Chapter 10

Many-Sorted
First-Order Logic

10.1 Introduction

There are situtations in which it is desirable to express properties of structures
of different types (or sorts). For instance, this is the case if one is interested in
axiomatizing data strutures found in computer science (integers, reals, char-
acters, stacks, queues, lists, etc). By adding to the formalism of first-order
logic the notion of type (also called sort), one obtains a flexible and convenient
logic called many-sorted first-order logic, which enjoys the same properties as
first-order logic.

In this chapter, we shall define and give the basic properties of many-
sorted first-order logic. It turns out that the semantics of first-order logic can
be given conveniently using the notion of a many-sorted algebra defined in
Section 2.5, given in the appendix. Hence, the reader is advised to review the
appendix before reading this chapter.

At the end of this chapter, we give an algorithm for deciding whether a
quantifier-free formula is valid, using the method of congruence closure due
to Kozen (Kozen, 1976, 1977).

Due to the lack of space, we can only give a brief presentation of many-

sorted first-order logic, and most proofs are left as exercises. Fortunately, they
are all simple variations of proofs given in the first-order case.
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10.2 Syntax

First, we define alphabets for many-sorted first-order languages.

10.2.1 Many-Sorted First-Order Languages

In contrast to standard first-order languages, in many-sorted first-order lan-
guages, the arguments of function and predicate symbols may have different
types (or sorts), and constant and function symbols also have some type (or
sort). Technically, this means that a many-sorted alphabet is a many-sorted
ranked alphabet as defined in Subsection 2.5.1.

Definition 10.2.1 The alphabet of a many-sorted first-order language con-
sists of the following sets of symbols:

A countable set S U {bool} of sorts (or types) containing the special sort
bool, and such that S is nonempty and does not contain bool.

Logical connectives: A (and), V (or), D (implication), = (equivalence),
all of rank (bool.bool, bool), = (not) of rank (bool, bool), L (of rank (e, bool));

Quantifiers: For every sort s € S, V, (for all), 3, (there exists), each of
rank (bool, bool);

For every sort s in S, the equality symbol =4, of rank (ss, bool).

Variables: For every sort s € S, a countably infinite set Vg = {x0, 21,
Za,...}, each variable x; being of rank (e, s). The family of sets V is denoted
by V.

Auwziliary symbols: “(” and ).
An (S U {bool})-ranked alphabet L of nonlogical symbols consisting of:

(i) Function symbols: A (countable, possibly empty) set FS of symbols
fo, f1,--, and a rank function v : FS — ST x S, assigning a pair r(f) = (u, s)
called rank to every function symbol f. The string u is called the arity of f,
and the symbol s the sort (or type) of f.

(ii) Constants: For every sort s € S, a (countable, possibly empty) set
CS; of symbols cg, ¢1,..., each of rank (e, s). The family of sets CSy is denoted
by CS.

(iii) Predicate symbols: A (countable, possibly empty) set PS of symbols
Py, P,..., and a rank function v : PS — S* x {bool}, assigning a pair r(P) =
(u, bool) called rank to each predicate symbol P. The string u is called the
arity of P. If u =e, P is a propositional letter.

It is assumed that the sets V,, FS, CS;, and PS are disjoint for all
s € §. We will refer to a many-sorted first-order language with set of nonlog-
ical symbols L as the language L. Many-sorted first-order languages obtained
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by omitting the equality symbol are referred to as many-sorted first-order
languages without equality.

Observe that a standard (one sorted) first-order language corresponds
to the special case of a many-sorted first-order language for which the set .S
of sorts contains a single element.

We now give inductive definitions for the sets of many-sorted terms and
formulae.

Definition 10.2.2 Given a many-sorted first-order language L, let T" be the
union of the sets V, CS, FS, PS, and {1}, and let T'y be the subset of I'"
consisting of all strings whose leftmost symbol is of sort s € S U {bool}.

For every function symbol f of rank (u;...u,,s), let C; be the function
Cy: Ty, x..xIy, — I's such that, for all strings ¢1,...,t,, with each ¢; of
sort u;,

Cr(try o tn) = ftiotn.

For every predicate symbol P of arity uj...u,, let Cp be the function
Cp : Ty, X ... xT'y, — TDboor such that, for all strings ¢4, ...,t,, each t; of sort
Uj,

Cp(ty,...ity) = Pty..ty.

Also, let C% be the function C% : (I'y)? — Theor (of rank (ss, bool)) such
that, for all strings t1,t5 of sort s,

O (t1,t2) = = tita.

Finally, the functions C, Cy, C5, C=, C- are defined as in definition
3.2.2, with Cx, Cy, C, C= of rank (bool.bool, bool), C-, of rank (bool, bool),
and the functions A, E? : Thoot — oot (0of rank (bool, bool)) are defined such
that, for any string A in T'peer,

A$(A) =Vsa; A, and EF(A) = .2, A.

The (S U {bool})-indexed family (I's)se(sufpoor}) is made into a many-
sorted algebra also denoted by I" as follows:

Each carrier of sort s € (S U {bool}) is the set of strings I',;

FEach constant ¢ of sort s in CS is interpreted as the string c;

Each predicate symbol P of rank (e, bool) in PS (propositional symbol)
is interpreted as the string P;

The constant | is interpreted as the string 1.
The operations are the functions Cy¢, Cp, Ca, Cy, C5, C=, C-, C1, A7
and E7.

From Subsection 2.5.5, we know that there is a least subalgebra T'(L, V')
containing the (S U {bool})-indexed family of sets V (with the component of
sort bool being empty).
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The set of terms TERM; of L-terms of sort s (for short, terms of sort
s) is the carrier of sort s of T(L, V), and the set FORMj, of L-formulae (for
short, formulae) is the carrier of sort bool of T(L, V).

A less formal way of stating definition 10.2.2 is the following. Terms and
atomic formulae are defined as follows:

(i) Every constant and every variable of sort s is a term of sort s.

(ii) If ¢y, ..., t, are terms, each t; of sort u;, and f is a function symbol
of rank (ul...un, s), then ft;...t, is a term of sort s.

(iii) Every propositional letter is an atomic formula, and so is L.

(iv) If ¢4, ..., t, are terms, each t; of sort u;, and P is a predicate symbol
of arity uy...un,, then Pty...t,, is an atomic formula; If ¢; and ¢ are terms of
sort s, then =, t1t5 is an atomic formula;

Formulae are defined as follows:
(i) Every atomic formula is a formula.

(ii) For any two formulae A and B, (AAB), (AV B), (A D B), (A= B)
and —A are also formulae.

(iii) For any variable x; of sort s and any formula A, Vsz;A and J32; A

are also formulae.

EXAMPLE 10.2.1

Let L be following many-sorted first-order language for stacks, where
S = {stack,integer}, CSinteger = {0}, CSstack = {A}, FS = {Suce,
+, x, push, pop, top}, and PS = {<}.

