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A Fuensanta, por “La Trequa,” donde surgieron estas ideas

Abstract. Although different satisfiability decision procedures can be
combined by algorithms such as those of Nelson-Oppen or Shostak, cur-
rent tools typically can only support a finite number of theories to use
in such combinations. To make SMT solving more widely applicable one
needs theory-generic satisfiability algorithms allowing a potentially infi-
nite number of decidable theories to be user-definable, instead of need-
ing to be built in by tool implementers. This work studies how folding
variant narrowing, a generic unification algorithm that offers good ex-
tensibility in unification theory, can be extended to a generic variant-
based satisfiability algorithm for the initial algebras of user-specified
input theories when such theories satisfy Comon and Delaune’s finite
variant property (FVP) and some extra conditions. Several, increasingly
larger infinite classes of theories whose initial algebras enjoy decidable
variant-based satisfiability are identified and illustrated with examples. A
method based on descent maps to bring other theories into these classes
and to improve the generic algorithm’s efficiency is also proposed.
Keywords: finite variant property (FVP), constructor variant, construc-
tor unifier, folding variant narrowing, satisfiability in initial algebras.

1 Introduction

The use of decision procedures for theories axiomatizing data structures and
functions commonly occurring in software and hardware systems is currently one
of the most effective methods at the heart of state-of-the-art theorem provers
and model checkers. It offers the promise, and often even the reality, of scaling
up such verification efforts to handle large systems used in industrial practice.
In the area of decision procedures two important phases stand out. The first is
the discovery in the late 70’s and early 80’s of combination methods by Nelson
and Oppen [79] and Shostak [84] to achieve satisfiability in combinations of
decidable theories. The second is the marriage of SAT-solving technology with
decision procedures for certain theories, an approach pioneered independently
by a number of different groups [5,46,7,14,78,47] and distilled in the influential
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DPLL(T) architecture [81]. This approach has been key to the success of SMT,
as witnessed by a vast literature on the subject.

However, one important challenge is the lack of extensibility of current SMT
tools. This may seem somewhat paradoxical to say, since obviously the Nelson-
Oppen (NO) combination method [79,82] offers unlimited extensibility by the-
ory combinations under some conditions on the combined theories. This is true
enough, but:

1. One needs to have algorithms and implementations for each of the theories
supported by the SMT solver, which requires a non-trivial effort and in any
case limits at any given time each SMT solver to support a finite (and in
practice not very large) library of theories that it can handle.

2. What we need are theory-generic —i.e., not for a single theory, but for a
possibly infinite class of theories—satisfiability decision procedures, so that
the input theories are easily user-definable. In this way, an SMT solver’s
repertory of individual decidable theories becomes potentially infinite and
easily specifiable by the tool’s users, as opposed to its implementers.

Achieving extensibility in this, more ambitious sense can have large payoffs
for SMT solving technology, because it can widely extend both its scope and its
effectiveness. In formal verification practice this would allow automating larger
fragments of the verification effort, both in theorem proving and in model check-
ing, and therefore scaling up to effectively handle larger problems.

This paper is all about making SMT solving extensible in the just-mentioned
sense by what I call variant-based satisfiability methods. The best way for me
to explain the key ideas is to place them in the context of a recent sea change
in unification theory that has been quietly taking place thanks to variant-based
unification [42,43], inspired by the Comon and Delaune notion of variant [32].

Unification theory is not just a neighboring area of SMT solving, but actually
a subfield. Specifically, the subfield obtained by: (i) considering theories of the
form th(T's (X)), associated to equational theories (¥, E), where th(Ts (X))
denotes the theory of the free (¥, E)-algebra T’/ (X) on countably many vari-
ables X, and (ii) restricting ourselves to positive quantifier-free (QF) formulas
of the form ¢ = \/, A G;, with each /\ G; a conjunction of equations. A finitary
FE-unification algorithm then gives us a decision procedure for satisfiability of
such formulas ¢ not only in the free (X, E)-algebra Tx/5(X), but also in the
initial (X, E')-algebra T g when all sorts of T’y g are non-empty.

Unification theory is not only a subfield of SMT solving but what might be
called a microcosm, where many problems and challenges of SMT solving already
show up, including the extensibility problem. For example, the Nelson-Oppen
(NO) combination algorithm [79,82] is mirrored by algorithms for combining
unification procedures, such as those of Baader and Schulz [8] and Boudet [20]
(see [10] for a unified treatment of both NO and the Baader-Schulz algorithms).
Also, as for SMT solving, extensibility is a problem for the exact same reasons:
although combination methods exist, E-unification algorithms require substan-
tial implementation efforts and a tool can only support so many of them.
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One important advantage of unification theory is that it has had for a long
time generic E-unification semi-algorithms, namely, narrowing-based [87,45,60,61]
and transformation-based [48,88] ones. But one important drawback of these
semi-algorithms is that, since F-unification for arbitrary E is undecidable, in
general they only provide a semi-decision procedure, which is useless for decid-
ing unifiability, i.e., satisfiability of formulas ¢ = \/, /\ G; in the initial algebra
T's;/i, unless they can be proved terminating for a given equational theory FE. For
theories E whose equations can be oriented as convergent rewrite rules R, some
termination results for narrowing-based unification, mostly centered on special
input theories for the basic narrowing strategy [60], do exist for some quite re-
strictive classes of rules R (see [1,2], and references there, for a comprehensive
and up-to-date treatment). Instead, the more general case of termination for
narrowing-based unification for equational theories £ w B for which the equa-
tions F can be oriented as convergent rules R modulo axioms B having a finitary
B-unification algorithm, has been a real terra incognita until very recently, be-
cause negative results, like the impossibility of using basic narrowing when B is
a set of associative-commutative (AC) axioms [32], seemed to dash any hopes
not just of termination, but even of efficient implementation. Many of these limi-
tations have now disappeared thanks to the folding variant narrowing algorithm
[42,43]. Let me summarize the current state of the art after [43]:

1. When B has a finitary unification algorithm, folding variant narrowing with
convergent oriented equations E modulo B will terminate on any input term
(including unification problems expressed in an extended signature) iff F'w B
has the finite variant property® (FVP) in the Comon and Delaune sense [32].

2. No other complete narrowing strategy can terminate more often than folding
variant narrowing; in particular, basic narrowing (when applicable, e.g., B =
) terminates strictly less often.

3. FVP is a semi-decidable property, and when it actually holds can be easily
checked by existing tools, assuming convergence [24].

4. Both folding variant narrowing and variant-based unification for theories
E w B, where B can be any combination of associativity, commutativity and
identity axioms are well supported by Maude [26] in its latest 2.7.1 version.

There are by now papers, e.g., [32,41,40], many cryptographic protocol spec-
ifications, e.g., [41,92,55,23,83], and several verification tools, e.g., [41,23,83],
demonstrating that FVP equational theories are omni-present in cryptographic
protocol verification and that variant-based unification and narrowing are very
general and effective formal reasoning methods to verify such protocols. In this
paper I give many examples showing that, in a similar way, QF satisfiability in
initial algebras of FVP theories is decidable under reasonable conditions.

! Roughly (see Def. 5 for a more precise definition), u is an E, B-variant of a term
t if u is the E, B-canonical form of a substitution instance, tf, of t. Therefore, the
variants of ¢t are intuitively the “irreducible patterns” to which ¢ can be symbolically
evaluated by the rules E modulo B. E'w B has the finite variant property if there is a
finite set of most general variants, which are computed by folding variant narrowing.
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The key question addressed in this paper should now be obvious: can the

good properties of variant-based unification as a theory-generic, finitary £ w B-
unification algorithm for FVP theories be extended to a, likewise theory-generic,
variant-based E w B-satisfiability algorithm for the initial algebras T's g, of
an infinite number of such FVP theories E w B under suitable conditions? If this
were possible, the advances in increasing the extensibility of unification theory
could then be leveraged to make SMT solving substantially more extensible than
it is at present. Answering this question is non-trivial, because unification only
deals with positive, i.e., negation-free, formulas, whereas satisfiability must deal
with all QF formulas. This is precisely what is done in this work, which answers
this main question in the affirmative as follows:

1.

After some preliminaries in Section 2, Section 3 discusses an incorrect first
attempt, in [32], to relate satisfiability and initial FVP algebras. Section 4
then proposes new notions of constructor variant and constructor unifier as
key concepts towards a solution.

. Section 5 gives a general “descent theorem” reducing satisfiability in an

initial algebra to satisfiability in a simpler initial algebra on a subsignature
{2 of constructors, and outlines a general satisfiability algorithm when the
initial algebra of constructors has decidable satisfiability for QF formulas.

. General conditions under which the initial algebra of constructors associ-

ated to an initial algebra T'x/p.p has decidable satisfiability and makes,
in turn, satisfiability in T's;/ g p decidable are investigated. A key notion is
that of an OS-compact theory, which generalizes in several ways that of a
compact theory in [30]. In particular, it is shown that T(,/p has decidable
QF satisfiability for B any combination of associativity, commutativity and
identity axioms, except associativity without commutativity; furthermore,
various relevant examples of decidable initial algebras whose initial algebra
of constructors are of the form Ty, 5 are given.

. Section 7 shows that various parameterized data types, such as lists, compact

lists [35,34], multisets, and hereditarily finite (HF) sets, are satisfiability-
preserving under very general conditions; that is, they map a target initial
algebra with decidable QF satisfiability, like integers with addition, to the
initial algebra of the corresponding instance of the parameterized module,
like sets of integers, also with decidable QF satisfiability.

. Section 8 then brings all the notions in Sections 5—7 under the common

notion of a descent map relating a more complex theory to a simpler one.
Descent maps can be used to: (i) specify and prove satisfiability algorithms
in a modular way, and prove satisfiability in cases where the initial algebra of
constructors of a given FVP initial algebra T/ g, g is not OS-compact; and
(ii) substantially reduce the computational cost of satisfiability algorithms by
mapping a theory to a simpler core theory whose initial algebra is satisfiable.

. Related work is discussed in Section 9; and a fuller discussion of the entire

work and its future directions is given in Section 10.

This paper is an extended and improved version of the conference paper [72].

In comparison with [72], the following are new contributions:
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—

Proofs of all results are included (no proofs were given in [72]).

Section 4 has been substantially expanded and improved.

3. A much fuller discussion of satisfiability in parameterized data types is given
in Section 7 (only HF sets were discussed in [72]).

4. Section 8 is entirely new.

5. A fuller collection of examples is given (23, versus 12 in [72]).

R

2 Order-Sorted Algebra, Rewriting, and Variants

I summarize the order-sorted algebra, order-sorted rewriting, and FVP notions
needed in the paper. The material, adapted from [73,43], extends ideas in [54,32].
It assumes the notions of many-sorted signature and many-sorted algebra, e.g.,
[38], which include unsorted signatures and algebras as a special case.

Definition 1. An order-sorted (OS) signature is a triple X = ((S, <), X) with
(S,<) a poset and (S,X) a many-sorted signature. S = S/=«, the quotient of
S under the equivalence relation =< = (< U =)%, is called the set of connected
components of (S, <). The order < and equivalence =< are extended to sequences
of same length in the usual way, e.g., s} ...s), < s1...8, iff 85 < s;, 1 <i<n.
XY is called sensible if for any two f : w — s, f : w' — § € X, with w and
w' of same length, we have w =< w' = s =¢ s'. A many-sorted signature
X is the special case where the poset (S,<) is discrete, i.e., s < & iff s = .
Y = ((5,X),%) is a subsignature of X’ = ((5',<’),2’), denoted ¥ < X', iff
Scs, <c<,and XX
For connected components [s1],.. ., [sn],[s] € S

f[[j]l]"'[s"] ={f:8]...s, >seX|se[s], 1<i<n, s els]}

denotes the family of “subsort polymorphic” operators f. O

I will always assume that X’s poset of sorts (S, <) is locally finite, that is,
that for any s € S its connected component [s] is a finite set.

Definition 2. For X = (S,<,X) an OS signature, an order-sorted X-algebra
A is a many-sorted (S, X)-algebra A such that:
— whenever s < s, then we have A, € Ay, and
— whenever f :w — s, f :w — § € f[[j]l]"'[sn] and @ € A® A A", then we
have Af.y—s(@) = Af.y—s (@), where A = 1 (e denotes the empty string
and 1 = {0} is a singleton set), and A% = Ag x ... x A, .

An order-sorted X-homomorphism h : A — B is a many-sorted (S,X)-
homomorphism such that whenever [s] = [s'] and a € A; n Ay, then we have
hs(a) = hg(a). Call h injective, resp. surjective, resp. bijective, iff for each s € S
hs is injective, resp. surjective, resp. bijective. Call h an isomorphism if there
s another order-sorted X -homomorphism g : B — A such that for each s € S,
hs;gs = la., and gs;hg = 1p_, with 14, 1p, the identity functions on As, Bs.
This defines a category OSAlgs.. O
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Theorem 1. [73] The category OSAlgy. has an initial algebra. Furthermore, if
X is sensible, then the term algebra Ts with:

—ifa:e— s thenaecTs,,
—ifteTy, and s <s thente Ty v,
—iffis1...8p > sandt; €Ty, 1 <i<mn, then f(t1,...,t,) € Tx s,

1s initial, i.e., there is a unique X'-homomorphism from T to each X-algebra.

Ty will (ambiguously) denote both the above-defined S-sorted set and the
set Ty = (J g Ts,s- For [s] € §, Ts s = Uge 5] Tx ¢. An OS signature X is
said to have non-empty sorts iff for each s € é‘, Ts, s £ . Unless explicitly
stated otherwise, I will assume throughout that X has non-empty sorts. An OS
signature X' is called preregular [54] iff for each ¢ € T, the set {se€ S |t € Tx s}
has a least element, denoted Is(t). I will assume throughout that X is preregular.

An S-sorted set X = {X}ses of variables, satisfies s £ ' = Xy n Xy = &,
and the variables in X are always assumed disjoint from all constants in 3. The
Y-term algebra on variables X, T (X), is the initial algebra for the signature
X(X) obtained by adding to X the variables X as extra constants. Since a X'(X)-
algebra is just a pair (A, ), with A a Y-algebra, and « an interpretation of the
constants in X, i.e., an S-sorted function a € [X—A], the X(X)-initiality of
Tx(X) can be expressed as the following corollary of Theorem 1:

Theorem 2. (Freeness Theorem). If X is sensible, for each A € OSAlgy, and
a € [X—A], there exists a unique X -homomorphism, _a : Tx(X) — A extending
a, i.e., such that for each s € S and x € X5 we have xa; = as(x).

In particular, when A = T'x;(X), an interpretation of the constants in X, i.e.,
an S-sorted function o € [X—>Tx(X)] is called a substitution, and its unique
homomorphic extension o : Tx;(X) — Tx(X) is also called a substitution. De-
fine dom(o) = {2z € X | z # zo}, and ran(0) = U, cqom(0) vars(zo). A variable
specialization is a substitution p that just renames a few variables and may lower

their sort. More precisely, dom(p) is a finite set of variables {z1,...,z,}, with
respective sorts si,...,S,, and p injectively maps the x1,...,x, to variables
@Y, ...,z with respective sorts s,..., s, such that s, <s;, 1 <i<n.

The first-order language of equational X-formulas is defined in the usual
way: its atoms are X-equations t = t', where t,t' € Ty (X)) for some [s] € S
and each X, is assumed countably infinite. The set Form(X) of equational X-
formulas is then inductively built from atoms by: conjunction (A), disjunction
(v), negation (—), and universal (Va:s) and existential (Jz:s) quantification with
sorted variables x:s € X for some s € S. The literal —(t = t’) is denoted ¢ + t'.

Given a X-algebra A, a formula ¢ € Form(X), and an assignment « € [Y—A],
with Y = fvars(y) the free variables of ¢, the satisfaction relation A,a = ¢ is
defined inductively as usual: for atoms, A,a =t = ¢’ iff ta = t'«; for Boolean
connectives it is the corresponding Boolean combination of the satisfaction rela-
tions for subformulas; and for quantifiers: A, a |= (Va:s) ¢ (resp. 4, a = (a:5) @)
holds iff for all a € As (resp. some a € A;) we have A, a w {(x:s,a)} = ¢, where
the assignment o w {(z:s,a)} extends o by mapping z:s to a. Finally, A = ¢
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holds iff A, = ¢ holds for each o € [Y—A], where Y = fvars(yp). We say
that ¢ is walid (or true) in A iff A = p. We say that ¢ is satisfiable in A
iff 3o € [Y—A] such that A, o = ¢, where Y = fvars(y). For a subsignature
2 < ¥ and A € OSAlgy, the reduct Al € OSAlg,, agrees with A in the
interpretation of all sorts and operations in {2 and discards everything in X' — 2.
If ¢ € Form(§2) we have the equivalence A |= ¢ < Alg | ¢.

An OS equational theory is a pair T = (X, F), with E a set of Y-equations.
OSAlg ;) denotes the full subcategory of OSAlgy, with objects those A €
OSAlgy, such that A = E, called the (¥, E)-algebras. OSAlg s gy has an
initial algebra T g [73]. Given T' = (X, E) and ¢ € Form(X), we call ¢ T-valid,
written £ |= o, iff A |= ¢ for each A € OSAlgy; g). We call p T-satisfiable iff
there exists A € OSAlg s, gy with ¢ satisfiable in A. Note that ¢ is T-valid iff
— is T-unsatisfiable.

The inference system in [73] is sound and complete for OS equational deduc-
tion, i.e., for any OS equational theory (X, FE), and Y-equation u = v we have
an equivalence F + u =v < F | u = v. Deducibility E + u = v is often
abbreviated as u =g v and called F-equality. A preregular signature X' is called
E-preregular iff for each v = v € E and variable specialization p, Is(up) = Is(vp).

In the above logical notions there is only an apparent lack of predicate sym-
bols: full order-sorted first-order logic can be reduced to order-sorted algebra
and the above language of equational formulas. The essential idea is to view a
predicate p(x1:81,...,%,:8,) as a function symbol p : s1...s, — Pred, with
Pred, a new sort having a constant ¢t. An atomic formula p(ty,...,t,) is then
expressed as the equation p(ty,...,t,) = tt. Let me just give a few technical de-
tails. An order-sorted first-order logic signature, or just an OS-FO signature, is a
pair (X, IT) with X' an OS signature with set of sorts S, and IT an S*-indexed set
IT = {II;}yes* of predicate symbols. An OS (X, IT)-model M is an OS Y-algebra
M together with an S*-indexed mapping M_: IT — {P(M™)},es* interpreting
each p € II,, as a subset M, < M"™. Since p can be overloaded, we sometimes
write My, < M™. M must also satisfy the additional condition that overloaded
predicates agree on common data. That is, if w =< w', p € I, and p € I,
then for any @ € M® n M™' we have @ € M,, < a¢€ M, ,. The language of
first-order (X, II)-formulas extends that of equational X-formulas by adding as
atomic formulas predicate expressions of the form p(t4,...,t,), with p € IT,, and
(t1,...,t,) € Tx(X)™. The satisfaction relation is likewise extended by defining
M,aE=p(ti,. .. tn) iff (B1o,...,tha) € M.

The reduction to OS algebra is achieved as follows. We associate to an OS-
FO signature (X, IT) an OS signature (X' u IT) by the above-mentioned method
of adding to X a new sort Pred with a constant tt in its own separate connected
component { Pred}, and viewing each p € IT,, as a function symbol p : 81 ...s, —
Pred. The reduction at the model level is now very simple: each OS (X u IT)-
algebra A defines a (X, IT)-model A° with X-algebra structure A|yx and having
for each p € II,, the predicate interpretation A, = A;L_)Pred(tt). The reduction
at the formula level is also quite simple: we map a (X, IT)-formula ¢ to an
equational formula @, called its equational version, by just replacing each atom
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p(t1,...,t,) by the equational atom p(t1,...,t,) = tt. The correctness of this
reduction is just the easy to check equivalence:

Ak = AEQ

An OS-FO theory is just a pair (X, II),I"), with (X, IT) an OS-FO signature
and I' a set of (X, II)-formulas. Call (X, II),I") equational iff (X U II,T") is
an OS equational theory. By the above equivalence and the completeness of
OS equational logic such theories allow a sound and complete use of equational
deduction also with predicate atoms. Note that if ((X,IT),I") is equational, it
is a very simple type of theory in OS Horn Logic with Equality and therefore
has an initial model T's; ;7 [53]. A useful, easy to check fact is that we have an
identity: T;un = Ts m,r. 1 will give natural examples of OS-FO equational
theories later in the paper.

Recall the notation for term positions, subterms, and term replacement from
[33]: (i) positions in a term viewed as a tree are marked by strings p € N¥
specifying a path from the root, (ii) ¢|, denotes the subterm of term ¢ at position
p, and (iil) ¢[u], denotes the result of replacing subterm t|, at position p by w.

Definition 3. A rewrite theory is a triple R = (X, B, R) with (X, B) an order-
sorted equational theory and R a set of X-rewrite rules, i.e., sequents | — r,
with 1,7 € Ts(X)[5] for some [s] € S. In what follows it is always assumed that:

1. For eachl —re R, 1l ¢ X and vars(r) < vars(l).

2. Each rule | — r € R is sort-decreasing, i.e., for each variable specialization
p, ls(lp) = ls(rp).

3. X is B-preregular.

4. Each equation u = v € B is regular, i.e., vars(u) = vars(v), and linear, i.e.,
there are no repeated variables in u, and no repeated variables in v.

The one-step R, B-rewrite relation t —r p t', holds between t,t' € Ts (X)),

[s] € S, iff there is a rewrite rule | — r € R, a substitution o € [X—Tx(X)],
and a term position p in t such that t|, =g lo, and t' = t[ro],. Note that, by
assumptions (2)-(3) above, t[ro], is always a well-formed X-term.

R is called: (i) terminating iff the relation — g p is well-founded; (ii) strictly
B-coherent [71] iff whenever w —gp v and v =g u’ there is a v’ such that
v —gppv andv=pv:

(i) confluent iff u HE,B v1 and u —% p vz imply that there are wi,wa such that
vy —%,B wi, Vo —>}"%’B wa, and w1 =p we (where _)Z.B denotes the reflexive-
transitive closure of — g p); and (iv) convergent if (i)—(ii) hold. If R is conver-
gent, for each X-term t there is a term u such that t —% g u and (fv) u —r.p v.
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We then write uw = t!lg g and t —=!g pt'r B, and call t!'g p the R, B-normal form
of t, which, by confluence, is unique up to B-equality.

Given a set E of Y-equations, let R(E) = {u —» v |u = v € E}. A decompo-
sition of an order-sorted equational theory (X, F) is a convergent rewrite theory
R = (¥,B,R) such that £ = Fy w B and R = R(Ep). The key property of a
decomposition is the following:

Theorem 3. (Church-Rosser Theorem) [62,71] Let R = (X, B, R) be a decom-

position of (X, E). Then we have an equivalence:
Fru=v < U!R7B =B U!R,B~

If R = (X,B,R) is a decomposition of (X, E), and X an S-sorted set of
variables, the canonical term algebra Cr(X) has Cr(X)s = {[t'rels | t €
Ts(X)s}, and interprets each f : s1...s, — s as the function Cr(X); :
([w1lss-- -, [unlB) — [f(u1,...,un)!r B]B. By the Church-Rosser Theorem we
then have an isomorphism h : Ts/g(X) = Cr(X), where h : [t]g — [t!'r B]5. In
particular, when X is the empty family of variables, the canonical term algebra
Cr is an initial algebra, and is the most intuitive possible model for T's;/r; as an
algebra of values computed by R, B-simplification.

