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Abstract. Semantic labelling is a powerful tool for proving termination
of term rewrite systems. The usefulness of the extension to equational
term rewriting described in Zantema [24] is however rather limited. In
this paper we introduce a stronger version of equational semantical la-
belling, parameterized by three choices: (1) the order on the underlying
algebra (partial order vs. quasi-order), (2) the relation between the al-
gebra and the rewrite system (model vs. quasi-model), and (3) the la-
belling of the function symbols appearing in the equations (forbidden vs.
allowed). We present soundness and completeness results for the various
instantiations and analyze the relationships between them. Applications
of our equational semantic labelling technique include a short proof of the
main result of Ferreira et al. [7]—the correctness of a version of dummy
elimination for AC-rewriting which completely removes the AC-axioms—
and an extension of Zantema’s distribution elimination technique [23] to
the equational setting.

1 Introduction

This paper is concerned with termination of equational term rewrite systems.
Termination of ordinary term rewrite systems has been extensively studied and
several powerful methods for establishing termination are available (e.g. [1,4,
21)). For equational term rewriting much less is known, although in recent years
significant progress has been made with respect to AC-termination, i.e., termi-
nation of equational rewrite systems where the set of equations consists of the
associativity and commutativity axioms AC(f) = {f(f(z,y),2) = f(z, f(y,2)),
f(z,y) = f(y,z)} for (some of) the binary function symbols occurring in the
rewrite rules. An early paper on termination of equational rewriting is Jouan-
naud and Munoz [11]. In that paper sufficient conditions are given for reducing
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termination of an equational term rewrite system to termination of its underly-
ing term rewrite system. In another early paper (Ben Cherifa and Lescanne [2])
a characterization of the polynomials is given that can be used in a polynomial
interpretation proof of AC-termination. In more recent papers [12,19-21] syn-
tactic methods like the well-known recursive path order for proving termination
of rewriting are extended to AC-rewriting. Marché and Urbain [14] extended
the powerful dependency pair technique of Arts and Giesl [1] to AC-rewriting.
In [6,7] two extensions of dummy elimination ([8]) to equational rewriting are
presented. In [15] the type introduction technique of Zantema [23] is extended
to equational term rewriting.

In this paper we extend another technique of Zantema to equational term
rewriting. By labelling function symbols according to the semantics of the rewrite
system, semantic labelling ([24]) transforms a rewrite system into another rewrite
system with the same termination behaviour. The aim is to obtain a transformed
rewrite system where termination is easier to establish. The strength of semantic
labelling is amply illustrated in [16,24]. Here we present powerful extensions
of semantic labelling to equational rewriting and analyze their soundness and
completeness. Our equational semantic labelling yields a short correctness proof
of a version of dummy elimination for AC-rewriting. This result of Ferreira et
al. was obtained in [7] by considerably more complicated arguments. Another
application of our technique is the extension of some of the results of Zantema [23]
concerning distribution elimination to the AC case.

2 Preliminaries

Familiarity with the basics of term rewriting ([3]) is assumed. An equational
system (ES for short) consists of a signature F and a set € of equations between
terms in T (F,V). We write s —¢ t if there exist an equation [ ~ r in &,
a substitution o, and a context C such that s = C[lo] and ¢t = C[ro]. The
symmetric closure of —¢ is denoted by Hg and the transitive reflexive closure
of Hg by ~g. A rewrite rule is an equation [ ~ r such that [ is not a variable
and variables which occur in r also occur in /. Rewrite rules | =~ r are written as
Il = r. A term rewrite system (TRS for short) is an ES with the property that
all its equations are rewrite rules. An equational term rewrite system (ETRS for
short) R/E consists of a TRS R and an ES & over the same signature. We write
s =g ¢ t if there exist terms s’ and ' such that s ~¢ s" =g t' ~¢ t. Similar to
ordinary term rewrite systems, an ETRS is called terminating if there does not
exist an infinite =% /¢ reduction.

Let F be a signature and A = (A, {fa}rer) an F-algebra equipped with a
quasi-order (i.e., a reflexive and transitive relation) = on its (non-empty) car-
rier A. For any variable assignment «: V — A we define the term evaluation
[@]a: T(F,V) = A inductively by [a]a(z) = a(z) and [a]a(f(t1,...,tn)) =
fa(lala(ti),...,[0]a(ty)) for x € V, f € F, and t1,...,t, € T(F,V). If Ais
clear from the context, then we often write [a] instead of [@]4. We say that
A is monotone if the algebra operations of 4 are monotone with respect to -



in all coordinates, i.e., if f € F has arity n > 1 then fa(a1,...,a:,...,a,) =
falar,...,b,... a,) for all ay,...,ap,b € A and i € {1,...,n} with a; = b.
An ETRS R/E over a signature F is compatible with a monotone F-algebra
(A, =) if I 4 r for every rewrite rule I — r € R and | ~4 r for every equation
I = r € £ Here the relation 4 is defined by s == 4 ¢ if [a]a(s) = [@]a(t) for
every assignment o and ~ 4 is the equivalence relation induced by = 4. If R/E
and (A, =) are compatible, we also say that (A, =) is a quasi-model of R/E. We
call (A,=) a model of R/E ifl~yrforalll 5 reRandl~ref.