The rank functions are given by:

Succ) = (integer, integer);

r(+) = r(x) = (integer.integer, integer);

r(push) = (stack.integer, stack);

<

r(
(+
(pu
(pop) = (stack, stack);
r(top) = (stack,integer);

r(<) = (integer.integer, bool).
Then, the following are terms:
Suce 0

top push A Succ 0

EXAMPLE 10.2.2

Using the first-order language of example 10.2.1, the following are for-
mulae:
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< 0 Succ 0

Vintegerxvstacky istack pop pUSh yxzy.

10.2.2 Free Generation of Terms and Formulae

As in Subsections 5.2.2 and 5.2.3, it is possible to show that terms and for-
mulae are freely generated. This is left as an exercise for the reader.

Theorem 10.2.1 The many-sorted algebra T'(L, V) is freely generated by
the family V. O

As a consequence, the family TERMiy, of many-sorted terms is freely
generated by the set of constants and variables as atoms and the functions
Cy, and the set of L-formulae is freely generated by the atomic formulae as
atoms and the functions Cx (X a logical connective), A? and E7.

Remarks:

(1) Instead of defining terms and atomic formulae in prefix notation, one
can define them as follows (using parentheses):

The second clause of definition 10.2.2 is changed to: For every function
symbol f of rank (uj...u,, s) and any terms tq, ..., t,, with each ¢; of sort w,,
f(t1, ..., tn) is a term of sort s. Also, atomic formulae are defined as follows:

For every predicate symbol P of arity ui...u,, for any terms t1,...,t,,
with each ¢; of sort u;, P(t1,...,t,) is an atomic formula; For any terms t;
and to of sort s, (t1 =; t2) is an atomic formula.

We will also use the notation Vx : sA and dx : sA, instead of Vsx A and
d,xA.

One can still show that the terms and formulae are freely generated.
In the sequel, we shall use either notation. For simplicity, we shall also fre-
quently use = instead of =, and omit parentheses whenever possible, using
the conventions adopted in Chapter 5.

(2) The many-sorted algebra T'(L, V) is free on the set of variables V
(as defined in Section 2.5), and is isomorphic to the tree algebra T, (V) (in
T.(V), the term A$(A) is used instead of Vz; : sA, and Ef(A) instead of
Jz; : sA).

10.2.3 Free and Bound Variables, Substitutions

The definitions of free and bound variables, substitution, and term free for a
variable in a formula given in Chapter 5 extend immediately to the many-
sorted case. The only difference is that in a substitution s[t/xz] or A[t/x] of a
term ¢ for a variable x, the sort of the term ¢ must be equal to the sort of the
variable x.
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PROBLEMS

10.2.1. Prove theorem 10.2.1.

10.2.2. Examine carefully how the definitions of Section 5.2 generalize to the
many-sorted case (free and bound variables, substitutions, etc.).

10.2.3. Give a context-free grammar describing many-sorted terms and many-
sorted formulae, as in problem 5.2.8.

10.2.4. Generalize the results of problems 5.2.3 to 5.2.7 to the many-sorted
case.

10.3 Semantics of Many-Sorted First-Order Languages

First, we need to define many-sorted first-order structures.

10.3.1 Many-Sorted First-Order Structures

Given a many-sorted first-order language L, the semantics of formulae is de-
fined as in Section 5.3, but using the concept of a many-sorted algebra rather
than the concept of a (one-sorted) structure.

Recall from definition 10.2.1 that the nonlogical part L of a many-sorted
first-order language is an (S U {bool})-sorted ranked alphabet.

Definition 10.3.1 Given a many-sorted first-order language L, a many-
sorted L-structure M, (for short, a structure) is a many-sorted L-algebra as
defined in Section 2.5.2; such that the carrier of sort bool is the set BOOL =
{T,F}.

Recall that the carrier of sort s is nonempty and is denoted by Mj.
Every function symbol f of rank (uj...u,,s) is interpreted as a function fug :
MY — Mg, with M* = M" x ... x M"", u = uj...u,, each constant c of sort
s is interpreted as an element ¢y in M, and each predicate P of arity uy...u,
is interpreted as a function Py : M* — BOOL.

10.3.2 Semantics of Formulae

We now wish to define the semantics of formulae by generalizing the definition
given in Section 5.3.

Definition 10.3.2 Given a first-order many-sorted language L and an L-
structure M, an assignment of sort s is any function vy : V4, — M, from the
set of variables V4 to the domain M. The family of all such functions is de-
noted as [Vy — M;]. An assignment v is any S-indexed family of assignments
of sort s. The set of all assignments is denoted by [V — M].
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As in Chapter 5, the meaning of a formula is defined recursively using
theorem 2.5.1. In order to apply theorem 2.5.1, it is necessary to define a
many-sorted algebra M. For this, the next two definitions are needed.

Definition 10.3.3 For all i > 0, for every sort s, the functions (A7) and
(E?)pm (of rank (bool,bool)) from [[V — M| — BOOL] to [[V — M] —
BOOL] are defined as follows: For every function f in [[V — M] — BOOL],
(A$)m(f) is the function such that: For every assignment v in [V — M],

AHm(f)lw)=F iff  f(v[z;:=a]) =F for some a € Ms;

The function (E?) aq(f) is the function such that: For every assignment
vin [V — M|,

(ES)m(HH(v)y=T it  f(v[z; :=a]) =T for some a € M.

2

Note that (AZ)m(f)(v) = T iff the function g, : My — BOOL such
that g,(a) = f(v]x; := a]) for all a € My, is the constant function whose value
is T, and that (Ef)m(f)(v) = F iff the function g, : My — BOOL defined
above is the constant function whose value is F.

Definition 10.3.4 Given any L-structure M, the many-sorted algebra M
is defined as follows. For each sort s € S, the carrier M is the set [V —
M) — M), and the carrier Moy is the set [V — M] — BOOL]. The
functions Aaq, Vag, D and =pq of rank (bool.bool, bool) from Mpeer X Mool
t0 Mpoor, and the function —pq of rank (bool, bool) from Mpeer t0 Moo are
defined as follows: For every two functions f, g in M., for every assignment
vin [V — M|,

Am(f,9)(v) = Ha(f(v), g(v));
V(S 9)(v) = Hy(f(v),9(v));
om (f,9)(v) = H5(f(v),9(v));
=m (f,9)(v) = H=(f(v),9(v));
“m(f)(v) = H-(f(v))

For every function symbol f of rank (u, s), every predicate symbol P of
rank (u,bool), and every constant symbol ¢, the functions faq : M* — Mg,
Py i MY — Moo, and the function cpq € M, are defined as follows. For
any (g1,...,9n) € M, (n = |u]), for any assignment v in [V — M],

frmlgrs - gn)(0) = fa(91(v), - gn(0));

PM(glv s ,gn)(v) = PM(gl(U)7 s ,gn(v));

em(v) = em.

For every variable x of sort s, we also define z € M as the function
such that for every assignment v, za((v) = vs(z). Let ¢ : V. — M be the
function defined such that, p(z) = zaq. Since T(L,V) is freely generated
by V, by theorem 2.5.1, there is a unique homomorphism ¢ : T(L, V) — M
extending ¢. We define the meaning tp of a term ¢ as @(t), and the meaning
An of a formula A as $(A). The explicit recursive definitions follow.
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Definition 10.3.5 Given a many-sorted L-structure M and an assignment
v:V — M, the function tp : [V — M] — M defined by a term ¢ of sort s is
the function such that for every assignments v in [V — M], the value tp[v]
is defined recursively as follows:

(i) zm(v] = vs(x), for a variable z of sort s;

(ii) em(v] = em, for a constant ¢;

(i) (ftr-tn)mv] = faa(()m[v]; s (En)nalv])-

The recursive definition of the function Ay : [V — M| — BOOL is
now given.

