider again the problem of describing sets of almost sure values, now for infinitely
valued logics, and we prove a zero-one law for a large family of [0, 1]-valued logics
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satisfying De Morgan laws. In particular, we obtain that all rational numbers in
[0, 1] are almost sure values of infinitely valued Lukasiewicz predicate logic. Finally,
Section 7 contains some concluding remarks and open questions.

For readers less familiar with the literature on many-valued logic, a modern
comprehensive reference in the general field of mathematical fuzzy logic is [12],
while [26] remains even today a rather useful source that contains detailed proofs
of many essential results; we recommend [35] as a nice article highlighting the
importance of infinitely valued Lukasiewicz logic among other non-classical logics.

§2. Zero-one laws in two-valued predicate logic. In this section, we recall some
facts from classical finite model theory that we aim to generalize later to the context
of many-valued logics.

Consider first a purely relational vocabulary 7 for the usual finitary first-order
logic that we will denote by L, as it is customary in abstract model theory
[6] and even in some works on many-valued logics (see, e.g.. [4]), where the w
subscripts represent the finitary character of, respectively, conjunctions/disjunctions
and quantifier strings. Sometimes, we will also refer to the stronger logics £, and
L~ Which allow for conjunctions and disjunctions of, respectively, countably many
or arbitarily many formulas, while keeping the finitary character of quantifier strings.

A t-sentence is said to be parametric in the sense of [36, p. 277] (or, alternatively,
it is an Oberschelp condition) if it is equivalent to a finite conjunction of first-order
formulas of the form:

V#xl., cee s X ¢(X1, ,xk),

which abbreviates Voxy ... Vi (A\;; =(x; = x;) = ¢(x1. ... x¢)). where ¢ (x1. ..., xx)
is a quantifier-free formula such that all of its atomic subformulas Rx;, ... x;, distinct
from identities have

{xi exi b= {x1 o

In the case where k = 1, any formula Vx ¢(x) where ¢ is quantifier-free, is
parametric. For example, Vx =Rxx A V7x. y (Rxy — Ryx) is parametric, whereas
V7x.y,z (Rxy A Ryz — Rxz) is not. It is not difficult to check that any universal
formula of the form Vx; ...Vx; ¢(x1..... x;) where each atomic subformula of ¢
distinct from identities contains all the variables xi, ..., x; is parametric. A class
of structures is called an Oberschelp class if it can be axiomatized by parametric
sentences.

Oberschelp’s extension [36, Theorem 3] of the classical zero-one law says: on finite
models and finite purely relational vocabularies, for any class K definable by a finite set
of parametric sentences, any first-order sentence ¢ is almost surely satisfied by finite
members of K or almost surely not satisfied. More precisely, if K,, is the set of models
in K with domain [n] = {1, ..., n}, then

MK, : M g}
K|

()

converges to 0 or 1.

Oberschelp’s result actually holds for sentences of the variable-bounded infinitary
logic L% . i.e., the fragment of the infinitary logic L., determined by formulas

oow
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containing finitely many variables only. This is a generalization of a well-known
result by Kolaitis and Vardi for the class of all finite models [29]. An accessible
presentation of these results can be found in [15].

If there are no Oberschelp conditions, the counting probability measure u,, in the
above zero-one law corresponds to assigning probability % to the probabilistically
independent atomic events R(iy, ....i). i1..... ik € [n]. in the random model I €
K. The zero-one law holds, with the same asymptotic probability for each ¢, if the
random model is obtained by assigning a fixed probability pr € (0. 1) to the atomic
event R(x;,.....x; ) for each R € 7." There is a wealth of positive and negative
results pertaining to the case in which pp varies with n (cf. [37]) or the class K is
given by non-parametric conditions (cf. [24]).

§3. The case of finitely valued predicate logics. Let 4 = (4. A4, vA4,..) be an
algebra (which can be finite or infinite) with a lattice reduct (4, A4, v4) and possibly
with additional operations. We will call A a lattice algebra. The underlying lattice
may be bounded, in which case 0 and 1 will denote, respectively, the bottom and top
element (which may, but need not. be denoted by constants of the signature of A).

For the associated 4-valued logic £4 and a first-order relational vocabulary 7.
the first-order logic £4(7) is built in the usual way from variables x|, x, ..., relation
symbols in 7, connectives A, V, ... (corresponding to the operations of A4), and
quantifiers V and 3.

Models are A-valued z-structures 9 = (M. R™) . _. with domain M # . where

R™: M*®) — 4. and t(R) denotes the arity of R € 7: Mod? will denote the class
of all A-valued 7-structures.

Define inductively for each formula ¢ (x;. ... x;) in £4(z) with k free variables, a
mapping ||||™: M* — A, interpreting the atomic formulas according to 9, the
connectives according to A4, and the quantifiers as suprema and infima in 4 (97 is
supposed to be safe, that is, the required infima and suprema exist, which in the
context of finite structures is always guaranteed).

For a finite (or complete) algebra 4, we may extend the semantics to the
infinitary logic cg;lw by setting || A, @a||™* := inf, ||@,|[™ (all formulas ¢, having
free variables in a common finite set) and similarly for \/, ¢,.

The classical logics L, and L, ., may be, respectively, identified with £82 and

c,ﬁfw, where B is the two-element Boolean algebra.

3.1. The zero-one law for finitely valued predicate logics. Let 4 be a finite lattice
algebra, ra finite relational vocabulary, and Mod? be the class of A-valued

r-structures with domain [n] = {1, ..., n}.” Given O(X1s e xp) € LA, i1, <
n, and a € A, define the probability that a randomly chosen model 9 € Modfn
assigns the value a to ¢ (iy, ..., i) as:

!In the presence of Oberschelp conditions, one must take conditional probabilities; thus, the atomic
events are not necessarily independent and their probabilities may differ (but remain independent of the
size of the universe).

2This may be identified with the product [] Rex A
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{9 € Mod?, : [|o]|™ (i1, ....ix) = a}|

#n(‘P(il, s ik) = a) =

[Mod?,|
This definition assigns the same weight to all models in Mod? . and the same
probability
. . 1
wn(R(iy. ... iy(r) = a) == T
to the event that an atomic statement R(iy. .... i,(x)) takes the value a € A4, for any
a and numbers iy, ..., i;(g) € [n].

More generally, and reciprocally, we may fix, for each R € T a probability
distribution pr: 4 — [0.1] (that is. >, ., pr(a) = 1) such that pg(a) > 0 for

any a € A. and define a probability distribution Pr,: Modfn — [0, 1] in the class
of A-valued models with domain [n]:

Pr,(OM) := H{pR(REm(il, --~’ir(R))) TRET Q1. iy € [n]},

obtained by identifying 9t with its atomic A-valued diagram. Then, we may define
for any formula ¢ (xi.....x;) € LA(1). a € A. and i. ....i; € [n].

wn(o(iy,....0x) = a) := Z{Prn(im) (M e Modfn, o||™(iy. ... i) = a}.