Quite often, the signature X' on which T/ is defined has a natural decom-
position as a disjoint union X = 2 w A, where the elements of Cr, that is,
the values computed by R, B-simplification, are {2-terms, whereas the function
symbols f € A are viewed as defined functions which are evaluated away by
R, B-simplification. 2 (with same poset of sorts as X)) is then called a construc-
tor subsignature of X. Call a decomposition R = (X, B, R) of (X, E) sufficiently
complete with respect to the constructor subsignature §2 iff for each t € T, we
have: (i) t'g g € Ty, and (ii) if u € T and w =g v, then v € Tp. This ensures
that for each [u]p € Cr we have [u]p € Tp. Of course, we want 2 as small
as possible with these properties. I give in what follows many examples of such
decompositions X' = 2w A into constructors and defined functions. In Example
1 below, 2 = {T, 1} and A = {_ A _,_v _}. Tools based on tree automata [28],
equational tree automata [59], or narrowing [57], can be used to automatically
check sufficient completeness of a decomposition R with respect to constructors
£2 under some assumptions.

As the following definition shows, sufficient completeness is closely related to
the notion of a protecting theory inclusion, which is itself a special case of an
extending theory inclusion.

Definition 4. An equational theory (X, E) protects (resp. extends) another the-
ory (2, Eq) iff (12, Eq) < (¥, E) and the unique 2-homomorphism h : Tq /g, —
Ts/pla is an isomorphism h : To g, = Ts/plo (resp. is injective).

A decomposition R = (X, B, R) protects (resp. is a conservative extension
of) another decomposition Ry = (Xo, Bo, Ro) iff Ro € R, i.e., Yo € X, By € B,
and Ry € R, and for all t,t' € Tx,(X) we have: (i) t =g, t' < t =p t/, (i)
t= t!RmBo st = t!R,B; and (ZZZ) CRO = CR|EO (resp. CRO = CR‘Z‘D)-
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Ra = (£2,Bgn, Rg) is a constructor decomposition of R = (¥, B, R) iff R
protects Ry and X and 2 have the same poset of sorts, so that by (iii) above R
1s sufficiently complete with respect to §2. Furthermore, {2 is called a subsignature
of free constructors modulo B, iff Ro = &, so that Cr, = T/, -

The case where all constructor terms are in R, B-normal form is captured by
{2 being a subsignature of free constructors modulo By,. Note also that conditions
(i) and (ii) are, so called, “no confusion” conditions, and for protecting extensions
(iii) is & “no junk” condition, that is, R does not add new data to Cg,, whereas
for conservative extensions (iii) is relaxed to the “no confusion” condition Cr, <
CRr|s,, which is already implicit in (i) and (ii). Therefore, protecting extensions
are a stronger kind of conservative extensions.

Given an OS equational theory (X, F) and a system of X-equations, that is,
a conjunction ¢ = u; = v; A ... A U, = v, of Y-equations, an F-unifier of it
is a substitution ¢ such that u;o =g v;0, 1 < i < n. An E-unification algorithm
for (X, E) is an algorithm generating a complete set of E-unifiers Unif g(¢) for
any system of X' equations ¢, where “complete” means that for any E-unifier o
of ¢ there is a 7 € Unif g(¢) and a substitution p such that ¢ =g 7p, where =p
here means that for any variable z we have xoc =g xTp. Such an algorithm is
called finitary if it always terminates with a finite set Unif p(¢) for any such ¢.

The notion of wvariant answers, in a sense, two questions: (i) how can we
best describe symbolically the elements of Cr(X) that are reduced substitution
instances of a pattern term t? and (ii) given an original pattern ¢, how many
other patterns do we need to describe the reduced instances of ¢t in Cg(X)?

Definition 5. Given a decomposition R = (X, B, R) of an OS equational theory
(X,E) and a X-term t, a variant? [92,43] of t is a pair (u,0) such that: (i)
u=p (t0)'r B, (1) if v ¢ vars(t), then 0 = x, and (iii) 8 = 0! g, that is, x8 =
(x0) g, g for all variables x. (u,0) is called a ground variant iff, furthermore,
u € T;. Note that if (u,0) is a ground variant of some t, then [u]p € Cr. Given
variants (u,0) and (v,7) of t, (u,0) is called more general than (v,~), denoted
(u,0) Zr.B (v,7), iff there is a substitution p such that: (i) O0p =p v, and (i)
up =g v. Let [t|r,p = {(u;,0;) | i € I} denote a most general complete set of
variants of t, that is, a set of variants such that: (i) for any variant (v,v) of t
there is an i € I, such that (u;,0;) Zrp (v,7); and (ii) fori,jel, i+ j =
((ui,6;) Br,B (uj,0;) A (uj,0;) Pr.B (ui,6;)). A decomposition R = (X, B, R)
of (X, E) has the finite variant property [32] (FVP) iff for each X-term t there
is a finite most general complete set of variants [t|r,p = {(v1,601), ..., (Un,0n)}.

If B has a finitary unification algorithm, the folding variant narrowing strat-
egy described in [43] provides an effective method to generate [¢] g, g. Further-
more, [t] g p is finite for each ¢, so that the strategy terminates, iff R is FVP.

Ezample 1. (Booleans). Let B = (X, ¢, R) with X having a single sort, say
Truth, constants T, L, a unary operation —, and binary opertors _ A _and _v _,

2 For a discussion of similar but not exactly equivalent versions of the variant notion
see [24]. Here I follow the formulation in [43].
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and R therules: ~(T) > L, (L) > T, Tarz—>2a, Lrz—> 1, Lvae— 2z and
T Az — T. Then B is FVP. For example, [z A y]r.s = {(z A y,id), (y,{z —
™, (L {z— LH}

FVP is a semi-decidable property [24], which can be easily verified (when
it holds) by checking, using folding variant narrowing, that for each function
symbol f : s1...8, — s the term f(x1,...,2,), with 2; of sort s;, 1 < i < n,
has a finite number of most general variants. Given an FVP decomposition R its
variant complezity is the total number n of variants for all such f(x1,...,2,),
provided f has some associated rules of the form f(¢y,...,t,) — t’. This gives a
rough measure of how costly it is to perform variant computations relative to the
cost of performing B-unification. The variant complexity of B above is 9. The
measure is rough: a more accurate one would be variant complexity per symbol.
Five symbols, each with variant complexity 2, is much better than two symbols
each with variant complexity 5. For B, the variant complexity per symbol is 3.

Folding variant narrowing provides a method for generating a complete set of
E-unifiers. I give below a method for generating such a set that is different from
the one given in [43], because in Section 4 this will make it possible to express
the notion of constructor E-unifier in a straightforward way. Let (X, E) have a
decomposition R = (X, B, R) with B having a finitary B-unification algorithm.

To be able to express systems of equations, say, u1 = v1 A ... A Uy = VUp,
as terms, we can extend X to a signature Y* by adding:

1. for each connected component [s] that does not already have a top element,
a fresh new sort Tpq with T, > s’ for each s € [s]. In this way we obtain a
(possibly extended) poset of sorts (ST, >);

2. fresh new sorts Lit and Conj with a subsort inclusion Lit < Conj, with a
binary conjunction operator _ A _: Lit Conj — Conj, and

3. for each connected component [s] € ST with top sort T, binary operators
_=_: T[S] T[S] — Lit and _ =+: - T[S] T[S] — Lit.

Theorem 4. Under the above assumptions on R, let ¢ =up =v1 A ... A Uy =
vy, be a system of X -equations viewed as a X" -term of sort Conj. Then

(0] (¢,0) € [¢]lrz A vE Unif 5(¢') A (') r =07 A (07) 5 =07}

is a complete set of E-unifiers for ¢, where Unif 5(¢') denotes a complete set
of most general B-unifiers for each variant ¢/ =u) =vi A ... A ul, =),

Proof. First of all note that all the substitutions in the above set are F-unifiers
by construction. Second, observe that if « is an F-unifier of ¢, then the R, B-
normalized substitution a!g p is a unifier E-equivalent to a. Therefore, we can
assume without loss of generality that all unifiers « are R, B-normalized. We just
need to show that any R, B-normalized unifier o is B-equivalent to an instance
of one in the above set. But by the Church-Rosser Theorem such an « is an
E-unifier of ¢ iff (w;0)lpp =p (via)lrp, 1 < i < n, iff: (i) ((¢pa)lr B, @) is
an R, B-variant of ¢, and (ii) (w;a)lg s =p (v;a)lg e, 1 < i < n. But then
there must be a (¢',0) € [¢]r, 5 such that (¢',0) Zr.5 ((¢a)!r B, ). That is,
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there is a 8 such that: (i) (¢'8) =g (¢a)'r B, and (ii) 08 =p «. But since
B-unifies ¢', there must be a v € Unif g(¢) and a p such that 8 =g 7p, so that
a =g Ovp. But: (i) a = alg p forces 6y = (07)!r,5; and (ii) (¢'B) =p (¢a)!r,B
and 3 =p vp force (¢'v)!r, 5 = ¢'v. Therefore, the above set is a complete set
of F-unifiers for u =v. O

Form now on, Unif (¢) will abbreviate the complete set of F-unifiers speci-
fied in Theorem 4, which will be called a complete set of variant-based E-unifiers
of ¢. Since if R = (X, B, R) is FVP, then R* = (X", B, R) is also FVP, Theo-
rem 4 shows that if a finitary B-unification algorithm exists and R is an FVP
decomposition of (X, F), then E has a finitary F-unification algorithm.

3 A Satisfiability Puzzle

In Section 8 of their paper about the finite variant property [32], Comon-Lundh
and Delaune give a theorem (Theorem 3) stating that if (X, E) has an FVP
decomposition, say R = (X, E’, R), and satisfiability of quantifier-free (QF)
equational Y-formulas in the initial algebra Ty g is decidable,® then satisfia-
bility of QF equational Y-formulas in the initial algebra T’/ is also decidable.
They give the following proof sketch for this theorem:

To prove this, simply compute the variants ¢, ..., ¢, of the formula ¢.
(In such a computation, logical connectives are seen as free symbols). For
every substitution o, there is an indezx i and a substitution 6 such that
¢olr g =g ¢i0. In particular, ¢ is solvable modulo E iff one of the ¢;
is solvable modulo E'.

The actual text in [32] only differs from the one above by the use of a different
notation for the normal form ¢o!p g. Their theorem, however, is incorrect, as
shown below. Since by putting a QF formula in DNF we can reduce satisfiability
of a QF formula to satisfiability of a conjunction of literals, we can further
simplify the above proof sketch by focusing on such conjunctions.
What the proof sketch then means is that, since (X", F) has an FVP de-
composition R = (X", E’, R), and each conjunction of literals, say, ¢ = By A
. A By, with each B; either a Y-equation or a Y-disequation, is a 3" -term,
the proof sketch is a claim that ¢ is satisfiable in T’/ iff for some R, E’-variant
(¢, 0;) of ¢ the conjunction ¢; is satisfiable in T'x/p.

Ezample 2. The following counterexample shows that Theorem 3 in [32] is incor-
rect. Let X' have sorts Nat and Bool, with constants 0 of sort Nat and T, L of sort
Bool, a unary successor operator s of sort Nat, and a unary zero? : Nat — Bool.
Let n be a variable of sort Nat, and F the equations zero?(s(n)) = L and
zer0?(0) = T. Then N,eror = (X, &, R(E)) is an FVP decomposition of (X, E)

3 Such decidable QF satisfiability is of course equivalent to the decidability of whether
a sentence in the existential closure of such QF formulas belongs to the theory of
T;/gr, which is how the decidability property is actually stated in [32].
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of variant complexity 3 (i.e., in the above notation E’ = (). Let ¢ be the for-
mula z = zero?(n) A x + T A x £ L. It has a complete set of three most
general R(E), -variants, namely: (¢, id), (¢, {n — s(n')}), and (¢”, {n — 0}),
with n’ of sort Nat, id the identity substitution, the other substitutions specified
by how they map the variable n in ¢, and where ¢’ is the formulaz = 1L A z %
T A x4 1,and ¢” is the formulax =T A 2+ T A z #+ L. The formula ¢
is clearly unsatisfiable in T's; . However, for the variant (¢, id) the formula ¢ is
satisfiable in T’ for any substitution o = {n — t,z — zero?(t)} with ¢ a ground
term of sort Nat; for example for o = {n — 0,z — zero?(0)}.

A question still remains: whether, under suitable conditions, some analogue
of the (incorrect) Theorem 3 in [32] could somehow be obtained. That is, can
we find some results relating satisfiability in the initial algebras Ty g and in
Tsp (or some initial algebra related to T's/p) when R = (X, B, R) is an FVP
decomposition of (X, F)? I address this question in Sections 5-7. The key to
answer the question is the new notion of constructor variant that I present next.

4 Constructor Variants and Constructor Unifiers

Intuitively, an R, B-variant of a term ¢ is another term v which is the normal form
of an instance tf of ¢; i.e., such variants v are patterns covering the normal forms
of instances of t. We can ask: what variants of ¢ cover (i.e., have as instances)
the ground variants? I call such variants the constructor variants of t.

Likewise, given a system of equations ¢, call a R, B-normalized unifier 8 of ¢
a ground unifier of ¢ iff 6 is a ground substitution. And we can ask: what unifiers
of ¢ cover (i.e., have as instances) the ground unifiers? I call such unifiers the
constructor unifiers of ¢.

Definition 6. Let R = (X, B, R) be a decomposition of (¥, E), and let R =
(2, Bn, Rp) be a constructor decomposition of R. Then an R, B-variant (u,0)
of a X-term t is called a constructor R, B-variant of t iff u € T (X).

Suppose, furthermore, that B has a finitary B-unification algorithm, so that,
given a unification problem ¢ = u; = vy A ... A Up = Uy, Theorem 4 allows us to
generate a complete set Unif g (¢) of E-unifiers of ¢ by folding variant narrowing
with R*. We call a R, B-normalized substitution 0 = 0'r g with dom(¢) =
vars(¢) a constructor E-unifier of ¢ iff (wi0)!r g€ Tp(X), 1 <i<n.

That these are the right definitions, in the sense that constructor variants
(resp. constructor unifiers) do cover the ground variants (resp. ground unifiers)
is shown in the following theorem.

Theorem 5. (Completeness of Constructor Variants and Constructor Unifiers).
Let R = (¥, B, R) be a decomposition of (X, E), and Ro = (2, Ba, Ra) a con-
structor decomposition of R, and let ¢ =uy =v1 A ... A u, = v, be a system
of X-equations with Y = vars(¢p). Then:
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1. (Completeness of Constructor Variants). For each ground variant (u, ) of a
Y-term t, there exists a constructor variant (v, 8) and a substitution p such
that w =g vp and a = Bp.

2. (Completeness for Constructor Unifiers). If 6 € [Y —»Tg] is a R, B-normalized
ground E-unifier of ¢, then there is a constructor E-unifier 0 of ¢ and a sub-
stitution vy such that § =p 0.

3. (Unifiability). Tx/p(X) E YY) ¢ iff Tx/p = (3Y) ¢ iff ¢ has a constructor
E-unifier. Furthermore, we have equivalences:

EE@Y)¢ < Typ(X)E@Y)o < TypkE(EY)e

Proof. (1) is trivial, since any ground variant is a constructor variant, so we can
take (u, ) = (v, 8), and p the identity substitution. (2) is also trivial, since by
sufficient completeness of the constructor decomposition Ry, = (2, B, Rg) any
R, B-normalized ground unifier of ¢ is a constructor unifier of ¢, so we can take
¢ = d and v the identity substitution. To see (3), note that Ty /g = (3Y) ¢
holds iff ¢ has a ground FE-unifier §, which in particular is an E-unifier, so that
Ts/p(X) E (3Y) ¢ also holds. Conversely, if Tx/g(X) E (3Y) ¢ holds, as
witnessed by a unifier 6, since X' has non-empty sorts, [Y — Ty,] is non-empty,
therefore, (67)!g g is a ground E-unifier of ¢ (and a fortiori a constructor E-
unifier) for any v € [Y — Tg], so that Tx/p = (3Y) ¢ holds. This gives us
the equivalence Tx/p(X) F 3Y) ¢ < Ty/p = (3Y) ¢. And we have the
implication E' = (3Y) ¢ = Tx/p | 3Y) ¢. But if Tx/p = (3Y) ¢ holds, say
thanks to a ground E-unifier §, and A = F, then A = (3Y) ¢ with witness dh,
where h : Ts;, — A is the unique YX-homomorphism from the initial algebra T's;.
Therefore, we have Tx)p = (3Y) ¢ = E = (3Y) ¢, as desired. O

It follows from Theorem 5 that if we are only interested in E-unifiability of a
system of equations ¢ (that is, in the satisfiability of ¢ in T's;/g), only constructor
E-unifiers are needed. Likewise, if we are only interested in patterns (variants)
that describe ground terms in canonical form, i.e., terms up to Bg-equivalence
in the canonical term algebra C'z, then only constructor variants are needed.

But are all constructor variants needed? That is, in the above theorem,
we can ask the opposite question about (2): given a constructor variant (v, ),
is there a ground variant (u,«) and a substitution p such that u =p vp and
a =g Bp (so that (v, 8) is indeed “needed”)? The answer is that in some decom-
positions some constructor variants may not have any ground variant instances
and may not be “needed” in the above sense, as shown in the following example.

Ezample 3. Let X' be the unsorted signature with constant 0 and unary symbol
s, and F the single equation s(s(0)) = 0. Then Ny = (X, &, R(E)) is a decom-
position of (X, F) because: (i) R(FE) is size-decreasing and therefore terminating;
and (ii) R(E) has no critical pairs and therefore is locally confluent. Further-
more, (X, &, R(E)) is FVP of variant complexity 2, because the term s(x) has
two most general variants, namely, (s(z), id), and (0, {z — s(0)}). Its only con-
structor decomposition is (X, &, R(E)) itself. In particular, (s(s(y)), {z — s(y)})
is a constructor variant of s(x). But there is no ground variant (u, a) of s(z) and
substitution p such that u = s(s(y))p.
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An important question is how to compute complete sets of constructor R, B-
variants of a term ¢, and of constructor unifiers of a system of equations ¢; and
under what conditions such sets can be finite. Let me define these notions. Call
a set [t] % g of constructor variants of a term ¢ complete iff for each constructor
variant (v, 8) of t there is a (w,a) € [[t]]%B and a substitution v such that

v =p wvy, and 8 =p a7. Likewise, call a set Um’fg(qb) of constructor unifiers
of a system of equations ¢ complete iff for each constructor unifier 6 of ¢ there
is a p € Unif(¢) and a substitution ~ such that (90)'r.8 =B (¢p)!Rr,B7Y, and
0 =ppy.

The easiest answer to this question can be given when R = (X, B, R) is
a decomposition of (X, E), R = ({2, Bn, Rp) is a constructor decomposition
of R, X is a many-sorted signature, and B is a combination of associativity,
commutativity and identity axioms such that no binary operator f € X — {2 has
an identity axiom in B. Then, the computation of a complete set of constructor
variants, denoted [tﬂgﬁ, is easy: [[t]]g,B ={(w,a) | (w,a) € [tlr,p A ueTp(X)}.
This set is complete because if (v, ) is a constructor variant of ¢ there is a
(u, @) € [t]r,p and a substitution v such that v =p w7y, and 8 =g a~y. But since
v is a constructor term and X' is many-sorted, this forces u to be a constructor
term, because if u were to contain a symbol f € X' — (2, since no identity axioms
hold for such symbols, f could never disappear from w7y by application of any
axioms in B. Therefore, (u, «) € [t] % - Furthermore, if R is FVP, the set [{] % B
is finite.

Likewise, the computation of a complete set of constructor unifiers of ¢ =
Uy =V A ... A Uy = Uy, denoted Unifg(gb) is also easy, namely, Umfg(@ is
the set

{071 (¢,0) e [0lRn A vE Unif 5(¢) A (6 Nrp ="y A (07)R5 = 07}

which, since [¢] J’RZ,AB C [¢]r.5, is a subset of Unif$(¢). This set is again com-
plete, because if « is a constructor unifier of ¢, then, by the proof of Theorem
4 we have a 0 € Unif p(¢) and a substitution ¢ such that (¢p6y)!gpd =g
(pa)'g g, and 0vd =p «. But since ((¢)!r, B, @) is a constructor variant of ¢,
(¢09) r, B0 =5 (¢a)!r,p X has no subtype-polymorphic operators, and B has
no identity axioms for any f € X — 2, ((¢07)!r, B, 07) must be a constructor
variant of ¢ as well, so that 6v € Unifg(d)). Again, if R is FVP, then the set
Unif $5(¢) is finite. Let us see some examples.

Ezample 4. Let (X, E) be the many-sorted equational theory of Example 2 and
R = (X, J, R(E)) its associated FVP decomposition. It has a free constructor
decomposition (£2, &, &) with {2 consisting of 0, T, L and s. The term zero?(n)
has three variants: (zero?(n),id), (L,{n — s(n’)}), and (T,{n — 0}). Since
zero?(n) is not an {2-term, only the last two are constructor variants, defining
the set [zero?(n)] 5.

The E-unification problem zero?(n) = zero?(m) has three most general uni-
fiers: {n — m}, {n — s(n’),m — s(m’)}, and {n — 0,m — 0}. Only the last
two are constructor unifiers, defining the set Unif % (zero?(n) = zero?(m)).
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Ezample 5. Consider the unsorted theory (X, F) where X has a constant 0, a
unary s and a binary _+_, and E has the equations n+0 = n, n+s(m) = s(n+m).
(X, E) is not FVP, but it has an obvious decomposition R = (X, &, R(F)). It
furthermore has a free constructor decomposition (2, &, &) with 2 = {0, s}.

The variants of the term x + y are of the following types: (i) (z + y, id), (ii)
(z,{y = 0}), (iii) (s"(z+¢), {y — s"(¥)}), n = 1, and (iv) (s"(2), {y — s"(0)}),
n = 1. Only variants of types (ii) and (iv) are constructor variants, defining the
set [z +y] % 5.

The E-unification problem z+vy = 2 +0 has the following types of E-unifiers:
(i) {z = 2+ y}, (i) {z = 2,y — 0}, (iii) {z = s"(z+y),y — ")}, and
(iv) {z — s™(z),y — s™(0)}. Only unifiers of types (ii) and (iv) are constructor
unifiers, defining the set Unif%(z +y = z + 0).

As the above examples show, there can be considerably fewer constructor
variants and constructor E-unifiers than general variants and general E-unifiers.
This means that using constructor variants and unifiers can be considerably
more efficient for various purposes. For example, it can yield a considerably
smaller search space in various automated deduction problems. For many-sorted
signatures there is the added advantage that filtering constructor variants (resp.
constructor unifiers) from a set of variants (resp. unifiers) is easy to do and
inexpensive.

The issue of how to compute complete sets [[t]]ng, resp. Um'fg(qb), of con-
structor variants, resp. constructor unifiers, when X' is order-sorted is more sub-
tle, because in such a case, due to subsort polymorphism, the same symbol f can
have some typings in a constructor subsignature {2 and other, non-constructor
typings in X’ — (2. Let us see a simple example illustrating the issues involved. The
example also shows how a specification, such as that of Example 3, that cannot
have a signature of free constructors at the unsorted or many-sorted levels, may
in fact have a signature of free constructors in a more expressive order-sorted
version of the original signature.

Ezample 6. Consider the following order-sorted version of Example 3, where
now X has sorts Zero, One and Nat, subsort inclusions Zero, One < Nat, 0
has sort Zero, and s is subsort-polymorphic with typings s : Zero — One and
s : Nat — Nat. Again, E consists of the single equation s(s(0)) = 0, and
¥ = (X, d, R(E)) is an FVP decomposition of (X, E) with variant complexity
2. But now we have a subsignature {2 of free constructors, obtained by just
removing from Y the operator declaration s : Nat — Nat.
Consider, as before, the term s(z), with = of sort Nat. Notice three things:

1. The variant (s(s(y)),{x — s(y)}), which in Example 3 was a constructor
variant with no ground variant instances now is not a constructor variant at
all. Furthermore, it has no instances that are constructor variants.