Definition 10.3.6 The function Ay : [V — M] — BOOL is defined recur-
sively by the following clauses:

(1) For atomic formulae: Apg is the function such that, for every assign-
ment v,

(Pty-tp)mlo] = Puv((t)mlo], oo (tn)nv]);

(=s tito)m[v] = if (t1)mv] = (t2)mv] then T else F;

(Lnlv] = F;

(2) For nonatomic formulae:

(A* B)m = #m(Am, Bm), where * is in {A,V,D,=}, and *, is the
corresponding function defined in definition 10.3.4;

(=AM = ~m(Am);
(Vzi : sA)m = (A7) m(Am);

Note that by definitions 10.3.3, 10.3.4, 10.3.5, and 10.3.6, for every as-
signment v,

(Vz; : sA)mfv] =T iff Amlvjz; :=m]] =T, for all m € M,, and
(Fz;: sAmv] =T iff Am(v[z; :=m]] =T, for some m € M;.

The notions of satisfaction, validity, and model are defined as in Sub-
section 5.3.3. As in Subsection 5.3.4, it is also possible to define the semantics
of formulae using modified formulae obtained by substitution.

10.3.3 An Alternate Semantics
The following result analogous to lemma 5.3.2 can be shown.
Lemma 10.3.1 For any formula B, for any assignment v in [V — M], and
any variable x; of sort s, the following hold:
(1) (Va; : sB)mv] =T iff (Blm/z;))m[v] =T for all m € M;
(2) (3z; : sB)m[v] =T iff (Bm/z;])mlv] =T for some m € M,. O
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In view of lemma 10.3.1, the recursive clauses of the definition of satis-
faction can also be stated more informally as follows:

M | (=A)[v] iff not M | Alv],

M = (AA B)v] iff M = Av] and M = Blv],
M E (AV B)] iff M | A[v] or M & BJu],
ME(ADB

A)l]

)]

)]

)[v] iff not M = A[v] or M = BJv],
M (4 = B)o] iff (M Afo] if f M = Blo]),

M E (Vz; : sA)[v] iff M E (A[a/z;])[v] for every a € My,

M E (3z; : sA)[v] iff M = (Ala/z;])[v] for some a € M.

It is also easy to show that the semantics of a formula A only depends
on the set FV(A) of variables free in A.

10.3.4 Semantics and Free Variables
The following lemma holds.
Lemma 10.3.2 Given a formula A with set of free variables {y1,...,yn},

for any two assignments s1,ss such that s1(y;) = sa(y:), for 1 < i < n,
Am[s1] = Aml[s2]. O

10.3.5 Subformulae and Rectified Formulae

Subformulae and rectified formulae are defined as in Subsection 5.3.6, and
lemma 5.3.4 can be generalized easily. Similarly, the results of the rest of
Section 5.3 can be generalized to many-sorted logic. The details are left as
exercises.

PROBLEMS

10.3.1. Prove lemma 10.3.1.
10.3.2. Prove lemma 10.3.2.
10.3.3. Generalize lemma 5.3.4 to the many-sorted case.

10.3.4. Examine the generalization of the other results of Section 5.3 to the
many-sorted case.
10.4 Proof Theory of Many-Sorted Languages

The system G defined in Section 5.4 is extended to the many-sorted case as
follows.
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10.4.1 Gentzen System G for Many-Sorted Languages
Without Equality

We first consider the case of a many-sorted first-order language L without
equality.

Definition 10.4.1 (Gentzen system G for languages without equality) The
symbols I'; A, A will be used to denote arbitrary sequences of formulae and
A, B to denote formulae. The rules of the sequent calculus G are the following:

T,A,B,A — A I A AA T —ABA

T ANBA A Nileft) T AANDBA  NiTight)
LAASA DBAA o ToAABA
T,AVB,A — A Y T TA AvBA Y

I,A— AN BT, A>A AT —BAAN
TASBAA e s xaspa Oiriht
IA— AN AT AN
m (ﬁleft) F—>A7—|A’A (_‘Tlght)

In the quantifier rules below, = is any variable of sort s and y is any
variable of sort s free for z in A and not free in A, unless y = = (y ¢
FV(A) — {x}). The term ¢ is any term of sort s free for = in A.

T, Alt/z],Vx : sA,A — A
I')Ve:sA, A — A

I'— A, Aly/x), A
I' = A Vz:sA A

(V:left) (V : right)

L Aly/z],A — A
I3z :sA,A— A

I'— A Aft/z], 3z : sA A
I' = A, Jz:sA A

(3:left) (3 : right)

Note that in both the (V : right)-rule and the (3 : left)-rule, the variable
y does mot occur free in the lower sequent. In these rules, the variable y is
called the eigenvariable of the inference. The condition that the eigenvariable
does not occur free in the conclusion of the rule is called the eigenvariable
condition. The formula Vz : sA (or 3z : sA) is called the principal formula
of the inference, and the formula A[t/z] (or Aly/z]) the side formula of the
inference.

The azioms of G are all sequents I' — A such that T and A contain a
common formula.
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10.4.2 Deduction Trees for the System G

Deduction trees and proof trees are defined as in Subsection 5.4.2.

10.4.3 Soundness of the System G

The soundness of the system G is obtained easily from the proofs given in
Subsection 5.4.3.

Lemma 10.4.1 (Soundness of G, many-sorted case) Every sequent provable
in G is valid. [J

10.4.4 Completeness of G

It is also possible to prove the completeness of the system G by adapting the
definitions and proofs given in Sections 5.4 and 5.5 to the many-sorted case.
For this it is necessary to modify the definition of a Hintikka set so that it
applies to a many-sorted algebra. We only state the result, leaving the proof
as a sequence of problems.

Theorem 10.4.1 (Godel’s extended completeness theorem for G) A sequent
(even infinite) is valid iff it is G-provable. O

10.5 Many-Sorted First-Order Logic With Equality

The equality rules for many-sorted languages with equality are defined as
follows.

10.5.1 Gentzen System G_ for Languages With Equality

Let G= be the Gentzen system obtained from the Gentzen system G (defined
in definition 10.4.1) by adding the following rules.

Definition 10.5.1 (Equality rules for G_) Let I'; A, A denote arbitrary se-
quences of formulae (possibly empty) and let ¢, s1, ..., $p, t1, ..., t, denote ar-
bitrary L-terms. For every sort s, for every term ¢ of sort s:

It=,t— A
I'— A

For each function symbol f of rank (u;...u,, s) and any terms s1, ..., S,
t1,...,t, such that s; and t; are of sort u;:

F, (81 iul tl) A A (Sn iun tn) D) (fSl...Sn is ftltn) — A
I'— A
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For each predicate symbol P (including =;) of arity u;...u, and any
terms s, ..., Sn,t1,..., t, such that s; and t; are of sort w;:

T, ((81 iul tl) VANRTRIVAN (Sn iun tn) AN PSl...Sn) D Pty..t, — A
r—A

10.5.2 Soundness of the System G_—

The following lemma is easily shown.

