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Abstract. We present resolution-based decision procedures for the posi-
tive theory of certain finitely-generated varieties of algebras. The method
is based on the existence of natural dualities for such classes of algebras.

1 Introduction

Unification is important in computer science; it is used e.g. in resolution-based
theorem proving and in term rewriting to deal with certain equational axioms,
such as associativity and commutativity; or in knowledge representation (cf.
unification of concept terms in description logics [1]). The unification prob-
lem has thoroughly been studied for equationally defined theories character-
ized by axioms such as associativity, commutativity, distributivity, associativity-
commutativity, associativity-commutativity-idempotency; and for several theo-
ries related to algebra (abelian groups, commutative and Boolean rings, semilat-
tices, Boolean algebras, primal algebras, discriminator varieties). For details cf.
[3] and the bibliography cited there. It can be quite complicated to use equational
reasoning for deciding unification. Also direct checking by using descriptions of
the free algebras is often not feasible, even for relatively simple finitely generated
varieties, due to the complexity of the free algebras.

We show that representation theorems and a specially tuned resolution calcu-
lus can be used for obtaining efficient decision procedures for the positive theory
of certain classes of algebras. The results presented here appear in [9].

2 Preliminaries

Unification. Let E be an equational theory, X' its signature, and A a signature
containing X. Let S : {s1 = t1,...,8, = tx} be a system of equations, where
siyt; € Ta(Y). Then S defines an E-unification problem over A. In a general
E-unification problem A\ X may contain arbitrary function symbols. S is an E-
unification problem with (free) constants ifft A\ X is a set of constant symbols;
and S is an E-unification problem with linear constant restrictions (l.c.r.) iff it
is an F-unification problem with constants and, in addition, a linear ordering <
on the variables and free constants occurring in § is given.

A unification problem S has a solution w.r.t. E if there is a substitution
0:Y — TaA(Y)such that o(s;) =g o(t;) forall 1 < ¢ < k. If S is an E-unification
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problem with linear constant restrictions, a solution for S is a substitution o :
Y — Ta(Y) with the additional property that for every variable y € Y and
every constant ¢, if y < ¢ then ¢ does not occur in o(y).

Testing unifiability w.r.t. an equational theory V can be formulated as a
satisfiability problem w.r.t. the free algebra freely generated by the constants.

Lemma 1. If § = {s1 = t1,...,8, = tn} is an V-unification problem with
linear constant restrictions lcr, then S has a solution w.r.t. V if and only if there
exists h: Y — Fy(C) with:

(i) h(si) = h(t;) for all i € {1,...,n} (where h : Ty(Y UC) — Fy(C) is
the unique extension of h to a homomorphism, such that, for all ¢ € C,
h(c) = [c], the equivalence class of ¢ in F\y(C)), and,

(i) for every variable y € Y and every constant ¢, if y < c is in lcr then there
exists a term t¥ € Ty, (C\{c}) such that h(y) = [tY].

The importance of E-unification with linear constant restrictions is justified by
its link with the positive theory of E: Any decision procedure for E-unification
with Lc.r. yields a decision procedure for the positive theory of E [3,2].

Natural Dualities. Assume V = [SP(P). The idea of natural duality theorems
[6] is to seek an “alter ego” for the generating algebra P, which we require
to be a topological structure P = (P, 7, R) on the underlying set P of P, so
chosen that there is a dual equivalence between V and a suitable category Sp of
topological relational structures of the same type as P. The goal is to obtain a
concrete representation of any A € V as the algebra of continuous R-preserving
maps from D(A) = Homy,(A, P)! into P, this algebra inheriting its operations
pointwise from PP (A) Then it is said that P yields a duality for V and Sp.
Numerous varieties for which natural duality theorems exist are presented in [6].

3 Unification, natural dualities, resolution

If V = ISP(P) is a finitely-generated variety then Fy,(C) is finite for every finite
C, so V-unification with free constants and with linear constant restrictions are
decidable. However, it can be complicated to use the description of the free
algebras for giving a decision procedure for V-unification. Lemma 2 shows that,
if a natural duality holds for V (w.r.t. a suitable category of topological relational
structures Sp), it provides alternative ways of describing the free algebras in V.

