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Abstract. The notion of normal forms is ubiquitous in various equiva-
lent transformations. Confluence (CR), one of the central properties of
term rewriting systems (TRSs), concerns uniqueness of normal forms. Yet
another such property, which is weaker than confluence, is the property
of unique normal forms w.r.t. conversion (UNC). Recently, automated
confluence proof of TRSs has caught attentions; some powerful conflu-
ence tools integrating multiple methods for (dis)proving the CR property
of TRSs have been developed. In contrast, there have been little efforts
on (dis)proving the UNC property automatically yet. In this paper, we
report on a UNC prover combining several methods for (dis)proving the
UNC property. We present an equivalent transformation of TRSs pre-
serving UNC, as well as some new criteria for (dis)proving UNC.

1 Introduction

The notion of normal forms is ubiquitous in various equivalent transformations—
normal forms are objects that cannot be transformed further. A crucial issue
around the notion of normal forms is that whether they are unique so that
normal forms (if exist) can represent the equivalence classes of objects. For this,
the notion of confluence (CR), namely that s & o 5 ¢ implies s = o & ¢
for all objects s and ¢, is most well-studied. Here, = is the reflexive transitive
closure of the equivalent transformation —, and o stands for the composition. In
term rewriting, various methods for proving confluence of term rewriting systems
(TRSs) have been studied (see e.g. slides of [20] for a survey). Yet another such
a property is the property of unique normal forms w.r.t. conversion (UNC)3,
namely that two convertible normal forms are identical, i.e. s <> ¢ with normal
forms s, ¢ implies s = ¢. In term rewriting, famous examples that are UNC but not
CR include TRSs consisting of S,K I-rules for combinatory logic supplemented
with various pairing rules [13,22], whose non-CR have been shown in [12].

3 The uniqueness of normal forms w.r.t. conversion is also often abbreviated as UN
in the literature; here, we prefer UNC to distinguish it from a similar but different
notion of unique normal forms w.r.t. reduction (UNR), following the convention
employed in CoCo (Confluence Competition).
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It is undecidable whether R is UNC for a given TRS R in general. However, it
is known that the UNC property is decidable for left-linear right-ground TRSs [6]
and for shallow TRSs [17]. Another class for which the UNC property is decidable
is terminating TRSs, for which the CR property and the UNC property coincide
(e.g. [7]). Some classes of TRSs having the UNC property are also known: non-w-
overlapping TRSs [10] and non-duplicating weight-decreasing joinable TRSs [21].
Another important topic on the UNC property is modularity. It is known that the
UNC property is modular for persistent decomposition [2] and layer-preserving
decomposition [1]. These results allow us to use the divide-and-conquer approach
for (dis)proving the UNC property. Compared to the CR property, however, not
much has been studied on the UNC property in the field of term rewriting.

Recently, automated confluence proof of TRSs has caught attentions lead-
ing to investigations of automatable methods for (dis)proving the CR property
of TRSs; some powerful confluence tools have been developed as well, such as
ACP [3], CSI [14], Saigawa [11] for TRSs, and also tools for other frameworks
such as conditional TRSs and higher-order TRSs. This leads to the emergence
of the Confluence Competition (CoCo)?, yearly efforts since 2012. In contrast,
there have been little efforts on (dis)proving the UNC property automatically.
Indeed, there are few tools that are capable of (dis)proving the UNC property;
furthermore, only few UNC criteria have been elaborated in these tools.

In this paper, we report on a UNC prover comprising multiple methods for
(dis)proving the UNC property and integrating them in a modular way. We
present new automated methods to prove or disprove the UNC property; these
methods enabled our tool to win the UNC category of CoCo 2018.

The rest of the paper is organized as follows. After introducing necessary
notions and notations in Section 2, we first revisit the conditional linearization
technique for proving UNC, and obtain new UNC criteria based on this approach
in Section 3. In Section 4, we present a slightly generalized version of the critical
pair criterion presented in the paper [21], and report an automation of the cri-
terion. In Section 5, we present a new method for proving or disproving UNC.
We show an experiment of the presented methods in Section 6. In Section 7,
we report our prover ACP which supports the presented methods and integrates
them based on the modularity results. Section 8 concludes.

2 Preliminaries

We now fix notions and notations used in the paper. We assume familiarity with
basic notions in term rewriting (e.g. [4]).

We use LI to denote the multiset union and N the set of natural numbers.
A sequence of objects ay,...,a, is written as a. Negation of a predicate P is
denoted by —P. The composition of relation R and S is denoted by R o S.
Let — be a relation on a set A. The reflexive transitive (reflexive, symmetric,

equivalent) closure of the relation — is denoted by = (resp. =, ¢+, <+). The set

* http:/ /project-coco.uibk.ac.at/
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NF of normal forms w.r.t. the relation — is given by NF = {a € A | a — b for
no b € A}. The relation — has unigue normal forms w.r.t. conversion (denoted
by UNC(—)) if @ & b and a,b € NF imply a = b. The relation — is confluent
(denoted by CR(—)) if < 0 5 C 5 o <. When we consider two relations —;
and —o, the respective sets of normal forms w.r.t. —; and —5 are denoted by
NF; and NF5. The following proposition, which is proved easily, is a basis of the
conditional linearization technique, which will be used in Sections 3 and 4.

Proposition 1 ([13,22]). Suppose (1) —¢ C —1, (2) CR(—1), and (3) NFq C
NF;. Then, UNC(—)O)

The set of terms over the set F of fixed-arity function symbols and denumer-
able set V of variables is denoted by T(F,V). The set of variables in a term ¢ is
denoted by V(t). A term ¢ is ground if V(t) = (). We abuse the notation V(t) and
denote by V(e) the set of variables occurring in any sequence e of expressions.
The subterm of a term ¢ at a position p is denoted by t|,. The root position
is denoted by e. A context is a term containing a special constant O (called
hole). If C'is a context containing n-occurrences of the hole, C(ti,...,tnlp,.... pn
denotes the term obtained from C' by replacing holes with ¢1,...,t, at the po-
sitions p1,...,pn. Here, subscripts p1,...,p, may be abbreviated if it can be
remained implicit. The expression s[t1,...,tn]p,,... p, denotes the term obtained
from s by replacing subterms at the positions pi,...,p, with terms ¢1,...,t,
respectively. We denote by |t|, the number of occurrences of a variable z in
a term t. Again, we abuse the notation |t|, and denote by |e|, the number of
occurrences of a variable x in any sequence of expressions e. A term t is linear
if |t| = 1 for any x € V(t). A substitution o is a mapping from V to T(F,V)
with finite dom(o) = {z € V | o(z) # z}. Each substitution is identified with its
homomorphic extension over T(F,V). For simplicity, we often write to instead
of o(t). A most general unifier o of terms s and ¢ is denoted by mgu(s, t).

An equation is a pair (I,r) of terms, which is denoted by I =~ r. When we
do not distinguish the lhs and rhs of the equation, we write [ =~ r. We identify
equations modulo renaming of variables. For a set or sequence I" of equations, we
denote by I'c the set or the sequence obtained by replacing each equation [ = r
by lo = ro. An equation [ ~ r satisfying | ¢ V and V(r) C V(I) is a rewrite rule
and written as [ — r. A rewrite rule [ — r is linear if [ and r are linear terms;
it is left-linear (right-linear) if | (resp. r) is a linear term. A rewrite rule [ — r
is non-duplicating if ||, > |r|, for any x € V(I). A term rewriting system (TRS,
for short) is a finite set of rewrite rules. A TRS is linear (left-linear, right-linear,
non-duplicating) if so are all rewrite rules. A rewrite step of a TRS R (a set I'
of equations) is a relation —x (resp. +>r) over T(F,V) defined by s —x ¢ iff
s = C[lo] and t = C[ro] for some ! — r € R (resp. | &~ r € I') and context C' and
substitution o. The position p such that C|, = O is called the redex position of
the rewrite step, and we write s —, » t to indicate the redex position explicitly.
A rewrite sequence is (finite or infinite) consecutive applications of rewrite steps.
A rewrite sequence of the form ¢, g« tqg —x to is called a local peak.