A TRS R is precedence terminating if there exists a well-founded order J on
its signature F such that root(l) J f for every rule l — r € R and every function
symbol f occurring in r. Precedence terminating TRSs are terminating ([16]).
The next lemma, states that this remains true in the presence of AC-axioms.

Lemma 1. Let R/E be an ETRS over a signature F such that & = |J; g AC(f)
for some subset G of F. If R is precedence terminating then R/E is terminating.

Proof. By definition there is a well-founded order 3 on F such that root(l) O f
for every rule | — r € R and every function symbol f occurring in r. Any
AC-compatible recursive path order induced by 1 that is defined on terms with
variables (e.g. [13,19]) orients the rules of R from left to right. (The complicated
case in which two terms with equal root symbols in G have to be compared never
arises due to the assumption on 1.) We conclude that R/E is terminating. O

3 Semantic Labelling for Equational Rewriting

In this section we present our equational semantic labelling framework by appro-
priately extending the definitions of Zantema [24] for ordinary semantic labelling.

Definition 1. Let F be a signature and A an F-algebra. A labelling L for F
consists of sets of labels Ly C A for every f € F. The labelled signature Fiap
consists of n-ary function symbols f, for every n-ary function symbol f € F
and label a € Ly together with all function symbols f € F such that Ly = @.
A labelling ¢ for A consists of a labelling L for the signature F together with
mappings Ly: A™ — Ly for every n-ary function symbol f € F with Ly # &. If
A is equipped with a quasi-order 7 then the labelling is said to be monotone if
its labelling functions £y are monotone (with respect to 7) in all arguments.

Definition 2. Let R/E be an ETRS over a signature F, (A,7) an F-algebra,
and £ a labelling for A. For every assignment « we inductively define a labelling
function laby from T(F,V) to T (Fiap,V): labs(t) =t if t € V and lab,(t) =
flf([a](tl),...,[oz](tn))(laba(tl)a . ,laba (tn)) Zf t = f(tl, . ,tn). We deﬁne TRSs
Riab, Dec(F, =) and ESs Eian, Eq(F,~) over the signature Fiap as follows:
Riab = {lab,(l) = laby(r) |l 5> r € R and a: V — A},
Elap = {lab,(l) ® lab,(r) |l ~r € £ and a: V — A},
Dec(F,>) = {fa(®1,...,2n) = fo(z1,...,2n) | f € F, a,b € Ly, a > b},
Eq(F,~) = {falz1, ..., 2n) = fo(x1,...,20) | f € F,a,b € Ly, a ~ b, a # b}.



The purpose of the condition a # b in the definition of Eq(F,~) is to exclude
trivial equations. When the signature F and the quasi-order 7 can be inferred
from the context we just write Dec and Eq. We write R for the union of Riapb
and Dec and & for the union of £, and Eq.

The next theorem states our first equational semantic labelling result.

Theorem 1. Let R/E be an ETRS over a signature F, (A, 7)) a monotone F-
algebra, and  a monotone labelling for A. If A is a quasi-model of R/E and
R/E is terminating then R/E is terminating.

Proof. We show that for all terms s,t € T(F,V) and assignments o we have

1. if s =% t then lab,(s) ~¢ - i>ﬁ lab, (1),
2. if s He t then laba(s) ~g laba(t).

Suppose s = Cllo] and t = C[ro] for some rewrite rule [ — r € R, context C, and
substitution 0. We show (1) by induction on C. If C' = O then lab,(s) = lab, (lo)
and lab, (t) = laby(ro). Define the assignment § = [a]4 o o and the substitu-
tion 7 = lab, o o (i.e., o is applied first). An easy induction proof (e.g. [23,
Lemma 2]) reveals that lab,(lo) = labg(!)7 and lab,(ro) = labg(r)r. By defi-
nition labg(l) — labg(r) € Riap and hence lab,(s) = labg(l)T —=r,,, labg(r)r =
lab, (t). For the induction step, let C' = f(uq,...,C", ..., uy). The induction hy-
pothesis yields lab, (C'[lo]) ~z - i)g lab, (C'[ro]). Because A is a quasi-model
of R/E and C'[lo] —r C'[ro], we have [a] 4(C'[lo]) = [@] 4(C'[ra]). Let

a="Lli([a]a(ur),...,[a]a(C'llo]),...,[aa(uy))

b="Llr([a]a(ur), ..., [a]a(C'[ro]), ..., [a]alun)).

Monotonicity of the labelling function £; yields a 77 b. We distinguish two cases.
If a > b then

laby (8) ~z - 375 fa(labg (1), . .., labs (C'[ral]), . .., labg (u,))
—Dec fr(labg (u1), ..., laby (C'[ra]), . .. ,labg (uy))
= laby, (%).

and

If a ~ b then
lab, (s) HEQ fo(laba(uy), ..., labs (C'[lo]), . .., laby (uy))

~g - B fyllabg (), .. ., laby (C'[ral), . .., laby ()
= lab, (t).

