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Abstract

Skolemization and Herbrand theorems are obtained for first-order logics based on algebras with a complete lattice
reduct and operations that are monotone or antitone in each argument. These lattice-valued logics, defined as con-
sequence relations on inequations between formulas, typically lack properties underlying automated reasoning in
classical first-order logic such as prenexation, deduction theorems, or reductions from consequence to satisfiability.
Skolemization and Herbrand theorems for the logics therefore take various forms, applying to the left or right of con-
sequences, and restricted classes of inequations. In particular, in the presence of certain witnessing conditions, they
admit sound “parallel” Skolemization procedures where a strong quantifier is removed by introducing a finite dis-
junction or conjunction of formulas with new function symbols. A general expansion lemma is also established that
reduces consequence in a lattice-valued logic between inequations containing only strong occurrences of quantifiers
on the left and weak occurrences on the right to consequence between inequations in the corresponding propositional
logic. If propositional consequence is finitary, this lemma yields a Herbrand theorem for the logic.
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1. Introduction

In this paper, we investigate key properties for automated reasoning in first-order lattice-valued logics. The lattice-
valued approach introduced here provides a general framework for studying nonclassical first-order logics defined via
algebras with a complete lattice reduct and operations that are monotone or antitone in each argument, covering
not only broad families of first-order many-valued logics, intermediate logics, and substructural logics (studied in,
e.g., [10L 131 {150 1181 231 [25]]), but also cases such as lightweight description logics (viewed as fragments of first-order
logics) that lack an implication connective suitable for expressing the order (see, e.g., [1]). Logical consequence is
defined between inequations consisting of pairs of first-order formulas, encompassing also, via a simple translation,
consequel%l]ce between equations, and, if the language contains a suitable implication connective, consequence between
formulas
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In classical first-order logic, questions of validity and consequence reduce to the satisfiability of a set of sentences
in prenex form; Skolemization and Herbrand theorems then reduce these questions further to the satisfiability of a set
of propositional formulas (see, e.g., [S]). More precisely, a prenex sentence (Vx)(dy)e(%, y) is classically satisfiable
if and only if (VX)¢(X, f(X)) is satisfiable, where f is a function symbol not occurring in ¢. The satisfiability of a
sentence in prenex form hence reduces to the satisfiability of a universal sentence; Herbrand’s theorem then yields a
further reduction to the satisfiability of a (typically infinite) set of propositional formulas by substituting universally
quantified variables with closed terms. For non-classical logics, the situation is not so straightforward. First, due to the
absence of certain quantifier shifts, formulas may not be equivalent to prenex formulas, and, second, consequence may
not reduce to satisfiability. Hence we consider inequations between non-prenex sentences as premises and conclusions
of consequences. Skolemization and Herbrand theorems then take various forms, applying to either the left or right
of the consequence relation, and in some cases only to restricted sets of formulas.

Skolemization procedures that remove strong occurrences of quantifiers in subformulas on the left of conse-
quences, and weak occurrences on the right, are not sound in general. For example, (Vx)—-—P(x) — ——(¥Yx)P(x)
is not valid in first-order intuitionistic logic, but its Skolem form (Vx)-—P(x) — ——P(c) is valid (see, e.g., [2]). How-
ever, in some cases, soundness can be regained using an alternative (in the sense of [21]]) “parallel Skolemization”
procedure. The key idea is to remove strong occurrences of quantifiers on the left of the consequence relation and
weak occurrences of quantifiers on the right by introducing disjunctions and conjunctions, respectively, of formulas
with multiple new function symbols. In particular, a sentence (Vx)(y)¢(X, y) may be rewritten for some n € N*
as (VX) VL, ¢(%, fi(X)) where each function symbol f; is new for i = 1,...,n. This method has been used in [3] to
establish Skolemization results for first-order intermediate logics whose Kripke models admit a finite model property,
and in [8] to obtain similar results for families of substructural and many-valued logics.

In this paper, we provide general parallel Skolemization theorems for first-order lattice-valued logics that cover
and extend these previous results. We show in particular that a lattice-valued logic has parallel Skolemization of
degree n € N* (that is, allowing at most n new function symbols for each step and applying to formulas on both sides
of the consequence relation), whenever it admits the “n-witnessed model property”, a generalization of a property
introduced by Hajek in [19] stating, informally, that consequence in the logic is equivalent to consequence in models
where quantified subformulas are witnessed by meets or joins of at most n elements. Moreover, we show that when
consequence in the lattice-valued logic is finitary, then the converse also holds. Since the n-witnessed model property
is a rather strong condition, we also consider lattice-valued logics that satisfy a weaker n-prewitnessed model property
and admit parallel Skolemization on the right of the consequence relation of degree n for inequations between prenex
sentences.

Finally, we obtain Herbrand theorems for reducing consequences between inequations without strong occurrences
of quantifiers to consequences between propositional inequations, generalizing similar results for substructural logics
obtained in [9]. The basis for these theorems is a general expansion lemma that performs this reduction on the left
of consequences at a cost of introducing infinitely many propositional inequations. We then prove that finitarity with
respect to propositional consequence corresponds exactly to the removal of weak occurrences of quantifiers using only
finitely many propositional inequations. Our main Herbrand theorem then establishes, analogously to the classical
case, that this reduction can be performed by taking finite conjunctions or disjunctions of instances of formulas. Since
consequence cannot be reduced in general to satisfiability in lattice-valued logics, we provide also a Herbrand theorem
for satisfiability.

2. Lattice-Valued Logics

In this section we introduce the semantics of first-order lattice-valued logics based on classes of algebras whose
operations are monotonic increasing or decreasing in each argument according to the polarities of a given signature.
These polarities are also used to identify strong and weak occurrences of subformulas and to define the notions of
g-universal and g-existential formulas and inequations, generalizing the usual notions of universal and existential
formulas. We establish the expected monotonicity properties for the replacement of strong or weak occurrences
of subformulas, and prove that satisfaction properties for g-universal and g-existential formulas are preserved under
taking substructures of a model. These results allow us to establish that consequences between g-universal inequations
on the left and a g-existential inequation on the right can be reduced to consequences with quantifier-free inequations
on both sides.



2.1. Syntax and Semantics

A signature with polarities L (henceforth, simply signature) consists of a countable set C of symbols (called
connectives), where each connective ¢ has an assigned arity n, € N and polarity p.: {1,2,...,n.} — {—,+}. Itis
called lattice-oriented if C contains two binary connectives V and A with py (i) = pA(i) = + fori € {1, Z}E]

Given any lattice-oriented signature £, an L-lattice (also known as a lattice with monotone operations, see,
e.g., [14}116]) is an algebraic structure A = (A, {cA}ceci) satisfying

(i) (A, vA, A1) is a lattice with an order defined by x AyexmMy=x
(ii) A is an n.-ary operator on A for each ¢ € C such that for 1 <i < n,,

— if p.(i) = +, then c* is monotone in the i-th argument

— if p.(i) = —, then ¢4 is antitone in the i-th argument.

We call A complete if \/* X and A\ X exist in A for all X C A, and a chain if x <A yory <A xforall x,y € A. As
usual, we omit superscripts when these are clear from the context.

Example 1. A suitable lattice-oriented signature £L; for a broad family of substructural logics consists of binary
connectives V, A, &, and —, and nullary connectives 0 and 1, where the non-trivial polarity functions are defined by

. and p.2) =+ force{V,A &, —>}.
- ife=-

. {+ ifce{v,A &)
Suppose now that A = (A, V,/\,&,—>,6, T) is an £;-lattice. If (A,&,T) is a commutative monoid and — is the
residuum of & (i.e., x&y <z © x <y — z forall x,y,z € A), then A is an FL.-algebra, also known as a
commutative pointed residuated lattice.
The class of FL.-algebras forms a variety that serves as an algebraic semantics for the Full Lambek Calculus with
exchange (see, e.g., [15]); algebraic semantics for other substructural logics are then subvarieties of FL.-algebras. In
particular, a FL.-algebra A where 0 and 1 are the least and greatest elements of the lattice, respectively, is

e a Heyting algebra if & = A;

e an MTL-algebra if (x — y) V (y = x) = 1 forall x,y € A;

e a BL-algebra if it is an MTL-algebraand x Ay = x & (x — y) for all x,y € A;
e a Godel algebra if it is both a BL-algebra and a Heyting algebra;

e an MV-algebra if it is a BL-algebra and x = (x — 0) — 0 for all x, y € A.

The varieties of Heyting, MTL, BL, Godel, and MV-algebras yield algebraic semantics for intuitionistic logic,
monoidal t-norm logic, basic fuzzy logic, Godel logic, and Lukasiewicz logic, respectively. Let us note here also
that the Godel algebra whose lattice reduct is the real unit interval [0, 1] with the usual order is called the standard
Godel algebra and denoted by [0, 1]g; analogously, an MV-algebra with the same reduct and operation & defined as
max(0, x + y — 1) is called the standard MV-algebra and denoted by [0, 1] .

A (countable) predicate language P is a triple (P, F, ar) consisting of disjoint countable sets P and F of predicate
and function symbols, respectively, and a function ar: P U F — N assigning arities to these symbols. We call nullary
function symbols object constants and nullary predicate symbols propositional atoms. For convenience, a predicate
language containing only propositional atoms will be called propositional.