2. The complete set [s(m)]]gyB of constructor variants of s(z) is [s(z)]$2 5 =
{(0,{z — s(0)}), (s(2), {x — 2z})}, where z has sort Zero. /

3. The substitution {x — z} in the second constructor variant (s(z),{xr — z})
is the most general syntactic unifier of the equation s(z) = 2’ with =’ of sort
One, and s(z) is the substitution instance of s(x) under that substitution.
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Points (1) and (3) give some hints about how the computation of the sets
[t] }% » and Unif (¢) can be carried out in the order-sorted case: computing them
essentially reduces to computing certain simple B-unifiers of the form ¢ = y with
y having a suitable subsort of the least sort Is(¢) of ¢. Such unifiers can specialize
some non-constructor terms like s(z) to constructor instances like s(z). In this
example B = ¢, and the crucial reason why the unification problem s(z) = 2’
arises is the typing s : Zero — One in the constructor subsignature 2. Also, the
crucial reason why (s(s(y)), {x — s(y)}) has no constructor variant instances is
that the unification problem (s(s(y)) = @’ with 2’ of sort One has no unifiers. A
detailed description of how the computations of [t] g 5 and Unif £(¢) are reduced
to such simple B-unification problems is outside the scope of this paper. It can
be found, together with a description of a prototype Maude implementation,
in [85,86]. The above hints give some key intuitions but simplify the picture
somewhat: in general the relevant unification problems cannot be solved in either
X or 2 alone. They need a transformed signature combining both X and (2.

For the purposes of the present paper, all we need to know about the effective
construction of [t]% p and Unif $2(¢) in [85,86], where (X, B, R) is a decomposi-
tion of (X, F) and B has a finitary unification algorithm, is that if (X, B, R) is
FVP, then [[t]]%B and Unif $2(¢) are finite sets.

5 Satisfiability in Initial Algebras: Descent Results

Using the constructor variant notion from Section 4 we can associate the failure
of Theorem 3 of [32] in Example 2 to the fact that for ¢ the formula x =
zero?(n) A x+ T A x % 1, the variant (¢, id) is not a constructor variant.
One might conjecture that if R = (¥, B, R) is an FVP decomposition of (X, E),
a QF equational formula ¢ is satisfiable in T’y iff for some constructor variant
(¢',0) ¢ is satisfiable in T, /p. But this conjecture fails in general:

Ezample 7. Let (X, E) be the unsorted theory in Example 3, where E consist of
the single equation s(s(0)) = 0 and Ny = (X, &, R(E)) is an FVP decomposition
of (X, E). Let ¢ be the formula z + 0 A = % s(0). Its only R(E), J-variant is
(¢, id), which, since in this case X' = (2, is a constructor variant. Furthermore,
this constructor variant has ground variant instances such as, for example, the
ground variant (0 + 0 A 0 % s(0),{z — 0}). Obviously, ¢ is unsatisfiable in
Ts/p, but it is clearly satisfiable in T’y = T'x, for example with the ground
substitution {z + s(s(0))}. Of course, since Ty is a finite algebra, satisfiability
in Tx;/p is decidable anyway, but not as conjectured.

A key reason for the failure of the above conjecture in Example 7 is that the
rules in R(FE) rewrite constructor terms, so that not all constructor terms are in
normal form. Therefore, the conjecture’s mistake was to focus on Ts,p, when
we should focus on the canonical algebra of constructors Cr,, associated to a
constructor decomposition R, = (£2, B, Rg) of the given FVP decomposition
R = (X, B,R). Note that the canonical term algebra Cx and the canonical
constructor algebra Cg,, are related by the equality Cr|n = Cr,,. This allows
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us to reduce satisfiability in C'r to satisfiability in C'r,. To do so, first recall the
decomposition R* = (X, B, R) of the theory (X, E) introduced in Section
3 and note that if Ry, = (2, Bg, Rp) is a constructor decomposition of R =
(X,B,R), then Ry, = (2",Bg, Rg) is a constructor decomposition of R =
(X*, B, R), where 2" is obtained by adding to {2 the new sorts and the logical
symbols - = _, _ 4 _, and _A _in X*. Therefore, given a conjunction of X-literals
¢, a constructor R, B-variant (¢, 0) of ¢ is an R, B-variant (¢, 0) of ¢ such that
¢’ is a conjunction of {2-literals. Here is now the desired reduction:

Theorem 6. (Descent Theorem). Let a decomposition R = (X, B, R) of an OS
equational theory (X, E) protect a constructor decomposition R with equational
theory (£2, Eq). Then, a QF Y-conjunction of literals ¢ is satisfiable in T's/p iff
there is a constructor variant (¢',0) of ¢ such that ¢' is satisfiable in Tq/g,, -

Proof. We can replace T's;/g by its isomorphic Cr, and Tq/g,, by its isomorphic
Cr,,. Furthermore, by Definition 4, as S-sorted sets Cr,, = Cgr, and as §2-
algebras, the unique isomorphism h : Cg,, = Cr|q is the identity function.

To prove the («=) implication, let ¢ be a conjunction of X-literals with vari-
ables T, and (¢',0) a constructor variant of ¢ with variables 7, and therefore
an 2-formula. ¢’ is satisfiable in Ty, iff it is satisfiable in Cr,,, say by an
assignment [a] € [§—Cr,,]. But then we have the equivalences:

CRQ?[Q]BQ ': QZ), < C’R|Qa [a]Bn ': (rb/ < CRv [(ea)!R,B]BQ ': ¢?

proving that ¢ is satisfiable in Tx/p, where for each variable z, x(0a)!rp =
(I‘@Ox)!R,B.

To prove the (=) implication note that for ¢ of the form w1 = vy A...A uy, =
Un AUy F U] Ao A uh, F v, and with variables T, an assignment [3]p,, €
[T—CRr] is such that Cr,[BlB, = ¢ iff (w;f)'rB =B, (ViB)R.B, 1 < i <mn,
and (u;B)'rB *B, (V;B)r,B, 1 < j < m. But by sufficient completeness of
§2 with respect to R all the (u;8)!r B, (viB)!'r B, (u;B)'rB, and (V;B)r p are
{2-terms. Therefore, ((¢8)!r.B, ) is a ground R, B-variant of ¢, and therefore a
constructor R, B-variant of ¢, valid, and therefore satisfiable, in T /g,,. O

This theorem has a useful corollary for equational OS-FO theories:

Corollary 1. (Descent to Decidability). Let an FVP decomposition R = (X U
II,B,R) of an OS-FO equational theory ((X,II),I"), with B having a fini-
tary unification algorithm, protect a constructor decomposition R(o Ay = (2u
A, B, Rig,ay) of a theory ((12,4), 1), with =p,, decidable and such that sat-
isfiability of QF (12, A)-formulas in To A r, ts decidable. Then, satisfiability of
any QF (X, II)-formula ¢ in T 7.1 is decidable.

Proof. By putting formulas in DNF we can reduce to the case where the QF for-
mula ¢ is a conjunction of literals. By the Descent Teorem 6 a (X, IT)-conjunction
¢ is satisfiable in T p iff  has a constructor R, B-variant (¢',6) such that
¢ is satisfiable in Ty A . But by completeness of [[QZ]]%AB, then there is a con-
structor R, B-variant (5”, p)E [[qz}] ng and a substitution ~y such that ¢’ =g ¢"~.
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Therefore, by composing with v a satisfying assignment for ¢’ we get a satisfying
assignment for ¢”. But [[gi)]]ng is an effectively computable finite set, and the
satisfiability of ¢" in Ty A r, for each ((Z” ,p) € [[(E]] ng is decidable by hypothe-
sis. Therefore, we can decide the satisfiability of ¢ in T'x; 7, by testing whether
[¢]4% 5 contains a formula ¢” with ¢” satisfiable in T A 1, O

Corollary 1 can be “unpacked” into an actual generic algorithm to decide the
satisfiability in T ;7 p of any QF (X, II)-formula ¢ under those assumptions.
We can first of all shift the problem to the equivalent one of satisfiability of the
equational version gb in Ty g I and, by assuming gb in DNF,* we can reduce
to deciding whether some conJunctlon of literals A\ G A A D, with G equations
and D disequations in such a DNF is satisfiable. The algorithm is as follows:

1. By the FVP assumption, [-unification is finitary. Furthermore, thanks to
Theorem 5, to test the satisfiability of /A G we need only compute the finite
set Um'flgUA(/\ @) of its constructor I'-unifiers. In this way we can reduce
to the case of deciding the satisfiability of some conjunction of disequalities
(A\ Da)!g g, for some constructor unifier o € Um'ngA(/\ G).

2. For each such (/\ Da)!g g we can then compute a finite, complete set of
most general constructor R, B-variants [(A\ D)!r ] 3% YA to obtain a finite
set of conjunctions of {2 U A-disequalities of the form /\ D'.

3. We can then decide the satisfiability in T, | , 5 of each such /\ D', so that

AG A A D will be satisfiable in T's j7,r iff some A D" is so in Ty, 5 f -

In a sequential implementation of such an algorithm, steps (1) and (2) should
be computed incrementally: one unifier, resp. variant, at a time. Maude 2.7
supports incremental computation of variants and variant-based unifiers with
caching to reduce the cost of computing the next variant, resp. unifier, and
such incrementality can be exploited in the computation of Umf QoA (A G) and

[[ /\ Da R B]]“QUA.
Note that a key property of this generic algorithm is that, thanks to the use of

constructor unifiers and constructor variants, everything is reduced to checking
the satisfiability of conjunctions of 2 U A-disequalities in T\, | , T

The simplest case in which the above algorithm can be exploited is for
R = (¥,B,R) FVP with a finitary B-unification algorithm, 2 a signature of
free constructors modulo B, and satisfiability of QF formulas in Ty g, decid-
able. In Section 6 I study such decidability for the commonly occurring case
when By, is any (possibly empty) combination of commutativity, associativity-
commutativity, and identity axioms for some binary function symbols in X.
Exploiting the descent theorem when Ry, #+ (J is postponed until Section 7.

4UTgalazy DPLL(T) solver (see, e.g., [13]) we do not have to assume that ¢ is in
DNF: the DPLL(T) solver will efficiently extract from ¢ the appropriate conjunctions
of T-literals to check for satisfiability.
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6 OS-Compact Theories and Satisfiability in T accu

The simplest application of Corollary 1 and its associated generic algorithm
is when R = (X, B,R) is FVP with a finitary B-unification algorithm, (2 is
a signature of free constructors modulo By, and satisfiability of QF formulas
in T/, is decidable. Generalizing a similar result in [30] for the unsorted
and AC' case, I show below that, when By, = ACCU —where ACCU stands
for any combination of associativity-commutativity (AC), commutativity (C),
and/or left- or right-identity (U) axioms for some binary function symbols—
satisfiability of QF formulas in Ty 4ccy is decidable. But, generalizing again
another result in [30], we can view such a satisfiability result as part of a broader
one, namely, decidable satisfiability in Tz ;7. or, equivalently, in T, /P when
((X,I),T) is an OS-compact equational OS-FO theory.

We first need some technical notions. Given an OS equational theory (X, E),
call a Y-equality u = v E-trivial iff u =g v, and a Y-disequality u + v E-
consistent iff u g v. Likewise, call a conjunction A D of X-disequalities E-
consistent iff each w 4 v in D is so. Call a sort s € S finite in both (X, E) and
Tsp iff Ts/p , is a finite set, and infinite otherwise. Here is the key concept:

Definition 7. An equational OS-FO theory ((X,II),I") is called OS-compact
iff: (i) for each sort s in X we can effectively determine whether s is finite
or infinite in Txun/f,7 and, if finite, can effectively compute a representative
ground term rep([u]) € [u] for each [u] € Tyompsf (ii) =5 is decidable and
I has a finitary unification algorithm; and (#3) any finite conjunction \ D of
negated (X, IT)-atoms whose variables have all infinite sorts and such that /\5
is I'-consistent is satisfiable in T's; ..

We call an OS equational theory (X, E) OS-compact iff the OS-FO theory
(X, D), E) is so.

Note that this generalizes the notion of compact theory in [30] in four ways: (i)
from unsorted to OS theories; (ii) by dealing with the phenomenon of possibly
having some sorts finite and some infinite; (iii) by extending the notion from
equational theories to OS-FO equational theories; and (iv) by including the case
of computable finite initial models, because an OS-FO theory ((X, &), E) whose
sorts are all finite and for which we can effectively compute representatives has
decidable equality and finitary unification, and is OS-compact in a vacuous sort
of way; e.g., the Boolean theory B of Example 1, and the theory A% in Example
7 are both OS-compact. I will illustrate with examples that extensions (i)—(iii)
are needed in many useful applications.

The key theorem about OS-compact theories is again a generalization of a
similar one in [30]. I include its short proof to make the paper self-contained.

Theorem 7. Let ((X,II),I") be an OS-compact theory. The satisfiability of QF
(X, II)-formulas in Tx 7, r is decidable.
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Proof. Since Tx ,r,o = ¢ iff Tzun/fv a k= 57 we can equivalently prove that
for any QF formula ¢ its equational version 5 is decidable in T, I Assum-

ing qZ in DNF, 5 will be satisfiable iff one of the conjunctions of atoms in the
disjunction is satisfiable. Let us consider one such conjunction A G A A D,
with G equations and D disequations. A G A A D is satisfiable in Ty iff

Ve Unif (A G) /\ Da is so. Consider now any of the A Da, and let T, resp., 7,
be its variables with finite (resp. infinite) sort. /\ Da is satisfiable in Ty, /P iff
\/QE[EHT)S ] /\ Da rep(f) is so, where, for each = € T, rep(8)(z) = rep(B(z)).
But the variables of any such A Da rep(3) are 3 and, having infinite sorts, the
satisfiability of /\ Do rep(B) in Tk, and therefore that of ¢, is decidable,
as desired. O

uIT/T"

This now gives us the following, quite useful corollary of Corollary 1:

Corollary 2. Let an FVP decomposition R = (X v II,B,R) of an OS-FO
equational theory ((X,II),I"), with B having a finitary unification algorithm,
protect a constructor decomposition R(o Ay = (2 U A, Bg, R, a)) of an OS-
compact theory ((2, A), Iy), with =p,, decidable. Then, satisfiability of any QF
(X, II)-formula ¢ in Ts; j1.r is decidable.

This corollary further “unpacks” how the satisfiability in T, A r, of an £2UA-
disjunction of disequalities /\ D’ obtained in step (2) of the generic satisfiability
decision procedure “unpacking” Corollary 1 can be checked in step (3) when
((2,A), I,) is OS-compact, namely, we then replace /\ D’ by the disjunction of
all the representative ground instantiations /\ D’rep(8) of its finite sort variables,
and then check whether at least one such A D’rep(B) is satisfiable by checking
the Bg-consistency of (A D'rep(8))!r ., a).Bo-

6.1 Theories (2, ACCU) are OS-Compact

Consider now an OS signature {2 where some (possibly empty) subsignature
Qaccy € 2 of binary operators of the form f : ss — s, for some s € S,
satisfy any combination of: (i) the associativity-commutativity (AC) axioms
f(f(z,y),2) = fz, f(y,2)) and f(z,y) = f(y,z); (ii) just the commutativity
(C) axiom f(z,y) = f(y,x); (iii) the left-unit (LU) axiom f(ef,z) = x for a
unit constant ey; or (iv) the right-unit (RU) axiom f(x,es) = = (note that the
standard unit axioms (U) are just the combination of LU and RU). Furthermore,
if f:s5 — s¢e 240ccy belongs to a subsort polymorphic family f[[:]] (51 then

all other members of the family are of the form f: s's’ — s/, f[[ss]] [s] < Raccu,

and all operators in such a family satisfy exactly the same axioms. ACCU ab-
breviates: any combination of associativity-commutativity and/or commutativity
and/or unit azioms. Since all the above axiom combinations are possible and
Raccvu can be empty, the acronym ACCU, covers in fact eight possibilities for
each subsort polymorphic family f[[ss]] (5] of binary function symbols: (i) the “free”
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case where f satisfies no axioms; (ii) the case where f is only LU; (iii) the case
where f is only RU; (iv) the case where f is only U; (v) the case where f is C; (vi)
the case where f is CU; (vii) the case where f is AC; and (viii) the case where
f is ACU. Furthermore, I will always assume that 2 is ACCU-preregular.’
The main goal of this section is to prove that, under the above assumptions,
satisfiability of QF 2-formulas in Ty, 4ccy is decidable. This result generalizes
from the unsorted to the order-sorted case, and from AC to ACCU axioms, a
previous result by H. Comon-Lundh [30]. This is done in Theorem 8 below. But
we need before the following auxiliary proposition, generalizing to the order-
sorted and ACCU case a similar result in [30] for the unsorted and AC' case:

Proposition 1. Under the above assumptions, let u = v be an ACCU-non-
trivial §2-equation whose only variable is x:s. Then the set of most general
ACCU -unifiers Unif ycop(u = v) is finite, and all unifiers in it are ground
unifiers, i.e., ground substitution {x:s — w}, with w € To,. Since ground
unifiers cannot be further instantiated, for any ACCU -unifier o there is a 3 €
Unif yocpy(u =v) with « =accu B-

Since the proof is an inductive proof involving a somewhat lengthy case
analysis, it is exiled to Appendix A. Note that for arbitrary combinations of
associativity A, commutativity C, and left LU, and right RU unit axioms,
the above proposition is as general as possible: any combination of axioms in-
volving associativity without commutativity will violate the requirement that
Unif 4ocpy (uw = v) is finite. Not only is it well-known that A and AU unification
are in general infinitary: this also remains true when u = v has a single variable
x. For example, if _- _is an A operator, and a a constant, the equation a-z = z-a
has an infinite number of ground A unifiers: { — a}, {x — a-a}, {x — a-a-a},
and so on.

The following theorem generalizes an analogous one in [30] for the unsorted
and AC case. Since the proof is quite short, and its argument makes fewer
requirements on the reader than the corresponding one in [30], T include it to
make the paper self-contained.

Theorem 8. Under the above assumptions, satisfiability of QF §2-formulas in
Tq/accu s decidable.

Proof. By Theorem 7 it is enough to prove that (2, ACCU) is OS-compact. A
proof that finiteness of sorts in Ty, 4 ccp is decidable and that for each finite sorts
s we can effectively describe its equivalence classes and choose representatives
is given in Appendix B. Of course, order-sorted ACCU-unification (possibly
extended with free function symbols) is finitary.

We have to prove that if the sorts of all variables in D are infinite and A D
is ACC-consistent, then it is satisfiable in T(;/4cc. The proof is by induction

5 In the more relaxed sense that {2 is B-preregular for B the non-unit ACCU axioms
and the unit axioms are sort-decreasing when oriented as left-to-right rewrite rules.
5 See the discussion at the beginning of the proof of Proposition 1 in Appendix A.
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on the number n of variables in D. If n = 0, the result follows trivially. Oth-
erwise, assume that the result holds for finite conjunctions of disequalities with
n variables, let D have variables x1:51,...,Zn4+1:50,+1, and consider D on the
signature 2 U {z1:81,...,2Tn: Sy}, where we have added the first n variables
as new constants, so that, on 2 U {z1:81,...,Zn:8,}, D has Tpi1:8,41 as
its only variable. By Proposition 1, for each v # v € D having x,11:Sp+1 as
a variable, there is a finite number of ground solutions for x,41:s,+1 in the
extended signature. But, since Ty accv,s,,, is infinite, and To/accvs,., S
TOU{wrs1, . misn}/ACCU 5,415 WE can choose a w € T accv s, ,, that is differ-
ent modulo ACCU from any such solution for any such w £+ v € D, so that
for each u £+ v € D we have u{Zp11:8,4+1 — W} Faccv V{Tni1:Sn+1 — W}
Therefore, the induction hypothesis applies to A D{Zn41:5n+1 — w}, so that
there is a satisfying assignment [0]acov € [{z1:51,...,Tn:8n} =T/ accv] such
that To/accu, [0] E A\ D{Tny1:8n41 — w}, and therefore, since w € T, .,
To/accus [0 @ {xns1:5n41 — w}] = /\ D, proving compactness and therefore
the theorem. O

The above theorem yields as a direct consequence the decidable satisfiability
of any QF equational formula in the the natural numbers with addition.

Example 8. (Natural Numbers with +). This is an unsorted” theory theory N
with single sort Nat. The operations in the signature (2 are: 0 :— Nat, 1 :— Nat,
and _+ _: Nat Nat — Nat, which satisfies the ACU axioms, with 0 as unit.
Since the conditions in Theorem 8 are met, satisfiability (and therefore validity)
in the initial algebra of N¥* is decidable.

By Theorem 7, deciding satisfiability of a conjunction A G A /A D in the
initial algebra of N} boils down to computing the most general ACU-unifiers
a of A\ G, and then checking the ACU-consistency of each /\ Da, i.e., checking
for each ua #+ va in Da that ua 40y va. Note that ACU-unification is NP-
complete [63].

For example, n = 0 v n + n # n is a theorem in the initial algebra of N
because its negation n £ 0 A n + n = n is such that n +n = n has {n — 0} as
its only ACU-unifier, yielding the unsatisfiable disequality 0 # 0.

6.2 The Descent Theorem with Free Constructors Modulo ACCU

Thanks to Theorem 8 we can apply Corollary 2 to the case of an FVP de-
composition R = (X, B, R) of an equational theory (X, F), with B having
a finitary unification algorithm, and protecting the constructor decomposition
Ra = (2, ACCU, ) of (2, ACCU) to obtain a method to decide the satisfia-
bility of any QF X-formula in T . Let us see some examples.

" An order-sorted version Ny of N is obtained by adding a subsort inclusion NzNat <
Nat, where NzNat denotes the non-zero naturals, typing 1 with sort NzNat, and
adding the typing _ + _ : NzNat NzNat — NzNat. N, is also OS-compact for the
exact same reasons. See Section 8 for a reduction of satisfiability in the initial agebra
of Ny to satisfiability in the initial algebra of N}. N} makes the language more
expressive: instead of stating x + 0 we can just type x as having sort NzNat.
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Ezample 9. (Naturals with zero? Predicate). Recall the FVP decomposition
Nero? from Example 2. Since 2 = X — {zero?} is a signature of free con-
structors, the conditions of Corollary 2 are met. Let now ¢ be the formula
x = zero?(n) A x £+ T A x £ L. Recall that its two constructor variants
arer =1 A axF+T Azxzfliande=T A 24+ T A x =+ L. Solving the
equation in each case we get formulas L + T A L+ L,and T+ T A T 1,
which have both (J-inconsistent disequalities, so ¢ is unsatisfiable in Cy,
This solves the “puzzle” in Example 2.

ero? ©

Ezample 10. (Naturals Modulo 2). Recall the theory N¥* = (X, &, R(E)) from
Example 6, with a free constructor decomposition ({2, &, ). Therefore, Corol-
lary 2 applies and QF satisfiability in the initial algebra of NJ* is decidable.
This is of course obvious, since Cyy: is a finite, computable algebra, so that
NPs itself is already OS-compact as pointed out after Definition 7. But since
decidable QF satisfiability on Cprs also follows from the general method of de-
scent to compact theories, it may still be useful to illustrate this general method.
All sorts are finite. The only constructor terms of sort Zero, resp. One, are 0,
resp. $(0), and the only constructor terms in the top sort Nat are 0 and s(0).
The disjunction 2 = 0 v = = s(0) is a theorem of Cjp: because its negation
x #+ 0 A = + s(0) is unsatisfiable. Recall that in the finite sort case this is settled
by instantiation: the instantiations 0 0 A 0 % s(0) and s(0) £ 0 A s(0) # s(0)
are both unsatisfiable. This solves the “puzzle” in Example 7.