Lemma 10.5.1 If a sequent is G_-provable then it is valid. [0

10.5.3 Completeness of the System G_

It is not difficult to adapt the proofs of Section 5.6 to obtain the following
completeness theorem.

Theorem 10.5.1 (Godel’s extended completeness theorem for G_) Let L
be a many-sorted first-order language with equality. A sequent (even infinite)
is valid iff it is G=-provable. O

10.5.4 Reduction of Many-Sorted Logic to One-Sorted
Logic

Although many-sorted first-order logic is very convenient, it is not an essential
extension of standard one-sorted first-order logic, in the sense that there is a
translation of many-sorted logic into one-sorted logic. Such a translation is
described in Enderton, 1972, and the reader is referred to it for details. The
essential idea to convert a many-sorted language L into a one-sorted language
L’ is to add domain predicate symbols D,, one for each sort, and to modify
quantified formulae recursively as follows:

Every formula A of the form Vz : sB (or 3z : sB) is converted to the
formula A’ = Vz(Ds(xz) D B’) (3z : sB is converted to 3z(Ds(z) AB’)), where
B’ is the result of converting B.

We also define the set M S to be the set of all one-sorted formulae of the
form:

(1) 3z Ds(x), for every sort s, and

(2) Vz1..V2,(Ds, (x1) A ... A D () D Ds(f(x1,...,20))), for every
function symbol f of rank (si...s,,s).

Then, the following lemma can be shown.
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Lemma 10.5.2 Given a many-sorted first-order language L, for every set T’
of many-sorted formulae in L and for every many-sorted formula A in L,

THA iff
T'UMSF A’, in the translated one-sorted language L/,

where T” is the set of formulae in T translated into one-sorted formulae, and
A’ is the one-sorted translation of A. [

Lemma 10.5.2 can be used to transfer results from one-sorted logic to
many-sorted logic. In particular, the compactness theorem, model existence
theorem, and Lowenheim-Skolem theorem hold in many-sorted first-order
logic.

PROBLEMS

10.4.1. Prove lemma 10.4.1.

10.4.2. Define many-sorted Hintikka sets for languages without equality, and
prove lemma 5.4.5 for the many-sorted case.

10.4.3. Prove the completeness theorem (theorem 10.4.1) for many-sorted
logic without equality.

10.5.1. Prove lemma 10.5.1.

10.5.2. Generalize the other theorems of Section 5.5 to the many-sorted case
(compactness, model existence, Léwenheim-Skolem).

10.5.3. Define many-sorted Hintikka sets for languages with equality, and
prove lemma 5.6.1 for the many-sorted case.

10.5.3. Prove the completeness theorem (theorem 10.5.1) for many-sorted
logic with equality.

10.5.4. Generalize the other theorems of Section 5.6 to the many-sorted case
(compactness, model existence, Lowenheim-Skolem).

10.5.5. Prove lemma 10.5.2.

10.6 Decision Procedures Based on Congruence Closure

In this section, we show that there is an algorithm for deciding whether a
quantifier-free formula without predicate symbols in a many-sorted language
with equality is valid, using a method due to Kozen (Kozen, 1976, 1977) and
Nelson and Oppen (Nelson and Oppen, 1980). Then, we show how this algo-
rithm can easily be extended to deal with arbitrary quantifier-free formulae
in a many-sorted language with equality.
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10.6.1 Decision Procedure for Quantifier-free Formulae
Without Predicate Symbols

First, we state the following lemma whose proof is left as an exercise.

Lemma 10.6.1 Given any quantifier-free formula A in a many-sorted first-
order language L, a formula B in disjunctive normal form such that A = B
is valid can be constructed. OJ

Using lemma 10.6.1, observe that a quantifier-free formula A is valid iff
the disjunctive normal form B of —A is unsatisfiable. But a formula B =
C1V ...V (), in disjunctive normal form is unsatisfiable iff every disjunct C;
is unsatisfiable. Hence, in order to have an algorithm for deciding validity
of quantifier-free formulae, it is enough to have an algorithm for deciding
whether a conjunction of literals is unsatisfiable.

If the language L has no equality symbols, the problem is trivial since
a conjunction of literals is unsatisfiable iff it contains some atomic formula
Pty...t, and its negation. Otherwise, we follow a method due to Kozen
(Kozen, 1976, 1977) and Nelson and Oppen (Nelson and Oppen, 1980). First,
we assume that the language L does not have predicate symbols. Then, every
conjunct C' consists of equations and of negations of equations:

11 =g, UL N oo Ny =5, U A T =5t VLA ATy =g U

We give a method inspired from Kozen and Nelson and Oppen for de-
ciding whether a conjunction C as above is unsatisfiable. For this, we define
the concept of a congruence on a graph.

10.6.2 Congruence Closure on a Graph

First, we define the notion of a labeled graph. We are considering graphs in
which for every node u, the set of immediate successors is ordered. Also, every
node is labeled with a function symbol from a many-sorted ranked alphabet,
and the labeling satisfies a condition similar to the condition imposed on
many-sorted terms.

Definition 10.6.1 A finite labeled graph G is a quadruple (V, X, A, d), where:
V is an S-indexed family of finite sets Vi of nodes (or vertices);
Y. is an S-sorted ranked alphabet;

AV — ¥ is a labeling function assigning a symbol A(v) in ¥ to every
node v in V;

0:{(v,i) [veV,1<i<n, r(Aw)) = (u1...un,s)} =V,

is a function called the successor function.
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The functions A and ¢ also satisfy the following properties: For every
node v in Vj, the rank of the symbol A(v) labeling v is of the form (uj...u,, s),
and for every node 6(v,4), the sort of the symbol A(d(v,4)) labeling §(v, ) is
equal to u;.

For every node v, §(v,4) is called the i-th successor of v, and is also
denoted as v[i]. Note that for a node v such that r(A(v)) = (e, s), 0 is not
defined. Such a node is called a terminal node, or leaf. Given a node u, the
set P, of predecessors of u is the set {v € V | §(v,i) = u, for some i}. A
node w such that P, = 0 is called an initial node, or root. A pair (v,7) as in
the definition of § is also called an edge.

Next, we define a certain kind of equivalence relation on a graph called
a congruence. A congruence is an equivalence relation closed under a certain
form of implication.

Definition 10.6.2 Given a (finite) graph G = (V, X, A, ), an S-indexed
family R of relations R over Vy is a G-congruence (for short, a congruence)
iff:

) Each R; is an equivalence relation;

(1
(2) For every pair (u,v) of nodes in V2, if A(u) = A(v) and 7(A(u)) =
s) then uRsv, else if A(u) = A(v), r(A(u)) = (s1...8n, ), and for every i,
i <n, uli]Rs,v[i], then uRsv.
In particular, note that any two terminal nodes labeled with the same
symbol of arity e are congruent.