Iiere Heq dengtes Hgq U =. Since ~z - i)g © —=Dec C ~g - i)g anc}_ Heq - ~7
—7w € ~z - —7, in both cases we obtain the desired lab,(s) ~z - —7% labq/(1).

The proof of (2) follows along the same lines. In the induction step we have
[@]4(C'[lo]) ~ [@]a(C'[ro]). Monotonicity of £; yields both a =~ b and b = a.
Hence a ~ b and thus

lab, () = fa(labg(u), ..., labo(C'[lo]), . .. ,laby (uy))
Hgq fo(laba (u1), ... laby (C'[lo]), . . ., labg (un))
~z fi(laba(u1),...,laby(C'[ra]),. .. labg(uy))
= laba(t)



by the definition of Eq and the induction hypothesis.
From (1) and (2) it follows that any infinite R /E-rewrite sequence gives rise

to an infinite R /E-rewrite sequence. O

The converse of the above theorem does not hold. Consider the terminating
ETRS R/E with R = @ and £ = {f(a) = a}. Let A be the algebra over the
carrier {0,1} with 1 > 0 and operations f4(z) =z for all z € {0,1} and a4 = 1.
Note that A is a (quasi-)model of R/E. By letting ¢ be the identity function
and by choosing L, = &, we obtain the labelled ETRS R/ with Riap = @,
Dec = {fi(z) — fo(z)}, Elap = {f1(a) ~ a}, and Eq = @. The ETRS R/€ is not
terminating: a ~g_, fi(a) =Dec fo(a) ~e.. fo(fi(a)) =Dec -+ Nevertheless, in
this example there are no infinite R /E-rewrite sequences that contain infinitely
many Riab/E-steps, which is known as the relative termination (Geser [10]) of
Rian/ € with respect to Dec. It is not difficult to show that under the assumptions
of Theorem 1 termination of R /€ is equivalent to relative termination of Ryap, /€
with respect to Dec.

Zantema [24] showed the necessity of the inclusion of Dec in R for the cor-
rectness of Theorem 1 (with & = @) by means of the TRS R = {f(g(z)) —
g(g(f(f(x))))}, the algebra A over the carrier {0,1} with operations f4(z) =1
and g4(xz) =0forallz € {0,1}, and the order 1 > 0. By labelling f with the value
of its argument, we obtain the TRS Ria, = {fo(g(z)) — g(g(fi(fo(2)))), fo(g(z))
— g(g(f1 (fi(z))))} which is compatible with the recursive path order with prece-
dence fo 1 f1, g. However, R is not terminating: f(f(g(x))) — f(g(g(f(f(z))))) —
g(g(F(F(E(F(F(2))) — -

The inclusion of Eq in £ is also essential for the correctness of Theorem 1.
Consider the ETRS R/ with R = {f(a,b,z) — f(z,z,z),g(z,y) — z,g(z,y) —
y} and £ = @. Let A be the algebra over the carrier {0,1} with 0 ~ 1 and
operations f4(z,y,2) = 1, ga(z,y) =0, a4 =0, and b4 = 1. We label function
symbol f as follows: l¢(x,y,2) = 0 if z = y and l(z,y,2z) = 1 if © # y. Note
that A is a quasi-model for R/E and ¥ is trivially monotone. We have Rja, =
{fi(a,b,z) — fo(z,z,2),g(x,y) = z,g(z,y) — y}, Dec = &, and Ep = 2.
Termination of R is easily shown. It is well-known (Toyama [22]) that R is not
terminating. Note that in this example Eq = {fo(z,y, 2) ~ f;(z,y, 2)} and hence
R/E is not terminating.

Finally, both monotonicity requirements are essential. Consider the TRS R =
{f(g(a)) — f(g(b)),b — a}. Let A be the algebra over the carrier {0,1} with
1 = 0 and operations f4(z) = 0, ga(z) =1 -2, a4 =0, and by = 1. We
have I = 4 r for both rules | — r € R. If {¢(z) = x then we obtain the TRS
R = {fi(g(a)) = fo(g(b)),b = a,fi(x) — fo(x)} which is compatible with the
recursive path order with precedence f; 1 fp,g and f; J b J a. However, R is
not terminating. Note that g4 is not monotone. Next consider the algebra B
over the carrier {0,1} with 1 > 0 and operations fg(z) = 0, gp(z) = =, ag = 0,
and bg = 1. If f;(z) = 1 — x then we obtain the same TRS R as before. Note
that now /¢ is not monotone.

If the algebra A is a model of the ETRS R/E then (similar to ordinary
semantic labelling [24]) we can dispense with Dec. Moreover, in this case the



converse of Theorem 1 also holds. This is expressed in the next theorem.

Theorem 2. Let R/E be an ETRS over a signature F, (A,7) a monotone
F-algebra, and £ a_monotone labelling for A. If A is a model of R/E then ter-
mination of Rian/E is equivalent to termination of R/E.

Proof. The following statements are obtained by a straightforward modification
of the proof of Theorem 1:

1. if s = ¢ then lab,(s) ~z - =Rr,,, laba(t),
2. if s He ¢ then laba(s) ~g laba(t).