Let us fix now a lattice-oriented signature £ and a predicate language ¥ = (P, F, ar). We define P-terms, atomic
P-formulas, and (L, P)-formulas as in classical logic using a fixed countably infinite set OV of object variables
X,y, ..., the quantifiers ¥ and 1, and the connectives in L.

“The notion of a signature with polarities appears in work of Dunn and co-authors in the context of gaggle theory (see, e.g., [13]), in the study of
order-algebraizability initiated by Pigozzi [24], and in duality theory [16}[17]. Howeover, the vast majority of this work concerns only propositional
logics and is not directly relevant to the results reported in this paper.



An (L, P)-inequation is a pair of (L, P)-formulas written ¢ < . For two (L, P)-formulas ¢ and ¢, we define
ey ={p 2y, < ). Asetof (L, P)-inequations is called an (L, P)-theory.

The notions of bound and free variables, closed terms, sentences, prenex formulas, and substitutability in formulas
and inequations are defined in the standard way. In particular, an inequation ¢ < ¥ is quantifier-free, prenex, or
sentential if the formulas ¢ and ¢ are, respectively, quantifier-free, prenex, or sentences.

We omit the symbols for signatures or predicate languages (and analogously, other notions parameterized by
such symbols) when these are clear from the context. We typically denote inequations by capital Greek letters, e.g.,

O,¥,7, ..., and theories by Latin letters 7, S, ..., often dropping external brackets when a theory contains just one
inequation.
Instead of yi,...,x, (Where the y; are terms, formulas, or inequations, and n € N is arbitrary or fixed by the

context) we sometimes write just ¥. Unless stated otherwise, by the notation ¢(2) (respectively, ®(?)) we signify that
all free variables of ¢ (respectively, of both formulas in an inequation @) are among those in the vector of pairwise
different object variables Z. If y(xy, ..., x,,Z) is a formula or an inequation and we replace all free occurrences of x/s
in y by terms 7;, we denote the result in the context simply by x(¢1,. .., f;, 7).

An (L, P)-structure S is a pair (A, S) such that

(i) A is a complete L-lattice;
(ii) Sis a triple (S, {PS}pep, {15} rer) Where
— § is a non-empty set;

— PS:§" — Ais afunction for each n-ary predicate symbol P € P;
— f8:8" — § is a function for each n-ary function symbol f € F.
An G-evaluation is a mapping v: OV — S. For any S-evaluation v, we denote by v[x—a] the S-evaluation

satisfying v[x—a](x) = a and v[x—a](y) = v(y) for each y # x. Terms and formulas are evaluated in S with respect
to an G-evaluation v according to the following conditions, where f € F, P € P, and c € Cy:

iy = v(x),
£t = LA - 1l
1Pty IS = PSAIS, - ),
lleers- - onlly = Adleillys - llealld).

700l = A\ IS 1@ € S,
A = \/ (IS, 1@ € S).

To simplify notation, for a formula ¢(xi,...,x,) and an S-evaluation v with v(x;) = a; for 1 < i < n, we write
le(ay, . .., a,)|° instead of ||(x1, . .., x,)|I<.
For a theory T, we say that a structure S is a model of T and write S | T if for all ¢ < ¢ € T and every
S-evaluation v,
el <4 [l .

Note in particular that S = ¢ ~ ¢ if and only if ||(,0||§ = ||z/t||vE for every G-evaluation v.
Let us fix now an arbitrary class K of complete L-lattices and an (£, P)-theory T' U {®}. We say that
— an (L, P)-structure M = (A, M) is a K-model of T if A e Kand MM E T,

— an inequation @ is a consequence of T with respect to K, written T g @, if for each K-model 9t of T, also
M E .

For simplicity, we shorten ‘{A}-model’ to ‘A-model’. Notice also that, since each theory comes with a fixed predicate
language, we do not need to specify the language of 9t when we say that it is a model of a theory 7. For two
(L, P)-theories T and S, we write T g S if T g @ foreach ® € S.

We list the following (easily confirmed) valid inequations and consequences.
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Lemma 1. Let ¢, ¥, xy be (L, P)-formulas.
(@) Frx =x.
®) lp=y. ¥y =xtFxe=x
(©) Ex ¥(,y) = @Ax)(x,¥) iftis substitutable for x in .
(d) Ex (VX)W (x,¥) < y(t,¥) ift is substitutable for x in .
@) {x =¥} Ex x < (Y)W if x is not free in x.

() {y 2xt Ex @)y < x if xis not free in .
Remark 1. In the literature on non-classical logics, it is more common to define consequence on formulas. Consider,
e.g., a class K of complete FL.-algebras (see Example[I). According to the usual definition, a structure G = (4, S) is

—A I .
a K-model of a set of formulas I' if A € K and for any S-evaluation vand ¢ € I', I < ||¢||;; a formula ¢ is then a
consequence of I' with respect to K, written I' Fk ¢, if each K-model of T" is a K-model of {¢}. It is easy to see that
we can translate between consequences on formulas and inequations as follows:

TExe < {IzxlyellExl=zyp
TEke=yYy & —o0lx30eTikErep—y.

Indeed, these translations work whenever there is a binary connective — and constant 1 in our lattice-oriented signa-
ture £ such that

—A
(a) the notion of a K-model of a set of formulas is defined using 1 as above;

(b) for each L-latticeA in K, wehave x <y & TA <x-ty.

Let us conclude this section by recalling one further important notion. We say that |k is finitary if for any
(L, P)-theory T U {¥},
TExkY < T ExV¥ forsome finite 7" C T.

It is easy (using the compactness theorem of first-order logic) to see that if K is a finite class of finite algebras K,
then [=x is finitary. Below, we formulate further sufficient conditions for the finitarity of K which follows from known
results about axiomatizations of consequence between formulas and the translation mentioned in the previous remark;
for details, see, e.g., [11], where an example is also provided demonstrating that these conditions are not necessary.

Proposition 1. Let L be a signature extending L, and let K be a class of L-algebras whose L,-reducts are FL.-
algebras. Then [k is finitary whenever one of the following two conditions is satisfied:

(1) Each algebra A from the quasivariety generated by K can be regularly embeddeaﬂ into some element of K.

(2) Each finitely subdirectly irreducible algebra A from the variety generated by K can be regularly embedded into
some element of K.

Example 2. In particular, [ is finitary for any class K satisfying one of the following conditions:

e KKis the class of complete algebras of a variety V of FL.-algebras admitting regular completions (i.e., such that
each A € V can be regularly embedded into a complete member of V). This is the case, e.g., if V is axiomatized
relative to the class of FL.-algebras by so-called Nj-identities (see [7]]), in particular, if K is the class of all
complete FL.-algebras or complete Heyting algebras.

e K is the class of complete chains of a variety V of FL.-algebras whose class of chains admits regular com-
pletions. This is the case, e.g., if V is axiomatized relative to the class of integral FL.-algebras by so-called
Ps-identities (see [7]), in particular, if K is the class of all complete Godel chains or MTL-chains.

Also [,1}, 1s known to be finitary. On the other hand, if K is {[0, 1]¢ } or the class of all finite MV-algebras, we obtain
well-known cases where =k is non-finitary.

SLe., embedded by a function preserving all suprema and infima of all subsets of A which exist in A.
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2.2. Strong and Weak Quantifiers

Let us fix again a lattice-oriented signature £ and a predicate language P = (P, F, ar). We write ¢[e] to denote
that an (£, P)-formula ¢ contains a specific occurrence of a subformula e and subsequently ¢[y] to denote the result
of replacing e in ¢ with another (£, #)-formula y. We can make use of the polarities of L to denote that a specific
occurrence of a subformula e in a (L, P)-formula ¢ is either positive (written ¢[e]*) or negative (written [e]™).
Formally, the occurrence is positive if one of the following conditions holds, and negative otherwise, proceeding
inductively:

—p=e

— ¢ = (Qx)¢ and y[e]*, where Q is either V¥ or 3;

- ¢ =clp1,...,0,) and @;[e]", for some i € {1,...,n} such that p.(i) = +;
- ¢ =clp1,...,p,) and p;[e]", for some i € {1,...,n} such that p (i) = —.

These notions extend also to inequations. If @ is an inequation ¢ < ¢, we denote by ®[e] that e is an occurrence
of a subformula of either ¢ or . Then ®[e]" stands for p[e]™ or y[e]*, and D[e]™ for ¢[e]* or Y[e]~. Note that this
definition conforms with the intuition identifying an inequation ¢ < ¢ with a formula ¢ — , where p_,(1) = — and
p-(2) = +.

We call a positive occurrence of a universally quantified subformula (Vx)y in a formula/inequation strong, and a
negative occurrence weak. For existentially quantified formulas the definition is dual: negative occurrences of (Ax)y
in a formula/inequation are strong, and positive occurrences are weak. We use a superscript s or w as follows to denote
that an occurrence of a quantified subformula (Qx)y for Q € {V, 3} in a formula ¢ or inequation @ is strong or weak,
respectively:

(@Y, l(@xy]”,  ®UQxY]*, and D[(Qx)¥]".