Graphically, if v and v are two nodes labeled with the same symbol f
of rank (81...8y, 8), if u[l], ..., u[n] are the successors of u and v[1],...,v[n] are

the successors of v,
U v

u[l] e uln] v[1] e v[n]

if w[é] and v[i] are equivalent for all 4, 1 < ¢ < n, then v and v are also
equivalent. Hence, we have a kind of backward closure.

We will prove shortly that given any finite graph and S-indexed family R
of relations on G, there is a smallest congruence on G containing R, called the
congruence closure of R. First, we show how the congruence closure concept
can be used to give an algorithm for deciding unsatisfiability.

10.6.3 The Graph Associated With a Conjunction

The key to the algorithm for deciding unsatisfiability is the computation of a
certain congruence over a finite graph induced by C and defined below.
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Definition 10.6.3 Given a conjunction C' of the form

b1 =g, U1 Ao Ny =5, U AT =5/ U1 Ao Ny =51 Up,

let TERM (C) be the set of all subterms of terms occurring in the conjunction
C, including the terms ¢;,u;,r;,v; themselves. Let S(C) be the set of sorts
of all terms in TERM (C'). For every sort s in S(C), let TERM (C)s be the
set of all terms of sort s in TERM(C). Note that by definition, each set
TERM(C)s is nonempty. Let ¥ be the S(C)-ranked alphabet consisting of
all constants, function symbols, and variables occurring in TERM (C). The
graph G(C) = (TERM(C), %, A, ) is defined as follows:

For every node ¢t in TERM (C), if ¢ is either a variable or a constant
then A(t) =t, else t is of the form fy;...yr and A(t) = f;

For every node ¢t in TERM (C), if t is of the form fy;...y, then for every
1,1 <i <k, (t i) =y, else t is a constant or a variable and it is a terminal
node of G(C).

Finally, let E = {(t1,u1), ..., (tm,um)} be the set of pairs of terms oc-

curring in the positive (nonnegated) equations in the conjunction C.

EXAMPLE 10.6.1

Consider the alphabet in which S = {i, s}, ¥ = {f, g,a,b, c}, with r(f) =
(is,s), r(g9) = (si,8), r(a) =i, r(b) = r(c) = s. Let C be the conjunction

f(av b) =cA _'g(f(av b)a a) = g(C, a)'
Then, TERM (C); = {a}, TERM(C)s = {b,c, f(a,b),g(c,a), g(f(a,b),
a)}, and F = {(f(a,b),c)}. The graph G(C) is the following:

9

The key to the decision procedure is that the least congruence on G(C')
containing F exists, and that there is an algorithm for computing it. Indeed,
assume that this least congruence «—p containing E (called the congruence
closure of E) exists and has been computed. Then, we have the following
result.

Lemma 10.6.2 Given a conjunction C' of the form

t1 =5, U1 Ao Ay =5, U AT is/l VIA AT, =g Uy



464 10/Many-Sorted First-Order Logic

of equations and negations of equations, if «—px is the congruence closure
on G(C) of the relation F = {(t1,u1), ..., (tm, Um)}, then

C is unsatisfiable iff for some j, 1 <j <n, 7r; PRGNS vj.

Proof: Let € = {t; =5, u1, -+ ,tm =s,, Um}. First, we prove that the
S(C)-indexed family R of relations R; on TERM (C') defined such that

tRsu iff £t =;u,
is a congruence on G(C) containing E. It is obvious that
EEti =5 u;
for every (t;,u;) in E, 1 <i <m, and so
tiRs, u;.

For every two subterms of the form fy;...yr and fzi...zp such that f is of
rank (wi...wg, s), if for every i, 1 <i <k,

& ): Yi iwi Z

then by the definition of the semantics of equality,
EE fyryk =s f21.-2k.

Hence, R is a congruence on G(C) containing E. Since «—p is the least
congruence on G(C) containing E,

. * .
if r; «——pv;, then & k=7, =5 Vj.

But then, since any model satisfying C' satisfies £, both r; islj v; and —r; iS;
v; would be satisfied, a contradiction. We conclude that if for some j, 1 <
Jj<mn,

’I"j <L>E ’Uj,

then C' is unsatisfiable. Conversely, assuming that there is no 5, 1 < j < n,
such that

rj ——pg vj,
we shall construct a model M of C. First, we make the S(C)-indexed family
TERM (C) into a many-sorted X-algebra C as follows:

For each sort s in S(C'), each constant or variable ¢ of sort s is interpreted
as the term ¢ itself.
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For every function symbol f in ¥ of rank (w;...wg, s), for every k terms
Y1y .- Y iIn TERM (C'), each y; being of sort w;, 1 <i <k,

fyiye if fyi..yr € TERM(C)s;

fzizi it fyr..yr ¢ TERM(C)s and there are terms
21, ..., 2 Such that, y; PRLENSS z;, and
fz1...25 € TERM(C)g;

to otherwise, where ¢ is some arbitrary term
chosen in TERM (C')s.

fei, - yx) =

Next, we prove that «—p is a congruence on C. Indeed, for ev-
ery function symbol f in ¥ of rank (w;...wy, s), for every k pairs of terms

(Y1, 21)s oo (Wi 21), With s, z; of sort w;, 1 < i < k, if y; ——p z;, then:

(1) If fyi...yx and fz;...z; are both in TERM (C), then

feWis - yk) = fyr-ye, and  fo(zi, ..., 2k) = f21...2k,

and since «—p is a congruence on G(C), we have fyi..yx ——pg fz1...2k.
Hence, fo(y1, - yx) <5 fo(z1, . 2);

(2) fyr..yx ¢ TERM(C), or fz..zx ¢ TERM(C), but there are
some terms 21,...,z, € TERM(C), such that, y; «—p 2/ and f2]...2, €
TERM (C). Since y; «—p z;, there are also terms 27, ...,z € TERM(C)
such that, z; «——p 2/ and fz{ ...z} € TERM(C). Then,

fe(, . ue) = f21 ...z, and  fo(z1,...,2k) = f2] ... 2L,

1
7

/ ! * " "
and so, fz1...z, «——Fg f2{ ... 2,

Since y; «+—p 2z, we have, 2} «—p z
that is,
fC(yh cee 7yk?) —FE fC(Zl7 e azk)-
(3) If neither fyi...yx nor fzi..z is in TERM(C) and (2) does not
hold, then

fei, y) = fe(zi, . 2) = to

for some chosen term ¢y in TERM (C), and we conclude using the reflexivity
of <L>E .

Let M be the quotient of the algebra C by the congruence «——p , as
defined in Subsection 2.5.8. Let v be the assignment defined as follows: For

every variable z occurring in some term in TERM (C'), v(x) is the congruence
class [z] of z.

We claim that for every term ¢ in TERM (C),
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the congruence class of t. This is easily shown by induction and is left as an
exercise. But then, C is satisfied by v in M. Indeed, for every (¢;,u;) in E,

[t:] = [uil,
and so
M = (t; =, ui)[v],
and for every j, 1 < j < n, since we have assumed that the congruence classes

[r;] and [v;] are unequal,

M = (=rj =4 v5)[v].