Note that since A is a model we have [a] 4(C'[lo]) ~ [a]a(C'[ro]) and hence
a ~ b in the induction step. This explains why there is no need for Dec. So
termination of Ry,,/E implies termination of R/E. The converse also holds;
eliminating all labels in an infinite Ry, /E-rewrite sequence yields an infinite
R /E-rewrite sequence (because there are infinitely many Rian-steps). O

If the quasi-model A in Theorem 1 is equipped with a partial order (i.e., a
reflexive, transitive, and anti-symmetric relation) > instead of a quasi-order =
then we can dispense with Eq.

Theorem 3. Let R/E be an ETRS over a signature F, (A, >) a monotone F-
algebra, and  a monotone labelling for A. If A is a quasi-model of R/E and
R/Eab is terminating then R/E is terminating.

Proof. The proof of Theorem 1 applies; because the equivalence associated with
a partial order is the identity relation we have Eq = @. O

The first example in this section shows that the converse of Theorem 3 does
not hold. Combining the preceding two theorems yields the following result.

Corollary 1. Let R/E be an ETRS over a signature F, (A, =) a monotone
F-algebra, and £ a monotone labelling for A. If A is a model of R/E then ter-
mination of Riab/Elap s equivalent to termination of R/E. O

Note that if the pair (A, >) is a model of R/E then so is (A, =). Since in this
case monotonicity of both the algebra operations and the labelling functions is
trivially satisfied, we can rephrase the above corollary as follows.

Corollary 2. Let R/E be an ETRS over a signature F, A an F-algebra, and
£ a labelling for A. If A is a model of R/E then termination of Riap/Elab is
equivalent to termination of R/E. O

Note that the unspecified quasi-order is assumed to be the identity relation,
so model here means [ =4 r for all rules I — r € R and all equations [ = r € £.
Let us conclude this section by illustrating the power of equational semantic
labelling on a concrete example. Consider the ETRS R/E with R = {# — 0 —

z,s(z) —s(y) = ¢ —y,0+s(y) = 0,s(z) +s(y) = s((z —y) +s(y))} and



E={(z+y)+z= (z+2z)+y}. Let A be the algebra with carrier N, standard
order >, and operations 04 = 0,s4(z) =z +1,and z — 4y =z + 4 y = . This
algebra is a quasi-model of R/E. If £ (z,y) = x then we have R, = {2 — 0 —
z,s(x) —s(y) > x—y, 0+9s(y) = 0} U {s(x) +nt15(y) = s((x —y) +n s(y)) |
n>20},Dec={z+ny s> z+,y|m>n} and Eap = {(z 50 y) +n 2
(x +n 2) +ny | n > 0}. Termination of R/Eap can be shown by the following
polynomial interpretation: [0] = 0, [s](z) = z + 1, z[-]y = v +y + 1, and
z[+p]y =z +ny+n+y for all n > 0. According to Theorem 3 the original
ETRS R/ is terminating as well. Note that a direct termination proof with
standard techniques is impossible since an instance of the last rule of R is self-
embedding. In order to make this rule non-self-embedding it is essential that we
label +. This explains why Zantema’s version of equational semantic labelling—
presented in the next section—will fail here.

4 Semantic Labelling Cube

The original version of equational semantic labelling described in Zantema [24]
is presented below.

Theorem 4 ([24]). Let R/E be an ETRS over a signature F, A an F-algebra,
and £ a labelling for A such that function symbols occurring in £ are unlabelled.
If A is a model of R/E then termination of Riap/E is equivalent to termination
of R/E. a

In [24] it is remarked that the restriction that symbols in £ are unlabelled is
essential. Corollary 2, of which Theorem 4 is an immediate consequence, shows
that this is not true. Zantema provides the non-terminating ETRS R/E with
R=A{(z+y)+z—=z+@y+2)}and £ = {r+y ~y+z}, and the model A
consisting of the positive integers N, with the function symbol + interpreted as
addition. By labelling + with the value of its first argument, we obtain Riap =
{+iy)+irjz =2+ (y+2) |, jeNand Sap ={z+Hiymy+2|i,j €
Ny }. According to Corollary 2 the labelled ETRS Ryan/Elapb is not terminating
and indeed there are infinite rewrite sequences, e.g.

(z+iz)+rz 2z (et )~ (@ +12)+22 — -+

In [24] it is remarked that Riap/E’ with &' = {x +;y > y+;2 | i € Ny} is
terminating, since it is compatible with the polynomial interpretation in which
the function symbol +; is interpreted as addition plus i, for every i € Ny.
However, £ is not a labelled version of £.

The various versions of equational semantic labelling presented above differ
in three choices: (1) the order on the algebra A (partial order vs. quasi-order),
(2) the relation between the algebra A and the ETRS R/E (model vs. quasi-
model), and (3) the labelling of the function symbols appearing in € (forbidden
vs. allowed). This naturally gives rise to the cube of eight versions of equational
semantic labelling possibilities shown in Figure 1. Every possibility is given as



a string of three choices, each of them indicated by —/+4 and ordered as above,
so —++ denotes the version of equational semantic labelling with partial order,
quasi-model, and (possibly) labelled function symbols in £. All eight versions of
equational semantic labelling are sound, i.e., termination of the labelled ETRS
implies termination of the original ETRS. The versions in which termination
of the labelled ETRS is equivalent to termination of the original ETRS are
indicated by a surrounding box.