Let Iy — 7 and ly — 73 be rewrite rules such that V(I1) N V(l2) = 0. Let
o = mgu(ly,lalp) with lo|, ¢ V. A local peak l3[r1],0 pré lo0 —er 720 is
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called a critical peak of Iy — r1 over ly — ro, provided that p # e or (I — r1) #
(Ig = 72). The pair (la[r1]p0, ro0) is called a critical pair in R. It is overlay if
p = € it is inner-outer if p # e. The set of (overlay, inner-outer) critical pairs
from rules in a TRS R is denoted by CP(R) (resp. CPyu(R), CPin(R)).

Let | = r be an equation and let I' be a finite sequence of equations. An
expression of the form I' = [ = r is called a conditional equation. Conditional
equations are also identified modulo renaming of variables. If [ ¢ V, it is a
conditional rewrite rule and written as | — r <= I'. The sequence I is called the
condition part of the rule.

A conditional rewrite rule [ — r <= I" is linear (left-linear) if so are rewrite
rule I — 7. A finite set of conditional rewrite rules is called a conditional term
rewriting system (CTRS, for short). A CTRS is linear (left-linear) if so are
all rules. A CTRS R is said to be of type 1 if V(I') U V(r) C V(I) for all
l—-r<=IleR.

Let Iy — r1 < I and Iy — r9 < I be conditional rewrite rules such that
w.lo.g V(li,r1, I1)NV(lg,r2,I%) = 0. Let 0 = mgu(ly, la]) with l3], ¢ V. Then
INo, Iho = (la[r1]p0, re0) is called a conditional critical pair (CCP, for short),
provided that p # € or (Iy = 1 < I) # (Ia = ro < I3). Here, I'o, [0 is the
juxtaposition of sequences 1o and Iso. It is overlay if p = ¢; it is inner-outer
if p # €. The set of (overlay, inner-outer) CCPs from rules in a CTRS R is
denoted by CCP(R) (resp. CCPyi(R), CCP;,(R)). A CTRS R is orthogonal if
it is left-linear and CCP(R) = 0.

In this paper, we deal with semi-equational CTRSs. The conditional rewrite

step =1 = Unen —>%) of a semi-equational CTRS R is given via auxiliary

relations =4 (n > 0) defined like this: =\ = 0, =7 = {(C[lo], C[ro)) |

l=or<esyxty,...,spxty € RVi (1 <i<k)sio @%) t;0)}. The rank of a

conditional rewrite step s — t is the least n such that s —>§g )¢,

Let R be a TRS or CTRS. The set of normal forms w.r.t. — is written as
NF(R). A (C)TRS R is UNC (CR) if UNC(—x) (resp. CR(—x)) on the set
T(F,V). Let £ be a set or sequence of equations or rewrite rules. We denote ~¢
the congruence closure of £. We write Fg | ~ 7 if I $¢ 7. For sets or sequences
I' and X of equations, we write be¢ Y ifFglx~rforalll~re X, and I'F¢ X
if F¢ I'o implies ¢ Yo for any substitution o.

A TRS R is said to be right-reducible if r ¢ NF(R) for all | — r € R.
Although it is straightforward, we did not noticed the following claim having
appeared in the literature:

Proposition 2. Right-reducible TRSs are UNC.

Ezample 1 (Cops $126). Let R = {f(f(z,v),2) = f(f(z,2), f(y,z))}. The state
of the art confluence tools fail to prove confluence of this example. However, it is
easy to see R is right-reducible, and thus, the UNC property is easily obtained
automatically.
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3 Conditional linearization revisited

In this section, we revisit the conditional linearization technique.

3.1 Conditional linearization

A conditional linearization is a translation from TRSs to CTRSs which elimi-
nates non-left-linear rewrite rules, say f(z,z) — r, by replacing them with a
corresponding conditional rewrite rules, such as f(z,y) — r < x = y. Formally,
let I = C[z1,...,x,] with all variable occurrences in I displayed (i.e. V(C) = 0).
Note here [ may be a non-linear term and some variables in xz1,...,z, may be
identical. Let I’ = C[z,...,z}] where 2/,..., 2/ are mutually distinct fresh
variables and let ¢ be a substitution such that §(z}) = z; (1 < i < n) and
dom(d) = {zf,..., 2}, }. A conditional rewrite rule I’ — 7’ < I" is a conditional
linearization of a rewrite rule [ — r if 7§ = r and I' is a sequence of equations
z; = z; (1 <1i,j <n)such that 2 ~p x; iff 246 = x}é holds for all 1 < 4,5 < n,
where ~ is the congruence closure of I". A conditional linearization of a TRS R
is a semi-equational CTRS (denoted by R) obtained by replacing each rewrite
rule with its conditional linearization. We remark that any result of conditional
linearization is a left-linear CTRS of type 1.

Conditional linearization is useful for showing the UNC property of non-left-
linear TRSs. The key observation is CR(RY) implies UNC(R). For this, we use
Proposition 1 for —¢ := —x and —1 := —xr. Clearly, »g C —xz, and thus
the condition (1) of Proposition 1 holds. Suppose CR(RY). Then, one can easily
show that NF(R) C NF(RY) by induction on the rank of conditional rewrite
steps. Thus, the condition (2) of Proposition 1 implies its condition (3). Hence,
CR(RF) implies UNC(R).

Now, for semi-equational CTRSs, the following confluence criterion is known.

Proposition 3 ([5,15]). Orthogonal semi-equational CTRSs are confluent.
A TRS R is strongly non-overlapping if CCP(R¥) = (. Hence, it follows:
Proposition 4 ([13,22]). Strongly non-overlapping TRSs are UNC.
This proposition is subsumed by the UNC of non-w-overlapping TRSs [10].

3.2 UNC by conditional linearization

We now give some simple extensions of Proposition 4 which are easily incorpo-
rated from [8], but does not fall within the class of non-w-overlapping TRSs.
For this, let us recall the notion of parallel rewrite steps. A parallel rewrite

step s —>r t is defined like this: s —g t iff s = Cllyoy,...,l,0,] and
t = C[ri01,...,mn0,] for some rewrite rules iy — ry,...,l, — r, € R and
context C' and substitutions oy,...,0, (n > 0). Let us write I' bg u — v if

Fr I'o implies uc —x vo for any substitution o. We define I' Fg u —>g v,
etc. analogously.

The following notion is a straightforward extension of the corresponding no-
tion in [8, 19].
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Definition 1. A semi-equational CTRS R is parallel-closed if (i) I' Fr u = v
for any inner-outer CCP I' = (u,v) of R, and (i) I' Fr u — o <& v for any
overlay CCP I' = (u,v) of R.

We now come to our first extension of Proposition 4, which is proved in a
way very similar to the one for TRSs.

Theorem 1. Parallel-closed semi-equational CTRSs of type 1 are confluent.
Corollary 1. A TRS R is UNC if RY is parallel-closed.

Ezample 2. Let R = { Q(Q(Q(S, z),y),2) = Q(Q(x, 2),Q(y, 2)), Q(Q(K, z),y) —
x,Q(I,x) =z, Q(Q(D,x),x) — z, app(K,x) — Q(I, z), app(z, K) — = }. Since
R is non-terminating, non-shallow, and non-right-ground, previous decidability
results for UNC does not apply. Furthermore, since R is overlapping and du-
plicating, previous sufficient criteria for UNC does not apply. Also, previous
modularity results for UNC does not properly decompose R. Note that the TRS
consisting of the first 4 rules is a famous non-confluent example ([12]); one can
prove that R is non-confluent in a similar way. We have CCP;,(R*) = 0 and
CCP,ui(RY) = {0 = (Q(I,K),K),0 = (K,Q(I,K))}. Thus, RL is parallel-
closed, and from Corollary 1, it follows that R is UNC.