Let us call a formula/inequation g-universal if it contains only strong occurrences of quantified subformulas and g-
existential if it contains only weak occurrences of quantified subformulas. Note that an inequation ¢ < i is g-universal
if ¢ is g-existential and ¢ is g-universal, and g-existential if ¢ is g-universal and ¢ is g-existential. Quantifier-free
formulas are both g-universal and g-existential.

Example 3. Consider the signature £; from Example([I]and a predicate language % consisting of three unary predicate
symbols Py, P,, and Ps. For the formula

¢ = P1(x) = (P2(x) V P3(x)),
we have ¢[P1(x)]”, ¢[P2(x)]*, and ¢[P3(x)]*, while for the inequation
© = Pi(x) = (Pa(x) V P3(x)) < P3(x),

we have ®[P(x)]*, O[P,(x)]~, and either ®[P3(x)]* or ®[P5(x)]~, depending on which occurrence of P3(x) we are
referring to. For the formula
¢ = A0)P1(x) = (E0)P2(x) V (VX)P3(x)),

we have ¢[(Ax)P1(x)]°, [(Ax)P2(x)]", and ¢[(Vx)P3(x)]*, while for the inequation
O© = (Ax)P1(x) = (A)Pa(x) V (YX)P3(x)) = (VxX)P3(x),

we have O[(Ix)P;(x)]”, ®[(Ax)P2(x)]*, P[(Vx)P3(x)]® for the occurrence of P35 on the left, and ®[(VYx)P3(x)]" for the
occurrence of P3 on the right. Also (Ax)P(x) — (Vx)P;(x) is a g-universal formula, while (Ax)P;(x) = (Vx)Pi(x) <
(Ax)P(x) is a g-existential inequation.

The following monotonicity properties are now easily established by induction on formula complexity.

Lemma 2. Let ¢, ¥, and y be (L, P)-formulas and ® an (L, P)-inequation.
(@) If gle]”, then {y < x} Ex ¢ly¥] < ¢lx].



(d) If ¢le], then {y < x} Fx ¢lx] < ¢l¥].

(c) If ®[e]*, then {D[y], ¥ < x} Fx Plx].

(d) If ©[e], then {®@[x],¢¥ = x} Fx @[y].
Proof. We prove (a) and (b) jointly by induction on the definitions of ¢[e]" and ¢[e]~, noting that the base case where
¢ = e is immediate.

We prove the induction step for ¢ = c(¢1,...,¢,) for the case that ¢;[e]* and p.(i) = +, other cases being

very similar. Let 9t = (A, M) be a K-model of ¢ < y and let v be an M-evaluation. By the induction hypothesis,
il lI™ <A lleilx1II™ and since ¢ is monotone in the i-th argument, [|le[w]]I>* <A [l ]I

We prove the induction step for ¢ = (Qx)d for the case that Q = ¥ and S[e]", other cases being very similar. Let
M = (A, M) be a K-model of y < y and let v be an M-evaluation. By the induction hypothesis, II(S[xp]IIJJt <A

v[x—m]
||6[X]”V[x—>m] for each m € M. Hence
ISR = inf 6Ty < inf 16Dy = IO70STIR

Finally we prove part (c), noting that the proof of part (d) is analogous. Assume that ® = @ < 8 and a[e]~, the case
that a[e]* being very similar. By part (b), { < x} Ex a[x] < a[¥], and by Lemma {aly] < B,alx] < aly]l} Ex
alx] < B. Hence, by transitivity, {a[¢] < B8,¥ < x} Ex alx] <B. U

In classical logic, the satisfaction of universal formulas is preserved under taking substructures of a model. Here
we obtain similar preservation properties for g-universal and g-existential formulas in lattice-valued logics. Let us call
an (L, P)-structure M’ = (A, M) a substructure of an (L, P)-structure M = (A, M) if M’ € M and oM (@) = oM(@)
for each predicate and function symbol o of P and d € M’.

Lemma 3. Let W' be a substructure of an (L, P)-structure M and let v be any M -evaluation.
@) P 22 |wI™ for any g-universal (L, P)-formula y.
) Il <A II™ for any g-existential (L, P)-formula x.

Proof. We prove both claims jointly by induction on the definition of y. If y is an atomic formula, then clearly
|Ly||1ﬁ/ = |lxI™. For the induction step we have several cases. If y = (Vx)¢ for some g-universal formula ¢, then for
eacha e M’,

n SA m m 0
™ oy 22 Nl g = infllell™ ., 15 € M) = 140l
Hence also

V0@l < inf{llgl . 1ae M) =[I(Vell .

v[x—al]

The case where y = (Jx)p for some g-existential formula ¢ is very similar. Note that we cannot have y = (Vx)p for
some g-existential formula ¢, since then y would be neither g-universal nor g-existential.

Finally assume that y = c(¢y,...,¢,) for some ¢ € C, and y is g-existential. Then ¢; has to be g-existential if
pc(i) = + and g-universal otherwise. By the induction hypothesis,

lell?" >4 lillyif pe(i) = =,

lelle < lillyif pe(i) = +.
By the monotonicity of ¢4,

AR = ey lleali <t Al - Nl = Il
The case where y is g-universal is analogous. O
Proposition 2. Let W be a substructure of an (L, P)-structure M.
(a) M E © implies M' E O for any g-universal inequation ©.
7



(b) M’ = @ implies M E O© for any g-existential sentential inequation @.
(c) M E @ if and only if M = @ for any quantifier-free sentential inequation ©.

Proof. Let ® = ¢ < y. For (a), ¢ must be a g-existential formula and ¢ a g-universal formula. Assume that Mt = .
For each 9" -evaluation v, by Lemma

W _A | A (R A
el < Tl < Il < Il

That is, M’ | .
For (b), ¥ must be a g-existential sentence and ¢ a g-universal sentence. Assume that 0 = ®. For each M'-
evaluation v, by Lemma[3]
elly <™ Hlel?™ <™ IR < iy
Since ¢ and i are sentences, this entails M = O.
Part (c) then follows immediately from (a) and (b). O

2.3. Predicate Substitutions

In first-order classical logic, consequence is easily reduced to the satisfiability of a theory, but in lattice-valued
logics, this is in general no longer the case. Nevertheless, consequence can still be simplified so that the right hand
side is an inequation between atomic formulas. This step is established using the notion of a predicate substitution.

Let £ be a lattice-oriented signature and let # = (P,F,ar) be a predicate language. A predicate substitution
(for ) is a mapping o assigning to each n-ary predicate symbol P € P an (L, P)-formula o(P) with (at most) n
free variables. Given an arbitrary (£, P)-formula ¢, the (£, P)-formula o(¢) is the result of substituting in ¢ each
occurrence of an atomic formula P(f) with the (£, P)-formula o(P)(#). We also denote by o(T) the result of applying
o to all formulas occurring in the inequations of an (£, P)-theory T.

Lemma 4. For any (L, P)-theory T U {¢ < ¥} and predicate substitution o,

Texke=y¢y = o(T)kxolp) 2o@).

Moreover, the converse direction holds when the only predicates in T U {¢ < ¥} are propositional atoms and these are
mapped by o to distinct closed atomic formulas.

Proof. We proceed by contraposition. If o/(T) FEx o(¢) < o), then there is a model M’ of o<(T) such that M’
o(p) < o (). We construct a model 9t with the same domain as 9" where ™ = f™ for each f € P and P(a@) =
llo(P)(@)|[™" for each P € P. An easy induction establishes that for every formula y,

I@I™ = lo@I™ .

But then 9t is a model of T such that M ¥ ¢ < .

For the converse direction, we may assume without loss of generality that there are no quantifiers in 7 U {¢ < y/}
and that all predicates of the language occurin 7 U {¢ < ¢}. If T fx ¢ < ¢, then there is a model I = (A, M) of
T such that M £ ¢ < . We define a model M’ = (A, M’) with the domain consisting of all closed terms, function
symbols interpreted in the obvious way, and predicate symbols interpreted for some fixed element a € A by

Pm(t_j _ loI™  if o(Q) = P(f) for some propositional atom Q € P
a otherwise.

This definition is sound because predicates are mapped by o to distinct closed atomic formulas. To complete the proof
we observe that ||o(y)|I* = |ly|I™ for each y occurring in T U {¢ < /). O

Corollary 1. Let T U {p < ¢} be an (L, P)-theory such that the free variables in ¢ <y are among X. Then for any
predicate symbols P and Q of arity |X] not occurring in T U {¢ < ¢},

TExe =y = TU{PX) ¢,y =00} Fx P(X) = 0.
8



Proof. The left-to-right direction follows from the basic properties of <. For the right-to-left direction, we suppose
that T U {P(X) < ¢, ¥ < Q(X)} Ex P(X) < Q(%) and consider a predicate substitution mapping P to ¢ and Q to ¢ that
acts as the identity on all other predicate symbols. Since P and Q do not occur in 7 U {¢ < ¢/}, the previous lemma
yields T U {p < ¢, < ¥} Fk ¢ <y and hence T Fx ¢ < . O

The introduction of new predicate symbols can also be used to reduce g-universal inequations occurring on the
left of consequences to finite sets of quantifier-free inequations.

Lemma 5. For any g-universal {L, P)-inequation ®, there is a predicate language P’ 2 P and a finite set F(®) of
quantifier-free (L, P’)-inequations such that for any (L, P)-theory T U {¥},

TUDIExY < TUF@®) g VY.
In particular, F(®) Ex ©.