—t+t —————— +++

+++ Theorem 1
+—+ Theorem 2
—++4+ Theorem 3
——+ Corollary 1 (2)
——— Theorem 4

Fig. 1. Equational semantic labelling cube.

We present one more version of equational semantic labelling, stating that
the implication of Theorem 1 becomes an equivalence in the special case that
£ is variable preserving (i.e., every equation | &~ r € £ has the property that [
and r have the same number of occurrences of each variable), the (strict part
of the) quasi-order - is well founded, and function symbols occurring in £ are
unlabelled. In other words, if £ is variable preserving (which in particular is true
for AC) and the quasi-order = is well founded then we can put a box around
++4— in Figure 1. Before presenting the proof, we show the necessity of the
three conditions. First consider the ETRS R/E with R = @ and £ = {f(z,z) =
x} where the signature contains a unary function symbol g in addition to the
function symbol f. Let A be the algebra over the carrier {0,1} with 1 > 0 and
operations f4(z,y) = z and ga(x) = x. Note that A is a (quasi-)model of R/E.
By labelling g with the value of its argument, we obtain the ETRS R/E with
R = Dec = {gi1(z) = go(z)} and € = £. The ETRS R/€ is trivially terminating,
but R/€ admits the following infinite rewrite sequence:

g1(z) ~ f(g1(2), g1 (2)) = f(go(), 81 (2)) ~ f(go(2),(g1(7),81(2))) = ---

Note that £ is not variable preserving. The necessity of the well-foundedness of
the quasi-order = follows by considering the terminating TRS R/ with R =
{f(z) = g(x)} and £ = @, the algebra A over the carrier Z with standard order
> and operations f4(z) = ga(xz) = z, and the labelling ¢¢(z) = z. In this case
we have Riap = {fi(z) — g(z) | i € Z} and Dec = {f;(z) — f;(x) | i > j}, 0o R



lacks termination. Finally, the requirement that function symbols occurring in
&€ must be unlabelled is justified by the counterexample following Theorem 1.

Theorem 5. Let R/E be an ETRS over a signature F with £ variable pre-
serving, (A, ) a monotone F-algebra with 7~ well-founded, and { a monotone
labelling for (A, ) such that function symbols occurring in € are unlabelled. If
A is a quasi-model of R/E then termination of R/E is equivalent to termination

of R/E.

Proof. First note that R/E = (Riap U Dec)/(€ U Eq) because function symbols
occurring in £ are unlabelled. The “if” part is a consequence of Theorem 1. For
the “only if” part we show that the ETRS Dec/(€ U Eq) is terminating. For a
term ¢t € T (Flab, V) let ¢(t) denote the multiset of all labels occurring in ¢. The
following facts are not difficult to show:

— if § = pec t then ¢(s) =mu ¢(t),
—if s HEq t then ¢(S) ~mul ¢(t)’
— if s Hg t then ¢(s) = @(t).

Here &1 denotes the multiset extension of > ([5]) and ~,,1 denotes the multi-
set extension of the equivalence relation ~ (which coincides with the equivalence
relation associated with the multiset extension 2~ mu of -, see e.g. [17, Defini-
tion 5.6]). For the validity of the last observation it is essential that £ is variable
preserving and that function symbols occurring in £ are unlabelled. From these
facts and the well-foundedness of -1 we obtain the termination of Dec/(EUEQ).
Now, if R/€ is not terminating then it admits an infinite rewrite sequence which
contains infinitely many Ri,p-steps. Erasing all labels yields an infinite R/E-
rewrite sequence, contradicting the assumption that R /€ is terminating. O

5 Dummy Elimination for Equational Rewriting

Ferreira, Kesner, and Puel [7] extended dummy elimination [8] to AC-rewriting
by completely removing the AC-axioms. We show that their result is easily ob-
tained in our equational semantic labelling framework. Our definition of
dummy(R) is different from the one in [7, 8], but easily seen to be equivalent.

Definition 3. Let R be a TRS over a signature F. Let e be a distinguished
function symbol in F of arity m > 1 and let o be a fresh constant. We write F,
for (F\{e})U{o}. The mapping cap: T(F,V) = T (Fo,V) is inductively defined
as follows: cap(t) =t if t € V, cap(e(ts,.-.,tm)) = ¢, and cap(f(t1,...,ts)) =
f(cap(t1),...,cap(t,)) if f # e. The mapping dummy assigns to every term in
T(F,V) a subset of T(Fo,V):

dummy(t) = {cap(t)} U {cap(s) | s is an argument of an e symbol in t}.
Finally, we define

dummy(R) = {cap(l) = r' |l - r € R and v’ € dummy(r)}.