Notice that, for the sake of clarity, we are using the simplified notation ¢ (i, ... . i) =
a to denote the event ||o||™ (i). ... ix) = a for an arbitrary model 9% € Mod?, .
It is not hard to check that, under this definition,

tn(R(i1. ... iy(r) = a) = pr(a).
and the atomic events R(ij.....ix) = a. R'(ji..... jx) = b are (probabilistically)
independent if R # R’ or (i1, ..., ix) # (j1. s Jk)-
The next theorem generalizes the classical zero-one law to the finitely-valued
context.

THEOREM 1. For any sentence ¢ € LA(t) and a € A, lim, u,(p =a) =1 or
lim,, u,(¢ = a) = 0. Equivalently, for any sentence ¢ € LA(z), there is a (unique)
a € A such that lim, u,(p = a) = 1.

ProOE. The equivalence of both statements follows from the fact that, for each
. the events p = a, with a € A, are exhaustive and mutually incompatible. The
first formulation follows from the classical zero-one laws via the following multi-
translation 6 — <9“>a6 4 defined by simultaneous induction, from [,A(r) into
classical Ly,(t x A),tx A={R*:Re€1,a € A}:

R(x1.....X;(g)" == R(X1..... X (). for R et

(@1 i) = Voo, . by )=a OUA A @,fk, for any connective o of arity k in the
signature of 4

a .__
(Yxp)? i= (\/blA...Ab,,,:a,mgA\

@Ex ) :=(\/

Ix P A A Tx i) A VX (\/ ©")

b>a

Jx P A A Tx ) A VX (\/ o).

bV..Vbp=a, m<|A| b<a
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and the corresponding model transformations from Mod;l into Mod, x 4:
M — Moy = (M:(RY)TA) pa
where (R*)™ex4 := {i € M : R™(i) = a}, which are easily seen to satisfy:
101 (i) =a & Mosa = 01 ... i

The model transformations establish a domain-preserving bijection between Modﬁl
and the class K € Mod, 4 of classical models of the parametric (7 x 4)-sentences

VXI - X2(R) \/aEA Ra(xle“"xr(R))’
Vx| coe X2(R) /\a#b ﬁ(Ra(X], ,XT(R)) A\ Rb(xla e xr(R)))-

Being an Oberschelp class, K satisfies the classical zero-one law if we assign prob-
ability #X(R“(xy.....xx)) := pr(a) to the classical atomic events R*(xj, ..., Xz).
The latter assignment yields Pr,(91,4) = Pr,(9) for 9 < Modfn and the

transformation is bijective from Modﬁ,, onto K, (models in K with domain [n]).
Then, ﬂn(‘P = a) =

un{M € MOd;‘,n el = at = i {Mexa € Kyt Moseu 9} = 5 (9). Thus,
Un(p = a) converges to 0 or 1. =

REMARK 2. Theorem 1 holds if the models are restricted to any class of A-valued
structures satisfying conditions that are parametrically expressible in L., (t x A4)
via the translation. Just add these conditions to the definition of the class K in the
proof. For example, A-valued irreflexive symmetric graphs:

Vx ROxx, V7 xy /\aeA (R%xy <> Ryx) (irreflexivity is expressed by using
degree 0 on the relation),
or structures with crisp identity:
Vx (x = x). V7 xy (x &° y).

REMARK 3. Theorem 1 holds also for sentences in finite vocabularies of the
variable-bounded sublogic (ﬁA)gglw of £4 |- Where each formula has finitely many
free and bound variables, because of the obvious extension of the translation to the

infinitary logic; for example,

(N, en) =1 \/ N DI Y ANV A"

biN..Nbp=a.k<|A|.ny....ny b>a

sends it to classical £% . known to satisfy the zero-one law under Oberschelp’s

1w
conditions [15, 29]).

REMARK 4. Zero-one laws have been studied for classical modal logics (e.g., [21.
27, 31, 39]). In [27], the authors prove zero-one laws for model validity for various
systems of modal logic and state a similar result for frame validity. Unfortunately,
the latter is refuted in [31] using ideas from [21]. In the finitely valued case, any fully
modal sentence of the A-valued version S5 of propositional bimodal logic S5 over
finite universal crisp frames (cf. [9, 10]) satisfies a zero-one law for model validity,
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because this logic may be interpreted as the one-variable fragment of £4 on unary
predicates via the translation ¢ — @:

pi = Pi(w)
Op = Vwd(w)
Sp = Fuwp(w)

t(cpl,/.icpk) =1(@1(w). ... gr(w)).

which sends any fully modal formula to a sentence.

3.2. Finitely valued random models and extension axioms. In the above proof,
the finitely valued zero-one law lurks a countable A-valued random model,
corresponding to the classical random model that one obtains for the language
of the translation.

THEOREM 5. There is a countable A-valued t-model R such that, for any sentence
o € LA(1), we have lim, i1, (¢ = a) =1 i}j"||<)p\|9*?1 =aq.

ProOF. Take the A-model :R4 corresponding to the countable w-categorical
random model PR« 4 of the class K introduced in the proof of Theorem 1. Then,

. . . . . A
lim, u,(¢ = a) = 1iff lim, zX(¢?) = 1iff R, x4 = @ iff ||| = a. 8

The classical extension axioms characterizing R, 4, and indirectly 934, are rarely
expressible in £, but they are expressible in (L, ):x 4 as:

EXZA(k, f) . V*xl, oo s X ka_,_l 75 X1y eees X /\ (pfw)(xl, ey Xk+1),
PEF1
where Fj, is the set of atomic 7-formulas with variables in xi. ..., xi, X1, truly
containing the variable x; ., and f: F;,; — A. These axioms are automatically
consistent with the set of parametric sentences defining the class K in the proof of
Theorem 1. If there are additional parametric conditions, only the extension axioms
consistent with them are considered.

ExAMPLE 6. According to Remark 2, the random A-valued irreflexive symmetric
graph may be described as the unique countable A-weighted irreflexive symmetric
graph R = (G, R) such that, for any distinct xi, ..., x;y € G and gy, ..., a; € A, there
is an x;41 # X1,.... X in G such that R(x;. x;+1) = a;. This structure was studied
as a Fraissé limit in [3].

Since the extension axioms and thus the random model are independent of the
probabilities { pr } re., We can use Theorem 5 to obtain the following corollary.