Proof. We prove the claim by induction on the number of quantifiers in ® = ¢ < . The base case, where ¢ < ¥ is
already a quantifier-free inequation, is immediate; we just let F(®) = {®}. For the induction step, we distinguish four
cases based on whether ¢ or ¢ has a universal or an existential subformula. We show only one case, since the other
cases are very similar.

Suppose that ¢ has a universal subformula. Since ¢ < y is a g-universal inequation, it must be the case that
e[(VX)x (X, )] for some quantifier-free formula y (¥, 7). Given a predicate symbol P, ¢ % of the appropriate arity (the
length of ¥), we first prove that

Tule<ytEx ¥ & TU{P() x(&)).elP,DN] =¥} Ex Y.
For the left-to-right direction, recall that {P, () < x(¥, )} Ex P, () = (YD) (%, ) and so, by Lemmal]2] also

{P () 2 x (X0} Ex el(VOX (X D] = [Py (D]

Hence {P, () < x(X,3), ¢[P, ()] < ¥} Ex ¢ < ¢, and the conclusion follows.

To prove the converse direction, we apply Lemmausing a substitution ¢ that is the identity except for o(P,) =
(YX¥)x (X, ¥) and obtain T U {(YX)x (X, ) < x (X, 5), ol[(VOx (X, V)] < ¢} Ex V. Since Fx (VO (X, ¥) < x(X,¥), the claim
follows.

Now we can apply the induction hypothesis for the predicate language PU{P, }, (L, P U {P, })-inequation [P, (3)] <
¥, and (L, P U {P,})-theory T" = T U {P,(3) < x(X,), D} to obtain a predicate language ' 2 P U {P,} and finite set
of quantifier-free (L, #’)-inequations F(¢[P,(3)] < ¥) such that

" U{plP D =yt Ex ¥ — T UF@P, M <y E Y.

The proof is completed by combining equivalences and defining

Flp =) = {Py() 2 x(X )} U F(e[Py (D] < ). O

Example 4. Consider the signature £; from Example[] a predicate language # consisting of a unary predicate symbol
P and binary predicate symbol P,, and the g-universal inequation

© = (Y)P2(x,y) = P1(y) = (A0)P1(x).

In order to obtain the finite set F(®) of quantifier-free inequations, we replace the quantified subformulas (Yx)P,(x,y)
with a new unary predicate symbol R, and (dx)P;(x) with a new propositional atom R;. Since (Yx)P,(x,y) appears
negatively on the left of @, we include in F(®) the inequation R,(y) < P»(x, ), and since (dx)P;(x) appears positively
on the right, we include P;(x) < R;. Hence we obtain a predicate language #’ extending # with two new predicate
symbols R; and R;, and the finite set of quantifier-free (L;, #’)-inequations

F(®) = {Ry(y) = P2(x,y), Pi(x) <Ry, Ra(y) = Pi(y) < Ry}

Note finally that using this last lemma and Corollary (1| we obtain that a consequence between g-universal inequa-
tions on the left and a g-existential inequation on the right reduces to a consequence with quantifier-free inequations
on both sides.



Figure 1: The FL.-algebra A

3. Skolemization

We have shown in the last section that consequences between g-universal inequations on the left and a g-existential
inequation on the right can be reduced to consequences between quantifier-free inequations. In order to apply this
reduction to a more general class of formulas, we consider now Skolemization methods that yield consequences of
the desired form by iteratively removing strong occurrences of quantifiers.

As mentioned in the introduction, we cannot expect the usual Skolemization method to be sound in general for
first-order lattice-valued logics. Consider, for example, the FL.-algebra A = (A, &, —, A, V, (_), T) depicted in Figure
with

xANy ifx,ye{0,a,b, T}

x&y=4x ify=1
y ifx=1.
Let M = (A, M) be a structure for the first-order language with a binary predicate symbol P and object constants r
and s, where M = {r, s}, M= sM=g and

PMirry=1, PMr,s)=PM(s,s)=a, PM(s,r)=b.
It is easily confirmed that
ME 1 < (V)(V)(Px, )V Pzs) and ME 1< @y)(Y)P(x,y),

and hence B B
{1 < (VO)(V)(P(x,r) V P(z, )} Fa 1 = (Ay)(VX)P(x,y).

On the other hand, for any unary function symbol f,

{1 < (¥0)(Y2)(P(x, 1) V P(z, )} Ea 1 < @DPFO), ).

Hence “ordinary” Skolemization in this case is not sound. Suppose, however, that we introduce two new unary
function symbols f; and f>. Then extending the structure 9t with interpretations flM(r) = flM(s) = r and sz(r) =

M(s) = s, we obtain [[(IY)(P(fi(¥),y) A P(HO), ™ = a # T and

{1 < (V0P 1) V Pz, )} Fa 1< ANPSG), ) A P(HD), ).

More generally, for any theory 7' U {¢ < (Fy)(Vx)¢(x, )} of this language and new function symbols fi, f> of arity
|)_)|7
TEay =(@NV0e(x,5) &= T Eay = @i, A e(L(), Y).
In this section, we relate the soundness of this “parallel Skolemization” method to certain witnessed model properties
of the lattice-valued logic.
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3.1. Parallel Skolemization

Let us fix again a lattice-oriented signature £ and a predicate language = (P, F, ar). Consider an (£, £)-formula
e[(Qx)y(x, )] with Q € {3,V}, n € N*, and function symbols fi, ..., f, ¢ P of arity |¥]. We obtain the new formula

e\ Y. P if Q=3 and ¢l \ w(£G). I if Q=Y.
i=1 i=1

This replacement step strictly decreases the finite multiset of depths of occurrences of quantifiers according to the
standard multiset Well-orderingE] Hence repeatedly applying it to leftmost strong occurrences of quantifiers in an
arbitrary (£, P)-formula ¢ results in a unique (up to renaming of function symbols) (£, #’)-formula skf () for some
extension #’ of P that contains only weak occurrences of quantifiers. Similarly, let sk”(p) be the result of applying
this process repeatedly to leftmost weak occurrences of quantifiers in ¢. Note that skf(tp) is a g-existential formula
and sk’ (¢) is a g-universal formula; hence, we speak of the existential and universal n-Skolem form of ¢.

The existential and universal n-Skolem forms of an inequation ¢ < ¢ are defined analogously, yielding

sk, (¢ <) = sk)(¢) < sk)() and sk!(¢ <) =sk)(p) < ski W),

where the new function symbols appearing in sk?z(cp) and skZ(w) are distinct.

Remark 2. Note that we could define (potentially) smaller n-Skolem forms by dealing with multiple occurrences of
a quantifier simultaneously, that is, by considering formulas ¢[(QX)y(X, ¥)] for Q € {3, V}, where QX is a (maximal
within the formula) string Qx; Qx; . .. Ox,.

Example 5. Let us consider the signature £; from Example[I] and a predicate language % consisting of two binary
predicate symbols P; and P,. Let ¢ be the sentence

(Y0)(@)P1(x,y) = (F2)P2(x,2)).
Taking n = 1, the above process leads to
ski(¢) = Pi(c.d) = (F2)P(c,2),
ski () = (YX)(FY)P1(x,y) = Pa(x, g(x)).
On the other hand, for n = 2, it produces

ska (@) = (Pi(c1,d}) V Pi(c1,d3)) — (F2)Pa(ct, 2))
A ((P1(c2,d}) V Pi(ca,d3)) = (F2)Pa(c2,2),

skY (@) = (YO(@Y)P1(x,y) = (Pa(x, g1(x)) V Pa(x, g2(x)))).
Consider now the inequation

© = (YX)((@)Pi(x,y) = (F)P2(x,2)) < (YO)E@V)P1(x, y).
Applying the above process for n = 1 we obtain the following inequations

ski'(@) = (YX)((@y)P1(x,y) = Pa(x, g(0) = (Ay)Pi(c, ),
sk\{(CD) = Pi(c,d) — (J2)Pa(c,2) < (Vx)Pi(x, g(x)).

%A finite multiset over a set S is an ordered pair (S, f), where f is a function f: § — Nand {x € S | f(x) > 0} is finite. If < is a well-ordering
of S, then
(S, f)<m(S,8) = VxeS(f(x)>glx) = FyeS(y>xandg®)> f()))

is a well-ordering on the set of all finite multisets over S, known as the Dershowitz—Manna ordering [12].
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Let us now fix K to be any class of complete £-lattices.
Lemma 6. For any (L, P)-formula ¢ and (L, P)-inequation O,
(@) Fx sky(9) < ¢ and Fx ¢ < sk, (p);
(b) sk!(®) Ex @ and ® Ex sk (D).

Proof. We prove only g sk’(¢) < ¢ as the other properties follow similarly. Suppose that ¢[(Qx)y(x, 1", i.e.,
el @ (x, M1 or [ (Yx)p(x, )]~ Clearly

Fic \/ w09 < Aopxy) and e (w3 = [\ w6, ),
i=1 i=1

so using Lemma[2] we obtain
Fe ol\/ YO D < el@ope D] or  Ex ol A\ v, D = el (Ve .
i=1 i=1

Applying this process repeatedly to leftmost weak occurrences of quantifiers in ¢, we obtain g sk,\f(go) < ¢ by
transitivity. O

We say that =k admits parallel Skolemization of degree n if for any predicate language # and (L, P)-theory
T U{D,V},
TU{D)Fx ¥ & T U{sk/ (D)} Fx P.