Note that dummy(R) may contain invalid rewrite rules because cap(l) can
have fewer variables than . In that case, however, dummy(R) is not terminating
and the results presented below hold vacuously. Ferreira and Zantema [8] showed
that if dummy(R) is terminating then R is terminating. A simple proof of this
fact using self-labelling, a special case of semantic labelling, can be found in
Middeldorp et al. [16]. Two extensions of this result to equational rewriting are
known. In [6] Ferreira showed that termination of R /& follows from termination
of dummy(R)/E provided that & is variable preserving and does not contain the
function symbol e. The extension presented in Ferreira et al. [7] is stated below.

Theorem 6. Let R/E be an ETRS with £ = AC(e). If dummy(R) is terminat-
ing then R/E is terminating.

In other words, AC-termination of R is reduced to termination of dummy(R).

Proof. We turn the set of terms 7 (F,,V) into an F-algebra A4 by defining
ealti, ..., tp) =0 and fa(tr,...,tn) = f(t1,...,t,) for all other function sym-
bols f € F and terms ty,...,t, € T(F,,V). We equip A with the (well-founded)
partial order == _>:1ummy(R)' One can verify that A is monotone with respect to
=. An easy induction proof shows that [«](t) = cap(t)a for all terms t € T (F, V).
We show that A is a quasi-model of R/E. Let a: V — T (F,, V) be an arbitrary
assignment and let I — r € R. We have [a](]) = cap(l)a and [@](r) = cap(r)a by
the above property. The rewrite rule cap(l) — cap(r) belongs to dummy(R) by
definition and hence [a](l) = [@](r). For the two equations [ ~ r € £ we clearly
have [a](l) = ¢ = [a](r). Hence A is a quasi-model of R/E.

Define the (monotone) labelling ¢ as follows: £ = f 4 for all function symbols
f € F. According to Theorem 3 it is sufficient to show that ﬁ/ Elap 18 terminating,.
Define a precedence 1 on Fap, as follows: fi 3 g if and only if s (= U >)T ¢,
where [> is the proper superterm relation. Note that T inherits well-foundedness
from >. We claim that R is precedence terminating with respect to 7. Rewrite
rules in Dec are of the form fq(z1,...,2,) = fi(z1,...,2,) with s > ¢t and thus
fs 3O fi. For rules in Ry, we make use of the following property:

if t < r then cap(t) < r' for some term r' € dummy(r). (%)

Now let | — r € Rjap. By definition there exist an assignment a: V — T (F,, V)
and a rewrite rule I' — r' € R such that [ = lab,(I') and r = lab, (). The
label of the root symbol of ! is [a](l") = cap(l')«. Let s be the label of a function
symbol in r. By construction s = [a](t) = cap(t)a for some subterm ¢ of r'.
According to (1) we have cap(t) < r" for some r" € dummy(r'). By definition
cap(lI') — r'" € dummy(R) and hence cap(lI')a > r"a > cap(t)a = s. Conse-
quently, root(l) O f for every function symbol f in r. This completes the proof of
precedence termination of R. Since &1, = AC(e,), termination of R /&1, follows
from Lemma 1. a

The reader is invited to compare our proof with the one in [7]. For the above
simple proof we indeed needed our new powerful version of equational semantic
labelling, i.e., Zantema’s restricted version (Theorem 4) would not have worked.

10



One may wonder whether the soundness proof of the version of equational
dummy elimination presented in [6] can also be simplified by equational semantic
labelling. This turns out not to be the case. One reason is that function symbols
of £ that also appear in R will be labelled, causing £jap, (and &) to be essentially
different from &£. In particular, if £ consists of AC-axioms then &, contains
non-AC axioms and hence AC-compatible orders are not applicable to R/E.
Moreover, Lemma 1 does not extend to arbitrary ESs £ and it is unclear how to
change the definition of precedence termination such that it does.

Recently, Nakamura and Toyama [18] improved dummy elimination by re-
stricting ' in the definition of dummy(R) to terms in (dummy(r) \ 7 (Fe,V)) U
{cap(r)} with F¢ denoting the constructors of R. In other words, elements
of dummy(r) \ {cap(r)} that do not contain a defined function symbol need
not be considered when forming the right-hand sides of the rewrite rules in
dummy(R). For example, the TRS R = {f(a) — f(b),b — e(a)} is trans-
formed into the non-terminating TRS dummy(R) = {f(a) — f(b),b = o,b — a}
by dummy elimination whereas the above improvement yields the terminating
TRS {f(a) — f(b),b — o}. Aoto! suggested that a further improvement is
possible by stripping off the outermost constructor context of every element in
dummy(r) \ {cap(r)}. For R = {f(a(z)) — f(b),b — e(a(f(c)))} this would yield
the terminating TRS {f(a(z)) — f(b),b — ¢,b — f(c)} whereas the transforma-
tion of [18] produces dummy(R) = {f(a(z)) — f(b),b — o,b — a(f(c))}, which
is clearly not terminating.

These ideas are easily incorporated in our definition of dummy elimination.
Here Fp = F \ F¢ denotes the defined symbols of R.

Definition 4. Let R be a TRS over a signature F. The mapping dummy’ as-
signs to every term in T (F,V) a subset of T (Fo,V), as follows:

s is a mazimal subterm of an argument}

dummy’(£) = cap(t) U {cap(s) of e in t such that root(s) € Fp \ {e}

We define
dummy’(R) = {cap(l) = 7' |l -7 € R and r' € dummy'(r)}.
)

Theorem 7. Let R/E be an ETRS with & = AC(e). If dummy'(R) is termi-
nating then R/E is terminating.