Next, we incorporate the strong confluence criterion of TRSs [8] to semi-
equational CTRSs in the similar way.

Definition 2. A semi-equational CTRS R is strongly closed if I' Fr u S0
vand I'Fr u = o & v for any CCP I’ = (u,v) of R.

Similar to the proof of Theorem 1, the following theorem is obtained in the
same way as in the proof for TRSs.

Theorem 2. Linear strongly closed semi-equational CTRSs of type 1 are con-
fluent.

Corollary 2. A TRS R is UNC if R is linear and strongly closed.

We remark that the results of conditional linearization are not unique. Al-
though the rewrite relation —x: is independent of the results of conditional
linearization, the CCPs may be different depending on RY. Thus, the applica-
bility of Theorems 1 and 2 changes by the choice of R”. This is exhibited in the
next example, where the first 5 rules are from [8].

Ezample 3. Let

H(F(z,y)) = F(H(R(x)),y)  F(z,K(y,2)) — G(P(y),Q(z,7))
H(Q(z,y)) = Q(z, H(R(y)))  Qz, H(R(y))) = H(Q(x,y))

R = g(G(%y)) — G(z, H(y)) K(z, ) — R(z)
F

(y) —C C— K(C,QC)
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There are two variants of conditional linearization of the sixth rule, namely
K(xzi,22) — R(z1) < 71 = x9 and K(z1,72) — R(z2) < 77 =~ T9. De-
pending on the choice of the variants, one obtains two kinds of CCP—mnamely,
(F(z, R(y)), G(P(y), Q(z,2))) and (F(z, R(:)), G(P(y), Q(z.2))). The former is
strongly closed as F(z, R(y)) = G(C, Q(y,z) + G(P(y),Q(z,x)). On the other
hand, the latter is not. Actually, the CTRS obtained by the former linearization
is strongly closed, while the CTRS obtained by the latter linearization is not
strongly closed.

3.3 Automation

Even though proofs are rather straightforward, it is not at all obvious how the
conditions of Theorems 1 and 2 can be effectively checked.

Let R be a semi-equational CTRS. Let I" = (u,v) be an inner-outer CCP
of R, and consider to check I' g uw —+> wv. For this, we construct the set
Red = {v' | I' b u = v’} and check whether v € Red. To construct the set
Red, we seek the possible redex positions in u. Suppose we found conditional
rewrite rules [y — ry < I1,ls — 19 <= Iy € R and substitutions 61, 3 such that
u = C[l101,1205]. Then we obtain u — C[r161,r202] if Fg 1601 and Fr 69, i.e.
s (i>73 t for any equation s ~ ¢ in 1767 U I505. Now, for checking I' Fr u —+ v,
it suffices to consider the case g I" holds. Thus, we may assume s’ <> t' for
any s’ ~ t' in I". Therefore, the problem is to check whether s’ & t/ for s' ~ t/
in I" implies s <5 ¢ for any equation s ~ ¢ in 11601 U I65.

To check this, we use the following sufficient condition: s ~p t for all s ~
t € I'10, U I'305. Since congruence closure of a finite set of equations is recursive
(e.g. [4]), this approximation is indeed automatable.

Ezxzample 4. Let

»— {P(Q(m)) = P(R(z)) <x~A  Q(H(z)) = R(r) < S(x) ~ H(z) }
R(z) — R(H(z))<S(x)~A :

Then, we have CCP(R) = CCP;,(R) = {S(z) = H(z),H(x) = A = (P(R(z)),
P(R(H(x))))}. In order to apply the third rule to have P(R(z)) —+r P(R(H(z))),
we have to check the condition S(x) <>z A. This holds, since we can sup-
pose S(x) &g H(z) and H(z) <r A. This is checked by S(z) ~x A, where
Y ={S(z) = H(zx), H(z) = A}.

4 Automating UNC proof of non-duplicating TRSs

In this section, we show a slight generalization of the UNC criterion of the
paper [21], and show how the criterion can be decided. First, we briefly capture
necessary notions and notations from the paper [21].

A left-right separated (LR-separated) conditional rewrite rule is | — r <
Tl R YL, ..., Ty &2 Y, such that (i) [ ¢ V is linear, (ii) V(I) = {z1,...,2,} and
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IkFr t~;s IFr s~;t EH—Rthu

''{u=vllbrur~ov T'lkrt~yt DiErs~t FuXIFgr s~ u
Flrr s~it DlFrus vy vn oo T PR un i 00y o
Ilrg Cls] ~ Clt] Ly I P (s un) ~k (V1. vn) i
T'rrs—;t 1I'lFr(uio,...,uno) ~i (vi0,...,000)
l—>r< RV, ..., Uy XU, €ER
TR s~ t I'lFr Ollo] —is1 C[ro] PRt B

Fig. 1. Inference rules for ranked conversions and rewrite steps

V(r) C{yr,. . ynt (i) {z1,...,zn} N {y1,...,yn} = 0, and (iv) z; # z; for
all 1 < 4,5 < n such that ¢ # j. Here, note that some variables in yi,...,y,
can be identical. A finite set of LR-separated conditional rewrite rules is called
an LR-separated conditional term rewriting system (LR-separated CTRS, for
short). An LR-separated conditional rewrite rule | — 7 < x1 & y1,...,Tn = Yp
is non-duplicating if |r|, < |y1,...,yn|y for all y € V(7).

The LR-separated conditional linearization translates TRSs to LR-separated
CTRSs: Let Cly1,...,yn] — 7 be a rewrite rule, where V(C) = (. Here, some
variables in v, ...,y, may be identical. Then, we take fresh distinct n vari-
ables x1,...,&,, and construct Clx1,...,2p] = 7 < 21 & Y1,..., Ty = Yy as
the result of the translation. It is easily seen that the result is indeed an LR-
separated conditional rewrite rule. It is also easily checked that if the rewrite rule
is non-duplicating then so is the result of the translation (as an LR-separated
conditional rewrite rule). The LR-separated conditional linearization R of a
TRS R is obtained by applying the translation to each rule.

It is shown in [21] that semi-equational non-duplicating LR-separated CTRSs
are confluent if their CCPs satisfy some condition, which makes the rewrite
steps ‘weight-decreasing joinable’. By applying the criterion to LR-separated
conditional linearization of TRSs, they obtained a criterion of UNC for non-
duplicating TRSs. Note that rewriting in LR-separated CTRSs is (highly) non-
deterministic; even reducts of rewrite steps at the same position by the same
rule are generally not unique, not only reflecting semi-equational evaluation of
the conditional part but also by the V(I)NV(r) = @ for LR-separated conditional
rewrite rule [ — r < I'. Thus, how to effectively check the sufficient condition
of weight-decreasing joinability is not very clear, albeit it is mentioned in [21]
that the decidability is clear.

For obtaining an algorithm for computing the criterion, we introduce ternary
relations parameterized by an LR-separated CTRS R and n € N as follows.

Definition 3. The derivation rules for I' kg u ~, v and I' IFg u —, v are
giwen in Figure 1. Here, n € N and I' is a multiset of equations.

Intuitively, I' IFg u ~,, v means that u Sr o using the assumption I" where
the number of rewrite steps is n in total (i.e. including those used in checking
conditions). Main differences to the relation ~ in [21] are twofold:
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1. Instead of considering a special constant e, we use an index of natural num-
ber. The number of e corresponds to the index number.

2. Auxiliary equations in I" are allowed in our notation of I' IFg u ~, v (i.e.
not all equations in I" need not be used). On the contrary, I" in ~ in [21]

does not allow auxiliary equations in I'.