O

The above lemma provides a decision procedure for quantifier-free for-
mulae without predicate symbols. It only remains to prove that «——p exists
and to give an algorithm for computing it. First, we give an example.

EXAMPLE 10.6.2
Recall the conjunction C' of example 10.6.1:

f(a7 b) =cA jg(f(avb)’a) = g(c7 a)'

Then, TERM (C); = {a}, TERM(C)s = {b,c, f(a,b),g(c,a),g(f(a,b),
a)}, and it is not difficult to verify that the congruence closure of the
relation E = {(f(a,b), ¢)} has the following congruence classes: {a}, {b},
{f(a,b),c} and {g(f(a,b),a),g(c,a)}. A possible candidate for the al-
gebra C is given by the following table:

f g
(a,b) f(a,b)
(b,a) b
(c,a) g(c,a)
(a,c) b
(f(a,b),a) 9(f(a,b),a)
(a, f(a,b)) b
(a,9(c,a)) b
(g9(c,a),a) b
(a,9(f(a,b),a)) b
(9(f(a,b),a),a) b

By lemma 10.6.2, C' is unsatisfiable.
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10.6.4 Existence of the Congruence Closure

We now prove that the congruence closure of a relation R on a finite graph G
exists.

Lemma 10.6.3 (Existence of the congruence closure) Given a finite graph

G = (V,3,A,0) and a relation R on V, there is a smallest congruence LN,
on G containing R.

Proof: We define a sequence R’ of S-indexed families of relations induc-
tively as follows: For every sort s € S,

R? = R,U{(u,v) € V2 | A(u) = A(v),and r(A(u)) = (e,s)}U{(u,u) | u € V};
For every sort s € S,

R = R U{(v,u) € V? | (u,v) € R}
U{(u,w) € V? | eV, (u,v) € R. and (v,w) € R'}
U{(u,v) € V? | Au) = A(v),r7(A(u)) = (51...50, 8),
and u[j]R; v[j], 1 <j <n}.

Let
(«—r)s =] R

It is easily shown by induction that every congruence on G containing
R contains every R’, and that «—p is a congruence on G. Hence, «—p is
the least congruence on G containing R. [J

Since the graph G is finite, there must exist some integer ¢ such that
R = R, Hence, the congruence closure of R is also computable. We shall
give later a better algorithm due to Nelson and Oppen. But first, we show
how the method of Subsection 10.6.3 can be used to give an algorithm for
deciding the unsatisfiability of a conjunction of literals over a many-sorted
language with equality (and function, constant, and predicate symbols).

10.6.5 Decision Procedure for Quantifier-free Formulae

The crucial observation that allows us to adapt the congruence closure method
is the following:

For any atomic formula Pt;...t;, if T represents the logical constant
always interpreted as T, then Pty ...t is logically equivalent to (Pt;...tx = T),
in the sense that

Ptl...tk = (Ptl...tk = T)

is valid.
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But then, this means that = behaves semantically exactly as the identity
relation on BOOL. Hence, we can treat = as the equality symbol =,,; of sort
bool, and interpret it as the identity on BOOL.

Hence, every conjunction C of literals is equivalent to a conjunction C’ of
equations and negations of equations, such that every atomic formula Pt ...t
in C' is replaced by the equation Pt;...ty = T, and every formula = Pt;...t; in
C is replaced by —(Pty...t, = T).

Then, as in Subsection 10.6.3, we can build the graph G(C’) associated
with C’, treating T as a constant of sort bool, and treating every predicate
symbol P of arity u;...ux as a function symbol of rank (uq...ug, bool). We then
have the following lemma generalizing lemma 10.6.2.

Lemma 10.6.4 Let C’ be the conjunction obtained from a conjunction of
literals obtained by changing literals of the form Pt;...t; or —Pt;...t; into
equations as explained above. If C’ is of the form

b1 =g, U1 Ao Ay =5, U A T isll VLA ATy =g Uy

and if « g is the congruence closure on G(C) of the relation E = {(t1,
1), eey (Emy U ) }, then

C  is unsatisfiable iff for some j, 1 <j<n, r; LN v;.

Proof: We define € = {t1 =4, u1,- -, tm =s,, Um} and TERM(C) as in
Subsection 10.6.3, except that S(C) also contains the sort bool, and we have
a set of terms of sort bool. First, we prove that the S(C)-indexed family R of
relations Ry on TERM (C) defined such that

tRSU iff &£ ': t is u,

is a congruence on G(C) containing E. For function symbols of sort s # bool,
the proof is identical to the proof of lemma 10.6.2. For every two subterms
of the form Pyj...yx and Pz;...zx such that P is of rank (wjy...wy, bool), if for
every i, 1 <i <k,

& F i =w, 2

then by the definition of the semantics of equality symbols,
& E Pyy..yp = Pzy...2.
Hence, R is a congruence on G(C') containing E. Now there are two cases.

(i) If r; «~—p v; and the sort of r; and v; is not bool, we conclude as in
the proof of lemma 10.6.2.

(ii) Otherwise, r; is some atomic formula Py, ...y, and v; is the constant
T. In that case,
8 ): Tj.



10.6 Decision Procedures Based on Congruence Closure 469

But then, since any model satisfying C' satisfies £, both r; and —r; would be
satisfied, a contradiction. We conclude that if for some j, 1 < j < n,

*
’I”j ——F Uy,

then C' is unsatisfiable. Conversely, assuming that there is no 7, 1 < j < n,
such that
Ty ‘L’E Uy,

we shall construct a model M of C. First, we make the S(C)-indexed family
TERM(C) into a many-sorted ¥-algebra C as in the proof of lemma 10.6.2.
The new case is the case of symbols of sort bool. For every predicate symbol
P of rank (wy...wy, bool), for every k terms y1,...,yx € TERM(C), each y;
being of sort w;, 1 <i <k,

T if Py;..yp € TERM(C) and Pyy...yx, ——p T;
T if Py;...yx ¢ TERM(C), there are terms z1, ..., 2k
Py, yr) = such that, y; ——p 2, Pz...z; € TERM(C),
and Pzy...z; ——p T;
F otherwise.

Next, we prove that «—p is a congruence on C. The case of symbols of
sort # bool has already been treated in the proof of lemma 10.6.2, and we only
need to consider the case of predicate symbols. For every predicate symbol
P of rank (wj...wg, bool), for every k pairs of terms (y1,21), ..., (Yk, 2 ), with
yi, z; of sort wy, 1 <i <k, if y; «——p 2, then:

(1) Pyi..yp € TERM(C) and Pz...z; € TERM(C). Since y; «—p
z and «—p is a graph congruence, we have Pyi..yr ——pg Pz1...25.
Hence, Py;...yx «——pg T iff Pzj..z «——pg T, that is, Pc(y1,...,yx) = T
iff Pc(zl, ...,Zk) =T.

(2) Pyy..yx ¢ TERM(C) or Pz...2; ¢ TERM(C). In this case, if
Pc(y1,...,yx) = T, this means that there are terms z{,...,z;, € TERM(C)
such that, y; «—p 2/, P2, ...2, € TERM(C), and Pz} ...z} « g T. Since
Vi ——p 2, we also have z; ——p z}. Since Pz{ ...z, € TERM(C), and
Pz ...z, g T, we have, Pa(z, ..., z,) = T. The same argument shows
that if Pc(z1,...,2k) = T, then Pc(y1,...,yx) = T. Hence, we have shown
that Pc(yl, ...,yk) =T iff Pc(zl, veey Zk) =T.