Proof. Very similar to the proof of Theorem 6. The difference is that we do not
label the function symbols in F¢. In order to obtain precedence termination of
R we extend the precedence 1 on Fiap, by f; 3 g for every f € Fp,t € T(Fs,V),
and g € Fe. In addition, (x) is replaced by the following property:

if + < r and root(t) € Fp then cap(t) < r' for some term ' € dummy’(r).

Taking these changes into consideration, termination of R/€ is obtained as in
the proof of Theorem 6. O

! Remark made at the 14th Japanese Term Rewriting Meeting, Nara Institute of Sci-
ence and Technology, March 15-16, 1999.
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6 Distribution Elimination for Equational Rewriting

Next we show that our results on equational semantic labelling can also be used
to extend the distribution elimination transformation of [23] to the AC case.
Again, for that purpose we need our powerful version of equational semantic
labelling, i.e., Theorem 4 does not suffice. Let R be a TRS over a signature F
and let e € F be a designated function symbol whose arity is at least one. A
rewrite rule [ — r € R is called a distribution rule for e if | = Cle(z1,...,2m)]
and r = e(C[z1],...,C[z,]) for some non-empty context C' in which e does
not occur and pairwise different variables z1, ...,z . Distribution elimination
is a technique that transforms R by eliminating all distribution rules for e and
removing the symbol e from the right-hand sides of the other rules. Let Fyisty =
F \ {e}. We inductively define a mapping distr that assigns to every term in
T(F,V) a non-empty subset of T (Fgistr, V), as follows:

o ift eV,
distr(t) = { | distr(t;) ift=e(ts,...,tm),
i—1

1=
{f(s1,...,8n) | s; € distr(t;)} ift= f(t1,...,tn) with f #e.
It is extended to rewrite systems as follows:
distr(R) = {l = r' |l - r € R is no distribution rule for e and r’' € distr(r)}.

A rewrite system is called right-linear if no right-hand side of a rule contains
multiple occurrences of the same variable. The following theorem extends Zan-
tema’s soundness result for distribution elimination to the AC case.

Theorem 8. Let R/E be an ETRS with £ = AC(e) such that e does not occur
in the left-hand sides of rewrite rules of R that are not distribution rules for e.
If distr(R) is terminating and right-linear then R/E is terminating.

Proof. We turn the set of finite non-empty multisets over 7 (Faistr, V) into an
F-algebra A by defining

; € M; for all 1 <i < if

f.A(Mla---;Mn): {f(t17 7tn)|tz€ ; 10T a. \’L\TL} 1 f7£6,

M1 U M2 if f =€
for all function symbols f € F and finite non-empty multisets M, ..., M, of
terms in 7 (Faistr, V). (Note that n = 2 if f = e.) We equip A with the (well-
founded) partial order » = >= | where > = —)jistrm). One easily shows that
(A, ») is a monotone F-algebra. It can be shown (cf. the nontrivial proof of
Theorem 12 in [23]) that

1. [ =4 r for every distribution rule I - r € R,
2. [ % 4 r for every other rule ] — r € R.

12



For (2) we need the right-linearity assumption of distr(R). From the definition of
e we obtain e(z,y) =4 e(y,z) and e(e(z,y), z) =4 e(z, e(y, z)). Hence (A, »)
is a quasi-model of R/E.

Define the (monotone) labelling ¢ as follows: £ = f 4 for all function symbols
f # e. According to Theorem 3 it is sufficient to show that R /Elap, is terminating.
Define the precedence I on Fi,, as follows: f O g if and only if either f # e
and g =eor f = f},; and g = gy with M ((> U >)*)mu N. Note that 7 is well
founded. We claim that R is precedence terminating with respect to 1. Rewrite
rules in Dec are of the form fy(z1,...,2,) = fn(z1,...,2,) with M =0 N
and thus fy; O fn. For rules in Rja, we make use of the following property,
which is not difficult to prove:

3. if t < r then [a](r) >mu [@](t) for every assignment a.

Now let [ — 7 € Riap- By definition there is an assignment a: V — T (Faistr, V)
and a rewrite rule I’ — r' € R such that | = lab,(I') and r = lab,(r"). Since
root(l') # e, the label of the root symbol of [ is [a](I"). If e occurs in ' then
root(l) O e by definition. Let M be the label of a function symbol in r. By
construction M = [a](t) for some subterm ¢ of +'. We distinguish two cases. First
consider the case that I’ — 7' € R is a distribution rule. Because root(r') = e, t is
a proper subterm of 7’. Property (3) yields [a](7") >mu [@](t). We have [a](I') =
[@](r") by (1). Hence [a](I") ((>= U >)")mu M as required. Next let I' = r' € R
be a non-distribution rule. From (3) we infer that [a](r') D>na [@](t) (if ¢ = '
then [a](r") = [a](t) holds). According to (2) we have [a](I') =mu [@](r"). Hence
also in this case we obtain [a](I') ((*= U >)")mu M. This completes the proof
of precedence termination of R. Since ., = €& = AC(e), termination of R/Eap
follows from Lemma 1. O