Note that our definition is formulated for premises only; in a subsequent lemma we show that this property entails
parallel Skolemization of degree n also for conclusions. The question whether the converse implication holds is open,
but we conjecture that this is not the case. Note also that although we formulate the property as an equivalence, the
right-to-left direction is trivial due to the previous lemma.

Remark 3. Parallel Skolemization of degree n for g may also be understood as meaning that 7 U {sk,\f((l))} is a
conservative extension of T U {®}.

Lemma 7. If Ex admits parallel Skolemization of degree n, then for any predicate language P and (L, P)-theory
T U {D},
Tkx ® & T Fg sk;(D).

Proof. Let ® = ¢ < ¢ and let P, Q be predicate symbols of the appropriate arity not occurring in 7 U {p < }. We
obtain that

TExe<y & TUP® ey =<0@)Ek PE) <0 (1
& T U{sk!(P(®) < ), sk, (¥ < QD)) Ex P(X) < O(F) )
& T U{sk,(P(¥) < sk} (), sk, @) < sk (Q(@)} Ex P(}) < 0D A3)
& T U{P) < sk (@) sk, () < 0D} Ex P(X) < O(X) )
& T kx k() < sk) ). )
e T Ex sk (e <. (6)

Equivalences (1) and (5) follow from Corollary (2) follows from the assumption that =g admits parallel Skolem-
ization of degree n, and (3), (4), and (6), follow from the definitions of sk3(~) and sk,\f(~). O
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Figure 2: Examples of 2-compact and 3-compact systems

3.2. Witnessed Model Properties

We consider now consequence relations =k that admit parallel Skolemization of some fixed degree. As we will
see in Theorem ] the key prerequisite is the completeness of Ex with respect to models based on classes of L-lattices
exhibiting some degree of “compactness”.

Let L be an L-lattice and X C P(L). We say that X is n-compact for some n € N* if foreach A e X and b € L,

NA<b = aAN...Na,<b forsomea,...,a, €A,
VA>b = aV...Va,=b forsomeay,...,a, €A.
Equivalently, for each A € X, there exist ay,...,a,, b1,...,b, € Asuchthat A\A=aA...Aa,and\/ A =Db,V...VD,.

Obviously, if X is n-compact then it is also m-compact for any m € N* greater than n.

Example 6. It is easily seen that if (the underlying lattice of) L has height (i.e, the cardinality of a maximal chain in L)
smaller than n+ 1, then any X C (L) is n-compact. If L contains no infinite chain and has width (i.e, the cardinality of
a maximal anti-chain in L) smaller than m, then any X € (L) is m-compact. For example, the powerset of a lattice, as
depicted in Figure [2{a), that consists of a (finite or infinite) set of incomparable elements together with a top element
and a bottom element, is 2-compact (but not 1-compact). The powerset of the lattice in Figure 2(b), which may also
be generalized by repeating many times the internal elements, is 3-compact (but not 2-compact). On the other hand,
the powerset of the lattice in Figure 2[c) is 2-compact (but not 1-compact).

In order for a consequence relation =k to admit parallel Skolemization of degree n, it is not mandatory that all sets
of subsets of the L-lattices in K be n-compact, only that the set of definable sets of elements in a given (£, P)-structure
have this property. Let us call an (£, P)-structure S = (A, S) n-witnessed if the following system is n-compact:

{{||<p(b,c‘i)||6 | b e S} | o(x,¥) an (L, P)-formula and @ C S}.
The consequence relation =k has the n-witnessed model property if for any (L, P)-theory T U {®},
T Ex ® < each n-witnessed model Mt of T is a model of ®.

Note that this notion generalizes the (1-)witnessed model property introduced by Héjek in [19] (see also [6} [1O]).

Example 7. Suppose that K is a class of FL.-algebras (see Example |1)) whose underlying lattices either have height
bounded by some fixed n + 1, or contain no infinite chain and have width bounded by some fixed n (see Example [6).
Then =k has the n-witnessed model property.

Example 8. Let us emphasize that it is not necessary for parallel Skolemization that all sets of subsets of L-lattices in
the class K are n-compact. Suppose, for example, that K = {[0, 11} (see Example[T). The powerset of [0, 1] is clearly
not n-compact for any n. However, =k has the 1-witnessed model property, as shown by Caicedo [6], correcting an
earlier proof of Hajek [19].

We turn our attention now to the relationship between the n-witnessed model property and parallel Skolemization
of degree n. We begin with a crucial lemma which can be understood as a characterization of “one step” Skolemiza-
tion.
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Lemma 8. Suppose that =k has the n-witnessed model property. Then for any (L, P)-theory T U {®, ¥} and function
symbols fi, ..., fn & P of arity |y,

TU®) e ¥ = TU{O[\/ x(f0). )]} Fx ¥ if PLEx(x, HI*
i=1

TU@ e ¥ & T U]\ x(0), ) Fx ¥ if OV (x, )T
i=1

Proof. The left-to-right directions for both claims follow from Lemma[2|(see also the proof of Lemmal6). For the other
direction, assume that ® = ¢ < ¢ and Y[(¥x)x(x, y)]~. Note that the other cases (Y[(Ix)x(x, Y)]*, ¢[(Tx)x(x, )], and
e[(Yx)x(x,y)]*) are very similar.

We proceed contrapositively. Suppose that T U{®} £k P, so there is an n-witnessed model M = (A, M) of T U{®}
such that M Fx . Because M is n-witnessed, for each m C M, there are u’f’, e uf‘ € M such that

IOV e, ™ = e, iI™ A A e, i)™,

Using the axiom of choice, we define f;(i) = uf‘ for each i € {1,...,n}. Then M, with these new interpretations, is a
model of T U {¢ < Y[ AL, x(fi(), ]} and not of \P. O

Theorem 1. If Ex has the n-witnessed model property, then Ex admits parallel Skolemization of degree n. Moreover,
the converse implication also holds whenever [ is finitary.

Proof. Suppose that =k has the n-witnessed model property. Parallel Skolemization of degree n follows from
Lemma [§] and an induction on the multiset of depths of quantifier occurrences according to the Derschowitz-Manna
ordering (see Footnote [6)).

Let us prove the converse. Suppose that = is finitary and admits parallel Skolemization of degree n. First we
establish the following:
Claim. For each (L, P)-theory T U {¥} such that T £k W, there exist a language £’ 2 P and a (L, P’)-theory T’ 2 T
such that T’ (g W and, for each (£, P)-formula (Qx)y(x, ¥),

T Ex (Q0y(x,3) ~ OL ¥, 3. 9,
Vo o ifg=13
A ifQg=V
Proof of the claim. Let ¢g, ¢y, ... be an enumeration of all (£, P)-formulas of the form (Yx)y(x,y) or (Ax)y(x,y)
(recalling that # is always a countable language). We construct increasing sequences of languages #; and (L, P;)-

theories 7 such that T; g ¥. Let Ty = T and Py = P. If ¢; has the form (Yx)y/(x, ), then, since =g admits parallel
Skolemization of degree n,

where O = { nd fi” s f,,‘” are function symbols from £’ \ P.

TiFx ¥ = T; U{(V0y(x,5) < (You(x, )} Fx ¥
= T;U sk, (YW (x, 7 < (0w ) Ex ¥

= T;Uisk(\ v/ G5 = (e ) e P
i=1
= T;U{ A\ (3.5 = (0pe ) x P,
i=1
We define P}, as the extension of ; with the function symbols fl‘” ey f,,‘” and let

Tjr = T; UL\ (£ 5. 5) = (T0u(x ).
i=1
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The case where ¢; has the form (Ax)y(x, ) is dealt with similarly. We then let

P’zUPj and T’ =UTj.

Jj<w Jj<w

Since [ is finitary, T’ g W. Moreover, for any formula of the form (Yx)y(x, ¥) or (x)y(x, ¥), we have, respectively,
N @9 = Wop ) e or Aopeed) <\ v/ G.HeT,
i=1 i=1

and as the converse inequations always hold, the claim follows. O

To complete the proof of the theorem, we let Ty = T and $y = P, and define increasing sequences of languages
P, and (L, P;)-theories T;,; as in the claim. The theory T= Uien T; then clearly has n-witnessed models and satisfies
Ttk Y. O

Note that only one-step Skolemization of degree n for inequations of a certain form is needed for the proof of the
converse direction.

Example 9. Recall that =g 1}, is finitary, so if it does not admit parallel Skolemization of degree 1, it does not have
the 1-witnessed model property or indeed, since [0, 1] is a chain, the n-witnessed model property for any n € N*. To
show this, just note that (recalling that —x = 1 if x = 0 and 0 otherwise),

{1 < ==P(x), P(c) < 0} o1, 1 <0,

but, considering a model with domain N where P(i) = HLI,

{1 < ==P(x), (VX)P(x) < 0} Fony, 1 < 0.