COROLLARY 7. For any sentence ¢ € LA, the value a € A such that lim, u,(p =
a) = 1 depends only on ¢ and not on the probability distributions pr (provided that
pr(a) >0 foralla € A).

We call the value a in Corollary 7 the almost sure or asymptotic truth-value of .
This corollary entails that assigning the same probability \T{I to all truth-values has

the same effect in the limit as assigning a positive probability to each one.
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REMARK 8. If pr is allowed to take value 0 at some a € A, this corresponds to
asking the Oberschelp conditions Vxj ... Vx, “R*(x1, ..., x,). Thus, the asympotic
value of ¢ still exists and depends on the support of pg only.

3.3. Complexity of almost sure values. Grandjean [23] showed that the problem
of determining for the classical zero-one law if a sentence is almost surely true or
not is in PSPACE, and it has been observed [14] that this holds in the presence of
Oberschelp conditions. Moreover, it is PSPACE-complete, even for the vocabulary
of pure identity.

Since our translation is exponential in the length of the original formula, it yields
only an exponential space upper bound for the computation of the almost sure value
of an A-valued sentence. However, the shape of the translation will allow us to give
a simple direct proof of an upper polynomial space bound. PSPACE-completeness
will be achieved for logics with crisp identity.

THEOREM 9. For any sentence ¢ € LA(t). the almost sure value of ¢ may be
computed in polynomial space.

We denote by Ext, the set of all extension axioms. It is enough to show that for
any a € A, it may be determined in polynomial space whether Ext4 - ¢“. Then,
one may check this for each a € A utilizing the same space until finding the (unique)
a for which it holds. Using Grandjean’s strategy [23], we can do this without writing
p“ explicitly.

Given a sequence of variables X = x|, ..., xx, a complete description of x is a
(¢ x A)-formula A(x) of the form A, w!/ W) where At is the set of atomic

z-formulas with variables in x and f: A#; — A. It is easy to see that any such A(x)
1s realizable in the classical random model R, 4. because existential sentences are
always almost surely true.

Notice that, due to the strong homogeneity of R, 4 (any isomorphism between
finite substructures may be extended to an automorphism, see [28]). all tuples of
R, 4 satisfying the same complete description A(x) have the same type in R« 4:
therefore, the theory Ext4 + A(x) is complete for all formulas with their free
variables in x.

In what follows, |a| will denote the length of a formula or a sequence of variables,
or the cardinality of a finite set. For simplicity we assume that the symbols in 7 and
7 X A as well as the variables have length 1. Particularly, || = |6| for any atomic
0e€Ldanda € A.

Set M. = max{z(R) : R € t}.Then, itiseasy tocheck that |A(x)| =) . (z(R) +
X" ® < Jz|(M; + ¢')|x|M= = ¢|x|M* for a suitable constant c.

LemmA 10. Given a complete description A(x), any formula 0 € LA with its free
variables contained in X and a € A, it may be decided whether Ext + A(Xx) - 0% or
not in space c(|x| +|0])M-.

Proor. Induction on the complexity of 6.

(1) If 6 is atomic, then Exty + A(x) - 0% iff 0 is a conjunct of A(x), and
this is clearly verifiable in space |A(x)| + 04| = |A(x)| + 0] < c|x|M* + [0] <
c(|x| +[0)M:.
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(2) If@iso(ey, ... .y ) where ois a connective, then by definition of the translation
and completeness of Ext4 + A(x): Ext4 + A(x) - 0% iff there are by, ..., b €
A such that o4(by., ..., by) = a and

Exty+Ax) - wf’i, fori=1,....k.

But the k statements in the display may be verified each one in space
c([x| +10))M: > c(|x] + |p;|)M= by induction hypothesis. And we may do
this sequentially in the same space for each b; of each relevant tuple by, ..., by,
until finding a tuple for which the displayed statement holds.

(3) If 0 is Vx ¢(x), then by definition of the translation and completeness: Ext 4 -+
A(x) F (Vx 0(x))* iff there are by, ..., b,, € Asuchthath; A ... A b, = a,and

Extg+AKX)F Ixp(x)br, ... 3x o(x)" Vx (\/ o(x)"),
b>a

equivalently,
Exty+A(x) + 3xex) fori=1,...m
Exty+AX) F 3xe(x)’, forallb # a

because Vx (\/;5, ¢(x)") is equivalent in Exzy to A\, 4, —3x ¢(x)", and
Exty + A(x) F —3x o(x)? iff Exty + A(X) F 3x p(x)? due to completeness.
Now, Ext4 + A(x) F 3x ¢(x)1 if and only if there is an expansion A’(x.x)
of A(x) such that

Exty+ A (x,x) F o(x)™,

(if a is a tuple in R, 4 satisfying A(x) and b is a witness of 3x ¢ (x,a)’!, then
the complete description A’(x, x) of R. 4 | {b, a} does the job). By induction
hypothesis, we may check this for each possible expansion of A(x) in space
(x| + 1+ |e(x)])M < c(]x| + |0])M=. Doing this sequentially in the same
space for each by, ..., b,,, b such that by A ... ANb,, = a and b # a, we may
check whether Ext, + A(x) - (Vx 0(x))“.

(4) If0is Ix (x), then, similarly to the previous case, Ext4 + A(x) F (Ix ¢ (x))*
iff there are by, ..., b,, € Asuch thatbh, V...V b,, = a, and

Exts+Ax) F  Jxex)b, fori=1,....m
Exty+A(x) V 3xe(x)’, forallb £ a

and this claim may be verified in space ¢ (|x| + |0]).
_{
COROLLARY 11. The almost sure value of any sentence ¢ € L4(t) may be computed

in space ¢ (1 + |p|)Mr.

ProoF. Let A(x) be any complete description in one variable. Then, Ext4 - ¢
iff Exty+ 3xA(x) F ¢o* (because Exty F 3Ix A(x)) iff Exty + A(x) F o“. Thus,
Ext, - ¢ may be decided in space ¢(1 + |p|)+. Check this for any a € A4 until
finding the only @ for which it holds. —
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If the logic satisfies additional Oberschelp conditions in the translation (besides
the necessary ones), the previous result is obtained by considering only complete
descriptions compatible with those conditions.

A-valued logic with crisp identity, in symbols £4. will be £4 enriched with
a distinguished binary relation symbol = interpreted in each model as the
characteristic function of the diagonal.

This corresponds to having the Oberschelp conditions Vx (x ~! x), V7xy (x ~
y) in the translated logic. Hence, this logic has a zero-one law and satisfies the above
results.