This concludes the proof that «—p is a congruence. Let M be the
quotient of the algebra C by the congruence «—pg , as defined in Subsec-
tion 2.5.8. Let v be the assignment defined as follows: For every variable x
occurring in some term in TERM (C), v(x) is the congruence class [z] of z.

As in the proof of lemma 10.6.2, it is easily shown that for every term ¢
in TERM(C),
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the congruence class of t. But then, C is satisfied by v in M. The case of
equations not involving predicate symbols in treated as in the proof of lemma
10.6.2. Clearly, for every equation Pyi..yr = T in C’, by the definition
of M, M = Py;...yx[v]. Since we have assumed that for every negation
—(Py;..yr = T) in C’, it is not the case that Py;..yx «——pg T, by the
definition of M, M | = Pyj...yx[v]. This concludes the proof.

The above lemma provides a decision procedure for quantifier-free for-
mulae.

EXAMPLE 10.6.3

Consider the following conjunction C over a (one-sorted) first-order lan-
guage:

F(F(fa) =an f(F(F(f(f(a)) = aA Pla) AN=P(f(a)),

where f is a unary function symbol and P a unary predicate. First, C'
is converted to C”:

(@) = anfFF(F(f(@) =anPla) =T A=P(f(a)) =T.

The graph G(C) corresponding to C’ is the following:

Veo /S

vsd S

vaof

v3d /S

¥ v
VieT  yrow SV

Initially, R = {(V1,V4),(V1,V6),(V8,V7)}, and let R’ be its con-
gruence closure. Since (V1,V4) is in R, (V2,V5) is in R’. Since
(V2,V5)isin R’, (V3,V6) is in R’. Since both (V1,V6) and (V3,V6)
are in R/, (V1,V3) is in R’. Hence, (V2,V4) is in R’. So the nodes
V1,V2,V3,V4,V5 V6 are all equivalent under R’. But then, since
(V1,V2)isin R’, (V8,V9) isin R, and since (V8,V7) isin R, (V9,V7)
is in R’. Consequently, P(f(a)) is equivalent to T, and C' is unsatisfi-
able.
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10.6.6 Computing the Congruence Closure

We conclude this section by giving an algorithm due to Nelson and Oppen
(Nelson and Oppen, 1980) for computing the congruence closure R’ of a rela-
tion R on a graph G. This algorithm uses a procedure M ERGFE that, given
a graph G, a congruence R on G, and a pair (u,v) of nodes, computes the
congruence closure of RU {(u,v)}. An equivalence relation is represented by
its corresponding partition; that is, the set of its equivalence classes. Two
procedures for operating on partitions are assumed to be available: UNION
and FIND.

UNION (u,v) combines the equivalence classes of nodes u and v into a
single class. FFIND(u) returns a unique name associated with the equivalence
class of node u.

The recursive procedure M ERGE(R,u,v) makes use of the function
CONGRUENT(R,u,v) that determines whether two nodes u, v are congru-
ent.

Definition 10.6.4 (Oppen and Nelson’s congruence closure algorithm)
Function CONGRUENT

function CONGRUENT(R': congruence; u,v: node): boolean;
var flag: boolean; i,n: integer;
begin
if A(u) = A(v) then

let n = |w| where r(A(w)) = (w, s);

flag := true;

for i:=1 to n do

if FIND(u[i]) <> FIND(vi]) then

flag := false
endif

endfor;

CONGRUENT := flag
else

CONGRUENT := false
endif

end

Procedure M ERGFE

procedure M ERGE(var R': congruence; u,v: node);
var X,Y: set-of-nodes; z,y: node;
begin
if FIND(u) <> FIND(v) then
X := the union of the sets P, of predecessors of all
nodes z in [u], the equivalence class of u;
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Y := the union of the sets P, of predecessors of all
nodes y in [v], the equivalence class of v;
UNION (u,v);
for each pair (z,y) such that z € X and y € Y do
if FIND(z) <> FIND(y) and CONGRUENT(R', z, y)
then
MERGE(R,z,y)
endif
endfor
endif
end

In order to compute the congruence closure R’ of a relation R = {(uy,
V1), -, (Un, vy ) } on a graph G, we use the following algorithm, which computes
R’ incrementally. It is assumed that R’ is a global variable.

program closure;
var R': relation;
function CONGRUENT(R’: congruence; u,v: node): boolean;
procedure MERGE(var R': congruence; u,v: node);
begin
input(G, R);
R’ := Id; {the identity relation on the set V of nodes}
for each (u;,v;) in R do
MERGE(R/, Ui, ’Ui)
endfor
end

To prove the correctness of the above algorithm, we need the following
lemma.

Lemma 10.6.5 (Correctness of the congruence closure algorithm) Given a
finite graph G, a congruence R on G, and any pair (u,v) of nodes in G, let
R; be the least equivalence relation containing R U {(u,v)}, and R3 be the
congruence closure of R; U Ry, where

Ry ={(z,y) € X xY | CONGRUENT(R;,z,y) = true},

with

X =the union of the sets P, of predecessors of all nodes = in [u], the
equivalence class of u (modulo Ry), and

Y =the union of the sets P, of predecessors of all nodes y in [v], the
equivalence class of v (modulo R;).

Then the relation Rj3 is the congruence closure of RU {(u,v)}.
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Proof: First, since Rs is the congruence closure of Ry U Ry and R;
contains R U {(u,v)}, R3 is a congruence containing R U {(u,v)}. To show
that it is the smallest one, observe that for any congruence R’ containing
R U {(u,v)}, by the definition of a congruence, R’ has to contain all pairs
in Ry, as well as all pairs in R and (u,v). Hence, any such congruence R’
contains R3. [J

Using lemma 10.6.5, it is easy to justify that if M FRGE(R, u,v) termi-
nates, then it computes the congruence closure of RU {(u,v)}. The only fact
that remains to be checked is that the procedure terminates. But note that
MERGE(R',u,v) calls UNION (u,v) iff w and v are not already equivalent,
before calling MERGE(R',z,y) recursively iff z and y are not equivalent.
Hence, every time M ERGE is called recursively, the number of inequivalent
nodes decreases, which guarantees termination. Then, the correctness of the
algorithm closure is straigtforward. O

The complexity of the procedure M FRGE has been analyzed in Nelson
and Oppen, 1980. Nelson and Oppen showed that if G has m edges and G
has no isolated nodes, in which case the number of nodes n is O(m), then
the algorithm can be implemented to run in O(m?)-time. Downey, Sethi, and
Tarjan (Downey, 1980) have also studied the problem of congruence closure,
and have given a faster algorithm running in O(mlog(m))-time.