This example could be extended in various ways. We could: (i) likewise define
N5 = (2, g, R(E)) for any n > 1, and (ii) add addition, multiplication, or other
operations (e.g., n-valued logic connectives) to N,°° for any n > 1. The example
points outs a weakness in the treatment of finite sorts: with many variables,
even if the instantiation of variables by concrete values is done incrementally,
satisfiability checking will become very inefficient: an encoding into SAT or bit
vectors should perform much better.

Example 11. (Natural Presburger Arithmetic). N} in Example 8 can be ex-

tended to an FVP decomposition Nj_‘ ~b > having the natural numbers with +

and with the order relations > and > as a Boolean-valued predicates® as follows.
We add a new sort Truth with constants 1 and T, and two defined functions
_>_,_>_: Nat Nat — Truth withrules1l+m+n>n—->T, m>m+n— L
andm+n=>m—Tand n >1+m+n — L. This specification is sufficiently
complete with N} extended with T, L as its constructor subspecification, and
yields an FVP decomposition with variant complexity 6.

Since N} extended with T, L is OS-compact, by Corollary 2 satisfiability in
the initial algebra of N—t,>b,>b is decidable. For example, the transitivity law
m>m=TAam>k=T)=n>kZ+ L of natural Presburger arithmetic
is a theorem because its negation is the conjunction n > m =T Am > k =
T An >k = 1, which has no variant-based unifiers. Likewise, the equivalence

8 See Example 22 for a version N} ~ > of natural Pressburger arithmetic in which >
and > are only explictly defined in the positive case.
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x =2y < —(y > x)is a theorem of natural Presburger arithmetic because it can
be expressed as the equational formula (x 2y + Tvy >z + T)A(y >z +
1l va>=y+ 1), which when negated gives us the disjunction of conjunctions
(ezy=Try>z=T)v(y>z=_LArzxz=y= 1), each of which having no
variant-based unifiers.

The fact that Nf7>b7>b has the finite sort Truth might seem to raise the
concern of a combinatorial explosion due to the instantiation by constants of
variables of sort Truth, as already discussed for N¥* in Example 10. But this is
an optical illusion: the non-equality atoms of Presburger arithmetic are of the
form v > v or u = v, which are here represented by the equality atoms u > v = T
or u = v = T. Therefore, the equational version ¢ of a Presburger arithmetic
formula has no variables of sort Truth, so the problem never arises.

Ezample 12. (Natural Numbers with 4+, maz, min and =). This is the decom-
position NY . .. . obtained by adding to N} the max and min operators
maz, min : Nat Nat — Nat and the “monus” operator _ =~ _: Nat Nat — Nat as
defined functions, and the commutativity axioms for maz and min, which are
respectively defined by the rules maz(n,n + m) — n+ m, min(n,n + m) — n.
Likewise, ~ is defined by the rules, n ~ (n +m) — 0, (n + m) ~n — m.
¥ maz.min,~ 18 FVP with variant complexity 9. Furthermore, N¥ .. .. .
protects the OS-compact constructor decomposition N} so that, by Corollary
2, satisfiability (and therefore validity) in Cy» - is decidable. For exam-
ple,n =m =0v m-=n =0 is a theorem in CNi‘,mm,mm,J because its negation
n-m + 0Am-=n + 0 has constructor variants 0 & 0Am £ 0and 0 + 0Am’ £ 0
(obtained with two different substitutions), both ACU-inconsistent.
Example 13. (Integers Offsets). This is perhaps the simplest possible theory Z; ),
of integers. Decisions procedures for it have been given in [22,18,4]. This example
is also interesting because it is usually specified in an unsorted way, making
it ¥mpossible to have a signature of free constructors. Instead, an order-sorted
specification has a signature of free constructors, allowing Corollary 2 to be
applied. The sorts are: Int, Nat, Neg, and Zero, with subsort inclusions Zero <
Nat Neg < Int. The subsignature (2 of free constructors is 0 :— Zero, s : Nat —
Nat, and p : Neg — Neg, and the defined symbols® s, p : Int — Int. The rules R
are just p(s(m)) — m and s(p(n)) — n, with m of sort Nat and n of sort Neg.
Since Z,, is FVP with variant complexity 4 and is sufficiently complete
with signature of free constructors 2, the conditions of Corollary 2 are met and
satisfiability, and therefore validity, in Cz,  is decidable. Let us, for example,
decide the validity of the inductive theorem s(x) = s(y) = x = y, with z,y of
sort Int. This is equivalent to checking that s(z) = s(y) A = % y is unsatisfiable.
The only variant-based E-unifier of s(z) = s(y), {z — y}, yields the inconsistent
disequality y # y. Thus, s(z) = s(y) = = = y holds in Cz_ .

9 Note the interesting phenomenon, impossible in a many-sorted setting, that subsort-
polymorphic symbols like s or p can be constructors for some typings and a defined
symbols for other typings. The same happened for s in N3*°.
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Ezample 14. (Integers with Addition). The decomposition Z, for integers with
addition imports in a protecting mode the theory N of natural numbers with
addition in Footnote 7, and extends its constructor signature by adding two
new sorts, NzNeg, and Int, with subsort inclusions Nat NzNeg < Int, and a
constructor — : NzNat — NzNeg, to get an extended constructor signature f2.
The only defined function symbol is: _ + _ : Int Int — Int, also ACU. The
rewrite rules R defining + and making (2, ACU, &) an ACU-free constructor
decomposition of Z, are the following (with ¢ a variable of sort Int, and n,m
variables of sort NzNat): i +n+ —(n) — i, i + —(n) + —(m) — i + —(n + m),
i+n+—(n+m)—i+—(m), and i + n+m+ —(n) — ¢+ m. Note that, by the
ACU axioms, the initial algebra Cz, is automatically a commutative monoid.
Furthermore, by sufficient completeness Cz, | = T acu, so that the first rule
(specialized to i = 0) plus the U axioms (specialized to = 0) make Cz, into
an abelian group, since it satisfies the axiom (Vz)(Jy) z +y = 0.

Subsorts make the language of Z, considerably more expressive than an
untyped language: we do not have to say * > 0 (resp. z < 0) by additionally
defining an order predicate >: we just type « with sort NzNat (resp. NzNeg).

Z, is FVP with variant complexity 12. Since the conditions of Corollary 2
are met, satisfiability, and therefore validity, in C'z, is decidable. Let us, for
example, decide the validity of the inductive theorem ¢+ j = i+ = j = [, with
1, j,1 variables of sort Int. This is equivalent to checking that i+j =i+l A j 1
is unsatisfiable. The only variant unifier of ¢ + j = ¢ + [ is {j — [}, giving us
[ % [, which is AC-inconsistent.

Example 15. (Integer Presburger Arithmetic). The FVP theory Z, .+ -» of in-
teger Presburger arithmetic with Boolean-valued'® > and > protects Z, by
adding a new sort Truth with constants | and T, and defined functions _ >
- = _:Int Int > Truth with rules p+n >n - T, n > —(q) - T,
) > -+ > T,n>n+tm—> 1L —(¢) >n—> 1L —(p)>-(p) — 1,
and —(p+¢q) > —(p) > Lfor > andrulesn+m>n— T,n > —(q) — T,
-p)=z-()—T,-p)=2-pP+9—>T,n=2p+tn—>1 —(¢g =n— L, and
—(p+q) = —(p) — L for =, were p, ¢ have sort NzNat, n has sort Nat, and i, j
have sort Int. Z, -+ > is sufficiently complete with constructor subspecification
that of Z, extended with T, 1, and FVP with variant complexity 28.

Since the constructor subspecification of Z, extended with T, L1l is OS-
compact, by Corollary 2 satisfiability in the initial algebra of Z, _» >» is de-
cidable. For example, the transitivity law (i > j =T Aj>k=T)=i>k$ 1
of integer Presburger arithmetic is a theorem because its negation is the con-
junction ¢ > j = T Aj >k =T Ai >k = L, which has no variant-based
unifiers. Likewise, the equivalence i > j < —(j > i) is a theorem of integer
Presburger arithmetic because it can be expressed as the equational formula
(izj+Tvi>i+T)A(G>i+ Lviz=j+ 1), which when negated gives us
the disjunction of conjunctions (i = j=TAj>i=T)v(i>i=1LAi>=j= 1),
each of which having no variant-based unifiers.

10 See Example 23 for an even simpler version Z, ~ > of integer Presburger arithmetic
in which > and > are only explicitly defined in the positive case.
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Ezample 16. (If-then-else). Let R be any FVP theory protecting the FVP theory
B of Example 1 and having a constructor decomposition of the form (2, B, &)
(this means that the only constructor operators of sort Truth are T and ). Let
now A be a sort in R which is the top sort of its connected component and
different!! from Truth. We then define the theory Rifra) by adding to R a fresh
new “if-then-else” operator [, _, -] : Truth A A — A and two rules: [T,z,y] — «
and [ L, z,y] — y, with 2,y of sort A. Then R 4] is also FVP, has also (§2, B, )
as its constructor decomposition, and if R had variant complexity k, then R s[4
has variant complexity k+ 3. Therefore, by Corollary 2 satisfiability in the initial
algebra of R 4] is decidable.

For a simple instance of this general construction, let N+’>b,2b’bops be the
theory union NV ~v >0 U B. Then N ov b pops.if[Nat] 18 just natural Presburger
arithmetic enriched with Boolean operations and an if-then-else operator.

Validity of any QF formula in the initial algebra of N+7>b72b7bops7if[Nat] is
decidable. For example, we can decide the validity of the “premise interchange
law” [b, [V, x,y], [V, 2, y']] = [V, [b,x, '], [byy, ¥']], with b,V of sort Truth and
x,y,x’,y" of sort Nat (see, e.g., [16,76] for various other laws). Negated, this
becomes the disequality [b, [V, z,y], [V, 2, y']] £ [V, [b, z,2'],[b,y,y']]. Tts con-
structor variants are the disequalities: x + z, v + y, 2’ #+ 2’ and v + ¢/, all
inconsistent, so the negation of the law is unsatisfiable and the law valid.

7 Satisfiability in Parameterized FVP Data Types

What Corollary 2 achieves is a large increase in the infinite class of decidable
OS-FO equational theories for which satisfiability of QF formulas in their initial
models is decidable, namely, it grows from the class of OS-compact theories,
including those of the form (£2, ACCU), to that of all those OS-FO equational
theories having an FVP theory decompositions with axioms B having a finitary
unification algorithm and protecting an OS-compact constructor subtheory.
But how can we further enlarge the class of OS-FO equational theories for
which satisfiability of QF formulas in their initial model is decidable? Exam-
ple 16 is suggestive in this regard, since it is not really a theory, but a theory
transformation R — Rf4) mapping an FVP theory R with axioms B having
a finitary unification algorithm and protecting an OS-compact constructor sub-
theory into another FVP theory having the same axioms B and OS-compact
constructor subtheory, and therefore decidable satisfiability for its initial model.
This suggests the much more general idea of parameterized data types, which
are theory transformations of this kind applicable to a typically infinite class
of input theories and yielding an equally infinite class of instantiated theories.

11 There is no real loss of generality in assuming A + Truth: we could drop this require-
ment, but an if-then-else operator [, _, ] becomes unnecessary for A = Truth, since
it is already available as the definitional extension [z,y,z] = (z A y) v (—=(z) A 2).
There is no real loss of generality either in singling out just one top sort A, since we
can iterate the same construction over the top sorts of all connected components.
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Therefore, an appealing idea is to search for satisfiability-preserving parameter-
ized data types. That is, parameterized data types that, under suitable condi-
tions, transform an input theory with decidable satisfiability of QF formulas in
its initial model into a corresponding instance of the parameterized data type
with the same property for its initial model.

I will give a full treatment of parameterized FVP data types elsewhere. Here,
Iillustrate with several examples a general method for substantially enlarging, by
means of parameterization, the class of equational OS-FO theories with initial
models having decidable QF satisfiability. For my present purposes it will be
enough to summarize the basic general facts and assumptions for the case of
FVP parameterized data types with a single parameter X. That is, I will restrict
myself to parameterized FVP theories of the form R[X] = (R, X), where R =
(¥ U II, B,R) is an FVP decomposition of a finitary equational OS-FO theory
((X,II),I'); and X is a sort in X (called the parameter sort) such that: (i) is
empty,'? i.e., TZuH/ﬁX = ; and (ii) X is a minimal element in the sort order,

i.e., there is no other sort s’ with s’ < X.

Consider now an FVP decomposition G = (X' UIl’, B', R’) of another finitary
OS-FO equational theory ((X',II"),I"), which we can assume without loss of
generality'? disjoint from ((X, IT), I'), and let s be a sort in X’. The instantiation
R[G, X — s] = (X[2',X — s],BuB’,Ru R’) is the decomposition of a theory
(Z[X', X — s],E u E'), extending (X', E’), where the signature X[X", X — s]
is defined as the union X[X — s] u X', with X[X — s] just like X, except for
X renamed to s. The set of sorts is (S — {X}) w S’, and the poset ordering is
obtained by combining those of X[X — s] and X'.

R[G,X +— s] is also FVP under fairly mild assumptions. The only prob-
lematic issue is termination, because the disjoint union of terminating rewrite
theories need not be terminating [91]. However, many useful p-termination prop-
erties p ensuring the p-termination of a disjoint union have been found (see, e.g.,
[56]). Therefore I will assume that either: (i) R[X] and G are both p-terminating
for a modular termination property p, or (ii) R[G, X — s] has been proved ter-
minating. Convergence of R[G, X — s] then follows easily from termination,
because there are no new critical pairs. So does the FVP property, which is a
modular property (see, e.g., [19]). In fact one can say more: the variant com-
plexity of R[G,X +— s] is the sum of those of R[X] and G. We furthermore
require the parameter protection property that the unique X’ homomorphism
h:Tsp — TE[Z/,X'—)S]/EUE/|2/ is an isomorphism. Typically, parameter pro-
tection can be easily proved using a protected constructor subtheory R A)[X].

12 This violates the general assumption that sorts are non-empty; however, parameter
sort instantiations to target theories with non-empty sorts make X non-empty.

13 There is no real loss of generality because we can make it so by renaming its sorts
and operations. In fact, disjointness must in any case be enforced by the “pushout
construction” for parameter instantiation, implicitly described in what follows for
this simple class of uni-parametric parameterized theories.
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Suppose now that B, B’ and B u B’ have finitary unification algorithms and
that both R[X] = (R, X) and G protect, respectively, constructor theories,** say
R2,0)[X] = (20A, B ), R a)) and Gor an = (VA" B ary, Riar ary)-
Then R[G, X — s] will protect R, )[G (2,27, X = s]. Suppose, further, that
B(n,A), Ba,any, and B(p, Ay U B(or, a1y have decidable equality.

The general kind of satisfiability-preserving result we are seeking follows the
following pattern: (i) assuming that G/ a7y is the decomposition of an OS-
compact theory, then (ii) under some assumptions about the cardinality of the
sort s, prove the OS-compactness of R(g a)[G(2,a7), X = s]. By Corollary 2
this then proves that satisfiability of QF formulas in the initial model of the
instantiation R[G, X — s] is decidable. Let us see some examples.

Ezample 17. (Lists). This parameterized module £[X] has parameter sort X
and additional sorts List and NeList (non-empty lists), with subsorts NeList <
List, constructors nil :— List and _;_: X List — NelList, and defined functions
head : NeList — X, and tail : NeList — List, with defining rules: head(x;1) —
x, and tail(xz;1) — I, where x has sort X and [, sort List. Subsorts cut through
the usual nonsense about expressions like head(nil). Indeed, they solve in an
elegant and fully general way the “constructor-selector problem” for data types
[75]. This module is FVP with variant complexity 4, is sufficiently complete, and
protects its constructor decomposition L[ X].

Theorem 9. For L[X] the above parameterized list module, protecting the ob-
vious constructor decomposition Lo|X], G = (X' v II', B',R") an FVP decom-
position of a finitary OS-FO equational theory (X', II"),I"), where G protects
a constructor decomposition G ary = (2 U A', Bior ary, R, ar)) of an equa-
tional OS-FO-compact theory ((£2',A"),I"), and s an infinite sort of G in §2',
if: (i) LIX] and G are both p-terminating for a modular termination property p
or L[G, X +— s] is terminating, (i) B’ has a finitary unification algorithm ex-
tensible with free function symbols; and (iii) B(gr ary-equality is decidable, then
Lo[G o, ary, X = s] is the decomposition of an OS-compact theory and therefore
satisfiability of QF formulas in the initial model of the instantiation L[G, X — s]
is decidable.

14 For more details about sufficient completeness of parameterized OS theories and
methods for checking it see [70].
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Proof. We have to show that any axiom-consistent and normalized'® conjunction
of A D of (2 u 2, A')-disequalities'® such that all its variables have infinite
sorts'7 is satisfiable in the initial model Cﬁn[g(QIYA/)’X}_,S].

Since it is easy to prove that Lo[G(or, a1y, X + s] protects its parameter
G(qr, a1y, we have Cﬁn[g(Q,WA,LX.—)s]|Q’UA’ = Cg(n,‘A,). Therefore, using the OS-
compactness of G Ay, we will be done if we can exhibit a normalized and
axiom-consistent conjunction A D’ of (£, A’)-disequalities, with infinite sort
variables, whose satisfaction in CQ(:;/,A/) implies that of A Din Cy,, [Ger ) Xros]-

Let Y be a sequence of the distinct variables of sort either List or NeList
appearing in /\ D, and 7 a corresponding sequence of fresh new variables of sort
s. Let {Y + %;nil} denote the substitution mapping each Y in Y to the term
y; nil, where y in g is the fresh variable associated to Y. It is easy to check
that the conjunction A D{Y + ¥; nil} is also normalized and axiom-consistent.
Furthermore, since it is a substitution instance of /\ D, we will be done if we can
show that A D{Y ~ 7; nil} is satisfiable in the initial algebra Cﬁn[g(!)/7A,)7X,_,S].
We will be able to show this if we can build, disequation by disequation, a
normalized and axiom-consistent conjunction A D’ of (§2', A’)-disequalities, with
infinite sort variables, whose satisfaction in Cg , ,, implies that of A D{Y —
7; nil} in CLolGiyr ar),Xs)- We build /A D’ as follows: any ({2, A’)-disequality
is left untouched. Note that (up to symmetry of ) the remaining disequalities

must be of one of the following three forms: (i) nil % wuy;. .. ;uy,; nil, with the u; of
sort s or less and n = 1; (ii) uq;...; upn; nil F v1;...;vy,; nil, with each u; and v;
of sort s or less and n > 1; and (iii) u1;. .. ;un; il F v1;. .. Uy; nil, with each w;

and v; of sort s or less and n > m > 1. Since it is easy to show that disequalities
of types (i) and (iii) are valid in the initial algebra of Lo[G(or a7y, X > 5], we
can ignore them when building A D’. But since each disequality of type (ii) is
B(qr, an-consistent, this means that there must be a ¢, 1 < ¢ < n, such that
ug + Bl ary Vg We then replace that disequality by the disequality u, + v,
in A D’. By construction /A D’ has variables only of infinite sorts and is both
normalized and axiom-consistent. Furthermore, any satisfying assignment for
/A D’ in the initial algebra of G(ar,any extends to a satisfying assignment for
/\D{Y — g;nil} in the initial algebra of Lo[G(or any, X = s, as desired. O

We can consider, for example, the instantiation £[Z,, X — Int] of the list
data type, yielding lists of integers. Since Z, satisfies the requirements in The-

!5 Here, and in what follows, by “axiom-consistent and normalized” formula on a given
signature I will mean for the axioms and rules of the decomposition having that
signature, which in this case is Lo [G (o, a7y, X = s]. So in this case I mean: “B(o/ ary-
consistent and R a7y, B(gr, ary-normalized.” Note also the slight abuse of language,
since in (202" UA’) the signature 2 has been renamed to £2[ X — s], so this notation
really abbreviates: (2[X — s] u 2" U A").

Here, and in what follows, the expression “a conjunction A D of (2 u '} A')-
disequalities” is shorthand for: “a conjunction A\ D which is the functional version
A D = A Dy of a conjunction A Do of negated (£2 U £2', A')-atoms.

Here, and in what follows, the decomposition in which the variables have infinite
sorts will be clear from the context. In this case it is of course Lo[G(qo, a7y, X — s].

16

17
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orem 9, QF satisfiability in Cr[z, x..m¢ is decidable. We can, for example,
prove that (for this instantiation and actually for any other!® satisfying the the-
orem’s conditions) the equality head(l');tail(l’) = I', where I’ has sort NeList,
is an inductive theorem in Cpr[z, xi.rn- This is equivalent to checking that
head(l'); tail(l') £ I’ is unsatisfiable. The variants are: head(l');tail(l')) + U,
and ¢;! =+ ¢;[, which is the only constructor variant and, since ¢J-inconsistent,
unsatisfiable.

Ezample 18. (Compact Lists). Compact lists are lists with no contiguous re-
peated elements. They are used for greater efficiency in various constrained logic
programming applications [35,34]. Their specification as a parameterized data
type L°[X] is exactly like that for lists, except for two small changes: (i) we
keep the head defined function and its rule, but drop the tail function and its
rule; and (ii) in the protected constructor subspecification £§[X] we add the
following rule between constructors terms: z; (x;1) — x;l, where = has sort X
and [ has sort List. This decomposition of parameterized compact lists is FVP
with variant complexity 4, is sufficiently complete, and protects its constructor
decomposition £§[X].

As for lists, we have the following parametric decidability-preserving result:

Theorem 10. For L°[X] the above parameterized compact list module, protect-
ing the obvious constructor decomposition L4H[X], G = (¥ v II',B",R’) an
FVP decomposition of a finitary OS-FO equational theory (X', II'),I""), where
G protects a constructor decomposition Gior ary = (£2' U A, B ary, Rir, ar)
of an equational OS-FO-compact theory ((£2',UA"), '), and s an infinite sort of
G in 2, if: (i) L°[X] and G are both p-terminating for a modular termination
property p or LG, X — s] is terminating, (i) B’ has a finitary unification
algorithm extensible with free function symbols; and (iii) B(or any-equality is de-
cidable, then LG[G (o, ary, X = s] is the decomposition of an OS-compact theory
and therefore satisfiability of QF formulas in the initial model of the instantiation
LG, X — s] is decidable.