Finally, let us comment briefly on a generalization of these results. Rather than insisting that each consequence
that fails, fails in an n-witnessed model for a fixed n, we might allow that it fails only in some finitely witnessed
model. We say that the consequence relation =k has the w-witnessed model property if for any (L, P)-theory T U {®},

T Ex ® < every n-witnessed model I of T for any n € N is a model of .

Similarly, we can say that =g admits parallel Skolemization of degree w if for any (L, P)-theory T U {®} and any
(L, P)-inequation ¥, there exists n € N such that

TU{D Ex ¥ & TU(sk/ (D)} Ex ¥.

It is then relatively straightforward, adapting the above proofs, to prove that if |-k has the w-witnessed model property,
then it admits parallel Skolemization of degree w, and that the converse holds if =k is finitary. Note, however, that
there exists no general method for determining a suitable n for applying parallel Skolemization of degree w to a given
consequence, so this generalization does not seem to be of any practical value.

3.3. Prewitnessed Model Properties

In the previous subsection, we proved that consequence relations satisfying a rather strong witnessed model prop-
erty admit parallel Skolemization to some degree for all formulas. In this section, we investigate the (broader) scope
of parallel Skolemization restricted to prenex inequations, i.e., inequations between two prenex formulas.

First we show that a certain restricted form of parallel Skolemization for prenex inequations on the right holds
in the presence of a weaker witnessed model property. Let L be a lattice and consider X € P(L). We say that X is
n-precompact for some n € N* if forall A € X and b € L,

NA<b = a A...Na,<b forsomeai,...,a, €A,

VA>b = a;V...Va,>b forsomeay,...,a, €A.
15
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Figure 3: Examples of 1-precompact and 2-precompact systems

Example 10. The powerset of the (infinite) lattice depicted in Figure[3(a) is 1-precompact (but not n-compact for any
n), while the powerset of the (infinite) lattice in Figure [3[b) is 2-precompact (but neither n-compact for any n, nor
1-precompact).

We call a P-structure S = (A, S) n-prewitnessed if the following set is n-precompact:
{llle®, @)I° | b € S} | ¢(x,5) an (L, P)-formula and & C § ).
Then g has the n-prewitnessed model property if for any (L, P)-theory T U {®},

T Ex ® < every n-prewitnessed model 9t of T is a model of ®.

Example 11. If L is a chain, then P(L) is 1-precompact and hence any logic based on chains enjoys the 1-prewitnessed
model property.

We show first that the n-prewitnessed model property suffices to guarantee “one step” parallel Skolemization of
degree n for inequations of a certain form occurring on the right of the consequence relation.

Lemma 9. Suppose that =i has the n-prewitnessed model property. Then for any (L, P)-theory T, (L, P)-formula
o(x,¥), (L, P)-sentence , and function symbols fi, ..., f, ¢ P of arity |j),

Tk ¢ = (@NV0)e.y) = T Fx ¥ = 3F)X /\ @(fi(3).9))
i=1

T Ex (Y)@A0e(x,y) =y = T Fx (Vi)(\/ e(fi(3,9) = .
i=1

Proof. We prove the first claim only; the second is dual. The left-to-right direction follows directly using Lemma [2]
and we prove the right-to-left direction contrapositively.

Suppose that T FEx ¢ < (FY)(Yx)ep(x,y). Then there is an n-prewitnessed model M = (A, M) of T such that
a = ANVexPI™ Z W™ = b,ie.,a<aVb.

Suppose first that a < @’ < a V b for some a’ € A. Clearly, for each i € M, ||(¥Yx)¢(x, m)||™ < a < a’. Since M is
n-prewitnessed, for each m € M, there are ', ..., u' € M such that (], )™ A ... Al )" < a’. Now for
i €{1,...,n}, define, using the axiom of choice, f;(in) = u". But then

AR e E@ I = \/ )\ i, mI™ <a’ <avb.
i=1 meM i=1
So ||(3|?)('_/\1 (i@ I # b.

Now suppose that no @’ € A satisfies a < @’ < a v b. Clearly, for each in € M, [(YX)¢(x, m|™ < a < aV b. If
I(Yx)(x, m)]™ < a, then, as M is n-prewitnessed, we have u?, ..., u € M such that [lp(u?, )™ A. .. AllgGu, )™ <
a. If [|(Vx)e(x, m)|[™ = a, then for some u, ..., ul" € M,

(7 x)pCx, ™ = a < Nl m)™ A ... Allp@d),m)™ < a Vv b.
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Hence, by assumption, a = [lp(u/', m)™ A ... Alle@™, m)|[™. In both cases, for each i € {1,...,n}, define, using the
axiom of choice, f;(/n) = u". But then

AR eEEL I = \/ N\ lefiem), il™ <a <avb.
i=1

m =1

So [I@)( /\1 G NI # b. .

In order to repeat this one step Skolemization process and obtain Skolemized formulas for any prenex inequation,
we require an additional assumption that =k admits certain quantifier shifts. This is the case, for example, when all
the algebras in K are both frames and co-frames (i.e., joins distribute over infinite meets and vice-versa).

Theorem 2. Suppose that |Ex has the n-prewitnessed model property and that
Frx 0 A@0¢) ~ @0 Ag) and  Ex (v V (Y0)e) = (YO V @).
Then for any predicate language P, (L, P)-theory T, and prenex (L, P)-inequation P,
Tkx ® & T Fx sk;(D).

Proof. Let ® = ¢ <. The left-to-right direction follows trivially. The right-to-left direction is a consequence of the
following two claims:

TExkp<skiy) = TExp=<,
TEx skj(p) <y = TEx @ <.

We prove just the first claim since the second is analogous. Let us define A-prenex (£, P)-formulas as follows: every
quantifier-free (£, P)-formula is A-prenex, and if ¢,y are A-prenex, then so are ¢ A ¥, (Ix)¢, and (Vx)¢ for any
variable x.

Now consider an (£, P)-theory T, an (L, P)-sentence @, and a A-prenex (L, P)-sentence y[(Vx)p(x,7)] with
a leftmost strong quantifier occurrence (Vx)e(x,y). We may assume that y = Ji,...,y,, the variables y;’s are all
mutually disjoint and different from x, and

X = @00 A G200 52) Ao A @) m() A (TO(X,3)) ...

Then, using the assumed quantifier shifts, y is equivalent to

@V 10D Ax201,52) Ao A xm() A @(x,3)).

An application of Lemma[J)yields that T g @ < y if and only if
T'Ex a = @)W 10D Ax201.52) Ao A xm() A /\ e(fi(3), )
i=1
But then, shifting the existential quantifiers back to their original positions,

TEx @ < (V03] & Tk a<xl/\ e(G).9)]

i=1

Note that Y[ A", @(fi(¥), ¥)] is also a A-prenex formula. Hence, the claim follows by an induction on the multiset of

i=1
depths of quantifier occurrences according to the Derschowitz-Manna ordering (see Footnote [6). O

It is easy to see that if K is any class of chains, then |k has the 1-prewitnessed model property (as powersets of
chains are 1-precompact) and proves the necessary quantifiers shifts, so we have:
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Corollary 2. Let K be a class of chains. Then for any predicate language P, (L, P)-theory T, and prenex (L, P)-
inequation @,
TEg ® < T Exskj(®).

On the other hand, powersets of chains need not be 1-compact, so we do not automatically get full parallel
Skolemization of degree 1; indeed, we have already seen that K = {[0, 1]g} is a class of chains for which Fx does not
admit full parallel Skolemization of any degree.

4. Herbrand Theorems

In the previous section, we showed how (parallel) Skolemization methods can be used to reduce consequences in
first-order lattice-valued logics admitting certain witnessing properties to consequences without strong occurrences
of quantifiers. In this section, we develop Herbrand theorems for performing a further reduction to consequences be-
tween propositional inequations. We first prove a general expansion lemma that performs this reduction on the left of
consequences by introducing (typically infinitely many) propositional inequations. It is then proved that finitarity for
propositional consequence corresponds to removing weak occurrences of quantifiers while introducing only finitely
many propositional inequations. Our main Herbrand theorem then establishes that this reduction can be performed
by taking finite conjunctions or disjunctions of instances of formulas, analogously to the classical case. Since conse-
quence cannot be reduced in general to satisfiability in lattice-valued logics, we provide also a Herbrand theorem for
satisfiability.

4.1. A Herbrand Theorem for Consequence

Let us fix again a lattice-oriented signature £ and a predicate language # = (P, F,ar). We define the Herbrand
universe U(P) to be the set of closed P-terms, recalling that, by assumption, every predicate language contains at
least one object constant and hence U(P) # 0.

Let us assume now and for the rest of this section that K is a fixed class of complete L-lattices. Recall from
Lemma E]that for any g-universal (£, P)-inequation @, there is a finite set F(®) of quantifier-free inequations such
that for any theory 7' U {'¥'},

TU{DExkY & TUF@®) FExY.

We show that given any set of g-universal (£, £)-inequations on the left and a g-existential sentential (L, P)-inequation
on the right of the consequence relation, we can expand arbitrarily many of the inequations on the left by replacing
variables with members of the Herbrand universe. In particular, any quantifier-free inequation on the left can be
replaced by a (typically infinite) set of closed quantifier-free inequations.

Lemma 10 (Expansion Lemma). For each g-universal {(L,P)-theory T U R and g-existential sentential (L, P)-
inequation ‘Y,
TURExY < TU{DEF)|DEY) €R e UP) kY.