Lemma 2. Let V = ISP(P) such that P is a relational structure with the
discrete topology yielding a duality for V. For every finite X the following hold:

(1) D(Fy(X)) = Homy (Fy(X), P) is isomorphic to the space {f|f:X—P}, with
relations inherited (pointwise) from P, and the product topology.
(2) n: Fy(X) — Homsp(D(Fy (X)), P) is an isomorphism, where n(t) : D(Fy(X))

— P is defined by n(t)(h) = h(t) for every t € F\y(X),h: Fy(X) — P.

! The topology on D(A) is that induced by the product topology on P4 If the topol-

ogy on P is discrete then, for every finite A € V, the topology on D(A) is discrete.
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Lemma 2 can be used to reduce any V-unification problem S to the problem of
checking the satisfiability of a system of finite domain constraints.

Theorem 1. Assume that V = ISP(P) and P is a relational structure with the
discrete topology which yields a duality for V and Sp. Let S : {s1=t1,...,8, =
ti} be a unification problem with linear constant restrictions lcr, constants C
and variables Y. The following are equivalent:

(1) S has a solution w.r.t. V, i.e. there exists h : Y — F\,(C) such that h(s;) =
h(t;) for alli € {1,...,k}, where h is the unique homomorphism extending
h with the property that (i) h(c) = [c], and (ii) for everyy €Y, if y < c in
lcr then h(y) = [t], where t is a term not containing c;

(2) There exists h : Y — Homs, (P, P) such that h(s;) = h(t;) for all i €
{1,...,k}, where h is the unique homomorphism extending h such that:
(i) hic)(f) == f(c) for every f € PX, and
(ii) for everyy €Y, if y < c in lcr then h(y)(f) = h(y)(g) for all f,g: C —

P which agree everywhere except possibly on c;
(8) There exists a family {Icf}f:CHP such that:

ecST(¢)
1. IJEPforevernyY and f : C — P;
2. Rp(IJ, ..., Ijt) whenever, for every c € C, Rp(fie),.... file)),  for

all relatwns Rp on P

IZ{ = ]yg if y < cinlcr and f|C\{c} = g|c\{c}s
I = f(c) for every c € C;
Eooy=opl, .. I);

ey’ en
6. Ig,: = If for everyi e {1,...,k};

(4) The con]unctwn of the congruence azioms (Eq) for =, the axiom (Fin):
vpeP x = p, and the following formulae (in language L, consisting of a con-
stant for every element of P (which, for simplicity, we denote the same as
the elements in P), a set H(S) = {Hf|e € ST(S), f: C—P} and a predicate
symbol R for every relation Rp on P) is satisfiable:

(Pp) p1#p2 p1,p2 € Pp1 # p2;

(=)R(p1,...,Pn) whenever this holds in P;
(Her) R(Hgl, cee Hgl) whenever, Ve € C, Rp(fi(c), ..., fi(c));
(Ler) /\peP(HJ ~pe H) ~p) ify<cinlcr, whenever fio\ie} = gjo\{e};
(Ren) HI ~ f(c) ceC, f:C— P

Hl, . ~op(Hf . .Hl) [:C—P;
(S) AenlHE mp e H ~p) forallie{1,..., k)

where ST(S) denotes the set of all subterms of terms occurring in S (including
the terms s;,t; themselves, all the constants in C' and all the variables in'Y ).

Let @(S, P) be the set of clauses associated with EqUFinU®pUHerURenUS as
explained above. A similar class of clauses (MV-clauses) were studied in the
context of many-valued logics in [4,7]. We extend the definition in [4,7] as follows.
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Definition 1. An MV-literal is an equation of the form L =~ p, where L €
H(S), and p € P. An R-literal is a literal of the form (=)R(L1,...,Ly), where,
for everyi, L; € H(S)UP, and R is a relation on P. An MVR-clause is a clause
consisting only of MV -literals and positive R-literals.