Next we show that the right-linearity requirement in the preceding theorem
can be dropped if termination is strengthened to total termination. A TRS is
called totally terminating if it is compatible with a well-founded monotone al-
gebra in which the underlying order is total. Since adding a constant to the
signature does not affect total termination, from now on we assume that the
set of ground terms is non-empty. Total termination is equivalent (see [9, The-
orem 13]) to compatibility with a well-founded monotone total order on ground
terms. Here, “compatibility” means that [0 = ro holds for all rules ] — r € R
and all substitutions such that lo is a ground term. It should be noted that
standard termination techniques like polynomial interpretations, recursive path
order, and Knuth-Bendix order all yield total termination.

Theorem 9. Let R/E be an ETRS with £ = AC(e) such that e does not occur
in the left-hand sides of rewrite rules of R that are not distribution rules for e.
If distr(R) is totally terminating then R/E is terminating.

Proof. There is a well-founded monotone total order > on T (Fgistr) which is
compatible with distr(R). We turn T (Faistr) into an F-algebra A by defining
Faltts.otn) = f(tryeo o ta) if £ # e and faltr,...,t) = max{t, b} if f =

13



e for all symbols f € F and terms #,...,t, in T(Fgistr)- We equip A with
the (well-founded) partial order >. One can show that (A, >) is a monotone
F-algebra. It is not difficult to verify that | =4 r for every distribution rule
I = r € R and the two equations | &~ r € £. An easy induction proof shows that

1. for all terms r € T(F,V) and assignments « there exists a term s € distr(r)
such that [a](r) = [¢](s).

Using this property, we obtain (by induction on r) that [ >4 r for every non-
distribution rule I — r € R. Hence (A, ) is a quasi-model of R/E.

Define the (monotone) labelling ¢ as follows: £ = f 4 for all function symbols
f # e. According to Theorem 3 it is sufficient to show that R /Elap, is terminating.
Define the precedence 1 on Fi,p, as follows: f 1O g if and only if either f # e and
g=ecor f=fland g = g, with s (= U >)" t. Note that 1 is well founded. The
following property is not difficult to prove:

2. if t < r then [a](r) > [a](t) for every assignment .

However, [a](r) > [@](t) need not hold (consider e.g. t <1 e(t,t)) and as a con-
sequence the labelled distribution rules in R are not precedence terminating
with respect to J. Nevertheless, the precedence termination of the labelled non-
distribution rules in R,,1, as well as the rules in Dec is obtained as in the proof of
Theorem 8. Hence any AC-compatible recursive path order erpo induced by the
precedence 11 that is defined on terms with variables (cf. the proof of Lemma 1)
will orient these rules from left to right. Let I = Cle(x,y)] — e(C[z],Cly]) = r
be a distribution rule in R and let « be an arbitrary assignment. We claim that
lab, (1) 34C lab,(r). Since C' # O, root(lab, (1)) 3 e = root(lab,(r)) by defini-

rpo

tion. It suffices to show that lab, (1) :I]‘}IS lab, (Clz]) and lab, (1) Zlé,% lab, (Cly]).
We have lab, (Clz]) = Ci[z], laba(C[y]) = Cs[y] for some labelled contexts C
and Cs, and lab, (I) = Ci[e(z,y)] if a(x) = a(y) and lab,(l) = C2[e(z, y)] other-
wise. We consider only the case a(z) > a(y) here. We have C [e(z,y)] :IAC Ci[z]

rpo

by the subterm property of JAC. If a(z) = a(y) then Csly] = Ci[y] and

rpo-
thus also C[e(z,y)] :I?p(g Cs[y] by the subterm property. If a(z) = a(y) then
Cile(z,y)] T5% Caly] because the rewrite rule Ci[e(z,y)] — Caly] is prece-
dence terminating. This can be seen as follows. The label of the root symbol
of Cile(z,y)] is [a](Clz]). Let ¢ be the label of a function symbol in Cs[y].
By construction ¢ = [@](t) for some subterm ¢ of Cy]. We obtain [a](C[y]) >
[a](t) = ¢ from (2). The monotonicity of A yields [a](C[z]) > [a](Cly]). Hence
[](C[z]) (= U >)*t ¢ as desired. We conclude that R /&, is terminating. The-
orem 3 yields the termination of R/E. a

The above theorem extends a similar result for TRSs in Zantema [23]. Ac-
tually, in [23] it is shown that R is totally terminating if distr(R) is totally
terminating. Our semantic labelling proof does not give total termination of
R/E. Nevertheless, the more complicated proof in [23] can be extended to deal
with AC(e), so R/€ is in fact totally terminating.

In Middeldorp et al. [16] it is shown that for £ = @ the right-linearity re-
quirement in Theorem 8 can be dropped if there are no distribution rules in R.
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It remains to be seen whether this result is also true if £ = AC(e). We note
that the semantic labelling proof in [16] does not extend to R/E because the in-
terpretation of e defined there, an arbitrary projection function, is inconsistent
with the commutativity of e.
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