Proof. The right-to-left direction is straightforward since {®(%,7)} Ex ®(7,7) for each £ € U(P). We prove the
converse direction contrapositively. Suppose that there is a model It = (A, M) of

S =T U{D(7) | DX, F) € R, f € UP))

such that M B . Consider the substructure M’ = (A, M’) of M with domain M’ = {|||** | t € UP)}. Then by
Proposition M’ is a model of S such that M’ £ P. Consider O(%, ) € R. For each b e M’ there is '€ U(P) such
that b = [[f™ and M’ E O(F, 7). So M’ E O(Z, 7). Hence T U R x V. O

In combination with Skolemization, the Expansion Lemma can be used to show that a procedure for deciding con-
sequences of finite sets of premises in propositional languages can be extended to inequations between one-variable
first-order formulas without non-constant function symbols. Examples of classes K satisfying the premises of the
following theorem include the classes of all finite MV-chains or G-chains or the class containing just the standard
MV-algebra [0, 1]z, (Skolemization is obtained as a result of Theorem |l| and Examples [/| and 8} for the decision
procedures see, e.g., [20]).
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Theorem 3. Suppose that Ex is known to admit parallel Skolemization of degree n for some n € N and there is
a decision procedure for finitary consequence on propositional inequations in =x. Then finitary consequence on
inequations between one-variable formulas without non-constant function symbols is decidable for k.

Proof. Suppose that we want to check T Ex ¢ < ¢ where T U {¢ < ¢} is a finite set of inequations between one-
variable formulas without non-constant function symbols. Then any subformula of a formula in 7 U {¢ < ¢/} of the
form (Vx)y or (dx)y contains no free variables, and Skolemization gives (constructively) a finite set of g-universal
inequations 7" and a g-existential inequation {¢’ < i’} containing no non-constant function symbols such that

TExp=<y — T Ex¢ y.

But then the Herbrand universe of the new language is finite and by the Expansion Lemma, we obtain a finite set of
ground inequations 7" U {¢"’ < ¢’} such that

T/ FK 90’ ﬁ w/ <: T// 'ZK S0// 5 w//.

By assumption, there is a decision procedure for finitary consequence on inequations between propositional formulas
in [k, so also finitary consequence on one-variable formulas without non-constant function symbols is decidable for
Fx. O

More generally, Lemma[I0]may be viewed as a Herbrand theorem for lattice-valued logics that removes free vari-
ables (or weak quantifiers) by introducing (typically infinitely many) formulas where the free variables are replaced
by closed terms. A more familiar version of the Herbrand theorem then amounts to the claim that a finite subset of
these formulas suffices, that is, to the claim that a certain form of finitarity holds for the logic. In fact, it turns out
that it is enough to require finitarity only with respect to propositional languages. To distinguish this property from
the one we have seen in the previous section, let us say that K is finitary if for each propositional language ¥ and
P-theory T U {V¥}:

T |=£ VY & T’ |=§ ¥ for some finite 77 C T.

Remark 4. Of course K is finitary if |k is finitary, and we conjecture that the converse claim fails even though we
are not aware of any particular example. Sufficient conditions for the finitarity of K are obtained by weakening those
stated in Proposition |1| and Example |2 by requiring only the existence of any, not necessarily regular, embedding.
However, in this case we can also give a full algebraic characterization. Clearly, K is finitary if and only if equational
consequence for the class of algebras K is finitary. This latter condition is known to be equivalent to the claim that the
generalized quasivariety generated by K (i.e., a class axiomatized by generalized quasiequations with countably many
premises valid in K) coincides with the quasivariety generated by K, i.e., ISPP,(K) = ISP, ((K), where P, ;(K)
is the class of reduced products of K over a filter closed under countable intersections The last equality can be
replaced by simple subsethood P,(K) € ISP,_(K), in words: any ultraproduct of elements of K can be embedded
into a o-filtered product of elements of K (an obvious consequence of both ‘non-regular’ versions of the sufficient
conditions from Proposition|I.

We show first that this notion of finitarity extends to a more general first-order setting.

Lemma 11. If K is finitary, then for each g-universal (L, P)-theory T and g-existential sentential (L, P)-inequation
v,
TExY < T kx VY forsomefiniteT' CT.

Proof. Suppose that ¥ = ¢ < . First we show that we can assume that ¢ and y are propositional atoms. Indeed, if
T Ex ¢ < ¢, then by CorollaryE], TU{P <, ¥ < 0} Ex P =< Q for some new propositional atoms P and Q. But
then if 77 U{P < ¢,y < 0} Fx P < Q for some finite 7" C T, again by Corollary T Ex ¢ < .

"The restriction to countable notions comes from our standing assumption that predicate languages are countable and from assuming that the
equational consequence is defined over a countable set of object variables.
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Suppose then that 7 g P < Q for propositional atoms P and Q. Using Lemma 5] for each ¥ € T we obtain a
finite quantifier-free theory F(¥) such that F(¥) [k ¥, and hence

Jr® e P=o.

YeT

Using Lemma[I0] we obtain

Utv(f) <X @ | x(®) < x'(¥) € F(¥) and 7'e UP)} Fx P < Q.

YeT

All the formulas in this consequence are quantifier-free sentences. Hence, using Lemma 4] and the finitarity of KK, for
some finite T C T,

U W@ =< x'@ | x(D < x' (D) € F(¥) and '€ UP)} Fx P < Q.

YeT”
But then by Lemma[I0}
JFrwmecP=o,

YeT’

and Lemma 5|completes the proof. O

We are able now to prove the mentioned equivalence between finitarity and a general Herbrand theorem for lattice-
valued logics.

Proposition 3. The following are equivalent:
(1) K is finitary.
(2) For each g-universal (L, P)-theory T U {®(X)} and g-existential sentential (L, P)-inequation ¥,

TU{O®R) Ex Y = TU{D@ | e H) Ex Y for some finite H C UP).

Proof. (1)= (2) follows directly from Lemmas[I0]and[TT] To prove (2) = (1), let us fix a propositional language P
and define a predicate language # with a unary predicate symbol P such that T/(#) is countably infinite. Without loss
of generality we can assume that P is also infinite. We list the elements of U/(P) as t; and the elements of Py as P;
with i € N. Let {¢; < ;| i € N} U {¥} be a set of propositional inequations such that

i <yilie N} ER W
Since {P(x) < Q(x), @i < P(t;), Q(t;) < ¥i} Ex @i < ;. we obtain
{P(x) < Q0)} Uiy < P(1;), Q) < ¢ | i € N} Y.
Then by assumption, for some n € N,
{P(t;) < Q@) | i <n}U{g; < P(1;), O(t;) < ¢ | i € N} g .

We define a Py U P-substitution o that satisfies o(P3;) = P(t), 0(P3i+1) = Q(f), 0(Par42) = Py, and is the identity
otherwise, and, using the second part of Lemma[4] obtain

{P3i < P31 | i < n}U{@; < P3;, Py <Y | i€ N} Ex P,

where ¢; and if; are the formulas resulting from ¢; and ¥;, respectively, by replacing propositional atoms Py by P3y2.
Finally, we use the first part of Lemmafd]and the substitution o(P3) = @k, 0(P3+1) = Yk, and 0-(P3is2) = Py to obtain

{oi 2y li<ntEx Y. O
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Herbrand theorems are often formulated as a reduction from a formula with free variables or weak quantifiers to
a conjunction or disjunction of ground instances of the formula. Such theorems can also be obtained in the context of
lattice-valued logics. Let the (£, P)-Herbrand expansion E(yp) of an (L, P)-formula ¢ consist of all formulas obtained
by applying the following two steps repeatedly, starting with ¢, until no quantifiers remain:

(I) Replace y[(VR)x(X, )] where y is quantifier-free with [ Az x(f. )] for some finite H € U(P).

(I1) Replace Y[(AX)x(X, )] where y is quantifier-free with ¢[\/ 7, x(Z, )] for some finite H € U(P).

Notice that if ¢ is a sentence, then so are all formulas in E(¢). We extend the definition of an (£, #)-Herbrand
expansion to inequations by

E(e® <y@) = ¢ @ <¢'@ | T H} | ¢,y € EW), finite H C UP)).

If ¢ and ¢ are sentences, then E(p < ¢) = {¢’ ¢’ | ¢’ € E(p) and ¢’ € E()}.
A simple induction, using Lemma [2| and the fact that Fx (YR (X,3) < Apyx(©3) and Ex Vigx@y) <
(3R)x (%, ), provides the following analogue of Lemmal6]

Lemma 12. For any (L, P)-formula ¢ and ¢’ € E(p), and any g-universal (L, P)-inequation ® and @' € E(D),
(1) Ex ¢ 2 ¢ if@is g-universal, and Ex ¢' < ¢ if ¢ is g-existential;
(i) @ Ex ¥ foreach¥ € @'.

We are now able to establish our main Herbrand theorem for premises and conclusions of consequences in lattice-
valued logics.

Theorem 4 (Herbrand Theorem for Consequence). Let K be a finitary class of complete L-lattices. Then for every
g-universal (L, P)-theory T U {®} and g-existential sentential (L, P)-inequation ‘Y,

TUDExY < TU{d'}ExY for some d € E(D)
TEgkY & TEgVY forsome¥ € EVY),
and we say that = admits the Herbrand theorem for consequence.