The satisfiability of @(S, P) can be checked by using superposition [5]. For
the remainder of this section we assume that > is an admissible clause or-
dering such that Hf > p for every H/ and every constant p € P; and that
R(...,H/,...) = H%~p; and H%~p = R(p1,...,pn). When applied to MVR-
clauses, the superposition calculus specializes to the following calculus, SMVR:

Positive MV-superposition. From H=pV C and H=q V D derive C V D
provided that p # ¢ and (i) Hap > C; (ii) H~q = D; (ili) H~q > H=p.

Positive MVR-superposition. From H~p Vv C and L[H]| V D derive L[p] V
C' V D provided that (i) H~p > C; (ii) L[H] =R(...,H,...) > D.

Ordered factoring. From A V A VvV C derive A vV C provided that A is an
atom and A > C.

P p-resolution. From R(p1,...,pn) V D derive D provided that pi1,...,pn €
P, =Rp(p1,...,pn), and R(p1,...,pn) = D.

Let T be a set of clauses intended to be built into an inference system. A T-
interpretation is a (Herbrand) interpretation which is a model of T. In the fol-
lowing definition the term main premise refers to the rightmost premise of an
inference, while the other premises are called side-premises.

Definition 2. A clause D is T-redundant w.r.t. a set N of clauses if there
exist clauses Dy, ..., Dy in N such that D = D; , 1 < i <k, and for every T-
interpretation I, if D1, ..., Dy are true in I then D is true in I. An inference with
main premise C, side premises C1,...,Cy, and conclusion D is T-redundant
w.r.t. a set N of clauses if either some premise is redundant, or there exist clauses
Dy,...,Dx € N such that C = D;, 1 < i < k, and for every T-interpretation
I such that Dy,...,Dg,C1,...,Cy are true in I, D is also true in I. A set
N of clauses is saturated up to T-redundancy w.r.t. an inference system if all
inferences from non-redundant premises are redundant in N .

Lemma 3. Let N be a set of MVR-clauses. If NUFin is saturated up to EqU® p-
redundancy w.r.t. SMVR then N UFinU ®p is saturated up to Eq-redundancy
w.r.t. superposition.

3.1 Examples

We present several examples: bounded distributive lattices and Boolean algebras;
for varieties generated by primal algebras; and for Kleene algebras.

Bounded distributive lattices. The Priestley representation theorem for boun-
ded distributive lattices is a natural duality for the class Doy = ISP(L3), ob-
tained by choosing as an alter ego for the two-element bounded distributive
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lattice Lo the two-element partially-ordered set ({0,1}, <) with 0 < 1 and the
discrete topology. Theorem 1 specializes to the main theorem in [8,10].

Boolean algebras. Stone’s representation theorem for Boolean algebras is ob-
tained for the class B = ISP(B3) of Boolean algebras, by choosing as an al-
ter ego for the two-element Boolean algebra By the two-element set with the
discrete togology. A consequence of Theorem 1 is the well-known fact that
BEVedg(A,_, si=ts) iff By FVEEI@(/\?Zl s;=t;) (Lcr is empty, so we have 2¢ in-
dependent satisfiability problems, one for each X C C).

Varieties generated by primal algebras. Also in this case the “alter ego”
topological spaces have the discrete topology and do not contain any relations.
As a consequence of Theorem 1, if V is the variety generated by the primal
algebra P then V |= Ve3g(AL_, s; = t;) iff P = Veag(Ar, si = ti).

The variety of Kleene algebras. A Kleene algebra (K,V,A,0,1,-) is a
bounded distributive lattice with a unary operator — satisfying the axioms:
-z =z, 0 =1, =(zAy) = ~zV—y, zA-xz < yV-y. The class of Kleene
algebras is a variety K = ISP(K3), generated by the three-element Kleene alge-
bra K3=({0,1,a},V,A,0,1,7), where 0<a<l, -0 = 1,-1 = 0, and —a = a. A
strong duality on K is yielded by the space K4 = ({0,a,1}, <, ~, K¢) with the
discrete topology where K is the unary relation containing 0 and 1, ~ is the
binary reflexive, symmetric relation on {0, a, 1} relating all pairs except for 0 and
1, and <= {(0,0),(0,a), (1,1),(1,a), (a,a)} (cf. e.g. [6], Sect. 4.3). Theorem 1
yields a reduction to reasoning with 3-valued predicates.
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