Proof. We have to show that any normalized and axiom-consistent conjunction
A D of (2 v 2, A')-disequalities whose variables have infinite sorts is satisfi-
able in the initial algebra CE?;[Q(Q/,A/LXHS]' Since LG[G(qr,a7), X — s] protects
its parameter G/ A1), we have CLB[QW’N%XHS]\Q/UA, = Cg(Q’,A’)' Therefore,
using the OS-compactness of G/ a1y, we will be done if we can exhibit a nor-
malized and axiom-consistent conjunction A D’ of (', A’)-disequalities, with
infinite sort variables, whose satisfaction in Cgm',A/) implies that of A D in
Oty G ) Xl

18 In what follows I will discuss several formulas that are “parametric theorems,” valid
in any correct instantiation of various parameterized data types. However, in this
paper 1 will always do so in the context of a concrete instantiation. The details
of the “parametric proof method” where we reason directly and generically in the
parameterized theory L£[X] itself, in the style of [70], will be developed elsewhere.
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Let Y be a sequence of the distinct variables of sort either List or NeList
appearing in /\ D, and 7 a corresponding sequence of fresh new variables of sort
s. Let {Y + 7;nil} denote the substitution mapping each Y in Y to the term
y; nil, where y in 7 is the fresh variable associated to Y. It is easy to check
that the conjunction A D{Y ~ 7; nil} is also normalized and axiom-consistent.
Furthermore, since it is a substitution instance of /\ D, we will be done if we can
show that A D{Y — %;nil} is satisfiable in the initial model CLe,[G o ar) X ios]-
We will be able to show this if we can build, disequation by disequation, a
normalized and axiom-consistent conjunction A\ D’ of (£2', A’)-disequalities, with
infinite sort variables, whose satisfaction in Cg,, ,,, implies that of A D{Y —
g nil} in Cre (G, ar), Xs]- We build /A D’ as follows. Any (£2', A’)-disequality
is left untouched. Note that (up to symmetry of #) the remaining disequalities
must be of one of the following three forms: (i) nil £ uq;...;uy,; nil, with the w;
of sort s or less and n > 1, which is a valid disequality in Cﬁb[g(Q,,A/%X,_,S] and
can therefore be ignored; (i) uy;. .. ; upn; nil F v1;...;vy,; nil, with each u; and v;
of sort s or less and n > 1, where by irreducibility we must have u; +p (r.ary it
1<i<mnanduv; :FB(Q’,A/) vi+1, 1 <1 < n, and by axiom-consistency there must
be a u, %Bm',m) v, for some 1 < ¢ < n; we can then replace ;... ;upy;nil +
V13- .. ;Up; nil by the conjunction ug £ vy A Njgiop Ui F wiv1 A Nigiop Vi F
vip1; and (iii) ;.. .5 up; nil #+ v1; ... vy nil, with each u; and v; of sort s or less
and n £ m, where by irreducibility we must have u; %Bm/,a’) Uir1, 1 <4< n
and v; =|=B<nf,41> vj+1, 1 < i < m, and then we can replace ui;...;up;nil +
V1;...;Up; il by the conjunction Ao, wi F wivt A Ajgjom ¥ F V1. In
this way we obtain a conjunction A D’ which, by construction, has variables
only of infinite sorts and is both normalized and axiom-consistent. Furthermore,
any satisfying assignment for A D’ in the initial model Cg (o .ary €Xtends to a
satisfying assignment for A\ D{Y ~ ¥; nil} in the initial model CLe (G ary X s>
as desired. O

Since for G either Z,, or Z, the conditions in the above theorem are met
when the parameter sort X is instantiated to the Int sort, validity of QF formulas
in the initial algebra of L£f[G(o A, X + Int] for compact list of integers in
either of these two instantiations is decidable. For example, the following simple
theorem holds for any instantiation satisfying the above requirements, and does
so, in particular, for £f[G(qr, a1y, X = Int] for compact list of offset integers:
x;l =1 = head(l) = z. To show it we just need to prove that x;1 = [ A head(l) +
x is unsatisfiable. Variant unification gives us the single unifier {{ — z;{'} for
the equation z;! = [, yielding the disequality head(x;1") # x, which normalizes
to the inconsistent disequality = + x.

Ezample 19. (Multisets). Let M[X] be the following FVP decomposition. There
is first a parameterized constructor FVP decomposition Mg 7)[X] whose sig-
nature {2 of constructors has a parameter sort X, a sort MSet, representing
multisets, a sort NeMSet, representing non-empty multisets, and subsort inclu-
sions X < NeMSet < MSet. The constructors are: (i) a constant ¢ :— MSet,
and a multiset union operator _,_ : NeMSet NeMSet — NeMSet, which is
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given AC' axioms. The signature IT of constructor predicates is represented in
M o,m[X] by a sort Pred, a constant it :— Pred, the membership predicate
_€ _: X MSet — Pred, and a predicate for multisets with duplicated elements,
dupl : MSet — Pred.

The decomposition Mg 7)[X] has the AC' axioms for union as only ax-
ioms, and its rules R 7y are: (i) those defining the € predicate, namely, for
x a variable of sort X and M, M’ variables of sort NeMSet, the axiom x € x,
represented by the rule z € x — ¢, and the axiom x € x, M represented by the
rule z € x, M — #t; and (ii) rules defining the dupl predicate, with the axiom
dupl(zx, x) represented by the rule dupl(x,x) — tt, and the axiom dupl(z,x, M)
represented by the rule dupl(z,x, M) — tt.

M[X] extends Mg 7)[X] in a sufficiently complete and protecting mode
by adding a defined function symbol _, _ : MSet MSet — MSet satisfying also
the AC axioms, and having the identity rule, @, & — @, with @ a variable of
sort MSet. The module M[X] is FVP with variant complexity 9.

Here is now a parametric, decidable QF satisfiability result for multiset in-
stances M[G, X — s].

Theorem 11. For M[X] the above parameterized multiset module, protecting
the constructor decomposition Mo my|[X], G = (X'ull’, B', R") an FVP decom-
position of a finitary OS-FO equational theory ((X',II"),I""), where G protects
a constructor decomposition Gor Ay = (v A/,B(QI7A/)7R(Q/,A/)) of an equa-
tional OS-FO-compact theory ((£2', A"), ), and s an infinite sort of G in (2, if:
(i) M[X] and G are both p-terminating for a modular termination property p or
M[G, X — s] is terminating, (i) B' and B' v AC have finitary unification algo-
rithms and (iii) B(gr, aryw AC-equality is decidable, then Mg 1[G, ary, X = 8]
is the decomposition of an OS-compact theory and therefore satisfiability of QF
formulas in the initial model of the instantiation M[G, X — s] is decidable.

Proof. First of all note that the finite sorts of Mo 1[G, ay, X = s] are
exactly those of G/ Ar). We have to prove that any axiom-consistent normalized
conjunction of (2 u ', I u A’)-disequalities /\ D’ whose variables have all
infinite sorts is satisfiable in CM(Q,H)[Q(Q/,A/)vX'_’S]'

Let Y be all the variables of sort NeMSet or MSet in /\7D/, and let y be
a corresponding set of fresh variables of sort s. Since A D’'{Y — 7} is a sub-
stitution instance of A\ D’ and it is easy to check that it is normalized and
axiom-consistent, we will be done if we show that A D’'{Y — 7} is satisfiable in
CM(Q,H)[Q(Q,A/>,XHS]- Since it is also easy to prove that Mp[G(or Ay, X = s]
protects its parameter G ar), so that C’MD[Q(Q,YA,),XHSHQ/UA/ = Cg(g,,A,),
we will be done, thanks to OS-compactness, if we can build, disequation by
disequation, a normalized and axiom-consistent conjunction A D’ of (2’ A')-
disequalities whose variables have all infinite sorts, and whose satisfaction in
Cg . s, implies that of AD{Y — 7} in CMa.m)[G (o ary,X—s]- We can do so by
leaving all (£2', é’ )-disequations untouched and replacing any other disequation
u £ v of A\ D'{Y — 7} either by nothing if it is valid in CM e, m)[Grr ar) Xros]s
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or by a conjunction C of normalized and axiom-consistent ({2, A’)-disequalities
such that C' = u + v is a valid formula in CMQ[Q(Q,YA,)VX,_,S]. We have two
kinds of such disequalities: those between terms of sort MSet or less, and those
between negated atoms of sort Pred.

Up to symmetry of £, and up to AC' U B an-equality, normalized and
axiom-consistent disequalities of sort MSet or less in A D'{Y — 7} that are
not (2, A’)-formulas must be of one of the following forms: (i) v £+ ¢, with
u of sort NeMSet or less, which is a valid disequality in CM(!Z,H)[Q(Q’,A’)7X’_’S]’
and therefore can be ignored; or (ii) ny - u1,...,nk - up F My - v1,..., My - U,
where: (1) n-w, n > 1, abbreviates the multiset w,.?.,w, (2) 2n; + Ym; > 3,
(3) the u; and v; have sort s or less, and (4) if i + i, then w; 5, ,, uy,
and if j 4 j, then v; +B(Q’.A’) vy If Xn; £ Xn;, the disequality is valid in
OMQ[Q(Q/,A,),XHs]a and therefore can be ignored. If X'n; = Y'n; and k > [ (the
case k < [ is similar) there must be a w; such that wu; :|:B<rz',A/> v, 1 <j <l
and we can replace ny - uq,...,nk - U F my1-v1,...,my-v; by the conjunction of
normalized and axiom-consistent (£2', A)-disequalities /A s Wi F . 1 Xn; =
Xnj; and k = [, there must be a u; such that u; #Bm/,m) v;, 1 < j <1, since
otherwise ni - u1,...,nk - up F my - v1,...,my - v would be AC' U B ar-
inconsistent. Therefore we can replace it by the conjunction of normalized and
axiom-consistent (£2', A')-disequalities ;¢ ui + v;.

Up to symmetry of #, and up to AC' U B an-equality, normalized and
axiom-consistent disequalities of sort Pred in /\ D'{Y ~ 3} that are not (£2/, A’)-
formulas must be of one of the following forms: (i) v € & =+ ¢, with u of sort
s or less, which is valid in CM(n,m[Q(Q/,A/),XHs] and therefore can be ignored;
(il) w € ny - uy, ...,k - up =+ tt, Xn; > 1, where the uq,...,u; are terms of
sort s or less B/, ar-different among themselves, and, by normalization and
axiom-coherence, we must have u :*:B(Q’,A’) u;, 1 <1 < k. We can then replace
UE N1 U,..., Nk U + tt by the conjunction of normalized and axiom-consistent
(£, A")-disequalities A ;< u F u;. (iii) dupl(F) F tt, or dupl(u) + tt, with u
of sort s or less, which are both valid in C’Mn[gm,’A,)yxﬁs], and therefore can
be ignored; or (iv) dupl(ui,...,ur) # tt, where k > 2 and the uq,...,u; are
terms of sort s or less B an-different among themselves. We can then replace
dupl(uy,...,ur) #+ ¢t by the conjunction of normalized and axiom-consistent
(2", A")-disequalities /\H:j u; £ u;. In this way we obtain our desired conjunc-
tion A D’ of normalized and axiom-consistent (£2’, A’)-disequalities whose vari-
ables have all infinite sorts, and whose satisfaction in Cg( A% implies that of

/\ D{Y — y} in CM(Q,H)[Q(Q/,A/)vx'—’S]' a
The requirement that s is an infinite sort is essential for the multiset param-
eterized module to preserve OS-compactness. Otherwise, Cg s = {[u1], ..., [un]}

for some n > 1, and for M a variable of sort NeMSet the normalized and
AC' U B(gr, any-consistent conjunction of disequalities

,A!

upeMEUA ... Au,eM £t

is unsatisfiable.
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Note that the conditions in Theorem 11 apply for G the FVP decompositions
2, p of offset integers and Z, of integers with addition when the parameter X
is mapped to the sort Int. Perhaps more interestingly, thanks to Theorem 9, the
conditions in Theorem 11 also apply for G = L[G’, X — s], where the parameter
X for the List module is mapped to an infinite sort s in any FVP decomposition
G’ protecting an OS-compact constructor decomposition. For example, when G’
is either Z, , or Z, and s = Int. In this way we get decidable satisfiability for
multisets of lists of integers, or, more generally, multisets of lists of anything
FVP with a compact constructor decomposition and with an infinite sort s.

Let us see an example of a valid theorem in M[Z; ,, X — Int] (in fact the
theorem in question does not involve the language of offset integers and is a
generic theorem of the M[X] parameterized module). To see that for z,y of
sort Int and M and M’ of sort MSet, the formula

(reM=ttn M=y M Az+y)=zeM =tt

is valid in the initial model of M[Z; ,, X — Int], we just need to show that its
negation
zeM=tt AM=y M Az+yrzeM F+1tt

is unsatisfiable in such an initial model. The variant unification of x € M =
tt A M = y,M' yields three unifiers: {(M — z,y), (M — x)}, {(M —
x,y, M"), (M' — z,M")}, and {(M — z,M’), (y — z)}, which yield the
respective three conjunctions of disequalities: z + y A x € x,y + tt, and
zF+ynxzex,M F tt,and x + v A x € M" + tt. The last one is AC-
inconsistent; the first two become so by simplification with the rules for €.

Ezample 20. (Sets). S[X] is a parameterized module whose signature and rules
are those for multisets, except that: (i) we rename the sorts NeMSet and MSet
to, respectively, NeSet and Set; (ii) we drop the € and dupl predicates and
their rules and add instead the constructor predicate - & _: Set Set — Pred;
(iii) for S, S’ variables of sort NeSet add the “idempotency” rules S, S — S and
S,8,8" — 5,5’ and (iv) for U, V variables of sort Set define by the rules: &J <
U—tt,UcU — tt,and U < U,V — tt. This parameterized decomposition of
sets is FVP with variant complexity 11 and sufficiently complete, and protects
the constructor decomposition S 7[X].

The predicates € and = need not be explicitly defined, since they can be
expressed by the definitional equivalences x € U = tt < x,U = U, with x of
sort s,and U cV =t «UcV=ttAU+V.

As for multisets, but with a broader scope of instances, we have the follow-
ing, general decidable QF satisfiability result for instances S[G, X +— s] of the
set parameterized module. It uses the auxiliary notion of an infinity-closed de-
composition G, defined as a theory where, if a term ¢ has at least one variable
having an infinite sort, then the least sort of ¢ is itself infinite. For example,
offset integers have the Zero finite sort, but are infinity-closed.
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Theorem 12. For S[X] the above parameterized set module, protecting the con-
structor decomposition Sio m[X], G = (X" II', B', R') an infinity-closed F'VP
decomposition of a finitary OS-FO equational theory (X', II"),I"), where G pro-
tects an F'VP constructor decomposition G any = (2" U A, B, any, Ry, 7))
of an equational OS-FO-compact theory ((£2/,A"), "), and s is a sort of G in
', if: (i) either S[X] and G are both p-terminating for a modular termina-
tion property p or S[G, X > s] is terminating; (i) Bo Ay, B’ and B" v AC
have finitary unification algorithms, and (iii) Bor, ary v AC-equality is decidable,
then Sq. (G, a1, X + s] is the decomposition of an OS-compact theory and
therefore satisfiability of QF formulas in the initial model of the instantiation
S[G, X — s] is decidable.

Proof. We must prove the result for two cases: when s is finite, and when it is in-
finite. In the first case, note that the infinite sorts of S, 17)[G(o, a1y, X — s] are
exactly those of G . S0, m)[G(02r,a7), X = s] is then OS-compact because:
(i) the G, ary part is protected, (ii) S¢o,m)[G (2, a7y, X = s] has a finitary unifi-
cation algorithm and decidable equality, and (iii) since G is infinity-closed and all
the infinite sorts are in G, any normalized and axiom-consistent conjunction of
(20 2, IT u A’)-disequalities whose variables have all infinite sorts must neces-
sarily decompose into three conjunctions: A D A A D’ A A\ D", where: (i) \ D
is an (£2, A’)-formula and therefore satisfiable, A D’ is a conjunction of dise-
quations that, up to symmetry, have the form u # v, with v an {2’-term having
a non-empty set of variables of infinite sorts, and v an normalized ground term
of sort either NeSet or Set, which is a valid conjunction, because the variants of
u can never have sort NeSet or Set, and (iii) /\ D” a conjunction of ground and
axiom-consistent normalized (2 U ', IT U A’)-disequalities and therefore valid
in CS(.Q,H)[g(Q/‘A/)gX’_’S]'

Assume now that s is infinite. Then the finite sorts of S, 17)[G(0r, a1, X —
s] are exactly those of G/ ar). We have to prove that any axiom-consistent
normalized conjunction of (2 U ', IT U A')-disequalities /\ D whose variables
have all infinite sorts is satisfiable in CS(Q,H)[QmI,A/)vX'—’S]'

Let Y be all the variables of sort NeSet or Set in A\D, and let 7 be a
corresponding set of fresh variables of sort s. Since A D{Y — 7} is a substitution
instance of A D, and it is easy to check that is normalized, axiom-consistent, we
will be done if we show that A D{Y ~ 7} is satisfiable in CSio0.m[G s ary, Xrss]-
Since it is easy to prove that So[G(o, a1y, X = s] protects its parameter G a),
so that we have C’SQ[Q(Q/ A/)7X,_>s]|_QlUAI = Cgm/ )+ we will be done, thanks to
OS-compactness, if we can build, disequation by disequation, a normalized and
axiom-consistent conjunction /\ D’ of (£2, A)-disequalities whose variables have
all infinite sorts, and whose satisfaction in Cg,,, ,,, implies that of AD{Y — 7}
in QS(Q,H)[Q((Z"A’VX’_)S]. We can do so by replacing each disequation u £ v in
D{Y +~ 7} which is not a (£, A’)-disequality either by nothing if it is valid in
CS(Q‘H)[Q(Q/,A/%X’_’S]’ or by a conjunction C' of normalized and axiom-consistent
(£2', A")-disequalities in G Ay such that C = u # v is a valid formula in
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Csalo (r.ar) Xos] We have two kinds of such disequalities: those between terms
of sort Set or less, and those between negated atoms of sort Pred.

Up to symmetry of #, and up to AC' U B/, a-equality, normalized and
axiom-consistent disequalities in A D{Y + 7} between terms of sort Set or less,
and not (2', A’)-formulas, must be such that at least one of the terms has sort
no lower than NeSet and must have one of the following forms: (i) v + &, with
u of sort NeSet or less, which is a valid disequality in CS(Q,m[g(Q,,A,),XHs] [2ronr
and therefore can be ignored; or (ii) Uy, Ty, F Uy, Wy, where, by convention, p,,,
n = 0, abbreviates the term p,, = p1, ..., Pn, which vanishes (is not there at all)
for n = 0, wg, k = 0, represents the “maximally shared part” between the two
sides, and: (1) all individual terms in @y, Uy, Wy, have all sort s or less and are all
AC U B(gr, an-different from each other (i.e., Uy, U, and W, represent mutually
disjoint sets in normalized form), (2) n + m > 1, and if if k& = 0 we must have
n+m = 3. Wen k = 0 we replace the formula by the conjunction of normalized
and axiom-consistent (2, A’)-disequalities /\l ; Vi ¥ wj; and when k > 0 by the
conjunctions of normalized and axiom-consistent ({2', A’)-disequalities /\Z Vi F
wi A Njgw F vi AN\ jw F wy (two of the conjuncts will be missing if
n+m=1).

Up to AC U B, ary-equality, normalized and axiom-consistent disequalities
of sort Pred in A\ D'{Y ~ g} and not ({2, A’)-formulas must be of one of the
following forms: (i) ux € & =+ tt, k = 1, where the @; have sort s or less, which is
a wvalid disequality in CS(Q’H)[Q(QI‘A,),X,_,S]|Q/UA/7 and therefore can be ignored;
or (ii) @, S Ty F tt, n,m > 1, such that (37) /\1sj<m Ui FACUB o an Vi
since otherwise the negation would give us (Vi) \/1<j<m Ui =ACUB g ay Ujs
violating the irreducibility assumption. Therefore, we can replace this disequal-
ity by the conjunction of normalized and axiom-consistent ({2, A’)-disequalities

/\KKmui :f:'l)j. O

This theorem gives us decidable QF satisfiability, and therefore decidable QF
validity, in the initial model of any instance satisfying the requirements in the
theorem. For example, for S[Z;,, X — Int] sets of offset integers, the formula
(again, a generic one valid also for all instantiations meeting the requirements
in the theorem), (z € y,S = tt A © £+ y) = x € S = tt, where x,y have sort
Int, and S sort NeSet, is valid in Cs(z, , x> m¢- This is so because, desugared,
it is just (z,y,5 = y,S A x £ y) = z,5 = 5, and its negation, z,y,S =
y,S AnxF+y Az, S+ S issuch that the equation z,y, S = y, S has three variant
unifiers: {S — x, 5}, {x — y}, and {S — =z}, yielding the three conjunctions of
disequalities: x £+ y Az, 2,5 £ 5,5, andy FyAry,S+S,andx Fyrz,z+uz.
The second is AC-inconsistent, and so are the other two when normalized.

Ezample 21. (Hereditarily Finite (HF) Sets). HF sets are a model of set theory
without the axiom of infinity. All effective constructions of finitary mathematics
—including in particular all effective arithmetic constructions— can be repre-
sented within it (see [27],Ch. I). I specify below a data type of HF sets with set
union U and a set inclusion predicate € (the predicates < and € are obtained as
definitional extensions). As is well-known, all HF sets can be built “ex nihilo”



38 J. Meseguer

out of the empty set ¢§. However, it is very convenient to also allow “urele-
ments,” like a, b, ¢,7,2/9,4/2, 7, and so on, as set elements. This can be achieved
by making HF sets parametric on a parameter sort X for such “urelements.”
That is, HF sets are an FVP parametererized data type H[X] protecting an
FVP constructor subtheory H (g ;)[X] which has the following signature {2 of
constructors: there are five sorts: X, Flt, Set, Magma, and Pred, and subsort
inclusions X Set < Elt < Magma, where Magma represents multisets of sets
and has an AC multiset union constructor _, _ : Magma Magma — Magma.
There is also the empty set constructor constant ¢§ :— Set, and a construc-
tor {_} : Magma — Set that builds a set out of a magma. The signature IT of
constructor predicates has the usual constructor constant ¢t :— Pred, plus the
constructor set inclusion predicate - < _: Set Set — Pred. Using M, M’ as vari-
ables of sort Magma and U,V as variables of sort Set, the rules R i) rewriting
constructor terms and constructor predicates are: (i) the“magma idempotency”
rules, M\,M — M and M, M,M' — M, M’; and (ii) the rules defining the <
predicate, & € U — #t, {M} < {M} — tt, and {M} < {M,M'} — tt.

This constructor decomposition H g, 7)[X] is extended in a sufficiently com-
plete and protecting way by the specification of the union operator _ v _ :
Set Set — Set as a function defined by means of the following rules: Uu & — U,
JoU — U,and {M} v {M'} - {M,M'}. The variant complexity of this de-
composition of HF sets is 17.

The predicates € and = need not be explicitly defined, since they can be
expressed by the definitional equivalences x € V = tt <« {z} uV =V, with «
ofsort Elt, andUcV =it «(UcV=ttAUFYV).

The expected parameterized preservation of OS-compactness for HF sets can
be stated as follows:

Theorem 13. For H[X] the above parameterized HF set module, protecting the
constructor decomposition Ho m[X], G = (X" v II', B, R') an infinity-closed
FVP decomposition of a finitary OS-FO equational theory (X', II'),I""), where
G protects a constructor decomposition G any = (2" U A", By ary, Riar,ar))
of an equational OS-FO-compact theory ((£2',A"),I"), and s a sort of G in ',
if: (i) H[X] and G are both p-terminating for a modular termination property p
or H|G, X — s] is terminating, (ii) B’ and B’ v AC have finitary unification
algorithms and (iii) B, Ary0 AC-equality is decidable, then Ho |G (o, A, X —
s] is the decomposition of an OS-compact theory and therefore satisfiability of
QF formulas in the initial model of the instantiation H[G, X — s] is decidable.

Proof. First of all note that the finite sorts of H o 1y[G(0r A1), X — s] are ex-
actly those of G, A). Note also that H o m)[G(or,a7), X = s] protects its pa-
rameter, so that we have CH(QYH)[Q(Q,YA,)’XHS]|(Q/7A,) = Cg(Q,TA/). We have to
prove that any axiom-consistent and normalized conjunction of (2 u 2,1 U
A')-disequalities A D whose variables have all infinite sorts is satisfiable in
O’H(QVH)[E(Q’,A’NX'_’S] .