The former is useful to designing the effective procedure to check the UNC
criteria presented below. The latter is convenient to prove the satisfiability of
constraints on such expressions.

The following slightly generalizes the main result of [21].

Theorem 3. A semi-equational non-duplicating LR-separated CTRS R is weight-
decreasing joinable if for any CCP I' = (s,t) of R, either (i) I' kg s ~<1 t, (i)
I'lFr s<rot, or (i) I'Fr s w0~ t withi+j<2and I'lFrt —y 0~ s
with i + §/ < 2.

Thus, non-duplicating TRSs R are UNC if all CCPs of R satisfy some of
these (1)—(ii).
Thanks to our new formalization, decidability of the condition easily follows.

Theorem 4. The condition of Theorem 3 is decidable.

Proof. We show that each condition (i)—(iii) is decidable. Let I' be a (finite)
multiset of equations, s,t terms, and s,t sequences of terms. The claim fol-
lows by showing the following series of sets are finite and effectively constructed
one by one: (a) SIMy(I,s) = {(X,t) | ['\X IFr s ~o t}, (b) SIMy([,s) =
{(Z;t) | '\X kg s ~o t}, (¢) RED1(I}s,t) = {¥ | I'\Y kg s —1 t},
(d) SRSOlo(F,&t) = {E ‘ F\E |FR § ~p O —1 O ~ t}, (e) SIMl(F,S,t) =
{Z | I'\2 kg s ~1 t}, (f) SIMy(Iys,t) = {X | I'\Y Fr s ~1 t}, and (g)
REDo(T,s,t) = {X | [\Y IFr s =2 t}.

O

Ezample 5. Let

R {f(m) = h(z, f(z,b)  flg(y),y) = h(y,f(g(y),C(b)))}
h(c(zx),b) — h(b,b) c(b) —b

Since R is non-terminating, non-shallow, and non-right-ground, previous decid-
ability results for UNC does not apply. Furthermore, since R is overlapping and
duplicating, previous sufficient criteria for UNC does not apply. Also, previous
modularity results for UNC does not properly decompose R. By conditional
linearization, we obtain

flz1,22)  — h(z, f(z,b)) X RT,TyRT
R = ¢ fg(y1),y2) = h(y, f(9(y), (V) =y Ry 2 =y
h(c(z),b) — h(b,b) ceb) = b

We have an overlay CCP I' = (h(z, f(z,b)), h(y, f(9(y),c(b)))), where I' =
{(a):yp =y, (b):y2=~vy, (c¢):9(y1)~z, (d):y2~x} (Another one is its
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symmetric version.) Let s = h(y, f(g(y),c(d))) and t = h(x, f(x,b))). To check
the criteria of Theorem 3, we start computing SIMg (I, s) and SIM(I',t). For
example, the former equals to

({(a), (), (c), ()}, hly, fg(y),c(0))))  ({(]),(c), (d)}, hly1, [(g(y), c(D))))
{(0), (c), (d)}, hly, f(g(y1), (b)) {({(0), (d)}, h(y, f (x,c(b))))
{(a), (0), (@)}, hlyz, £(g(y). (b)) {(a), (c), (D)}, h(y, f(g(y2), c(b))))
({(a), ()}, h(z, f(g(y), c(b)))) ({(a), ()}, 1y, f(g(x), c(b))))
({(c), ()}, h(yr, f(g(y2), c(b)))) {({(c), ()}, hly2, fg(y1),c(b))))
({(0}, hly1, f(g(x), (b)) {(c)}, bz, fg(y1), c(D))))
<{(d)}’h(y27f(xvc(b)))> <®,h(l‘, l‘,C(b))))

We now can check s ~g t does not hold by (I,t) € SIMy(I',s) for no I".
To check I' IF s —1 t, we compute RED; ([ s,t). For this, we check there
exist a context C' and substitution # and rule | — 7 < I' € R® such that
s = Cif] and t = C[rf]. In our case, it is easy to see RED(I',s,t) = 0.
Next to check I' IF s ~q ¢, we compute SRSp10(I,s,t). This is done by, for
each (I, s") € SIMg([, s), computing (X, t') € SIMg(I"”,t) and check there ex-
ists X' € RED1(X",¢,t'). In our case, for (), h(z, f(x,c(b)))) € SIMo(I,s) we
have (0,t) € SIMy(0,¢), and § € REDy(0, h(x, f(z,c(b))),t). Thus, we know
h(z, f(z,c(b))) =1 h(z, f(x,b)). Hence, for these overlay CCPs, we have y; =~
Y92 ~ y,9(y1) = z,y2 = @ lbr h(y, f(9(y),c(b)) ~1 h(z, f(z,b)). We also
have CCP;,,(R®) = { 0 = (h(b,b), h(b,b))}. For this inner-outer critical pair,
it follows that g h(b,b) ~¢ h(b,b) using (B, h(b,b)) € SIMy (0, h(b,d)). Thus,
from Theorem 3, R is weight-decreasing. Hence, it follows R is UNC. We re-
mark that, in order to derive IFx h(b,b) ~¢ h(b,b), we need the reflexivity rule.
However, since the corresponding Definition of ~ in the paper [21] lacks the re-
flexivity rule, the condition of weight-decreasing in [21] (Definition 9) does not
hold for RS. A part of situations where the reflexivity rule is required is covered
by the congruence rule, and the reflexivity rule becomes necessary when there
exists a trivial critical pair such as above.

5 Equivalent transformation for UNC

In this section, we present a transformational approach for proving and disprov-
ing UNC.

5.1 Equivalent transformation and disproof

Firstly, observe that the conditional linearization does not change the input TRSs
if they are left-linear. Thus, the technique has no effects on left-linear rewrite
rules. But, as one can easily see, it is not at all guaranteed that left-linear TRSs
are UNC.

Now, observe that a key idea in the conditional linearization technique is
that the CR property of an approximation of a TRS implies the UNC property
of the original TRS. The first method presented in this section is based on
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Addition Elimination
R N RU{l—r} .
m l ¢ NF(R),l <=, V(r) CV() B l¢ NF(R),l w1
Reversing
= f{fﬁ z_;ri 7 NF(RU (L= ), V(D) € V()
Disproof-1 Disproof-2

r € NF(R),l &w r,V(r) € V(D)

R x R
- lL,r e NF(R),l &r )l #7r 1

Fig. 2. Inference rules for equivalent transformation and disproof

the observation that one can also use the approximation other than conditional
linearization. To fit our usage, we now slightly modify Proposition 1 to obtain
the next two lemmas, whose proofs are easy.

Lemma 1. Suppose (1) —¢ C —1 C <o and (2) NFy C NF;. Then, UNC(—)

Lemma 2. Suppose (1) <9 = <+1 and (2) NFy = NF;. Then, UNC(—) iff
UNC(=1).

These lemmas are made into first three transformation rules in Figure 2.

Definition 4. Let R be a TRS. We write R ~ « if a is obtained by one of the
inference rules in Figure 2.

The next lemma immediately follows from Lemmas 1 and 2.
Lemma 3. Let R be a TRS and | — r a rewrite rule.

1. Suppose | <3 v and | ¢ NF(R). Then, UNC(R) iff UNC(RU{l — r}).
2. Suppose r — 1 is a rewrite rule and r ¢ NF(R U {l — r}). Then UNC(R U
{l—=7r}) iff UNC(RU{l = I,r = }).

Applying Lemma 3 (1) to the Addition and Elimination rules, and Lemma 3 (2)
to the Reversing rules, we obtain:

Theorem 5. Let R be a TRS and suppose R ~> R' # L. Then, R is a TRS,
and UNC(R') iff UNC(R).

Note that the relation ~ is not well-founded; we will present some strategies
for automation in the next subsection. We next show the correctness of the
Disproof-1/2 rules.