0

THEOREM 12. If A has a term u such that u?(1) = 0 and u4(0) = 1, then computing
the almost sure values of sentences of L2, is PSPACE-complete.

Proor. Consider the translation ¢ — @ from classical pure identity logic into
£4 that sends = to =~ and — to u. A straightforward induction on the complexity of
¢ shows that, for any m in R4, ||3]|%* (m) € {0.1} and ||3||™* (m) = 1 iff R, 4 =
p[m]. Notice that for the classical random model of the extension axioms of this
logic: Rowy Em ' niff m =n, R,y =m0 n iff m # n. Therefore, for any
classical identity sentence ¢, lim, u,(p = 1) =1 iff Hc,’o‘Hf“? =1 iff Extyqt ¢ iff
I F ¢, where I, is the theory of identity in infinite sets. But deducibility in the
latter theory is PSPACE-hard by results of Stockmeyer [38]. -

§4. The set of almost sure values in finitely valued predicate logics. Call a € 4
an almost sure truth-value of £4 (of A) if there is a sentence ¢ € £4 such that
lim, u#,(¢ = a) = 1. Do all the elements of 4 arise as almost sure values? If not,
which are those values? We will see that for many familiar classes of finite algebras
the answer to the first question is positive (for example MV-chains for Lukasiewicz
logic, or G-chains for Godel logic), for others have a small subset of almost sure
values (0 or 1 for Boolean algebras, at most four values for De Morgan algebras, at
most three for the lattice-negation reducts of G-chains, etc.).

The first assertion follows from the following general lemma.

LemMmA 13. Let t(vy.....v;) be a term in the signature of a finite lattice algebra
A.thenm =infy, 4 cat?(ar.....ax) ands = SUP,,.q e t4(ay. ..., ay) are almost
sure truth-values of L.

PrOOF. Let R(x) be an atomic formula with a single variable x. We show that

wn(Vx1 .. Vxi t(R(x1). ..., R(x;)) = m) converges to 1.

Fix tuples (ajl>/ s (af)j € |A|*. such that t4(a]. ....a}) A . A 14(af. ... af) =
m, and for each n > k£ find K C [n]* of cardinal |K| = |n/k£ | such that all tuples
in K have all their components distinct, and two different tuples in K are distinct at

each coordinate. Then,
n(Vx1 Vg t(R(x1), ..., R(xz)) = m)
:PI‘< inf [A(R(il),...,R(ik)) :m)

iy €[]

> Pr (for some <l/1>1<lf>/ in [n]* : R(zj’) = a_;i, fori=1,....0j=1...k)

https://doi.org/10.1017/js1.2024.46 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2024.46

1766 GUILLERMO BADIA, XAVIER CAICEDO, AND CARLES NOGUERA
> I;r (for some (i}>j,....,<if>j ink: R(i‘f) = a"/i, fori=1,...£0j=1..k)
=1-Pr(forall (ij) ... (ij)  in K is false: R(i}) = a].
fori=1,...0j=1...k)

:1-]‘[(1_1 ot i>EK[1—I:1r(R(i}):a§fori:1,...,E,j:1,...,k))]

74
i
=1-(1-pr(a)) ...pR(a,f))L"/k“.

For the last two identities, we use that the k¢ events R(i ,’> = aj. form a mutually
independent set for distinct /. ....i}.....if.....if € K. Since pR(af) > 0, the last
quantity converges to 1. A similar proof shows that

1, (3xy . 3xg (((R(x1). ... R(xx)) = s) converges to 1.
#

ExampLE 14. It follows that 0 and 1 are always almost sure values, even if they do
not appear in the signature of 4, because they are inf and sup of the term ¢(v) := v.

ExampLE 15. Let Ly, = ({0, %E 1},A,V,—,—) be the MV-chain of
N + 1 elements, where A, V, are min and max, and -, — are Lukasiewicz negation
and implication. Then all values of Ly | are almost sure values of the corresponding
predicate logic. To see this, notice that using (Chang) connectives:

a®b:=—-a—=b, a®b:=—-(a—-b), na=a®..®a, a":=a®..0a
(n > 1).theterm (v) = vV & —v has minimum value 4 in Ly, (takenata = ).
and thus #;/y (v) = k(v @ —v) = v* — kv" has minimum value &.

ExampPLE 16. Let Gy = ({0 =g < ... < gy =1}, AV, -, —) be the G-chain
of N + 1 elements, where -, — are Godel implication and negation, then all values
of G i1 are almost sure values of the corresponding predicate logic. Define:

n(v1) = o1 Vi g (vrn e Urr) = ks V(0 = k(o1 vg)
=01 V (kg = (0 V(o = oo = (0 V(0 = (01 V —oy)) 2L0))
then the minimum possible value of #; (v;) in G y 1 is g V —g| = g1.since gy V =gy =

landg; vV —g; =g;forg; > gi. For2 <k <N:

min lk(vl,...,vk) = gk,
V]V €GN 4]

obtained at gy, ..., gx, because

1 ifx;. < x; for some i
tk(xl,....,xk) = { =

Xk if x; < x;. forall i.

REMARK 17. Notice that in the proof of Lemma 13, we have used a single predicate
symbol and k variables to write the sentences

Vx t(Pi(x), ... Pr(x))
Ix t(P1(x), ... Pr(x))

having the desired almost sure values m and s. We may use instead k (unary)
predicates and a single variable with a similar proof. Therefore, via the translation
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explained in Remark 4, the formulas O¢(py, ..., pr) and <t(py, ..., pi) of the S54
have almost sure values m and s, respectively. It follows then from Example 15 that
all values of Ly are almost sure values of S5-¥+! since the formula O(p* — kp™)

has almost sure value % and it follows, from Example 16, that all values of G|

are almost sure values of S5°¥*! since the modal formula O(pr V (pr — (pra V

(pr-1 — (... (p1 V =p1) ...)) takes the almost sure value gy.

We turn now to algebras with few almost sure values and obtain the following
result inspired by the techniques in [22]. Notice that the proof of this theorem
actually gives a new proof of the zero-one law in the cases considered.

THEOREM 18. Let A = (A. NV, ) be a finite distributive lattice with a negation
satisfying:

(1) -(vAw)==-vV-w, ~(vVw)=-vA-w

(2) v <—=—w

(3) =1 =0.

Then, the almost sure values of L4 are 0. .€'.6.6", and 1, where

€= SupxeA(x A —|X),€/ - SupxeA(_'x A —\—OC),

0 =inf,cy(x V —x).0" =infcy(—x V ==x).

ProoF. We already know these values are almost sure by Lemma 13. In order to
see that they are the only ones, notice first the following derived laws of A:

(4) v < w implies ~w < —w

(5) =——wv =—w

(6) -0 ==--1=1,--0=0.