Let Y be all the variables of sort Magma, Elt, or Set in A D, and let 7
be a corresponding set of fresh variables of sort Set. Assuming that lower case
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letters correspond to upper case ones, let A\ D{Y — {¥}} denote the substitution
instance of A\ D where Y — {y}. Note that all the sorts of the variables in
A D{Y — {7}} are infinite. I claim that A D{Y + {7}} is also normalized and
axiom-consistent. This follows immediately from the following lemma, whose
somewhat lengthy proof is exiled to Appendix C.

Lemma 1. For the equational version t + t' of any normalized and aviom-
consistent negated (2 v ', [T U A')-FO-atom, its substitution instance t{Y
{g}} + '{Y — {y}} is also normalized and axiom-consistent.

By the above lemma we will be done if we show that any normalized and
axiom-consistent conjunction of (2 U ', 1T U A’)-disequalities A D’ that, like
A D{Y — {7}}, has no variables of sorts Elt or Magma, and where any occur-
rence of a variable y of sort Set must appear within a singleton set subterm {y},
and where all variables have infinite sorts, is satisfiable in CH(Q,H)[Q(Q,A/>,XHS]~
We can do so by induction on pu(/A\ D') = maz({|u] + |v| | (u +v) e D" A (u ¢
TQ’UA’(X) N ¢ T.Q/UA/(X))})'

For u(A\ D’) = 2, the only normalized and axiom-consistent disequalities
possible are, up to symmetry and AC U B(g, an-equality, either: (i) those in
G, any, or (ii) z + J with z a variable or constant of sort s or less, which is
a valid disequality in Cq, (G ary, Xs]- Since case (ii) are valid disequali-
ties, and disequalities of case (i) yield a conjunction of disequalities with vari-
ables of infinite sorts satisfiable in Cg( A% by compactness, and therefore in
CH(.Q,H)[Q(Q’,A’)vX'_’S]’ the base case is proved.

To prove the induction step, assume that the result holds for such normalized
and axiom-consistent conjunctions of disequalities whose measure p yields any
value less or equal to n, and let u(/\ D') = n + 1. We will be done if we can
build another conjunction of disequalities A\ D" satisfying the same requirements
as A\ D' and such that u(A D"”) < n. We do so disequation by disequation.
Disequations between terms of sort Magma or less not in G, A1y must, ignoring
symmetry and up to AC U B(g an-equality, be of one of the following forms:
(i) & + up,...,up, (n = 1), with the u; of sort either Set, or s or less, and
if n =1 with uy of sort s or less; (ii) & + {u1,...,un}, (n = 1), with the u;
of sort either Set, or s or less; (iii) u1,...,un + {v1,...,0m}, n = 2, with the
u; and v; of sort either Set, or s or less; (iv) w # {v1i,..., vy}, with the u of
sort s or less, and the v; of sort either Set, or s or less; (v) u + vi,...,Un,
(m = 2) with the u of sort s or less, and the v; of sort either Set, or s or less;
(vi) {ur,...,un} #* {v1,..., v}, with the u; and v; of sort either Set, or s or
less; and (vii) wq,...,Up & V1,...,Um, n,m > 2, with with the u; and v; of sort
either Set, or s or less.

Case (i) with n = 1 is a valid disequality and can be ignored; and for n > 1
can, by normalization, be replaced by the conjunction A\, L Wi + wuy. Cases
(ii) and (iv) are valid disequalities in C3,, (G s 4, Xs] and therefore can be
ignored in A D’. This leaves us with cases (iii) and (v)—(vii). In case (iii), by
normalization, we must have u; HFACuB(Q/,A/) u} when i % ¢/, and we can replace
the disequality by the conjunction /\;.; u; # u. In case (v), by normalization,
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we must have v #AcuB(Q,‘A” U; for 7 + j’, and we can replace that disequality
by the conjunction /\ ;. ; v; # v;. In cases (vi)—(vii), by normalization, we must
have u; #ACUB(Q’,A/) u; when ¢ # ¢/, and v; FACUB o a1, v§ when j # j'. And
in both cases, if n 4 m, we can replace (vi)—(vii) by the conjunction /\i#i, u; +
u, AN g Vi F v}. If n = m, in both cases normalization and axiom-consistency
force the existence of a u, such that u, #ACuB(Q,,A/) v;, 1 <17 < n, and we can
replace (vi)—(vii) by the conjunction A, uq F v;.

This leaves us with predicate disequalities u € v & tt, which can be of one
of the following forms: (i) {ux} € & # tt, k > 1, with the u; terms of sort Set
or s or less, which is a valid disequality in CH(Q,m[g(Q,,A/),XHs] and therefore
can be ignored in A D’, and (ii) (up to AC U B(gp, an-equality), {Uy,T,} S
{tg, Wy} + tt, with k = 0, n > 1, and if kK = 0 then m > 1, where all individual
terms in U, Up, Wy, are mutually AC'U B an-different terms of sort Set or s or
less. Therefore, we can replace this disequality by the conjunction, A, <i<k V1 F
u; A /\1<]<m v1 # w;, where one of the two conjuncts may possibly be absent.

In this way we obtain our desired axiom-consistent and normalized conjunc-
tion A\ D" of (2 U 2/, II u A’)-disequalities whose variables have infinite sorts,
that is satisfiable in CH(n,n) (G, arys X+s] by the induction hypothesis, and whose

satisfiability implies that of A D’. In particular this proves that A D{Y — {7}}
is satisfiable in Cy , ;1[G o/ a1y, Xios]s 8S desired. O

By the above theorem, validity of all QF inductive theorems in an instance
of the HF sets module satisfying the requirements in the theorem is decidable.
Therefore, we can decide, for example, that Cy g x..s satisfies theorems such
as: the extensionality axiom (U € V AV € U) = U =V, the pairing axiom,
x € {S S5} o (x e S v axel), the extensionality of ordered pairs lemma,
{z,{z,y}} = {&',{z",¢'}} = (x = 2’ A y = ¥), the finite union axiom, x €
(SuS)e(xeS v xel), the equivalence x € S = tt <« S = (S U {z}), the
associativity-commutativity and idempotency of U, and so on.

Let me do in detail the extensionality of ordered pairs lemma (which holds of
course for all instances) for the instance H[N,, X — Nat]. Proving this is equiv-
alent to checking the unsatisfiability in Cyar, x— nat) Of the two conjunctions:
o, (o, g} = {2 g2y} A @ + o', and o, {o,g}) = o (gl Ay + o
The equation {z,{z,y}} = {a',{2’,y'}} has the single, variant-based, unifier:
{x — ',y — ¢}, yielding the unsatisfiable formulas =’ + 2/, and y’ + ¢/, as
desired.

Remark 1. The standard HF sets without “urelements” can be seen as the in-
stance of H[X ] where X is instantiated to an empty sort in a single-sorted theory,
which, since sorts are always assumed non-empty, falls outside the conditions in
the above theorem. However, the above proof of compactness can be adapted to
the case of standard HF sets as follows. We first remove the parameter sort X
and the sort Elt and make the module unparameterized. All rules remain the
same, but the € predicate is now typed - € _: Set Set — Pred, so the variable x
of sort Elt should now have sort Set. All sorts are infinite. Given a reduced and
AC-consistent conjunction of disequalities A D, to prove that it is satisfiable in
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the initial model, if Y are its variables, of sort either Magma or Set, and all
syntactically different, we generate fresh new variables 3 of sort Set correspond-
ing to the Y, and instantiate A D by the substitution {Y — {7}}. We then
define p as before and prove satisfiability of conjunctions like A\ D{Y — {7}} by
induction on u.

8 Descent Maps and QF-Decidable Cores

Sections 5—7 have given two general methods —one through the Descent Theo-
rems and Corollary 2, and another through parameterization— to substantially
enlarge the class of OS-FO equational theories for which satisfiability of QF for-
mulas in their initial model is decidable. This section proposes a third method
that will further enlarge such a class and that includes the first two methods
as special cases. When applying the methods and the generic satisfiability algo-
rithms developed so far we may run into both theoretical and practical barriers:

1. At the theoretical level, an FVP theory decomposition R = (X' u II, B, R) of
an OS-FO equational theory ((X,IT),I") may protect a constructor decom-
position R ) that is not OS-compact, so the methods developed so far
cannot be applied (see the positively defined Presburger arithmetic below).

2. At the practical level we may run into serious performance barriers when
applying the generic satisfiability checking algorithm to a given FVP decom-
position R, particularly when R has a relatively high variant complexity on
top of a unification algorithm with high computational complexity.

What can be done? Both problems can be addressed —thus enlarging both
the theoretical and practical reach of variant-based satisfiability— by means
of what I call descent maps. The idea generalizes that of the algorithm “un-
packing” Corollary 2, where we mapped a DNF formula ¢ = \/; AGi A A D;
in the OS-FO theory decomposed by R into an equi-satisfiable (§2, A)-formula
@ = Vigi A\ D}a, —where a ranges over the constructor unifiers of A Gj,
and j over the axiom-consistent ({2, A)-variants of /\ D;a— for the constructor
decomposition R (g, ay. The generalization is twofold: (i) instead of a constructor
decomposition we allow any decomposition D which is conservatively extended
by R (recall Definition 4), and (ii) instead of the mapping ¢ — ¢° we allow
any user-definable mapping ¢ — ¢°® such that ¢ is satisfiable in C'g iff ¢° is
satisfiable in C'p. Here is the precise definition:

Definition 8. A descent map is a triple (R, e, D) where R and D are decom-
positions of equational OS-FO theories, and R conservatively extends D, and
where o is a total'® computable function, ¢ — ¢*, mapping each QF-FO for-
mula @ in the theory decomposed by R into a corresponding QF-FO formula ©°®

19 This requirement can be relaxed by defining a descent map as a triple
((R,I),e, (D, I'")), with I" and I"" sets of QF formulas in their respective theories, I"
the domain of e, and I'* < I"". This may be useful because sometimes mappings as-
sume prior mappings putting formulas in a particular shape. Another generalization
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in the theory decomposed by D and such that Cr =3 ¢ < Cp =3 ¢°*, where
3 ¢ denotes the existential closure of p.

We say that (R, e, D), and R, have D as a QF-decidable core, or just a core,
if satisfiability in Cp of any QF-FO formula in the theory decomposed by D is
decidable. If, in addition, D is OS-compact, then we call D an OS-compact core.

The importance of R having a core is that this automatically makes the
satisfiability of QF formulas in C'r decidable. An important feature of descent
maps is their compositionality. That is, if (R,e,D) and (D,¢, Q) are descent
maps, then (R,eo, Q) (note the diagrammatic order of function composition)
is also a descent map. This is so because conservative extension inclusions and
computable maps compose, and because of the equivalences:

CR|=3Q0<:> CD'ZHQO' <:>CQ'=390.0

This can be very useful, because: (i) we do not need to reach a core by means of
a single map: we may do so after several steps of composition; and (ii) we can
reuse specific descent maps by composing them in various ways with other such
maps. An enlightened way to think about descent maps and understand their
compositional structure is to realize that they form a category, whose objects
are decompositions?® and whose arrows are the computable functions e, o, and
so on. From now on I will write a descent map (R, e, D) as a morphism R > D.
This categorical structure has useful consequences: for D to be a core of R = D
it is enough to have a descent map D - G with G a core of D; and then both G
and D are cores of R, but G, being smaller, may be a better core than D.

I will illustrate the usefulness of descent maps with two running examples,
where Presburger arithmetic on the naturals, resp. the integers, is defined in a
positive way. That is, the predicates > and > are defined as functions of sort
Pred by giving equations characterizing only the cases when ¢t > t' = ¢ (resp.
t = t' = tt) holds in the initial algebra. The negative cases when these predicates
fail to hold do not have to be defined explicitly, because they are exactly the
cases when t > t' + tt (resp. t = t' #+ t). There are three reasons why these
positive presentations of Presburger arithmetic seem worth discussing;:

1. They are simpler and have lower variant complexity than their counterparts
with Boolean-valued predicates in Section 6.2, which makes them better
candidates for an implementation.

2. They do not have compact constructor decompositions, so that the methods
developed so far do not apply to them. Therefore, proving that they can be
used for checking satisfiability of Presburger arithmetic QF-formulas both
requires and illustrates the methods of this section.

is allowing quantified formulas in I" and I”. In this way, descent maps associated
with quantifier elimination procedures can also be included in the framework. For
further generalizations, see the remarks at the end of this section.

20 More properly, pairs (R, ((2,IT),I")), with R a decomposition of ((X2,IT),I")), but
I will avoid notational purism and leave ((X, IT), ")) implicit.
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3. They illustrate a much more general dilemma between predicates, the fi-
nite variant property, and OS-compactness. The dilemma is that, on the
one hand, it is often much easier to get an FVP specification if predicates
are defined only in the positive (true) case. Think, for example, about the
membership and containment predicates for sets or HF sets, which were only
defined in the positive case for exactly this reason. On the other hand, unless
a predicate p is always true, it is a constructor that will never be free unless
always false, so that the standard methods we have currently available to
show OS-compactness do not apply. Note that: (i) several proofs of decidable
satisfiability for parameterized data types in Section 7 had to grapple with
the problem of such positively-defined predicates to show we could reach an
OS-compact constructor decomposition; and (ii) as pointed out in (2) above,
such OS-compact constructor decomposition may not exist in general, yet
decidable satisfiability may still be achieved by other means.

These examples will also show that, what I call descent map extensions, pro-
vide a seamless combination algorithm for deciding satisfiability in initial models
of combined theories when these positive definitions of natural and integer Pres-
burger arithmetic are combined within larger FVP specifications extending the
Presburger arithmetic ones, under fairly mild assumptions about such larger
specifications. By “seamless” I mean that no combination infrastructure a la
Nelson-Oppen (NO) [79,82] is needed. Instead, a NO combination builds —and
has to work at non-trivial computational cost through the “seams” of— the
infrastructure needed to put the various theories together.

Ezample 22. (Positive Definition of Natural Presburger Arithmetic). An FVP
decomposition Ny - > having the natural numbers with +, > and > as its
initial model is obtained by a very simple extension of the FVP decomposition
N, in Footnote 7: we just add a sort Pred and constructor predicates _ > _
Nat Nat — Pred defined by the rules p+n > n — ¢t and n+m > n — tt, where
p is a variable of sort NzNat and n, m variables of sort Nat. This yields an FVP
decomposition with variant complexity 4.

Note that AV ~ > is made up entirely of constructors, so Ny - > is its own
constructor decomposition. However, N, - s is not OS-compact, since the nega-
tion of the trichotomy law n > m v m > n v n = m is the AC-consistent but
unsatisfiable conjunction of disequalities n > m + tt Am > n % tt An £ m.
However, I show in what follows that N - > has N as its OS-compact core. In
fact, I show this, and more, in a compositional way: given an FVP R extending
N ~ >, I show that R itself also has a core, under mild assumptions on R.

Before getting on with the details I need to explain the notion of a descent
map extension, which will be key to articulate more precisely the seamless way
in which Presburger arithmetic is combined with a decision procedure for the
rest of a larger FVP specification R. Here is the definition:

Definition 9. An extension of a descent map Ro — Dy is another descent map
R > D such that: (i) R 2 Ro and D 2 Dy are protecting extensions, and (ii) the
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function e on the QF formulas of the theory decomposed by Rq is a restriction
of the function e on the QF formulas of the theory decomposed by R.

I show in what follows that descent map extensions play an important role in
making satisfiability decision procedures usable in much broader contexts than
their original ones, and can do so in a seamless way. Note that having an exten-
sion means that the descent map is extended to a richer language of formulas.
Since many descent maps can be defined by (metalevel) rewrite rules which auto-
matically apply to terms in a richer signature, the definition of extended descent
maps will be straightforward in all examples I will present. However, the deli-
cate part that still needs to be checked in each case is that the extended map so
defined meets the requirements of a descent map.

I will first define a descent map NV, ~ > lit2ato A7 bringing N - > into the
compact core N. This map is itself the composition of two simpler ones lit2at
and &g. Then I will show how it has an extension to any larger FVP context
R extending Ny - >, under mild assumptions on R. I will then illustrate the

usefulness of this combination result with examples.

Let me first explain the descent map Ny~ > "5 A, - -. Its purpose is

to eliminate all negated atoms of sort Pred, i.e., negated atoms of the form
u > v tt, resp. u = v #F tt. The descent map lit2at (literal to atom) assumes
formulas ¢ in DNF and uses the theorem n > m < —(m > n) of natural
Presburger arithmetic discussed in Example 11 to replace each literal of the form
u > v = tt (resp. u = v * tt) in ¢ by the atom v > u = #t (resp. v > u = tt). The
second descent map N, - > % N -~ > transforms each conjunction A\ G A A D

in a DNF formula ¢ into the disjunction V¢ mir, (A ) /\ Do, where E are the
equations in the theory decomposed by N} - >, so dy preserves satisfiability.

The reason why we can type the composed map as NV} = > et o N, is
the following. Each conjunction A G A A D of equations G and disequations D
in natural Presburger arithmetic decomposes, taking account of sorts in dise-
qualities, as /\ G A A\ Dyat A /\ Dpreq- But lit2at will transform A\ Dp,eq into a
conjunction of equalities /\ G’. And then dy will transform A\ GA A G'A A Dyat
into the disjunction \/ae Unif 5 (A GANG) /\ Dnatcr, which is a formula in NV .

This automatically provides a simple decision procedure for the positive def-
inition of natural Presburger arithmetic. Let me illustrate how this works by
proving the transitivity law (n > m = tt Am > n' = tt) = n > n' = tt of
Presburger arithmetic. Its negation is the conjunction n > m = tt Am >n' =
tt An > n' £ tt, which is mapped by lit2at to the conjunction n > m = tt Am >
n' = tt An' = n = ¢t, which is mapped by dy to the empty disjunction (false),
because n > m = tt Am >n' = tt An’ > n = tt has no variant unifiers.

Let me now show how the above descent-based decision procedure for the
positive definition of natural Presburger arithmetic can be seamlessly combined
with a decision procedure for the rest of any reasonable FVP decomposition R
extending MV} - >. By a “reasonable extension” I mean something quite specific:
the notion of a proper extension, which I first define and then justify.
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Definition 10. Let Rg € R be an inclusion of decompositions Ry = (Xy u
Iy, By, Rx, v Rpg,) and R = (X 0 II,B,Rx U Ry) of OS-FO theories, so
that Ry, (resp. Ryx,) are the rules defining function symbols in X (resp. Xy),
and Ry (resp. Rp,) are the rules defining predicates in II (resp. IIy). Call
Ro € R a proper extension iff: (i) Ry, € Ry is a protecting extension, where
Rs, = (X0, Bo, Rx,) and Ry = (X, B, Ryx), (i.e., all predicates are removed);
and (i1) the signature ITy = IT — Iy consists exclusively of new predicate symbols
outside Iy (i.e., no subsort overloading exists between predicates in IIy and in
I1,), and the rules in Ry — Ry, only define predicates in II; and make no use
of symbols in Iy, abbreviated hereafter as Ry = R, w R, .

Intuitively, Ry € R proper means that we extend R by possibly adding new
data and functions, but protecting the previous ones, and by possibly adding
totally new predicates IT;, that are defined independently of the predicates I1j.
This is, I believe, a quite “reasonable” notion of extension frequently used in
practice. Proper extensions enjoy several good properties:

Lemma 2. Let Ry € R be a proper extension. Then:

1. For any first-order formula @ in the theory decomposed by Rg we have

2. If Qo € Ry is a proper extension with Qy = (XU Ay, By, Rx, u Ra,) (i-e.,
Qo has the same data and functions as R, and predicates in a predicate
subsignature Ag € Iy) then Qo € Q and Q € R are also proper extensions,
where Q@ = (Yo u Ag v IT1, By, Ry, v Ra, U Ryp,). Furthermore, if R is
FVP, sois Q.

Proof. (1) follows easily from Ry, € Ry being a protecting extension and the
fact that R;y = Ry, w Ry, This means that ground equalities and ground Ilp-
atoms are evaluated in the exact same way in C'r and Cr, and, furthermore,
that the sets of assignments in Cgr and Cg, for the variables fvars(@) coincide.

To prove (2) we first of all need to check that Q is indeed a decomposition.
Since Q has possibly fewer rules than R, termination is trivial. For X-terms
the rewrite relations in @ and R coincide, and, by Rg € R and Qy S Ry
being proper extensions, we have R;r = (Ra, U Rr,) w Riz—(a,0m,), S0 that the
rewrite relations of @ and R agree on (Ag v II;)-predicate terms. This ensures
confluence as well. Since the rewrite relations agree on all common terms, if R
is FVP, so is Q. The easy check that 9y € Q and Q < R are proper extensions
is left to the reader. O

Theorem 14. (Combination Theorem for Positively Defined Natural Presburger
Arithmetic). Let Ni ~ > < R be a proper extension with R FVP. Let then
Ny € Q © R be the proper extensions associated by (2) in Lemma 2 to the

proper extensions Ny € Ny » > € R, which ensures Q is also FVP. Then, then

lit2at § . lit2at
descent map Ny = > —5° Ny has an extension to a descent map R =" Q.

Therefore, if Q has a core, R also has a core, so that satisfiability of QF formulas
in the initial algebra of C'r becomes decidable.
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Proof. The descent map R lit2at%o 9 s define exactly as Ny~ > tit2at 3o N,

That is, as a composition of R lit2at » with 8o, where, as before, R Wt2at

replaces literals of the form u > v % ¢t (resp. u = v % t¢) in a DNF formula @
of the OS-FO theory decomposed by R by atoms v > u = t¢ (resp. v > u = {t).
Therefore, since lit2at dg removes all occurrences of literals for the predicates
> and > in @, and Q is obtained from R precisely by removing > and >, the

lit2at

typing R it2at o Q makes sense. Furthermore, the equivalence Cg =3 & =

Co = 3 @it?at% follows from (1) in Lemma 2 applied to the proper extension

Q < R. Therefore, all we are left to do is to prove that R 24t R is indeed a

descent map, i.e., need to show the equivalence Cr =3 § < Cxr E 3 hit?el,

But this follows from the fact that, by Lemma 2 applied to the proper extension

Ny~ > SR, wehave Cr | (x >y < —(y > x)), ensuring that R PR s a

descent map. O

One could politely ask: where is the so-called “seamlessness” of the combi-
nation algorithm or, for that matter, the algorithm itself to be found? Well, it is
all there, we just need to “unpack” Theorem 14 a little. The theorem’s formu-
lation is very general. Since all we know is that Q has a core, we do not have a
fized algorithm for deciding the satisfiability of @¥*24t% since further formula
descent maps transforming $“*2%*% may have to be applied. What we have is
a composition of a fized first step R tit2at o Q with a wvariable second step. So
let me also fix the second step by focusing on a very common scenario of use:
suppose that Q has a OS-compact constructor decomposition Qg 4). Then the
satisfiability checking algorithm is given by the composed descent map

it2at O
le—t’OQLQ(Q,A)

But the second step, §, in this composed descent map just encapsulates the
generic algorithm reducing an FVP theory to its OS-compact constructor de-
composition described after Corollary 2. That is, checking the satisfiability of
@lt2atdo g just the last check explained after Corollary 2. So the seamlessness
of the combination boils down to the fact that the simple first descent map

R lH2atdo Q takes care of all Presburger arithmetic matters uniformly, for any
extended context R, and the second step is just business as usual: no abstrac-
tion of variables, and no Nelson-Oppen-like comings and goings across variables
shared between NV - > and the rest of R are needed at all.