It should also be noted that there is a dual version of the congruence
closure problem, the unification closure problem, and also a symmetric version
of the problem, which have been investigated in Oppen, 1980a, and Downey,
1980. Both have applications to decision problems for certain classes of for-
mulae. For instance, in Oppen, 1980a, the symmetric congruence closure is
used to give a decision procedure for the theory of recursively defined data
structures, and in Nelson and Oppen, 1980, the congruence closure is used to
give a decision problem for the theory of list structures. Other applications
of the concept of congruence closure are also found in Oppen, 1980b; Nelson
and Oppen, 1979; and Shostak, 1984b.

The dual concept of the congruence closure is defined as follows. An
equivalence relation R on a graph G is a unification closure iff, for every pair
(u,v) of nodes in V2, whenever uRsv then:

(1) Either A(u) = A(v), or one of A(u), A(v) is a variable;
(2) If A(u) = A(v) and r(A(u)) = (81...8n, S), then for every i, 1 < i < n,
uli] Rs, v[d].

Graphically, if v and v are two nodes labeled with the same symbol f
of rank (sy...8p, $), if u[l], ..., u[n] are the successors of v and v[1],...,v[n] are
the successors of v,
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(7 v

u[1] e uln] v[1] e v[n]

if u and v are equivalent then u[i] and v[i] are equivalent for all i,1 < i < n.
Hence, we have a kind of forward closure. In contrast with the congruence
closure, the least unification closure containing a given relation R does not
necessarily exist, because condition (1) may fail (see the problems).

The unification closure problem has applications to the unification of
trees, and to the equivalence of deterministic finite automata. There is a
linear-time unification closure algorithm due to Paterson and Wegman (Pa-
terson and Wegman, 1978) when a certain acyclicity condition is satisfied,
and in the general case, there is an O(ma(m))-time algorithm, where « is a
functional inverse of Ackermann’s function. For details, the reader is referred
to Downey, 1980. An O(ma(m))-time unification algorithm is also given in
Huet, 1976.

PROBLEMS

10.6.1. Prove lemma 10.6.1.
10.6.2. Give the details of the proof of lemma 10.6.3.

10.6.3. Use the method of Subsection 10.6.3 to show that the following for-
mula is valid:

xﬁny(.T,y)if(y,J?)

10.6.4. Use the method of Subsection 10.6.3 to show that the following for-
mula is valid:

f(f(fa))) = an f(f(a)) =aD fla) =a

10.6.5. Use the method of Subsection 10.6.5 to show that the following for-
mula is valid:

=y Ng(f(z,y)) = h(f(z,9)) A P(g(f(z,y)) > P(h(f(y,x)))

10.6.6. Use the method of Subsection 10.6.5 to show that the following for-
mula is not valid:

z =y Ng(z) = h(z) A P(g(f(z,y))) D P(h(f(y,2)))

x 10.6.7. An equivalence relation R on a graph G is a unification closure iff,
for every pair (u,v) of nodes in V2, whenever uRsv then:
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* 10.6.8.

* 10.6.9.

Either A(u) = A(v), or one of A(u), A(v) is a variable;

(1)
(2) If A(u) = A(v) and r(A(u)) = (s1...8n, 8), then for every i, 1 <
i < n, uli]Rs,vli].

(a) Given an arbitrary relation Ry on a graph G, give an example
showing that the smallest unification closure containing Ry does not
necessarily exists, because condition (1) may fail.

(b) Using the idea of Subsection 10.6.4, show that there is an algo-
rithm for deciding whether the smallest unification closure containing
a relation Ry on G exists, and if so, for computing it.

In order to test whether two trees t; and ¢y are unifiable, we can
compute the unification closure of the relation {t1,¢2} on the graph
G(t1,t2) constructed from ¢; and ¢y as follows:

(i) The set set of nodes of G(t1,t2) is the set of all subterms of ¢; and
to.

(ii) Every subterm that is either a constant or a variable is a terminal
node labeled with that symbol.

(iii) For every subterm of the form fyj...yy, the label is f, and there
is an edge from fy;...yx to y;, for each i, 1 <7 < k.

Let R be the least unification closure containing the relation {¢1, %2}
on the graph G(t1,t2), if it exits. A new graph G(t1,t2)/R can be
constructed as follows:

(i) The nodes of G(t1,t2)/R are the equivalence classes of R.

(ii) There is an edge from a class C' to a class C” iff there is an edge
in G(t1,t2) from some node y in class C to some node z in class C”.

Prove that t; and t5 are unifiable iff the unification closure R exists
and the graph G(t1,t2)/R is acyclic. When ¢; and to are unifiable,
let (C4,...,C,) be the sequence of all equivalence classes containing
some variable, ordered such that if there is a path from C; to Cj,
then i < j. For each 7, 1 < i < n, if C; contains some nonvariable
term, let ¢; be any such term, else let ¢; be any variable in C;. Let
o; = [ti/z1,...,ti/zk], where {z1,..., 2} is the set of variables in C;,
and let 0 =07 0...00,. Show that ¢ is a most general unifier.

(A cycle in a graph is a sequence vy, ..., Vg, of nodes such that v; = vy,
and there is an edge from v; to v;41, 1 <7 < k—1. A graph is acyclic
iff it does not have any cycle.)

Let C be a quantifier-free formula of the form

(s1=t1) Ao A(sp =1tn) D (s=1).
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Let COM (C) be the conjunction of all formulae of the form

Vavy(f(x,y) = f(y, ),

for every binary function symbol f in C.

Show that the decision procedure provided by the congruence closure
algorithm can be adpated to decide whether formulae of the form
COM(C) D C are valid.

Hint: Make the following modification in building the graph G(C):
For every term ftit9, create a node labeled ftits having two ordered
SUCCEeSSOors:

A terminal node labeled f, and a node labeled with v(ft1t2), such
that v(ft1t2) has two unordered successors labeled with ¢; and t5.

Also modify the definition of a congruence, so that for any two nodes
uw and v labeled with v(ft1t2), where f is a binary function symbol,
if either

(i) u[1] is congruent to v[1] and u[2] is congruent to v[2], or
(ii) u[1] is congruent to v[2] and u[2] is congruent to v[1],

then u and v are congruent.

Notes and Suggestions for Further Reading

Many-sorted first-order logic is now used quite extensively in computer sci-
ence. Its main uses are to the definition of abstract data types and to pro-
gramming with rewrite rules. Brief presentations of many-sorted first-order
logic can be found in Enderton, 1972, and Monk, 1976. A pioneering paper
appears to be Wang, 1952.

The literature on abstact data types and rewrite rules is now extensive.
A good introduction to abstract data types can be found in the survey paper
by Goguen,Thatcher,Wagner, and Wright, in Yeh, 1978. For an introduction
to rewrite rules, the reader is referred to the survey paper by Huet and Oppen,
in Book, 1980, and to Huet, 1980.

Congruence closure algorithms were first discovered by Kozen (Kozen,
1976, 1977), and independently a few years later by Nelson and Oppen (Nelson
and Oppen, 1980, Oppen, 1980a), and Downey, Sethi, and Tarjan (Downey,
1980). The extension given in Subsection 10.6.4 appears to be new. Problems
10.6.7 and 10.6.8 are inspired from Paterson and Wegman, 1978, where a
linear-time algorithm is given, and problem 10.6.9 is inspired from Downey,
1980, where fast algorithms are given.