Proof. The right-to-left direction in both cases follows directly using Lemma[I2] Moreover, the left-to-right direction
of the second case follows easily from the first case. Suppose that ¥ = ¢ < . Since ¢ < ¢ is sentential, by Corollary|T]
there are new propositional atoms P and Q such that T U {P < ¢} U {¢ < O} Fx P < Q. Using the first case, we
obtain ¢’ € E(g) and ¢’ € E(y) such that T U{P < ¢’} U {y/ < O} Ex P < Q, and a further application of Corollary [I]
completes the proof.

It remains then to prove the left-to-right direction of the first case. Suppose that ® = ¢ < . Using Lemma [5
we obtain a finite set of quantifier-free inequations F(¢ < ) and can then apply Proposition [3]to obtain a finite set of
inequations with free variables replaced by elements of the Herbrand universe. However, to see that we obtain exactly
the formulas we need, we must consider again the induction step of the proof of Lemma [5]

Recall that we proceed by induction on the number of quantifiers in ¢ < . For the induction step, we suppose
that ¢ has a proper universal subformula (YX)y(%, y), i.e., ¢ = @[(¥X)x(¥, )]~ (the proof for other cases is analogous).
A new predicate symbol P, of the appropriate arity (the length of ¥) is introduced such that

T U{P,() 2 x(X 9, elP, D] =¥} Ex V.
Using Propositionfor T U{p[P,()] < ¢} and P, () < x(X,), we obtain now a finite H € U(P) such that
T UfplP, (D] <Y} ULP,(G) < x(©3) | 7€ H} Fx V.
So also using the properties of A we obtain
T U gl (RN (E ] < 0, Py < \ X @) b W
eH
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By Lemma using a substitution o that satisfies o"(P,) = Ay x(#.3) and is the identity otherwise, it follows that

T U{o ([P (D] <)} Fx P

To complete the proof, note that the induction hypothesis can be applied to o-(¢[ P, ()]) = ¢[ Azey x(#.9)]. By repeating
this process until we obtain a quantifier-free inequation, we obtain appropriate elements of E(¢) and E(y). A further
application of Proposition 3] yields the desired result. O

Note that if the Herbrand theorem for consequence holds for x, then condition (2) of Proposition [3]is satisfied,
so K is finitary.

We conclude this subsection by establishing the failure of the Herbrand theorem for consequence, and therefore
also of finitarity, for a wide range of substructural logics. More precisely, we show that these properties cannot hold
for any lattice-valued logic defined by a class of FL.-chains (see Example (1)) that admits certain quantifier shifts and
contains arbitrarily large members (for example, logics based on classes of finite FL.-algebras containing chains of
increasing size).

Theorem 5. Suppose that K is a class of FL.-chains satisfying

() (1< Vx)p = ¢} Ex 1< Ax)(¢ — ) where x is not free in ¥,

(ii) for each n € N, there exists A € K such that |A| > n.
Then K does not admit the Herbrand theorem for consequence and is not finitary.

Proof. Consider a first-order language with a unary predicate symbol P and a constant symbol ¢. Since Ex 1 <
(Vx)P(x) — (Yy)P(y), using (i) and Lemma also Fg 1< @Ax)(Vy)(P(x) — P(y)). Because K is a class of FL.-
chains, we can apply Corollaryand obtain Fx 1< (Ax)(P(x) = P(f(x))).

Suppose now for a contradiction that K does admit the Herbrand theorem for consequence, noting that this is the
case if and only if K is finitary. Then for some n € N, we obtain g 1 < \/;.,(P(fi(c)) = P(f*'(c))). Let A be a

member of K with a descending chain of elements ay,...,a,+;. We define a model M over A whose domain is the
Herbrand universe such that P*'(fi(c)) = a; for i < n + 1. Then ||P(fi(c)) = P(f*' )™ = a; — aiy < T and so
M Vicn(P(fi(c)) = P(f*'(c))), a contradiction. O

Note that the assumption that K is a class of chains can be broadened to any class satisfying the assumptions of
Theorem 21

4.2. A Herbrand Theorem for Satisfiability

The standard Herbrand theorem for first-order classical logic may be stated equivalently in terms of satisfiability
of sets of formulas rather than as a property of logical consequence. As remarked already in the introduction, this is
not the case in general for lattice-valued logics. Indeed, as we will see below, there are cases where K is not finitary
and the Herbrand theorem for consequence fails, but a Herbrand theorem for satisfiability nevertheless holds.

Let us assume (harmlessly) for this subsection that our language £ contains constants L and T interpreted in each
L-lattice as the bottom and top element. Furthermore we assume that K contains at least one non-trivial algebra, and
hence g T < L.

We say that a (L, P)-theory T is K-satisfiable if it has a P-K-model, or, equivalently, 7 g T < L. Since T < L
is a g-existential sentential (£, #)-inequation, the Expansion Lemma (Lemma [I0) yields the following analogue for
satisfiability.

Lemma 13 (Expansion Lemma for Satisfiability). For each g-universal (L, P)-theory T UR, the following are equiv-
alent:

(1) TU{D(X,Y) | O(X,Y) € R} is K-satisfiable.
(2) TU{DEY) | DX, 7) € R, i€ UP))} is K-satisfiable.
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Let us say that K is compact if for each propositional language ¥ and P-theory T,
T is K-satisfiable <= every finite subset of T is K-satisfiable.

Mimicking the proofs of Lemma [3|and Theorem ] with ¥ = T < L and using compactness rather than finitarity, we
obtain the following results.

Proposition 4. The following are equivalent:
(1) Kis compact.

(2) A g-universal {L,P)-theory T U {®(X)} is K-satisfiable, if and only if, for each finite H C U(P) the theory
T U{®() | '€ H} is K-satisfiable.

Theorem 6. If K is compact, then for every g-universal {.L, P)-theory T U {®},
T U {®} is K-satisfiable < T U’ is K-satisfiable for every @' € E(®),
and we say that Ex admits the Herbrand theorem for satisfiability.

Clearly if K is finitary, then it is compact, but the converse direction does not hold. Consider, for example, the
class consisting of just the standard algebra [0, 1], of Lukasiewicz logic (see Example[I)). Compactness for this class
is proved in [18| Theorem 5.4.24], while the failure of finitarity (a folklore result; see, e.g., [18, Remark 3.2.15])
follows from Theorem [5} Hence ko1, is an example of a logic enjoying the Herbrand theorem for satisfiability but
not the Herbrand theorem for consequence. In the remainder of this subsection, we show that we can use the former
theorem to obtain also a new proof of an “approximate” Herbrand theorem for consequence in [0, 1]z, considered (in
a slightly weaker form) in [4].

First we introduce a useful notion of approximate validity for [0, 1], defining for » € [0, 1] N Q,

T Err<y = forevery [0, I]g-model M of T, r < |W”§m_

Lemma 14. For any r € [0, 11N Q, there exists a quantifier-free formula x* containing just one propositional atom P
such that for any theory T U {{/} in which P does not occur,

TErr<y &< TU{y ﬁ/\(f} is [0, 1] -unsatisfiable.

Proof. Fixr € [0,1]N Q. By McNaughton’s theorem [22]], there exists for each piecewise linear function f: [0, 1] —
[0, 1] with integer coefficients a one-variable formula y  of propositional Lukasiewicz logic such that y*!t(a) = f(a)
for each a € [0, 1]. In particular, for r = % (m € N, n € N*, m < n) we consider the function r(x) = min{x, (1 -n)x+m}
and obtain a formula y, such that y,(r) = r and y,(d) < r for all d € [0, 1]. Now let x* be the result of replacing p
with a nullary predicate symbol P in y,.

To prove the claim, observe first that if T ¢, ¥ < ¢ and M is a [0, 1]g-model of 7', then r < ™ and ||Xf ™ < r,
so M cannot be a model of T U {¢y < x¥}. For the converse direction, we proceed contrapositively. Suppose that
T W1 r < . Then there is a [0, 1] -model Mt of T such that ||y||™ < r. Expand this model by setting ||P|[™ = r and we
obtain a [0, 1];-model of ¢ < x¥'. Hence T U {y < '} is [0, 1];-satisfiable. O

It follows that the approximate consequence relation for r € [0, 1] N QQ can be defined in terms of satisfiabilty of
sets of formulas in |=[o 13, . Moreover, the following proposition and approximate Herbrand theorem for Lukasiewicz
logic are now immediate consequences of Lemma [I4]and Theorem [6]

Proposition 5. For each g-universal theory T U {¢}, g-existential formula W, and r € [0,1]1 N Q,
TErr<y = Tk r <y forsomey’ € EQY),
TU{Tﬁtp} Err<y TU{Tﬁ(p’} Er r < for some ¢’ € E(p).
Theorem 7. For each g-universal theory T U {¢} and g-existential formula v,

T Epo.1, 1< Y < foreachn €N, there exists Y’ € E() suchthat T Ey 2= </,

n+l
U{l < ¢} Eo,11, 1<y & foreachn €N, there exists ¢’ € E(¢) suchthat T U{1 < ¢’} ¢ <5 <.
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