All this can be further illustrated by reinterpreting all of Section 7 in terms
of extensions of descent maps. Specifically, Theorems 9-13 can all be sum-
marized by saying that, under suitable assumptions on a chosen sort s in an
FVP decomposition G with an OS-compact constructor decomposition G a1y,
and for R[X] any of the parameterized data types mentioned in those theo-

rems, the descent map G o, G(ar,ary has an OS-compact-core-preserving ex-

tension to the descent map R[G, X — 3] o, Rio,0)92,a1,X — s]. But
if in Theorem 14 we specialize its generic proper extension R 2 Ny - > to
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R[N: ~ >, X — Nat] 2 N, - >, then Q specializes to R[N, X — Nat| pro-
tecting Ay . Therefore, the seamless combination algorithm of natural Presburger
arithmetic for all the above parameterized dat types is just encapsulated in the
composed descent map:

R[Nt =5, X — Nat] "225° R[N, X — Nat] < R(g.0) [Ny, X — Nat].

Note, finally, that since the conditions in Theorems 9-13 still apply to any such

R[N+, X — Nat] -2 R0,2) N4, X — Nat] when interpreted as the instance
data type G = R[Ny, X — Nat], the process can be iterated and applied to
nested parameterized data types like sets of lists of naturals, HF sets of compact
lists of multisets of naturals, and so on.

Consider, for example, the data type H[L[N} - >, X — Nat], X — List] of
HF sets, whose urelements are lists of (positively defined) Presburger natural
numbers. To check the satisfiability of the formula

head(l) > head(l') = tt A head(l) > 1+ 1+ 1+ tt A {(1+ 1);nil} = {I,I'} + tt
with 1,1’ of sort NeList, we first apply the lit2at descent map to get
head(l) > head(I') = tt A 14+ 1+ 1> head(l) = tt A {(1+ 1);nil} < {I,I'} F t¢

The system of equations head(l) > head(I') = tt A 1+1+1 = head(l) = ¢t has
six variant unifiers. § just applies them to the conjunction’s disequality. One of
the unifiers is {{ — (1 + 1+ 1);11,I' — (1 + 1);12}, with I3, 13 of sort List, which
instantiates the disequality as: {(1 + 1);nil} < {(1 4+ 1+ 1);11, (1 + 1);12} + ¢,
which is a normalized and ACU-consistent constructor disequality. Thus, the
original formula is satisfiable.

Let me now specify Presburger arithmetic on the integers in a positive way
as an F'VP theory.

Ezample 23. (Positive Definition of Integer Presburger Arithmetic). The FVP
theory Z4 - > of integer Presburger arithmetic protects Z, by adding a sort
Pred and two predicates - > _, _ > _: Int Int — Pred to its constructor signature
andrulesp+n >n — tt,n > —(q) — tt, —(p) > —(p+q) — tt, for >, and rules
n+m=n—tt,n=—(q) —tt, —(p) = —(p) — tt, —=(p) = —(p + q) — tt for
>, were p, q have sort NzNat and n, m have sort Nat. This theory is FVP with
variant complexity 21.

The same negated trichotomy law showing that the constructor decomposi-
tion of M} ~ s is not OS-compact proves the same result for Z; -, even when
n and m remain of sort Nat, although here one would prefer to type n and m
with sort Int.

Since the equivalence i = j < —(j > i) discussed in Example 15 is a theo-
rem of integer Presburger arithmetic, the same reasons proving the correctness
of the descent map N; -~ > tit2at o N, prove also the correctness of an entirely

similar descent map Z, - > tit2at o Z, . Also, the Combination Theorem 14 for
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positively defined natural Presburger arithmetic extends naturally to the Com-
bination Theorem below for positively defined integer Presburger arithmetic.
It is stated without proof because the proof arguments are, mutatis mutandis,
exactly those already given in Theorem 14.

Theorem 15. (Combination Theorem for Positively Defined Integer Presburger
Arithmetic). Let Zy -~ > < R be a proper extension with R FVP. Let then
Z, € Q € R be the proper extensions associated by (2) in Lemma 2 to the

proper extensions 2, S Z, ~ > S R, which ensures Q 1is also FVP. Then, then

lit2at § ) lit2at §
descent map Z4 - > Y220 Z, has an extension to a descent map R "0 Q.

Therefore, if Q has a core, R also has a core, so that satisfiability of QF formulas
in the initial algebra of Cr becomes decidable.

At the beginning of this section I mentioned two problems motivating the
need for, and usefulness of, descent maps: (1) R can have a constructor decom-
position that is not OS-compact; and (2) even if R is FVP and does have an
OS-compact constructor decomposition, we can run into performance barriers —
for example when computing constructor unifiers or constructor variants— due
to R’s relatively high variant complexity. As the examples of natural and integer
Presburger arithmetic make clear, a single descent map can both solve problem
(1) and make substantial progress towards solving problem (2): the descent map

Niss tit2at o N both brings positively defined Presburger natural arithmetic
to an OS-compact core, and reduces variant complexity from 4 to 0. Likewise,
the descent map Z, - > fit2at o Z. both brings integer Presburger arithmetic
to the Z, core and reduces variant complexity from 21 to 12.

Many more performance improvements using descent maps are at hand. For

example, using formula transformations similar to those sketched out in [21],

Appendix D defines a descent map Z, ~— N, reducing Z.’s relatively high
variant complexity from 12 to 0. However, because of the sort inclusion NzNat <
Nat, in N, we still have to perform order-sorted ACU-unification, which adds
extra computational cost to unsorted ACU-unification. To avoid that extra cost,
we can use a second descent map Ny ——> N to the unsorted theory N* of
Example 8, where —assuming that each variable name in a formula ¢ has a
unique sort— u(yp) is the instantiation of ¢ that leaves all variables of sort Nat
unchanged and replaces each variable x of sort NzNat in ¢ by the term = + 1,
where x now has sort Nat.

Other performance-improving descent maps keep the theory unchanged and
act only at the formula level. Notice, for example, that any group, or any free
monoid (commutative or not), satisfies the cancellation equivalence: x +y =
T + 2z < y = z. This means, for example, that in M[X], Z,, and even N,
we can use cancellation rewrite rules of the form: M, M’ = M,M" — M' =
M" and v +y = x+2 — y = z, where, M, M', M" have sort MSet, but
—to avoid non-termination issues due to the ACU axioms— in Z; z must
have sort either NzNat or NzNeg, and in A, x should have sort NzNat. This

can be used to define descent maps M[X] cancy! M[X], 24 cancel z, . and
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N, cancel N, that repeatedly apply the above rewrite rules to formulas to
yield obviously equi-satisfiable but potentially much simpler formulas, which
may require considerably less costly variant computations.

Similar cancellation equivalences, z;l = y;l < z =y and x;l = x;1' < | =

', hold for the parameterized list module L[ X ]. They can be used as rewrite rules
cancel
—

)l =yl > z=yand z;l = ;' — [ =1, to define a descent map L[X]
L[X], that will likewise simplify list formulas and improve the efficiency of their
variant-based computations.

The moral of this section is that we should think of the category of descent
maps as a flexible, compositional semantic framework for satisfiability, where
formula transformations (including quantifier elimination: see Footnote 19) and
descent to simpler theories can be combined to both design new satisfiability
algorithms and to improve the efficiency of existing ones, like those of the form

R -2 R(2,4), which are automatically provided by the framework when R (g, )
is an OS-compact constructor decomposition of an FVP R. This has two useful
consequences: (i) the compositional structure of descent maps can be used to
give modular, more easily understandable, and often reusable proofs for the cor-
rectness of satisfiability algorithms; and (ii) performance problems can be dealt
with by means of descent maps and, although part and parcel of prototyping
a new satisfiability algorithm, they could be greatly reduced in the algorithm’s
optimized form.

Of course, nothing forces the optimized form of a satisfiability algorithm to
be variant-based: it could be so, but need not be so: the notion of descent map is
very general and is independent from the notion of FVP decomposition, so that it
can be used to modularize and prove the correctness of satisfiability algorithms in
general. This extra generality applies not just to equational OS-FO theories, but
also to general theories and more general relations between theories and between
formulas. Indeed, one should broaden the notion of descent map to allow general

descent maps of the form T (Hy) T’, where T and T’ are arbitrary theories,?!
H : T’ — T is a theory interpretation, instead of just a theory inclusion 7" < T,
and e is generalized from being a function to being a relation between formulas
that ensures equi-satisfiability across the classes of models of such theories.??

2L 7 and T’ can be first-order theories or, more generally —as it is commonly done in
recent approaches to satisfiability— pairs ((X, I),C) a la Ganzinger [49], where C is
a class of (X, IT)-models. Indeed, one should think of satisfiability in initial models
of equational OS-FO theories ((X, IT), I") as satisfiability for “theories” of the form:
((X,I),[Ts,m,r]=~), where [T, ,r|~ denotes the equivalence class (class also in the
set theoretic sense) of all models isomorphic to T's, 7, r.

22 That is, e implies that ¢ is satisfiable in Mod(T) iff ¢ is satisfiable in Mod(T").
Examples of more general descent maps of this kind are provided by the reductions of
the theory of order-sorted uninterpreted function symbols (resp. order-sorted func-
tion symbols modulo AC') to that of unsorted uninterpreted function symbols (resp.
unsorted function symbols modulo AC) proved in [74]. This is achieved by descent

-1
maps (X%, F) (o) (X, ) (resp. (X%, AC") (X,AC)), where X is an
order-sorted signature, X" is the unsorted theory obtained from X by identifying all

(wu™ 1)
—
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9 Related Work

The original paper proposing the concepts of variant and FVP is [32]. These ideas
have been further advanced in [43,25,19,24]. In particular, I have used the ideas
on folding variant narrowing and variant-based unification from [43], and have
provided a different, detailed description of variant-based unifiers in Theorem
4 needed to better clarify the notion of constructor unifier in Section 4. To the
best of my knowledge the notions of constructor variant and constructor unifier
and the results on satisfiability in FVP initial algebras are new.

There is a vast literature on satisfiability in data types, including parame-
terized ones such as, e.g., [80,89,12,21,66,35,34]. In relation to that large body
of work, what the results in this paper provide is both the characterization of a
wide class of data types for which satisfiability is decidable, and a new generic
algorithm to check satisfiability for data types in such a class. In particular,
there are interesting parallels between the work on unification and satisfiabil-
ity for lists, compact lists, sets, and HF sets in [35,34] and that in Section 7.
Again, an important difference is that in [35,34] specific, inference-rule-based,
unification and satisfiability algorithms are developed for each such data type,
whereas in Section 7 both unification and satisfiability are obtainable as part of
theory-generic, variant-based unification and satisfiability procedures. A detailed
comparison between the two approaches should be a topic for further research.

There are also various results about decidability of QF or sometimes general
first-order formulas in some initial unsorted, many-sorted, and order-sorted al-
gebras modulo some equations, e.g., [69,29,30,9,31,77], that can be very useful,
because, as shown in Section 6, they can be used in the reduction from satisfia-
bility in an FVP initial algebra T'x/p to satisfiability in T/ p,, by ensuring that
satisfiability in T, g,, is decidable. For example, as already mentioned, Theorem
8 generalizes to the OS and ACCU case a similar result in [30] for the unsorted
and AC' case for theories of constructors modulo axioms.

A line of work that is quite close in aims to the present one is the so-called
rewriting-based approach to satisfiability [67,6,65,68,18,4,37]. Since the present
work is also “rewriting-based” in an obvious sense, but quite different from the
work just cited, to help the reader appreciate the differences I would rather

the sorts as a single universe sort U, which can be expressed as a surjective map of
signatures u : X — X, and at the formula level ¢ — ¢" is the map that leaves all
symbols unchanged except for changing the sort s of each variable to the universe
sort U. u~! is then the inverse relation associated to the formula map u; it ensures
equi-satisfiability across the classes of order-sorted and unsorted models of the cor-
responding theories. The word “descent” should here be taken with large amounts of
salt: technically we “descend” from (X%, ) to (X, &); but pragmatically we really
descend from (reduce the problem from) the more complicated (X, ) to the simpler
(X", ), were standard congruence closure (resp. congruence closure modulo AC')
can be used to solve the corresponding satisfiability problems. The point is that,
unlike signature inclusions X € X', u : ¥ — X is not injective, and is actually sur-
jective. Thus, the theory interpretation u, instead of moving us into a richer world
as theory inclusions do, achieves a drastic reduction to a simpler, unsorted world.
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call that work superposition-based satisfiability. That, is, the relevant first-order
theory is axiomatized, and then it is proved that a superposition theorem prov-
ing inference system terminates for that theory together with any given set of
ground clauses representing a satisfiability problem. Common features between
the superposition-based and variant-based (both rewriting based!) approaches
involve good modularity properties (see [4]), and no need for an explicit NO
combination between procedures developed in either approach (although both
approaches can of course be combined with other satisfiability procedures in
the classical NO way?3). The aims in both approaches are quite similar, but
the methods are very different. I view both approaches as complementary and
think that exploring potential synergies between them can further increase the
extensibility of SMT solving.

Another approach to making SMT solving more extensible is presented in
[36]. The goal is to allow a user to define a new theory with decidable QF
satisfiability by axiomatizing it according to some requirements, and then making
an SMT solver extensible by such a user-defined theory. This is done as follows:

1. A new theory T”, extending a given background theory T already supported
by the SMT solver, is axiomatized by the user in a first-order logic enhanced
with the notion of using a literal [ as a trigger (or dually as a witness) in a
formula ¢, denoted [I]e (resp. {\p).

2. If the user proves that 7" is complete and terminating in the precise sense
of [36], he/she automatically obtains a QF satisfiability procedure for 7".

3. The DPLL(T) procedure is extended to support theories axiomatized by
formulas with triggers. Thus, the satisfiability of a complete and terminating
user-defined theory T” can be decided. This extension of DPLL(T) has been
implemented in the Alt-Ergo SMT solver [17], and a non-trivial case study
on the decidable satisfiability of a theory of doubly-linked lists axiomatized
with triggers using this implementation is presented in [36].

The approach in [36] is very different, yet complementary, to the one presented
here. Ways of using both approaches together are worth investigating.

I have recently become aware of a technical report by Kapur and Zarba
[64] on their so-called reduction approach to decision procedures that is closely
related to the work in Section 8. Roughly speaking, the descent maps of Section 8
essentially correspond to the reduction functions of [64]. The two approaches can
be brought closer together if the more general notion of descent function/relation
sketched out in Footnotes 21-22 is considered, since then both approaches use
theories ((X,II),C) & la Ganzinger [49]. Although the methods in [64] and in
Section 8 are quite similar, the specific results in each work are different: in
[64] they show how the theories of lists, arrays, sets and bags can be reduced
to those of Presburger arithmetic, constructors, and equality, and how disjoint
reduction functions can be combined. Instead, in Section 8 the results focus
around the notions of descent map extension and of proper theory extension,

23 For combining variant-based decision procedures with other decision procedures, the
order-sorted NO combination method in [90] will be particulary useful.
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and use them to seamlessly combine natural and integer Presburger arithmetic
with proper extensions. Furthermore, a variety of descent maps for arithmetic
and other FVP theories are developed. A detailed exploration of how the ideas
in [64] and in Section 8 can be combined and generalized using category theory
seems very much worthwhile.

Last, but not least, there is also an important connection between the present
work and a body of work in inductive theorem proving aimed at characterizing
classes of algebraic specifications and associated kinds of formulas for which
validity in an initial algebra can be decided automatically, e.g., [50,51,44,3]. The
obvious relation to that work is that decidable validity and decidable satisfiability
in an initial algebra are two sides of the same coin, so this paper might as
well have been entitled “variant-based validity in initial algebras.” What this
work contributes to inductive theorem proving are new methods and results,
complementing those in [50,51,44,3], for bringing large classes of initial algebras
within the fold of decidable validity. In particular, to the best of my knowledge,
the methods for getting decidable inductive validity in initial algebras in Sections
5-6, and for getting decidable inductive validity in parameterized data types
presented in Section 7 seem to be new.

10 Conclusions and Future Work

This work has made three main contributions:

1. To Unification Theory: The new notion of constructor unifier can make
the use of the generic variant-based unification algorithm considerably more
efficient by generating fewer unifiers than up to now. This can have a substan-
tial impact in reducing the search space of variant-unification-based model
checking methods such as those used in, e.g., [41,11].

2. To Extensible Satisfiability Methods: The new theory-generic algorithm
for variant-based satisfiability presented in this paper brings an infinite class
of theories for which satisfiability in their initial algebras is decidable within
the fold of SMT solving, thus making SMT solving considerably more exten-
sible. Such theories are in fact user-definable, their required properties easy
to check (by existing methods and tools for checking confluence, termina-
tion, sufficient completeness, and FVP), and quite modular. Specifically, the
classes of theories to which these methods can be applied to make satisfia-
bility in their initial algebras decidable has been extended in four concentric
circles: (i) theories (2, ACCU), which are all OS-compact; (ii) FVP theo-
ries having a constructor decomposition of type (i); (iii) parameterized data
types (several examples have been given to illustrate the general method)
that transform input theories with an OS-compact core into corresponding
instantiations of the parameterized data type, also having an OS-compact
core, including input theories such as those in (ii), and nested instantiations
of different parameterized data types; and (iv) a still broader class of theories
that can be reduced to cases (i)—(iil) by means of descent maps.
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3. To Relating Satisfiability Across Theories: The notions of descent map,
descent map extension, and proper theory extension make it easy to : (i) re-
late satisfiability across different theories, reducing the satisfiability checking
problem in a more complex theory to that in simpler, already known one; (ii)
specify satisfiability algorithms in a modular way as compositions of several
simpler descent maps; and (iii) increasing the range and efficiency of satisfi-
ability algorithms by mapping their theories to corresponding core theories,
which may have considerably more efficient satisfiability algorithms.

Besides extensibility, two other key advantages of variant satisfiability can be
pointed out. The first one might be called its seamless compositionality, without
any need for the seams and expense of NO combinations: if the initial models
of T and T” have decidable variant-based QF satisfiability, that of their union
T uT’ does too, under mild composed termination requirements. This is already
a key advantage of variant-based unification, here extended to initial satisfiabil-
ity. Furthermore, Theorems 14-15 have illustrated as concrete examples a gen-
eral method by which descent map extensions can be used to provide seamless
combinations for FVP theories lacking OS-compact constructor decompositions.

A second key advantage can be made explicit dialectically. Suppose you are
type skeptical and at this point in the paper would like to ask: why did I have to
put up with all this order-sorted stuff? Couldn’t you just do all this in good old
(untyped) first-order logic using good old (untyped) rewriting? Isn’t all this some
kind of extravagant fixation with types? I would then answer you by pointing out
a few things: (i) the unsorted case is a special subcase, so a priori you didn’t lose
anything, since everything specializes to your case; (ii) the extra cost of carrying
types around is fairly modest: are you not just type skeptical but also generality
impaired? (iil) you can insist in your rejection of types, but you will have to live
with the consequences of type poverty, which in this case are quite substantial. A
key method to get decidable satisfiability has been to specify data types having
algebras of constructors that are free modulo ACCU. But this is just impossible
to get for many examples, not just in an untyped setting, but even in a simply
typed (many-sorted) one. Specifically, you would automatically lose Examples
10, 13-15 and 17, and would have a harder time getting decidable satisfiability
for many other examples. In short, besides the obvious greater expressiveness
and flexibility, a key advantage of an order-sorted setting is that it makes it
much easier to prove compactness of the constructor initial algebras.

Much work remains ahead. I have already pointed out that variant-based
satisfiability complements, and can be synergistic with, other methods, such as
superposition-based satisfiability, decidable theories defined by means of formu-
las with triggers, or the NO combination method. Indeed, NO combinations re-
main essential, since one obviously wants to combine generic procedures based on
variant-based, superpositon-based, or trigger-based algorithms, with efficiently
implemented ones for well-known theories and with each other. In this regard,
my focus in this work on satisfiability in initial algebras could be misunderstood
as exclusive, when actually it is not. The general picture emerging from such
NO combinations is that of combinations of theories which may have some “ini-
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tiality constraints” (more generally understood as freeness constraints, as in the
case of formulas valid in uninstantiated parameterized data types, which I have
mentioned en passant in various examples of parameterized data types) as well
as some other unconstrained theories with a “loose semantics,” in the sense of
Goguen and Burstall [52], such as the theory of uninterpreted function symbols.

This suggests the longer-term goal of developing an extensible framework and
tools for the definition, prototyping and combination of satisfiability procedures.
Within such a framework one would already have available a library of dedicated
and generic procedures that would make it quite easy for users to prototype a
first version of a new satisfiability procedure by combining existing procedures
with a newly specified one. There are of course tensions and tradeoffs between
the efficiency of a generic algorithm and that of an optimized, domain-specific
one; but the whole point of an extensible framework is precisely to make it easy
to migrate in a correct, tool-supported, and seamless way prototypes into efficient
algorithms. In this regard, descent maps can provide a useful migration method
that can be applied very broadly to both generic and dedicated algorithms, and
to quantified and unquantified formulas. Also, the computational cost of deciding
satisfiability is seldom that of a single procedure but is instead the overall cost.
Here interesting situations may arise. For example, we may have a combination
of five procedures obtained by theory-generic methods and two by dedicated
algorithms. Although the dedicated ones will typically be more efficient, since
the five generic ones may be combined as their union, NO will only have to
deal with the interactions between three procedures, as opposed to seven, thus
reducing the computational cost of the combination.

On a shorter time frame, the algorithms presented here, and suitable exten-
sions or optimizations of them, should be implemented; and new descent maps
should be developed. Work on new descent maps still remains in the future,
but a more detailed design of the variant satisfiability procedure and its key
auxiliary algorithms, including correctness proofs, as well as a first prototype in
Maude, have recently been developed [85,86]. Current work involves both exper-
imentation with, and improvements of, this prototype. As a more mature imple-
mentation is reached, it will become possible to carry out performance experi-
ments and to compare variant-based satisfiability with other existing methods
and tools such as those for superposition-based and trigger-based satisfiability
[67,6,65,68,18,4,37,36], constraint logic programming methods such as those in
[35,34] and others, and state of the art SMT solvers.

Last, but not least, besides experimental performance comparisons, com-
putational complexity bounds should be developed whenever possible. A spe-
cific complexity measure is of course impossible for theory-generic algorithm
such as variant-based narrowing, unification, and satisfiability, just as for other
theory-generic algorithms or semi-algorithms like superposition theorem prov-
ing, or trigger-based satisfiability algorithms, because in all these cases the com-
plexity depends on the input theory. However, complexity measures can some-
times be possible when the input theory T is fixed. For example, in superpo-
sition theorem proving, results along the lines of [15,67,6,4] do exactly this.
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For variant-based satisfiability this will be a highly non-trivial task, because —
besides the fact that complexity issues for variant-based computations have not
yet been investigated— all R, B-variant-based computations first of all invoke
order-sorted B-unification algorithms. But these B-unification algorithms are
themselves combinations of simpler ones for theories such as free symbols, C,
AC, ACU, U, and so on, so that their complexity depends not just on that of
the component algorithms, but also on that of the, quite involved, combination
infrastructure. To further complicate things, we cannot just use the complexity
of their unsorted unification versions: the added complexity of their sort com-
putations must be included, which itself depends on the given subsort hierarchy
(see [39] for a detailed complexity analysis of order-sorted unification when only
free function symbols are involved).
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A Proof of Proposition 1

Proof. First of all observe that —since for any order-sorted signature, under
very general assumptions on axioms B which are satisfied by those above for
ACCU— any order-sorted ACCU-unifier is a variable specialization of some un-
sorted ACCU-unifier, [58], and, by (S, <) locally finite, there is, up to variable
renaming, a finite number of specializations for each variable, we can, without
loss of generality, prove the result for the special case when (2 is unsorted. Fur-
thermore, since the theories AC, C, LU, RU, U, CU and ACU (and of course
free function symbols), have all finitary unification algorithms, we can decom-
pose the given ACCU axioms B into a disjoint union B = Lﬂf B¢, where By
denotes the axioms for symbol f, and applying unification combination meth-
ods such as those in [8], ensure a priori that the set of most complete unsorted
ACCU-unifiers Unif 4 ooy (u = v) for any equation v = v with any number of
variables if finite. And, by the above remarks, the same holds in the order-sorted
case. Therefore, the real issue to be shown is that when v = v is ACCU-non-
trivial and only one variable = appears in the disequation, the most general uni-
fiers in Unif 4 ooy (u = v) are all ground. However, I will prove both finiteness
and groundedness anyway, without appealing to the above-mentioned unification
combination methods.