Theorem 6. Let R be a TRS and suppose R ~> L. Then =UNC(R).
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Proof. Then we have R ~> R’ ~» L for some R’. From Theorem 5, we have
UNC(R’) iff UNC(R). Thus, it remains to show —“UNC(R'). Suppose R’ ~ L
by Disproof-1. Then | &g/ 7, I,r € NF(R'), and | # r. By the definition of
UNC, R’ is not UNC. Suppose R’ ~» L by Disproof-2. Then s <3 t € NF(R')
and x € V(t) \ V(s). Take a fresh variable y and let ¢’ = t{z := y}. Clearly, from
t € NF(R') we have t' € NF(R'). By t' &gios Sgot, R is not UNC. O

5.2 Automation

The correctness of equivalent transformation itself does not give us any hint
how to apply such transformations. Below, we give two procedures based on the
equivalent transformation.

First one employs the Reversing rule, the Elimination rule, and an ordering
> as a heuristic (not to loop).

Definition 5 (Rule reversing transformation). Let R be a TRS. We write
R—=>R ifR = R\N{l=>rHU{l = l,r > 1} for somel — r € R such
that | < r, r ¢ NF(R) and r — 1 is a rewrite rule, or R' = R\ {l — r} for
somel = r € R such thatl =r and | ¢ NF(R\ {l — r}). Any transformation

* . . .
R — R’ is called a rule reversing transformation.

It is easy to see that the relation < is well-founded, by comparing the num-
ber of increasing rules (i.e. I — r such that I < r) and the number of rules
lexicographically. The correctness follows from Theorem 5.

Theorem 7. Let R’ be a TRS obtained by a rule reversing transformation from
R. Then, UNC(R) iff UNC(R').

Next, we consider constructing an approximation S of a TRS R by adding
auxiliary rules generated by critical pairs. To guide the procedure, we consider
two predicates ¢ and @ such that the following confluence criterion holds:

Suppose that TRS S satisfies ¢(S). If &(u,v) holds for all critical pairs (A)
(u,v) of S, then S has the CR property.

Multiple criteria in this form are known: one can take ¢(S) and ®(u,v) as
‘S is left-linear’ and ‘(u,v) is development-closed’, respectively [16] and as ‘S
is linear’ and ‘(u,v) is strongly closed’, respectively [8]. The idea is that if one
encounters a critical pair (u,v) for which @(u,v) does not hold, then (check
whether one can apply Disproof rules and) apply the equivalent transformation
so that @(u,v) is satisfied.

Definition 6 (UNC completion procedure).

Input: TRS R, predicates o, P satisfying (A).
Output: UNC or NotUNC or Failure (or may diverge)

Step 1. Compute the set CP(R) of critical pairs of R.
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Step 2. If (u,v) for all {u,v) € CP(R) and ¢(R) then return UNC.

Step 3. Let S := (. For each (u,v) € CP(R) with u # v for which ®(u,v)

does not hold, do:

(a) If u,v € NF(R), then exit with NotUNC.

(b) If u ¢ NF(R) and v € NF(R), then if V(v) € V(u) then exit with
NotUNC, otherwise update S := S U {u — v}.

(¢) If v ¢ NF(R) and u € NF(R), then if V(u) € V(v) then exit with
NotUNC, otherwise update S := S U {v — u}.

(d) If u,v ¢ NF(R) then find w such that u Sg w (v =g w), and V(w) C
V(v) (resp. V(w) C V(v)). If it succeeds then update S :== S U {v — w}.

Step 4. If S = () then return Failure; otherwise update R := RUS and go

back to Step 1.

Again, the correctness of the UNC completion procedure follows immediately
from Theorems 5 and 6.

Theorem 8. The UNC completion procedure is correct, i.e. if the procedure re-
turns UNC then UNC(R), and if the procedure returns NotUNC then =UNC(R).

Ezample 6. Let R = {a — a, f(f(z,b),y) = f(y,b), f(b,y) = f(y,b), f(z,a) =
b}. Since R is non-terminating, non-shallow, and non-right-ground, previous
decidability results for UNC does not apply. Furthermore, since R is overlapping
and RY = R is non-confluent, previous sufficient criteria for UNC does not
apply. Also, previous modularity results for UNC does not properly decompose
R. Now, let us apply the UNC completion procedure to R using linear strongly
closed criteria for confluence. For this, take p(R) as R is linear, and @(u,v) as
(u = 0 & v)A(u = o < v). In Step 3, we find an overlay critical pair (f(a,b),b),
for which @ is not satisfied. Since f(a,b) is not normal and b is normal, we go
to Step 3(b). Thus, we update R := R U {f(a,b) — b}. Now, the updated R
is linear and strongly closed (and thus, R is confluent). Hence, the procedure
returns UNC at Step 2.

6 Implementation and experiment

We have tested various methods presented so far. The methods used in our
experiment are summarized as follows.

(w) UNC(R) if R is non-w-overlapping.

(pcl) UNC(R) if R” is parallel-closed.

(scl) UNC(R) if R is right-linear and RL is strongly closed.

(wd) UNC(R) if R® is non-duplicating and weight-decreasing joinable.
(sc) UNC completion using strongly closed critical pairs criterion.

(dc) UNC completion using development-closed critical pairs criterion.
(rr) UNC(R) if R is right-reducible.

(cp) “UNC(R) by adhoc search of a counterexample for UNC(R).



14 T. Aoto and Y. Toyama

(rev) Rule reversing transformation, combined with other criteria above.

For the implementation of non-w-overlapping condition, we used unification al-
gorithm over infinite terms in [9]. For (sc) and (dc), we approximate —> by
the development step —e+ (e.g. [16]) in Step 3(d). We employed as the heuristic
ordering > for (rev) the comparison in terms of size. For (cp), we use an adhoc
search based on rule reversing, critical pairs computation, and rewriting.

We tested on the 242 TRSs from the Cops (Confluence Problems) database®
of which no confluence tool has proven confluence nor terminating at the time
of experiment®. The motivation of using such testbed is as follows: If a confluent
tool can prove CR, then UNC is obtained by confluent tools. If R is terminating
then CR(R) iff UNC(R), and thus the result follows also from the result of
confluence tools. Thus, we here evaluate our UNC techniques on such testbed.

without (rev)| (w) | (pcl) | (scl) | (wd) | (sc) 1/2/3 | (dc) 1/2/3| (rr) | (cp) | all
YES 0] 8 | 3 | 3 | 4/10/12 | 3/9/12 | 45| 0 |62
NO 0l o | 0| o | 24/49/50 | 24/49/59 | 0 | 68 | 87
YES+NO 10 8 | 0 | 0 | 28/59/71 | 27/58/71 | 45 | 68 |149
timeout (60s) | 0 | 0 | 0 | 0 | 13/20/53 | 15/23/70 | 0 | o | -
time (min) o o | o | o | 13/21/60 | 16/25/79 | 0 | 2 | -
with (rev) (w) | (pel) | (sel) | (wd) | (sc) 1/2/3 | (dc) 1/2/3]| (rr) | (cp) | all
YES 6 | 4 | 1 | 1 | 26/44/47 | 26/37/41 | 45 | 0 | 75
NO ol o | o | o | 25/52/60 | 25/53/61 | 0 | 60 |84
YES+NO 6 4 | 1 1 | 51/96/107 | 51/90/102 | 45 | 60 |159
timeout (60s) | 0 0 0 3 14/19/47 14/19/60 0 0 -
time (min) ol o | o | 4 | 15/20/54 | 15/21/70 | 0 | 0 | -
both (w) | (pel) | (scl) | (wd) | (sc) 1/2/3 | (dc) 1/2/3| (rr) | (cp) | all
YESNO 10| 8 | 3 | 3 [53/102/112] 52/96/106 | 45 | 68 |171

Table 1. Test on presented criteria

In Table 1, we summarize the results. Our test is performed on a PC with
2.60GHz cpu with 4G of memory. The column headings show the technique
used. The number of examples for which UNC is proved (disproved) successfully
is shown in the row titled 'YES’ (resp. 'NO’). In the columns below (sc) and
(dc), we put I/n/m where each I,n,m denotes the scores for the 1-round (2-
rounds, 3-rounds) UNC completion. The columns below ’all’ show the numbers
of examples succeeded in any of the methods.