(7)0<e<e' << <1, ne=—e'=§', =0 =-0"=¢', thus E ={0.¢,¢’,

0,0, 1} is a subalgebra of A.

Expand A4 to the algebra A7 = (4, A,V,—,0,e,€’.5.6’.1) and use the same
symbols in the signature to denote the constants in E. By distributivity, (1), (5),
(6). and (7). any term ¢(vy. ..., vx) in the signature of 4™ may be put in disjunctive
normal form: \/, C; with C; = e A A\, =" v;,, where e € E, v;, € {vy. ..., v} and
n, < 2. Moreover, by (2), we may assume no pair {v;, =—w;} appears in Cj, since
v; A =—w; = v;. By idempotency and commutativity of A, we may assume that each
variable appears at most once in C; as: v;, —v;, or ~—w;, or at most twice as: v; A —w;,
or —w; A =—w;. Similarly, #(v1. ..., v ) may be put in conjunctive normal form A | D
with Dy = e V' \/, =""v;, and no occurrence of both v;, =—w,. We prove now a result
on elimination of quantifiers. Let Ext(¢) denote the conjunction of the extension
axioms Ext4(k, f) for k < £, and define for formulas ¢, y € £f+: © =gy v iff

ll(my. ... m)|[™ = |y (my.....my)||™ for any model M of £ satisfying Ext(¢£).
and any my,....m; € M.

CLAM. Any formula g € (£A")9 is Ext(£)-equivalent to a quantifier-free formula
in the same free variables as .

We proceed by induction on the complexity of ¢. Assume by induction hypothesis
that o (x1..... Xk. Xkt1) =px(e) W(X1. ... Xk, Xgy1) quantifier-free. and k +1 < £,
we must show the same for Ix; 1 @ (x1. ..., Xg. Xpa1) and Vg @ (X1, .. X, Xpa1)-
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By the previous algebraic remarks, we may assume y is in disjunctive normal form,
ie. \V, Cy(x1, .... X, Xx41) where each C; is a conjunction:

eN Cs’(xl,...,xk) /\/\ ﬂ"rR,(xl,...,xk,ka), n, € {0, 1,2},

C!/(xy. ..., x;) being the part not containing the variable xy , |, such that each atomic
R, (x1.....xx, xx41) appearing in C, does it in one and only one of the following
forms:

R, alone, =R, alone, ——R, alone, R, A —=R,,—~R, A =—R,.

Substitute the first three types of formulas with (the symbol) 1, the fourth with e,
and the fifth with €’; and let ¢ be the minimum of e and the substituted constants to
obtain:

Clr(xp, oo xp) i= ¢ ANCUXY, o Xp).

Since we have substituted the highest possible values in each case, we have for any
model 9t and xi, ..., x;.i € M:

NCs(x1, e xie DI <G (et 20 |
On the other hand, if 91 satisfies Ext(¢) and k + 1 < £, there is, for any xi, ..., x
in M, an iy € M such that for each R, appearing in Cy(x1. ..., Xk, Xx+1). the atomic

formula R, (x1. ..., xk. ip) takes a value making the configuration in which it appears
to take the highest possible value; that is,

Gy (ot e X o) [ = || CF Gere x|

Therefore, for any xy,...,x; € M
||3xk+1 Cs(xl,...,.>Ck,)Ck_~_1)||Djt = sup ||CS(X1,... .,)Ck,l')ngt
ieM

=[|1C (xps e x|

and, finally,
| Fxis1 (x| = || \/s it Colxr oo X 1)
= \/S CHxp o x)||™,
showing that 3x; 41 @(X1. ... Xp. Xiv1) Zpaie) Vy G (X110 xk).
Symmetrically, one eliminates the quantifier in Vxi 1 @ (X1, ..., X, Xx41) using a

conjunctive normal form of y and substituting in the elementary disjunction each
configuration by its lowest possible value:

R, alone, =R, alone, == R, alone go to 0,

R, V =R, goes toJ,

-R, V=R, goes tod’.

Finally, any sentence ¢ € (13;‘+ )®) is Ext(£)-equivalent to a quantifier-free sentence

v in L;ﬁ, necessarily a A, vV, = combination of elements of £ and thus an element e
of E. Hence, lim, u, (¢ = e) > lim, u,(Ext(£)) = 1.
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Clearly, the conditions of the theorem are satisfied by De Morgan algebras,
which include Boolean algebras and the {A,V, —}-reducts of MV-algebras. They
are satisfied also by the {A, v, —~}-reduct of any G-algebra since the law —(v A w) =
—w V —w fails in arbitrary Heyting algebras but holds in prelinear ones.

ExaMPLE 19. The almost sure values for any finite Boolean algebra are just 0 and
1,sincee =e’=0andd =0’ = 1.

ExamPLE 20. The almost sure values for the {A,V, —}-fragment of £L¥+1 are
{0.4.1} for even N, and {0. 434 2L 1} for odd N. Indeed. e =’ =5 =6’ =

; 2N
NT/Z in the first case, and € = ¢’ = max(v/\ (1-v)) =% 1/2 ,0 =06 =min(v V

(1-v)) = W*# in the second.

ExampPLE 21. For any finite G-algebra G, the almost sure values of the {A, V, = }-
fragment of £% are 0.5,1, where 6 = inf(v V —w), since e =¢’ =0 and ¢’ =
inf(—v V =—v) = 0. Notice that § is the minimum dense element of G and the
smallest positive element if G is a chain.

ExamPpLE 22. The almost sure values for a finite De Morgan algebra are at most
four since ¢ = ¢’ and 6 = ¢’. Examples 19 and 20 show they may be exactly two,
exactly three or exactly four.

ExampPLE 23. As the conditions of the theorem are equational, they are preserved
by finite products; in particular, the reader may verify that the logic associated with
the algebra G; x L4 has 5 distinct almost sure values: 0,e =¢’.d.0’, 1. We let the
reader find an example where six distinct values are achieved.

Notice that no new almost sure values are added by (EA)wlw because any sentence
of this logic is asymptotically equivalent to a finitary one, as we prove next using

our translation. Let (L'A)g‘l)w denote the formulas in (L'A)((U“fl, utilizing at most the
variables X = x1, ..., xi, free or bound. Define (EA)U‘) similarly, and denote by 6

the conjunction of the classical extension axioms Ext4(i, ) fori < k.

LemMA 24.  Given a finite lattice algebra A, for any formula ¢ € (EA)wlw, there is
aformula o’ € (LX) such that 0, = Yx[p® < "% forany a € A. Hence, ||p||™ =
|’ |™ in almost all finite models.