We reason by induction on n = maz(|ul, |v|), with |¢| the size of ¢ as a tree.
To simplify life I make no distinction between uv = v and v = u. If n = 1, since
u = v is ACCU-non-trivial, we must have an equation of the form x = a, with
a a constant, which has {z +— a} as the only possible ACCU-unifier. Assuming
the result for 1 < n’ < n, let us prove it for n + 1 = maz(|ul, |v|), so that
n + 1 = 2. We reason by cases. First we consider the cases when the axioms
holding for f and g in either an equation z = f(uq,...,u,), or an equation
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flur, ... un = g(v1,...,0y) are in ACC = ACCU — U, that is, no U, or LU,
or RU axioms hold for either f or g. Then we consider the cases where some U,
or LU, or RU axiom holds for f, or g, or both:

1. 2 = f(u1,...,uy), and then: (i) if z occurs in f(uy,...,u,) there is no
ACCU-unifier, because the ACC axioms holding for f are size-preserving,
S0 any minimal-size solution for x in the ACCU-equivalence class would then

also have an even smaller size; and (ii) if f(u1,...,u,) is a ground term,
the only possible ACCU-unifier up to ACCU-equivalence (ACC-equivalence
classes are finite) is {z — f(u1,...,uy)}.

2. In f(u,...,un = g(v1,...,vy), with the axioms of f and g in ACC and
f £ g (or n £ m), since only such axioms can be applied at the top of
each term and they will never change the top function symbol, there is no
solution, so we can reduce to the case f(ui,...,ux) = f(v1,...,u). Let
us first deal with the case where f is a free function symbol. Then the
ACCU-unifiers of f(u1,...,ux) = f(v1,...,vx) are exactly those of u; =
V1 A ... A ug = vk, and since f(uq,...,ux) Faccv f(v1,...,0;), we must
have some u; +4ccu v;, where if both terms are gound, there is no ACCU-
unifier, and otherwise by the induction hypothesis u; +4ccu v; has a finite
number of ground ACC-unifiers, which must contain the ACCU-unifiers of
flug, ... ug) = f(v1,...,ux) as a subset.

3. If f is commutative, the equation is of the form f(uy,us) = f(v1,v2) and its
ACCU-unifiers are exactly those of (u1 = v1 A ug =v2) v (U1 = vy A ug =
v1). Thus, reasoning as in (2) above and applying the induction hypothesis
f(u1,us) = f(v1,v2) has a finite number of ground ACCU-unifiers.

4. If f = + is associative-commutative, we can represent u and v in flattened
form (as unparenthesized additions of two or more “alien subterms”) and
have two cases:

(a) v = w1 +...+u, and v = v1 + ... + vy, where none of the u;,v; is
the variable z, and their top function symbols are all different from +.
Then if k¥ + k' the equation has no ACCU-unifier, and otherwise the
ACCU-unifiers of u = v are exactly those of \/,cperm@) Ni<ick 4 =
Vo(i), Where Perm(k) denotes the set of permutations of k elements.
Again, since u £ 2¢0cu v, for each o we must have an index ¢ such that
Ui FAccU Vg(i)- If u; and v,y are ground terms, there is no ACCU-
unifier for /\; <i<k Wi = Vg(j); otherwise, the induction hypothesis applies
and the ACCU-unifiers of u; =4cc v, (;) are ground ACCU-unifiers; and
the ACCU-unifiers of /\Kisk u; = Vg (;) are a subset of them. Therefore,
all ACCU-unifiers of /\1<i<k u; = Vy(;) are ground, so that all ACCU-
unifiers of u = v are also ground.

(b) u=m-z4+u;+...4+ugand v =m’-x+v; +...+vp, where m+m’ = 1,
and m - x abbreviates x+ .. +z, for x a variable, none of the u;,v; is
the variable x, and their top function symbols are all different from +. If
m = m’ then, this equation is ACCU-unifiable iff u = v is so, but then,
(i) if w and v are ground terms, there is no ACCU-unifier; and otherwise
both equations have the same ACCU-unifiers, which are exactly those



62

J. Meseguer

of up +... +up = vy + ...+ v, which is case (a) already taken care
of. Otherwise, assume without loss of generality m > m’, and then the
ACCU-unifiers of u = v are exactly those of (m—m/)-z+uj+...+u, =
v1+...+vp. Butif (m—m/)-x+ui+. . .4ug = v1+...+vp hasan ACCU-
unifier, then there must be an I, [ > 1, such that (m —m') - 1)+ k = ¥/,
and such an ACCU-unifier must, up to ACC-equivalence, be of the form
z— (vj, +...+v;) with 1 <j; <...<j; <k and with vj, +...+vj,
ground. Since there is a finite number of such choices for the v;,,...,v;,
there is also a finite number of possible ground ACCU-unifiers for u = v.

x = f(uy,uz) with f ACCU and satisfying some LU, or RU or U axiom
with unit element e. Since the most general situations arise in the U case,
I leave the more special LU, or RU cases for the reader. Then: (i) if =
occurs in f(uy,uz) for = f(uy1,us) to be ACCU-unifiable we must have
either u; =s40ccu « and us =accv e, or the other way around, or u; =accv
us =ccvu ; and then, up to ACCU-equivalence, the only unifier is {x — e};
and (ii) if f(u1,...,u,) is a ground term, the only possible ACCU-unifier
up to ACCU-equivalence is {x — f(u1,...,u,)}
If the equation is of the form f(u1,us) = f(vi,ve) where f only satisfies
either the LU, or RU or U axioms, this equation will have the same ACCU-
unifiers as one where we have applied all the LU, RU, or U axioms for
any ¢ in X with unit e, (including f itself with unit e) as rewrite rules
(modulo ACCU) g(eg,x) — x, or g(z,eq) — x, or both and reducing to
normal form (call it the U-normal form of a term). Since these rules are
term-size-decreasing rules and ACC axioms are term-size-preserving, a U-
normal form will have the smallest size possible in its ACCU-equivalence
class. Therefore, we may assume without loss of generality that none of the
u1, U, V1,V is e or can be ACCU-equal to e, since otherwise an equation
between terms respectively ACCU-equivalent to f(uq,us) and f(vy,vs9) but
of smaller size exists and the induction hypothesis applies. But then this
reduces the problem to the free function symbol case (2) above.
If the equation is of the form f(uy,us) = f(v1,v2) where f is commutative,
the additional LU, RU, or U axiom cases generate the same equality relation
as the U case. By the same reasoning as in (6) we may assume without loss
of generality that f(u1,us) and f(vy,v9) are in U-normal form, so that none
of the uq,us,v1,v9 is e or can be e ACCU-equal to e. But then this reduces
the problem to the commutative-only case (3) above.

If f = + satifies the associative-commutative and identity element 0 axioms

we can again assume withou loss of generality that both sides are in U-

canonical form. We then have two cases:

(a) u=1wu +...+ug and v = vy + ... + vy, where none of the u;,v; is the
variable  or ACCU-equal to 0, and their top function symbols are all
different from +. But then the problem is reduced to the AC-only case
(4)-(a).

(b) u=m-z4+u;+...4upand v =m’-z+v; +...+ vy, where m+m’ > 1,
and none of the u;,v; is the variable x or ACCU-equal to 0, and their
top function symbols are all different from +. If m = m/ then, this
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equation is ACCU-unifiable iff u = v is so, but then, (i) if u and v are
ground terms, there is no ACCU-unifier; and otherwise both equations
have the same ACCU-unifiers, which are exactly those of w1 +...4+uy =
v1+ ...+ vy, which is case (8)-(a) already reduced to (4)-(a). Otherwise,
assume without loss of generality m > m/, and then the ACCU-unifiers
of u = v are exactly those of (m—m/)-z+uj+...4ur = v1+...4vg. Then
we can distinguish two cases: (i) if k = &/, the only ACCU-unifier possible
up to ACCU-equivalence exists only when all the u;,v; are ground and
U + ...+ up =accy V1 + ...+ vk, and is the unifier {z — 0}; and (ii)
if & + k’ the problem then reduces to the exact same AC-subcase in

(4)-(b).

This finishes the proof of the proposition. O

B Finite Sorts in Initial Algebras Modulo ACCU

Consider an order-sorted theory (§2, ACCU), and let the axioms ACCU decom-
pose as a disjoint union ACCU = BwU, where B are the C or AC axioms, and U
are the unit axioms. By the assumption that (2 is ACCU-preregular in the wider
sense of Footnote 5, the rules R(U) are sort-decreasing. Furthermore, the rewrite
theory (£2, B, R(U)) is convergent: it terminates because the rules R(U) are size-
decreasing and the axioms B are size-preserving, it is easy to check that it is
strictly B-coherent, and it is easy to check that it is locally confluent by analysis
of critical pairs. This means that we have an isomorphism 7o/ sccv = Crw)/B,
where Cr(yr)/p denotes the canonical term algebra of ({2, B, R(U)).

Therefore, deciding whether a sort s is finite in Ty 4ccr is equivalent to
deciding whether it is finite in Cr(;7),p. Now consider the following lemma:

Lemma 3. ¢ —R(U),B ' Zﬁt —R(U) t" with t' =B .

Proof. Since — p)S— r(v),B, We only need to prove the (=) implication. If in
a unit rule f(x,e) —> x or f(e,z) — x the B-axioms for f are C or none, the
result is trivial. Consider now the case where f is AC. Then, if t — gy, p t' using
one of these two unit rules (in fact, the first one suffices) means that there is a
position p in ¢ and a substitution o = {x — v} such that t|, =p f(z,e)o and t’ =
t[v]p. But we can always “flatten” the term t|, so that t|, =p f(u1,...,un,€
and v =g f(u1,...,un) (ug if n = 1), where the top symbol in each w; is
different from f. Furthermore, we can find a position p.q and terms u;,, 1 <
Jj < k, such that t|,, = f(w,e), or |, = fle,w), with w =g f(us,,...,u;),
and t|, =g fluy,...,u,,, f(w,e)) with {1,...,n} = {i1,..., ik} w {l1,...,ln},
where, by convention, f(u;) = u;, if k& = 1. But we can perform a rewrite
t =g t" at position p.q with either f(z,e) — x or f(e,x) — x, and since
tlp =B flu,...,w,,, f(w,e)), this means that t”|, = f(w,,...,w,,,w), and
therefore that ¢ =g t". O

m)

Consider now the convergent rewrite theory (£2,, R(U)), and let Cg(y)
denote its canonical term algebra. Then, since the above lemma implies that
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t'rw) =B t'r),B for each t, we obtain the identity Cry/ = Cr()/B. That
is, for each sort s we have Cry/B,s = Cr(v),s/B, where Cry /B denotes
the set of B-equivalence classes of Cr(r) . But note that, since the C' and AC-
axioms are symbol- and size-preserving, any B-equivalence class [t]p is a finite
set. Therefore, T accv s is finite iff Cr() p,s is finite iff Cryy s is finite. But
the finiteness of C'r(1/),, is decidable by tree automata techniques, see, e.g., [28],
because: (i) Tp s is tree automata definable, since order-sorted signatures are
tree automata in disguise, so that s is one of the states of the automaton; (ii)
Crw),s = Ta,s — Redry, where Redpy denotes the set of R(U)-reducible
terms, and (iii) the rules R(U) are left-linear, making Redr(y) tree automata
definable.

Let us now address the question of how, given a finite sort s in T'p,4ccv, we
can effectively compute representatives in the equivalence classes of T/ accouv,s-
This is the same as computing representatives in the B-equivalence classes of
CRr()/B,s- But this is easy if we can effectively generate the set Cry) q, since
then we can compare its elements for B-equality and choose non-B-equal rep-
resentatives. That we can effectively generate the set Cr(y) s follows from the
following observations:

1. CRr(v),s is tree automata definable, that is, by reasons (i)—(iii) above we can
effectively construct a tree automaton A having a state ¢ such that Cryy s
are the terms accepted by A with accepting state q.

2. The transitions R of the tree automaton A can be viewed as a ground term
rewriting system (X(Q), R), where X (Q) is the signature obtained by adding
to the unsorted function symbols of X' the states @ of A as fresh new con-
stants. That is, transitions f(q1,...,q1) — ¢ and epsilon transitions ¢ — ¢’
are viewed as X(Q)-rewrite rules.

3. Since emptiness of the set of terms recognized by a state ¢’ of A is decidable,
we can, reasoning as in [86], define a smaller tree automaton A° with states
Q° and rules R° where empty states have been removed and Cr(y) s is again
accepted by state q.

4. Consider now the graph containing all terms reachable from ¢ by rewriting
with the inverse rules (R°)~!. That is, each rule f(q1,...,q1) — ¢, resp.
q — ¢, is now oriented as ¢ — f(q1,...,¢1), resp. ¢ — ¢. Note that this
graph contains all t € Cry)s, since t € Cry),s iff s —!(goy-1t. Further-
more, this graph must be finite, since otherwise it would contain terms of
unbounded size. But since all the states of Q° appearing in such terms rec-
ognize nonempty sets of terms, then, replacing each state ¢’ in such a term
by a term recognized by ¢’ (which can always be done by further rewriting),
we would reach the absurd conclusion that Cgr(y s is infinite. Therefore,
the terms of Cr(y),s can be generated by inspection of this finite graph, as
desired.

Note, finally, that a more efficient way of generating the representatives of
To/accu,s is to use the —(goy-1 g rewrite relation and look for terminating
nodes in the graph reachable from ¢, since then B-equality can be built-in,
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so that two graph nodes can be identified iff they are B-equal, leading to a
potentially much smaller search graph.

C Proof of Lemma 1

Proof. First of all, note that on all such atoms whose left and right sides have
both least sorts different from Elt, Set, Magma, or Pred, the substitution is the
identity function. Since Set < Elt < Magma, we need only consider atoms with
disequalities between terms of sort Magma (or less, but with some side having
least sort no lower than Set), or between terms of sort Pred. To prove the
property for all such ¢ % ¢’ we reason by strong induction on n = maz(|t|, |t']),
where |t| denotes the size of ¢ as a tree.

For the sort Magma the base case n = 1 must, up to symmetry and dis-
regarding disequalities where both sides have sort s or less, be of one the the
following forms: (i) X 4 ¢, with X either a constant or variable of sort s or
less, or a variable of sort Elt, Set or Magma, or (ii) X + Y, with X either a
constant or variable of sort s or less, or a variable of sort Elt, Set or Magma,
and Y a variable of sort Elt, Set or Magma, and with X and Y different. In all
such cases the substitution yields a normalized and axiom-consistent disequality
as claimed. For negative atoms between terms of sort Pred the base case n =1
is empty and the property holds trivially.

The proof of the n + 1 induction step must consider both the Magma and
Pred cases. Up to AC' U B an-equality, axiom-consistent and normalized dis-
equalities between terms of sort Magma must have the flattened form:

Ylmﬁk/a Y/nv U/n/ :+: Yka Ug, Y”ma ’Z,L”m/

where Y, Uy represents the “maximally shared part” between both sides, and
where: (i) the Yy, Y7, and Y”,, are variables of sort Set, Elt or Magma, (ii)
the s, v,y and w”,, are normalized terms of sort Set, or s less, which are
not variables of sort Set, (iii) all terms in Yy, ug, Yy, u'ns are mutually AC' U
B, an-different, and the same holds for all terms in Yy, U, Y, t" s, (iv)

all terms in Y7, v/, Y, 0", are mutually AC U B, an-different, and (v)
E+k z20andn+n"+m+m' =21,and if k+ %k =0, then n+n’ > 1 and
m+m' =1

Note that if k¥ + k' > 0, the induction hypothesis applies to Yy, Ty +
Y., u" v and to each of the above-mentioned normalized and axiom-consistent
disequalities between individual terms, so the property easily follows. Therefore,
we reduce to the case k+ k' = 0. Then, if n+n’+m+m’ > 3, the induction hy-
pothesis applies to each of the above-mentioned normalized and axiom-consistent
disequalities between individual terms, so the property easily follows.

This leaves us with the case n+n’ = 1 and m+m’ = 1 where, since the base
case is already taken care of, we must have n’ +m’ > 1. Up to symmetry this can
be broken into several cases: (i) @& + u with u a term of sort s or less, which is
left unchanged by the substitution, (i) & £ {u}, (iil) & + {u1,...,un}, n = 2,
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with u; AC U B(gr an-different from w; if i 4 j, (iv) X 4 u, with X a variable
of sort Elt, Set or Magma and u of sort s or less, (v) X % {u}, with X a variable
of sort Elt, Set or Magma, (vi) X + {uy,...,u,}, n = 2, with X a variable of
sort Elt, Set or Magma and u; AC' U B an-different from w; if i £ 7, or (vi)
{ur,...,un} F {v1,..., v} with n +m > 2, u; AC U B(g an-different from w;
if i + 4, v; AC U B a-different from vy if j £ j', and if n = m some u,
AC U B an-different from all the v;. The proof of cases (i) and (iv) is trivial;
that of cases (iii) and (vi) follows easily from the induction hypothesis applied
to the disequalities between the relevant subterms; that of case (ii) follows from
the observation that if u = ¢ the substitution leaves everything unchanged, and
otherwise the induction hypothesis applies to & # u, ensuring that u{Y — {y}}
is normalized and axiom-consistent. For (iv), a similar case distinction between
X = w or X different from wu applies to prove the property by ensuring that
u{Y + {g}} is normalized and axiom-consistent.

Normalized and axiom-consistent negated atoms of sort Pred must be of
one of the following forms: (i) X € & + ¢, with X a variable of sort Set, so
that its substitution instance {z} € ¢J = {t is obviously normalized and axiom-
consistent; (ii) {u} € & + tt, with the u a term of sort Magma or less, possibly a
variable; then, if u = (J we are done; otherwise the induction hypothesis applies
to the disequality u + (J, so that u{Y + {7}} is normalized and we are again
done; (iil) {ux} < & + tt, k > 2, with the u; terms of sort Magma or less,
including variables of such sorts, where, since all the u; are normalized, they
must be AC'U B/ ar-different; but then the induction hypothesis applies to
the disequalities u; + u;, ¢ % j, so that all their substitution instances are again
normalized and AC' U B ar)-different, which makes {u:}{Y — {7}} = & nor-
malized, as needed for the result to hold; and (iv) (up to AC'U B, an-equality),
{Ug,On} S {Tk, W} + tt, with k >0, n > 1, and if k = 0 then m > 1, where all
individual terms in Uy, Uy, Wy, are mutually AC U B/ an-different. That is, uy
is the “maximally shared part” between both sets, which may be empty. Case
(iv) breaks into the case where k,n, m > 1, represented by the above “generic”
situation, and the two degenerate subcases: (k=0) {v,} S {wn} * tt, n,m > 1,
and (m=0) {ux,v,} < {ur} F tt. In all three subcases, the induction hypothe-
sis applied to the mutual disequalities between the individual subterms in (the
remaining part of) g, U,,, W,, make their substitution instances normalized and
mutually AC' U B, ar)-different. This makes ({Tk, Un} S {Uk, Wn }){Y — {7}}
normalized and axiom-consistent. O

D Descending from Z, to N,

Can we drop Z,’s variant complexity from 12 to 07 We could do so if we show
that there is a descent map to AVy. The ideas are well-known (for a sketch see,
e.g., [21]). However, the more expressive order-sorted language offers opportuni-
ties for making the formula transformations actually simpler, since variables of
sort Nat or NzNat can be left untouched. Given the drastic reduction in vari-
ant complexity, the somewhat sketchy presentation in [21], and the fact that I
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also include other formula transformations further simplifying the final result, it
seems worth giving here a detailed description for the reader’s benefit.

To reach NV we need to define two descent maps Z, —» Z, —> Z,, where
v will replace all variables of sorts Int or NzNeg by corresponding expressions
involving variables of sort NzNat only; and where ‘—’ will replace each term of the
form —(u) on one side of an equation or disequation by the term u on the other
side. Both descent maps will perform a few additional simplifications to further
reduce the size of each resulting conjunction. Since ¢¥ ~ will be in the language

of Ny, the combined descent map has also the tighter typing 2, — Z, — N
and will allows us to reach the desired OS-compact core N, .

The descent map Z, — Z, will first put a QF formula in DNF, normalize it
by the rules of Z, modulo ACU, and remove any ACU-inconsistent conjunction.
It will also further simplify each equation or disequation in each conjunct by
the cancellation rules v+ y =z +2 -y =z, 2+y Fx+2 >y £ 2,
¥+y=2"+2—->y=zand a2 +y + 2 +2z — y + 2, where y,z have sort
Int, x sort NzNat, and x’ sort NzNeg. It will then replace everywhere within a
conjunction each variable y of sort Int by the expression z + —(2'), with z,2’
fresh variables of sort NzNat. Using a variable C' for a conjunction of literals, a
variable D for a disjunction of such conjunctions, and assuming that v is ACU
with identity element L, this can be achieved using the meta-level rewrite rule,
D v Cly] » Dv (C{y — z+ —(2')}), where z,2’ are fresh, the sorts are as
stated above, and C[y] abbreviates the occurrence of the variable y somewhere
in C'. Such a rule will be applied repeatedly until no variables of sort Int remain
in conjunctions. It will likewise replace everywhere within a conjunction each
variable x of sort NzNeg by the expression —(z'), with 2’ a fresh variable of
sort NzNat. This can be achieved using the meta-level rewrite rule, D v C[z] —
D v (C{x — —(2')}), where 2’ is fresh and the sorts are as stated above. Again,
such a rule will be applied repeatedly until no variables of sort NzNeg remain
in conjunctions. This is indeed a descent map because: (i) any abelian group,
and in particular Cz, , satisfies the equivalence: z +y = z + 2z & y = z; (ii)
in Cz, the conjunctions C[y] and C{y — z 4+ —(2’)} (with the assumed sorts
for y, z, 2z’ and freshness of z, z’) are equi-satisfiable (the satisfiability implication
(<) follows from C{y — z + —(2’)} being a substitution instance, and the (=)
implication from Cz, = (Vy)(3z,2') y = z + —(2'), with the assumed sorts for
y,2,2'); and (iii) C[z] and C{z — —(z')} are likewise equisatisfiable (with the
assumed sorts for z, 2’ and freshness of ') by the same reasoning and the fact
that Cz, = (Vr)(32') v = —(2), with the assumed sorts for z, 2.

The descent map Z, — Z, will likewise put a QF formula in DNF, normalize
it by the rules of Z; modulo ACU, remove any ACU-inconsistent conjunction,
and further simplify each equation or disequation by means of the cancellation
rules. It will then eliminate all subterms of the form —(u) in either side of any
equation or disequation by repeatedly applying the rewrite rules: —(z) + y =
zoy=zxz+z —(@)+tyF+z-oyFfart+z,y=—(r)+z—>c+y =z
and y £ —(2) + z > . + y + z, where x has sort NzNat and y, z sort Int. Tt
will finally further simplify each conjunction by applying the cancellation rules.
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This is also a descent map, because Cz, = —(z) +y = 2 < y = z + z, and
Cz, Ey=—(z)+2z < z+y =z, again, with the assumed sorts for z,y, z.

It is easy to show that ¢V~ is in the language of Ay, so that, since Z,
protects NV, we have Cz, | ¢~ iff Cjr, = ¢V ~. Therefore, we have a descent

map Z, — Z, —> N, making A, an OS-compact core for Z,.