The columns below the row headed ’with (rev)’ are the results for which
methods are applied after the rule reversing transformation. The columns below

® Cops can be accessed from http://cops.uibk.ac.at/, which consists of 1137 problems
at the time of experiment.

5 This was obtained by a query ‘trs !confluent !terminating’ in Cops at the time
of experiment.
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the row headed ’both’ show the numbers of examples succeeded by each tech-
nique, where the techniques are applied to both of the original TRSs and the
TRSs obtained by the rule reversing transformation.

3 rounds UNC completions (sc), (dc) with rule reversing are most effective,
but they are also the most time consuming. Simple methods (rr), (cp) are also
effective for not few examples. Although there is only a small number of exam-
ples for which criteria based on conditional linearization are effective, but their
checks are fast compared to the UNC completions. Rule reversing (rev) is only
worth incorporated for UNC completions. For other methods, the rule reversing
make the methods less effective; for methods (w), (pcl), (scl) and (wd), this is
because the rule reversing transformation generally increases the number of the
rules. In total, the UNC property of the 171 problems out of 242 problems have
been solved by presented methods. The details of the experiment are found in
http://www.nue.ie.niigata-u.ac.jp/tools/acp/experiments/frocos19/.

7 Tool

ACP originally intends to (dis)prove confluence of TRSs [3]. ACP integrates
multiple direct criteria for guaranteeing confluence of TRSs; it also incorpo-
rates several divide-and-conquer criteria. We have extended it to also deal with
(dis)proving the UNC property of TRSs.

Like its confluence proving counterpart, ACP first tries to decompose the
UNC problem of the given TRS into those of smaller components. For this, one
can use the following modularity results on the UNC property, where we refer
to [3] for the terminology:

Proposition 5 ([2]). Suppose {R1,...,Rn} is a persistent decomposition of
R. Then, |J; Ri is UNC if and only if so is each R;.

Proposition 6 ([1]). Suppose {R1,...,Rn} is a layer-preserving decomposi-
tion of R. Then, | J; R; is UNC if and only if so is each R;.

After possible decomposition, multiple direct criteria are tried for each com-
ponent. For the direct criteria, we have incorporated (w), (pcl), (scl), (wd),
(rr), (cp) without rule reversing, and (sc)3 and (dc)3 with rule reversing. These
methods are tried one method after another. We also add yet another UNC check,
namely that after the Steps 1-3 of the UNC completion using development-closed
critical pairs criterion, the confluence check in ACP is performed.

Other tools that support UNC (dis)proving include CSI [14] which is a con-
fluence prover supporting UNC proof for non-w-overlapping TRSs and a decision
procedure of UNC for ground TRSs (at the time of CoCo 20187), and FORT [18]
which implements decision procedure for first-order theory of left-linear right-
ground TRSs based on tree automata. Our new methods are also effective for
TRSs outside the class of non-w-overlapping TRSs and that of left-linear right-
ground TRSs. We use the same testbed in the previous section, to compare our

" The recent version of CSI had been extended with some other techniques.
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tool with the latest versions of CSI (ver. 1.2.2) and FORT (ver. 2.1), also test
the effect of the divide-and-conquer criteria. The result is shown in the Table 3.

ACP ACP

ACP|ACP girecty| CSI [FORT
YES | 83 83 86 | 38

timelom|_6om|78m] 2m

Table 2. Comparison of UNC tools

There is no example in the testbed that fails when decomposition techniques
are inactivated (ACP (direct)). For the next example, however, our tool succeeds
only if the decomposition techniques are activated.

Example 7. Let R = Rl U R27 where Rl = {f(f(mvy)az) - f(f(x,z),f(y,z))}
and Ry = { Q(Q(Q(S,x),y),2) = @(Q(z,2),Q(y,2)), QQ(K,z),y) — =,
Q(I,z) —» z, @QQ(D,z),z) — z }. By the persistency decomposition, UNC(R)
follows UNC(R;) and UNC(Rg). Since R; is right-reducible, UNC(R4) holds.
Since R4 is non-w-overlapping, UNC(Rz2) holds. Thus, one obtains UNC(R).

The techniques in the present paper mainly contributed to make our tool
ACP win the UNC category of CoCo 2018. The details of the competition can be
seen at http://project-coco.uibk.ac.at/2018/. The version of ACP for CoCo 2018
(ver. 0.62) is downloadable from http://www.nue.ie.niigata-u.ac.jp/tools/acp/.

8 Conclusion

In this paper, we have studied automated methods for (dis)proving the UNC
property of TRSs. We have presented some new methods for (dis)proving the
UNC property of TRSs. Presented methods have been implemented in our tool
ACP based on divide-and-conquer criteria.
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A Omitted Proofs

Proof (of Proposition 2). Suppose s <+ t, s,t € NF(R) and s # t. Then from

s # t, we have s <i>7g t, and thus s <3» s <g t for some s'. If s —x s’ then
this contradicts s € NF(R). If s’ =% s then s’ = C[l] and s = C[rf] for some
I - r € R, and hence from r ¢ NF(R) we know s ¢ NF(R). This is again a
contradiction. O

In the proofs below, we use the notion of subterm occurrences. Subterm oc-
currences « and 3 are identified if and only if @ and 3 occur at the same position.
Thus, a = § also implies they are identical as a term, but distinct occurrences
of the same subterm are regarded as not identical. We write o C 3 if the sub-
term occurrence « is contained in the subterm occurrence 3; we write a C 3 if
«a # B in addition. It is essential in the proof of Theorem 1 to use the subterm
occurrences but not the subterms in the definition of Red;,.

We first prepare two lemmas to present a proof of Theorem 1.

Lemma 4. Let R be a semi-equational CTRS and | — r <= I' € R be left-
linear. Suppose s p<t— 10 —¢ rer T, and any redex occurrence of 1§ —>p s
is contained in a subterm occurrence of 0(x) in 10 for some x € V(I). Then there
exists t such that s —¢|per t <t r0. Furthermore, if v is linear and |P| =1
then s =c | rer t —rb.

Proof. Let P = {p1,...,px}, and, for each 1 <4 <k, let a; be the subterm oc-
currence in 16 at p; and §3; be the subterm occurrence in s at p;. For each 2 € V(1),
let 6(x) = Cylay,...,q;, ] with all ay,...,a; in 6(z) displayed. Take a substi-
tution 0" such as 0'(x) = Cy[Bi,,- - -, B, ]- Then, we have s = 16’ by linearity of
1, and moreover, 6’ (y) < 0(y) for all y € V by definition. From the latter and
Fr I'0, we obtain Fg I'0'. Thus, s = 10" = ;per r0. Let 1 = C'[1, ..., 24)
with all variable occurrences in r displayed. Then r8 = C'[x40,...,2,0] —+
C'lz,...,x,0'] =rb'. Thus, s —¢;rer 78 < rf. Suppose in addition that
ris linear and k = 1. Then, §(z) = C,[a] for some = € V(1) and 6(y) = C,, for all
y € V(1) such that y # x. Thus, 70 = C'[216,...,1,0] = C'[x10',...,2,0'] = 16’
by the linearity of r. a

Lemma 5. Let R be a semi-equational CTRS of type 1 and ly — r < I € R.
Suppose s p— 110 —c 1y sr < ™0, and the redex occurrence of 116 —, s is not
contained in any subterm occurrence of 8(x) (x € V(l1)) in 116. Then s = 6
or s < 110 — 10 is an instance of a CCP X = (u,v) i.e. there exists some
substitution o such that s = uo, 110 = vo and Fr Xo.