Proor. We do it by induction on the complexity of . We prove the inductive
step for infinite conjunctions; the other inductive steps are similar or trivial. Assume
on € (ﬁ;‘)ﬁﬁ?w, 7 finite. and 0 = Vx[p? < ¢/ 9] with ¢/ € (£4)*) for each a € 4
and n € w. Then the classical random z-model R, 4 (cf. Theorem 5) satisfies for

eacha € A4:
a 1 by / b,\ b
(N o) <1 \/ o A nen M IN NN el
new bIN..Abp=a.k<|A|.n|....n; Ew b>a

As Th(R) is w-categorical, by the Ryll-Nardzewski theorem, there is a finite subset
S C w such that any formula ¢/ (x)? (with n € w. b € A) is equivalent to one in the
set {p(x)? :n € S.b € A}. Thus. (A, ¥n)* is equivalent in R;, 4 to

[ \/ RN VAR VA" A

bl/\.../\bk,k§|A\.n1«...inkGS b>anesS
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clearly equivalent to (/\,cg ¢,)*. Then O; = VX[(\,co, ©0)* < (N, cs ¢n)]: oth-
erwise. by [15. Claim (4). in Section 4.2]. we obtain 0 = =VX[(/\,c,, n)* ¢
(Anes ©n)“]. contradicting that the equivalence holds in R; 4. =

§5. A zero-one law for infinitely valued L.ukasiewicz predicate logic. Proving zero-
one laws for logics given by infinite lattice algebras seems challenging. The translation
yields in this case infinitary formulas with essentially infinite vocabularies, and it is
known that in the case of vocabularies with an infinite supply of unary predicate
symbols, the zero-one law for classical £ , fails [15. Exercise 4.1.9.]. Moreover,
we cannot expect positive probabilities pg(a) for all the truth-values (except for
countable 4).

We will deal mainly with infinitely valued Lukasiewicz logic, determined by the
standard MV-algebra [0, 1], = ([0, 1]. A, v, —, =) with crip identity (cf. [26]).

Consider g-additive Borel probability measures { pg} re. over [0, 1] which assign
positive measure to all non-trivial intervals of [0, 1], say, pr = Lebesgue measure.
These induce a product measure p, in the infinite space of models with domain [7]:

Modg’);ll] = [1ge.[0. 1][”]T(R>, which permits to define for any measurable set S C [0, 1]
the probability that a sentence ¢ takes a value in S :

tn(p € 8) = pf{M € Mod®H : o™ € §7},

n

(the map M — ™ is measurable because it may be shown to be continuous).
It is important to stress that for each pair of predicates R and R’, and

i ... if. 0], ....i{ € [n]. wehavethat R(i..... i) € Sand R'(i].....i]) € S’ become
independent events provided that the tuples (R.ij.....0) and (R'.i].....i;) are
distinct.

For simplicity, we will use the notation 9 |= ¢ as an equivalent of ||p||™ = 1.
THEOREM 25. For any sentence ¢ € LI%L, there is a unique a € [0. 1] such that

limu,(p € V) =1 for any open interval V containing a.

Equivalently,
lim u,(jp —a| <e) =1 foranye > 0.

The two formulations are clearly equivalent. They say that ¢ takes approximately
value a with probability 1, for any degree of approximation. To prove the theorem,
we will need the following observations on the expressivity of the logic (see [7. 13,
34]). For each fraction r = Z € [0. 1]. there are connectives of Eukasiewicz logic
()>r. ()<, such that

M= s, iff ][ >
M |= oo, iff [ < 7.
More generally and precisely (see [8]).

. I
o= |[™ = 1 - iff [Jp|™ > r— —

. 3
lp<r ™ = 1= e il ™ <7+ —
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We will assume also that the logic £I%!L has a ‘crisp identity’ ~ taking only the
values 0 or 1.}

Given k, N € w, let Fj., consist of all the atomic formulas distinct from identities
truly containing the variable x; 1. and Ay = {[{ J ”1] j=0,. — 1}. For each
choice of intervals g: Fj .1 — Ay, define the extension axiom Ext 4k, N, g):

VXxi...x \/ X; ~ Xx; Vdx /\ X
1 k( it i J k+1 i<k k+1
zx~/\/\ Go(o) (X1s ve s Xpes Xpeg1))
J PEF s(e)

Then define the sentence Ext4(k, N):

Exty (k, N,
/\g3Fk+1—>AN XA( g)

and the theory
Ext := {EX[A (k N)}k,N'

Due to the semantical interpretation of quantifiers as infima and suprema, we have
that Ext4(k. N, g)™ > 1 — € if and only if for any distinct iy, ..., iy in M thereis an i

in M\ {i1. ... ix } such that ||@g(p)||™(i1. ... .ix. i) > 1 — ¢ for each ¢ € Fy,. More
precisely, if g(p) = % ]TH]’

e j+1 €
ol €| £ - £ 04 2],
for each ¢ € Fy. . which is a relaxation of the intended condition

o joJj+1
ol G i) € | 27 T2 .

In the following, we will denote by g (). the displayed relaxed interval.
LEMMA 26. For any € > 0, the sequence u,(Ext (k. N,g) > 1 —¢) converges to 1.

Proor. Fix to natural numbers k and N, a mapping g: F;.1 — Ay and recall
that according to the previous observation Ext4(k.g. N)™ < 1 — £ means that there

are distinct iy, ..., iy in [r] such that:
foralli € [n]\ {i1..... 0} itis false that A\ e, o | (i1, e s iks i) € g(@) e
Let S(M. €. 11. ..., iy ) be the above classical statement for fixed € and 7. ... , i, and

M chosen randomly in Modg)h”. Then, since the set of events

™ (it vvv i i) € g(0) e 2 0 € Fipr, i € [0]\ {it oov ik} )

is independent,

n(S(M. iy, ....0)) = l_[le[n A (1- l_LpeFkH n(o(iy, . ir,i) € g(0)+e))
But s, (@i, ... .ix. i) € g(p)+e) = pr(g(p)+e) > pr([4. 51) > 0. for some
relation symbol R and some j. Then, taking dy = min{pg([ ﬁ %]) Rer,

3This does not imply loss of generality because any model of £ may be equipped with a crisp identity,
without altering the model theoretic properties of the logic.
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0<j <N -1} wehave

fn(S(M. ey, o i) < (1—6y)"*
Therefore,

pin(Exty(k.g. N 1—s<23 S(M.e.iy.....ix)) < n*(1-8y)"*

which clearly converges to 0, since 1 — 6N < 1. Therefore, u,(Ext (k.g. N) > 1—¢)
converges to 1. -

Recall that Exty(k,N.g)™ > 1—¢ iff M = Ext4(k,N.g)>1 .. Therefore, the
previous lemma shows that any finite subset of the theory Ext* = {w>1. : ¢ € Ext,
€ > 0) is satisfiable. Hence, by satisfiability compactness of L.ukasiewicz logic it has
a model, which will be necessarily a model of Ext. As Ext is countable, this model
may be chosen to be countable by the downward Lowenheim—Skolem theorem.

DErFINITION 1. Let @, b be tuples of the same length & of distinct elements of 2
and B, respectively, then @ ~, b if and only if |p* (@) — ¢® (b)| < e for any atomic
¢ with variables in {xi.....x; }. We say then that the pair 7. b (or the assignment
a; — b;) is an e-partial isomorphism.

Considering tuples enumerating 2 and B respectively, we may define, similarly,
the notion of e-isomorphism. Partial e-isomorphisms between models of Ext have
the extension property, more precisely.

Lemma 27. If 2,8 = Ext(k.N), N > % then@ ~. b (of length < k) implies for
any a € A\ {a} there is b € B\ {b} such that @a ~. bb and viceversa. Particular
case: forany a € A, there is b € B such that a ~ b.

PROOE. Assume @ ~. b, and consider g: Fy,; — Ay such that ¢%(@.a) €
g(p) for each ¢ € Fi,y. then Ext(k.N.g) is an extension axiom which must
be satisfied by %B: hence. there is b such that ||¢,(,||® (b.b) > 1-¢/2. From

this. we obtain that ® (b.b) € [£ — &/2, L1 +¢/2]. thus |92 (@. a) - ¢ (b.b)| <
¥ +5<el .
We will utilize the following observation: [(r @ s)— (r' & )| < 2max{|r -
’|}. For any formula #¢, let (¢) be the number of occurrences of & in ¢.
Lemma 28. If A.B = Ext(k,N), N > % then for any formula ¢ with free
variables in {xi. ... x;.}. @ ~¢ b implies |o® (@) — @ (b)| < 2#¥)e.

ProoF. By induction on the complexity of ¢ (X) € £V(r), based in @, —, 3.

o If ¢ is atomic, then the result is immediate by definition of partial e-

isomorphism.
o If @ is —0. then it is trivial because |(—0)%[@] — (-0)B[b]| = | 9%[19]\
e Ifpisf @ 0. then, by induction hypothesis, |0 [a] — 0%[b]| <2 |t9’9[

03 [b]| < 2#?)e and

‘(9 ® 0/)%{[5] YA ) [b |<2. omax(#(0).#(0")) o < H(O)+#(0")+1o — o#(p) .
oIf ¢ is v and @ ~; b, then, by the previous lemma, for each a € A there

is b, € B such that Ea ~e bb,. and the inductive hypothesis yields |0%[aa] —
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H‘B[Ebaﬂ < 2#(0)¢, Hence, 0*[@a] < 0B[bb,] + 2#(0)¢. Taking suprema over
a. we obtain (v 0)*[a] < sup;, 0F[bb,]+ 2% Ve < (Jv0)® + 2#@c[b]. and
thus (Jv 0)%[a] - (v 0)®? [b] < 2#0)¢, Symmetrlcdlly we get the same for the
negation and thus |(3v 0)2[h] — (Fv0)B[a]| < 2#0e = 2#(@)¢,

We will write 2 = .01, B whenever ™ = ™ for each sentence ¢.

COROLLARY 29 (Completeness). If2. B |= Ext, then?A = o, B. Therefore, Ext
is complete.

Proor. Given a sentence ¢ and € > 0, let xy,..., x; be its variables and N >
2.2#¢) /. Then, by Lemma 27, there are a € 4. b € B such that a ) b and,

— %] = |p¥[a] — 2[b]| < 2#We/2#¥) = ¢. Since this is true
for alle > 0. we have % = . =

It is easy to see that a theory T is complete iff for any sentence ¢ and rational r,
wehave T |= o>, or T = <.

ProoF oF THEOREM 25. Fix a sentence . By completeness, one has Ext |= ¢>,
or Ext = <, foreachrational r € [0, 1]. Then, thesets L = {r € Q : Ext = ¢>,}.
U={seQ:Ext|=p<} are easily seen to determine a real cut a € [0, 1].
Assume first that @ € (0, 1) andleta € (r,s)andr < 7’ < a < s’ < s.Then, Ext =
>, A p<y by construction. Take a positive e < s — ', rs” — r. By the approximate
consequence compactness of L, there is a subset Ext* C s, Ext such that Ext* |=
(@5 N p<yr)>1c. thus Ext* \— Q[—e. s'+¢1- From the fact that lim,, u,(Ext*) = 1.
we obtain lim,, i, (¢ € [r' —e.s’ +¢€]) = 1 and. a fortiori, lim, u,(p € (r.5)) = 1.
This shows the existence of «. Uniqueness follows easily since b # a implies
the existence of rationals u,v, r such that u <b <r<a<s. As ¢ € (r,s) has
asymptotic probability 1, the incompatible event ¢ € (u, ) must have asymptotic
probability 0.

If a €[0.5). choose a < s" <s. Then., Ext |= o<y and Ext* |= (p<y)i. for
an e <s-s', and hence Ext* |= ¢ . Since lim, u,(Ext*) =1, we have
lim,, u,(¢ € [0,s" 4+ €]) = 1, and, a fortiori, lim, u,(¢ € [0.s)) = 1. Thecasea = 1
is similar. -

RemARK 30. The inductive step in Lemma 28 works without extra effort
for any continuous connective o under the rank definition: #(o(6;, ..., 0;)) =
max; #(0;) + 1. So Ext is complete for any expansion of Lukasiewicz logic by
continuous connectives, and thus for full continuous logic with crisp identity, and
the same is true of the zero-one law.

ReEmARK 31. From lemmas 27 and 28, one may show that, for any countable
A, B |= Ext and e > 0, there are enumerations ay, aj, ... of 4 and by, by, ... of B
such that a; — b; is an e-isomorphism. These enumerations depend on ¢ and it is
not possible to obtain w-categoricity in this way. However, it follows from the above
proof that any sentence ¢ takes in all models of Ext the same value, precisely its
almost sure truth-value.
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§6. Further results for infinitely valued predicate logics. Although we cannot
expect a complete description of the infinitely valued case, in this section we still
obtain some results generalizing those in Section 4. In particular, we obtain that
all rational numbers in [0, 1] are almost sure values of infinitely valued Fukasiewicz
predicate logic, and we prove a zero-one law for a large family of logics satisfying
De Morgan laws with values in closed sublattices of [0, 1].