Proof. Let s pi,oryern< 110. Wlo.g assume V(i — m < It) N V(l; —
ry <= I5) = ). Then we can let 110 = [i[l5],0 and s = [10[r20],, and assume
Fr I16,156. By the condition p € Posg(l1), we have [16], = l;|,0 = [26, and
thus l1], and Iy are unifiable. Then, there exists an mgu p of 3], and Iy and
a substitution ¢ such that cop =6.If [y - ry < I1 and Iy — 79 < I, are
identical and p = €, then by our assumption that R has type 1, we have s = 6.
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Otherwise, there exists a CCP I'p, Ivp = (li[r2]pp,r1p) of R. Then we have
s =l1[ro]p0 = li[ralppo = uo, r10 = ripo = vo, and I10UI%0 = (I pUIsp)o =
Yo. Thus, from Fr 110, 50, it follows Fr Xo. a

Proof (of Theorem 1). We show the claim ¢ -+ ¢; and ¢ —> to imply t; —* t3
and to —> t3 for some t3. In fact, the proof is almost same as that of the
criteria for TRSs. The only essential difference is captured by Lemmas 4 and
5. For such parallel peak, let t —+>p, t1 with P, = {p11,...,p1m} and t —>p,

to with P, = {po1,...,p2n}. We set subterm occurrences c; = t|p,, for i =
L,...,mand f; = t|p, for j = 1,...,n. Let t = Ci[ay,...,amlpy,...pry =
02[51, A ,ﬁn}pm ,,,,, DPon - Let t‘pk = lpop with [, = rp, < [ € R. Then, we have
tl = Cl[ruau,...,rlmalm] tg = 02[7"210'21a~~~77"2n0'2n]7 and }_R FkO'k for all

pkEPlng.Let

Redm(tl H—t > tg) = {Ozi ‘ 3]0&1 C 6]} (] {B] | 326] - Cvl-}

Redout(tl =t —+H> tg) = {O[i ‘ VJOQ gZ ﬂj} G} {ﬁ] | Vlﬁj Z Cvi}

Let us denote by |t| the size of a term ¢, and [M| = _,.,, |t| for a term multiset
M. Let I = Redy,(t1 +t— t —+> t3). The proof of the claim is by induction on |I].

— Case |I| = 0. Then for all p,,pr, € P1 U Py, k1 # ko implies pg, || pr,. For
notational simplicity, we only consider the case t = Claq, ..., am, B1,- -, Bnl,
t1 :C[a’l,...,a;n,ﬁl,...,ﬁn],t2:C[al,...,am,ﬁi,...,ﬁ;],With O[i—>042
(1<i<m)and B; — B; (1 <j <n). Let tz = Cla],...,a0,, 01, Bl
Then t1 —+=>p, t3 and to —+=>p, t3.

— Case |I| > 0.
Let 71, . ..,7vx be subterm occurrences of the term ¢ contained in Redyy:(t1 ++—
t —+> tg).

Then we can write t = C'[y1, ..., ], t1 = C'[y11, - - -, Y1n)s t2 = C' 21, - -+, Y2,
where, for each 1 < k < h, v —> y1x and v, —t> 7o with one of them being
a root step. It is sufficient to show there are 71, ..., 7}, such that v —>* ;.
and 7o, —> 7}, for each 1 < k < h.
Suppose 1 < k < h.
e Let us consider the case vy —t>fy 71k and v, —#>p Yok Then there
exist | - r < I' € R and 0 such that v, = 16 and v, = 70 and -5 I'6.

Let v = C[%, - .., %,] where the subterm occurrences 41, ...,%, are at
the respective positions in P. Then we can let vo, = C[¥,. .. ;Y] with
4; — 4l for each 1 < i < g.
First, consider the case that that for each 4;, there exists € V(I) such
that 4; is contained in some #(z). Then, by Lemma 4, yo — 0 # Y1k.
Otherwise, there exists some 1 <4 < g such that 4; is contained in 6(z)
for no & € V(I). Let p be the position of 4; in ;. Then we have v, —,
Ye[¥ilp = pP\{p} Y2k- Then, by Lemma 5, (vx[;],71x) is an instance of
some CCP I' = (u,v), i.e. there exists some o such that v;[y}] = uo,
Y1x = vo and Fg I'oc. We distinguish two cases.
% Case p = e. Then we have P = {e} and 4[], = 7y2x. Furthermore,
I" = (u,v) is an overlay critical pair, and hence, we have I" b u —t>
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o +#+* v by the parallel-closed assumption. Thus, uoc —> o <+* vo
follows from g I'c by Definition. Hence we have v, = vo —#>*
o et uo = 14[3!] = ax.

* Casep # €. Then, I' = (u,v) is an inner-outer critical pair. Hence, we
have I' g u —+> v by the parallel-closed assumption. Thus, uoc —
vo follows from Fx I'c by Definition. Hence we have vip = vo <t
uo = Y[y o p\(py Yok Now, Redi,(t1 <t o —> t3) contains
A1, .., ¥g. On the other hand, Red;,(y1x <t Y&[¥i] —#> Y2i) contains
only subterm occurrences of 41, ..., ¥p—1,¥p+1, - - - » ¥g- Thus, we have
|Redin,(y1k <t Vi[¥i] = Yor)| < |Redin(t1 +— o —> t2)|. Hence,
one can apply the induction hypothesis, to obtain i —+* o

Y2k-
e The case v, —t>p 1 and Y, —> ¢} Yox- This case is proved analogously
to the previous case. O

Proof (of Theorem 2). Again, the proof is almost same as that of the criteria for
TRSs. Let R be a semi-equational CTRS. We show the claim ¢t — t; and t — ¢
imply t; = t3 and t, — t3 for some t5. Then the confluence property follows
[8]. Let t —p, 1,—r; =1 ti, @; be the subterm occurrence at p; in ¢, and §; be the
subterm occurrence at p; in ¢; (i = 1,2). Then we have oy — §; for i = 1,2. We
distinguish three cases.

— Case p1 || p2. Then we have t = Clou, a2lp, p, t1 = C[B1, ®2lp, p,, and
to = Clau, Balp, p, for some context C. Thus, t1 —p, C[B1, B2lpi.ps p1 < to

— Case p1 > pa. Let p = p1 \ p2. Then we have 710 ), ryer+ L0 —
ta|p,- Suppose there exists € V(l1) such that the redex occurrence ao is
contained in a subterm occurrence of §(x) in ¢. Then, by Lemma 4, t; —
0 < to. Otherwise the redex occurrence o is not contained in any subterm
occurrence of 6(z) (xz € V(ly)) in ¢. Thus, by Lemma 5, there exist a CCP
Y = (u,v) and a substitution o, such that ro0 = vo, ta],, = uo and Fr Yo.
Thus, by the assumption ¢t; — o & ts.