Observe that the analogue of Lemma 13 holds for infinitely valued Lukasiewicz
logic with a similar proof, due to the continuity of McNaughton functions.

THEOREM 32. Let t(v1, ..., vy ) be a term in the signature of MV-algebras. Then, the
values m = inf,, 4 cat(ar.....ax) and s = SUD,, aped t4(ay. ....ay) are almost
sure for A =10, 1]L.

Proor. Notice first that m and s exist by compactness of [0, 1] and the continuity
of t4. Let R(x) be an atomic formula in one variable. We show that for any open
interval V" of [0, 1] containing m:

tn (Vx1 Vg (2(R(x1), ..., R(xz))) € V') converges to 1.

By definition of . there is a tuple (a;) ; € |4[* such that t*(ay.....ax) € V and
by continuity of 74, there are open intervals V; such that a; € V; and v; € V;
implies t4(vy.....v;) € V.

For each n > k., find K C [n]* of cardinal |K| = |n/k| such that all tuples in K
have all their components distinct, and two different tuples in K are distinct at each
coordinate. Then,

wn(Vx1 . Vxg (1(R(x1). ..., R(xz)) € V)

=Pr( inf ARG).....R(i)) e V)

i1, €[]
= Pr(for some (i;); in [n]* : t*(R(i}). ... R(ix)) € V)(since V is an open
interval containing m)
> Pr(for some (i;); in [n]* : R(i;) € V;, for j = 1..... k).
> Pr(for some (i;); in K : R(i;) € V. for j =1.....k)
=1-Pr(forall (i;); in K is false: R(i;) € V;, for j =1.....k)
=1- H(il...z’k)eK[l ~Pr(R(i;) € Vjfor j =1.....k)]

=1-(1-pr(V1) ... pr(Vi))/k),

For the last two identities, we use that the events R(i;) € V/; form a mutually
independent set for the coordinates of the k-tupes in K. Since pr(V;) > 0, the last
quantity converges to 1 when n goes to co.

A similar argument shows that, for any open set V' containing s,

o (3x1 .. 3xg (1(R(x1).....R(xx)) € V)
converges to 1. -

COROLLARY 33. All rational numbers are almost sure values of [0, 1]-valued
FLukasiewicz logic (£1%1L).
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ProOF. Use the same terms of Example 15. -

Itis easy to see that Theorem 32 generalizes to any bounded linearly ordered lattice
algebra for which the additional operations are continuous with respect to the order
topology because its proof only uses the continuity of the functions interpreting the
terms.

THEOREM 34. Let t(vy, ..., vy ) be a term for a bounded linearly ordered lattice alge-

ExampLE 35. Consider Lukasiewicz logic with product. Then observe that
1(V5-1) =inf(-v Vv (v - v)) is an almost-sure value.

ExaMpLE 36. Let G4 be the G-chain consisting of an ascending sequence from
0 to 1. Then, it may be checked that Gddel implication is continuous in this case.
Therefore, all elements of G+ are almost sure (compare with Example 39 below).

Finally, notice that the analogue of Lemma 18 holds for infinite closed sublattices
of [0, 1] with a continuous negation and actually gives a proof of the zero-one law
in this case.

THEOREM 37. Let A= (A,N,V,—) be an infinite closed sublattice of [0,1]
containing 0 and 1 with a continuous negation satisfying:

(1) ~-(wAw)=-vV-w, ~(vVw)=—vA-w
(2) v <—-w
(3) =1 =0

Then. LA satisfies the zero-one law and its only almost sure values are 0, 1, and

e = sup(x A =x), &’ = sup(—x A =—x),

XEA x€A
6 = inf (x V =x),6’ = inf (=x V =—x).
xeA xcA

Proor. This is essentially the same argument as in Theorem 18. By compactness
of A and continuity of the operations, the displayed infima and suprema are attained,
for example € = (a A —a) for some a € A. and they are almost sure by Theorem 34.
Thus, only finitely many extension axioms are needed to ensure that the suprema
of the various configurations R, =R, =—R, R A =R, =R A =—R appearing in the
proof of Lemma 18 are realized (the same holds for the infima). and the quantifier
elimination may be achieved with asymptotic probability 1. -

ExaMPLE 38. The logic given by the {A, Vv, =}-reduct of the Lukasiewicz algebra
[0. 1], has almost sure values {0. 1. 1}.

ExamPLE 39. The logic given by the {A, V., —}-reduct of any closed subalgebra
of the standard G-chain over [0, 1] in which 0 is isolated has a zero-one law, and its
almost sure values are {0,d. 1} where J is the minimum positive element since A, V
are continuous and. under isolation of 0, Gédel negation becomes continuous.

§7. Final remarks. The translation we have used in the case of finite algebras
has appeared in [1, 2] and permits to transfer straightforwardly from classical to
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finitely valued logics most relevant model-theoretic facts and concepts: compactness,
ultraproducts, elementary embeddings, type omission, etc.

Gridel et al. [22] consider certain semirings A = (A4, +, -, 0, 1) as algebras of truth
values in which V and A are interpreted as + and -, and the quantifiers 3 and V
are interpreted as iterated + and -, respectively. Negation is allowed at the atomic
level only, and no further operations (connectives) are allowed. In this setting,
they obtain zero-one laws for finite distributive lattices and “absorptive” semirings
suchas (Ly1,V,®,0,1). Our results in the present paper generalize those on lattice
semirings because we do not require distributivity, and we allow arbitrary additional
operations. Moreover, the treatment of negation in [22] can be expressed in terms
of Oberschelp conditions.

Notice that the zero-one law fails for the simplest non-lattice semiring, namely
the two-element field F, = ({0, 1}, +, -, 0, 1), as witnessed by the sentence Ix (Px V
—Px) whose value in universes of cardinal n is Z,¢; 1. which oscillates between 0
and 1 with the parity of n (negation is interpreted by the function v + 1 so that
Pi v —Pi takes the value v + v + 1 = 1 for any i € [n], and 3 is interpreted by X).

It is worth noting that, in the context of continuous model theory, a zero-one law
is proved in [20] for the theory of metric spaces, which yields a zero-one law for
Lukasiewicz of pure identity under certain restrictions.

We conclude with some questions that merit further investigation:

(1) Does £t have almost sure irrational values?

(2) Does full Lukasiewicz logic over [0, 1] with product and its (discontinuous)
residuated implication have a zero-one law?

(3) Does full Godel logic over [0, 1] have a zero-one law?

(4) The set A, of almost sure values of a logic £4 is an invariant of A4, in fact, a
subalgebra. Is there a characterization of 4, in purely algebraic terms?
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