— Case p1 < pa. Let p = pa \ p1. Then we have t1]p, <+ 120 —eiymrpen
ro6. Suppose there exists x € V(l2) such that the redex occurrence « is
contained in a subterm occurrence of #(x) in t. Then, by Lemma 4, t; —
0 + ty. Otherwise the redex occurrence oy is not contained in any subterm
occurrence of 6(z) (xz € V(l1)) in ¢. Thus, by Lemma 5, there exist a CCP
XY = (u,v) and a substitution o, such that r20 = uo, t1|,, = vo and Fr Yo.
Thus, by the assumption, t; — o < to. a

Proof (of Theorem 4). We here supplement the proof of Theorem 4. For (c),
take S)rec(s,t) = {o | Cllo] = s,C[lo] = t} and then REDy(Is,t) =
Uisrecer{Z | (X, rhs(co)) € SIMo(I,lhs(co)), 0 € Sisrec(s, t)}, where Ihs(uyo ~
V10, .. Up0 & Vo) = (Uu10,...,upo) and rhs(ujo = vi0,...,u0 & Vo) =
(vi0,...,v,0). For (d), take A = g syesmo(rs {75 8" 1) | (I, 1)) € SIMo(¥, 1)}
and (J{RED(I",s',t') | (I",s',t') € A}. For (g), as ~1 = ~q 0 31 0 ~y, take
SRSQlo(F, S, t) U SRSOlO(F, t, 8).
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Now, the condition (i) is equivalent to (X, t) € SIMy(I,s) for some X or
SIM; (I, s,t) # 0. The condition (ii) is equivalent to REDo (I, s, t)UREDy (I, t, s) #
(). The first part of condition (iii) is equivalent to (a) I' IFr s —9 o ~p t
or (b) I'Fr s =1 0~y tor (c) I'lFgr s —1 o ~p L. (a,c) is equivalent to
RED; (X, s,t') UREDo(X, s,t") # 0 for some (X, ¢') € SIMy(T,t). (b) is equiv-
alent to SIM; (X, s',t) # 0 for some (X,s’) € RED;(Is). The second part is
similar. O

Proof (of Lemma 1). From (1), <39 = <»1. From —¢ C —; and (2), NF(—) =
NF(—1). Thus, the claim follows. O

Proof (of Lemma 2). From (1), <39 = <1. Thus, the claim follows from (2). O

B Comparison to our Definition 3 and Definition 9 of [21]
and a proof of Theorem 3

The following definition is obtained by adding the rule (refl) to the Definition
9 of [21].

Definition 7. Let R be a non-duplicating LR-separated CTRS. Let I' be a mul-
tiset of equations t' ~ s’ and a fresh constant e. Then relations t S and t ~Fl> S

on terms are inductively defined as follows:

asp) t ~ s.
( ) {t=~s}
refl) t ~ .
(refl) ¢~
(sym) Ift ~ s then s ~ t.
(trans) Ift~r andr ~ s thent ~ s.
r r rur’
(cntxt) Ift ~ s then Ct] ~ Cls].
(rule) Ifl > r<ay = y1,...,p Ry, €ER andcclelr:yi@ (i=1,...,n) then
Cl16] ~p C[r6] where I'= Ty U+ U T, Z

bullet) Ift~>s thent ~ s.
(bullet) If <> 5 then Fu{.}s

Note ¢ s in the sense of Definition 9 of [21] implies ¢ o in the sense of
Definition 7. On the other hand, ¢ ~s in the sense of Definition 7 uses (refl)
rule in the derivation, then ¢ S in the sense of Definition 9 of [21] does not

hold.
Now, Lemma 3 of [21] also follows for our Definition of ~ and ~, since the

claim holds for the (refl) case trivially.
Lemma 6 (Lemma 3 of [21], generalized). Let I' = {p1 =~ q1,...,pm =

Gm;®, ..., e} be a multiset in which e occurs k times (k> 0), and let P; : p;f <
¢b (i=1,....m). (1) If ¢ s then there exists a proof Q : t <& s with
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w(Q) < XM, +k (2)Ift ~> then there exists a proof Q : t0 — s with
w(Q) < Xm, +k+1.

Thus, Theorem 1 of [21] follows for our Definition of ~ and .

Theorem 9 (Theorem 1 of [21], generalized). Let R be a semi-equational
non-duplicating LR-separated CTRS. Then R is weight decreasing joinable if for
any critical pair I' & (s,t) of R, either (i) s ~ t for some X T I' U {e}, (ii)

s~l>t ortwbsforsomeEIZFu{o} or(zzz)SNDOrEvtandt;DOrEv/sfor
some Xy, Yo, X1, Xb such that X1 U X T I'U {e} and X1 U X5 C FI_I{o}.

k times

Below, we abbreviate {®, ..., e} as {e"}.

Lemma 7. Let A be a multiset of equations. (i) If AlFg u ~p v then u e for
some A = A'U{e*} such that A" T A. (ii) If Al u —p v then u ~> v for some

A= A u{eF 1Y such that A" T A. (i) If Alrg (up, ... un) ~k (U1,...,0,)
then u, Y (G=1,...,n) for some Ay,..., A, such that | |; A; = A" {oF}

J

for some A" C A.

Proof. The proofs of (i)—(iii) proceed by induction on the derivation simultane-
ously. O

For any multiset A of equations and e, let A® be the multiset of e obtained
from A by removing all equations, and A be the multiset of equations obtained
from A by removing all e. Furthermore, we denote |A| the length of A.
Lemma 8. Let A be a multiset of equations and e. (i) If u e then A |Fg
u ~g v for any A J A%, where k = |A®|. (i) If u ~> v then A kg u ~ v
for any A 3 Al where k = |A®*| + 1 (ui) If uj Y (G = 1,...,n), then
AlbR (ui, ... up) ~k (U1, ... v0) for any A T, A ; where k = [ |; A3].
Proof. The proofs of (i)—(iii) proceed by induction on the derivation simultane-
ously. O
Lemma 9. Let I' be a multiset of equations. (i) s X t for some ¥ C I' U {e}
iff T' lFr s ~<1 t. (ii) s f}btforsomel’ CTru{e}iff I'ltg s =1 t or
I'lFr s —o t. (iii) s Yoy t for some X1, X5 such that X1 U Xy C T U {e} iff

1 2

Proof. (i) (=) Suppose s i~ t for some X C I' U {o}. Then by Lemma 8, A IFg

s ~ t for any A J X, where k = |X*|. If ¥ C I then o ¢ X, and hence,
Albr s ~g t forany A J X = ¥ as k = |X°| = 0. Thus, A kg s ~g t
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for any A 3 Y. Hence I' IFg s ~g t. Otherwise, we have e € X and hence,
Y =X"U{e} for some X' C I'. Then, Alrg s ~1 t for any A J X = Y’ as
k =|X*| = 1. Thus, I' kg s ~1 t. Therefore, I' Fg s ~<; t holds. (<«=) Firstly,
suppose I' Ik s ~g t. Then, by Lemma 7, s i~ t for some X = I"" LI {e"} such

that IV C I, ie. s i~ t for some X' C I'. Next, suppose I' IFg s ~1 t. Then, by
Lemma 7, s i~ t for some X = I U {!'} such that I" C I, i.e. s Y t for some

Y C I' U {e}. Thus, the claim holds.
(ii) (=) Suppose s ot for some X' C I'LI{e}. Then by Lemma 8, AlFg s — t

for any A 3 X°, where k = |X*|+ 1. If ¥ C I then ¢ ¢ X, and hence,
Albg s =y tforany A J X=X ask=|XY*+1=1 Thus, AlFr s =1 t
for any A 3 X. Hence I' IFz s —1 t. Otherwise, we have ¢ € X and hence,
Y =X U{e} for some X' C I'. Then, Alrgr s =9 ¢t for any A J X = Y’ as
k=|X*|4+1=2. Thus, I' kg s —2 t. Therefore, I'lFg s =1 t or I'lFr s —a t
holds. (<) Firstly, suppose I' kg s —1 t. Then, by Lemma 7, s o's t for some

Y = I"1{e°} such that I'" C I, ie. s f\éb t for some X C I'. Next, suppose
I' kg s —9 t. Then, by Lemma 7, s S's t for some X = I'"" LU {o'} such that
I"C T, ie. s }D t for some X' C I" LI {e}. Thus, the claim holds.

(iii) (=) Suppose s o t for some X7, X5 such that Xy U Xy C I'U {e}.

2

Firstly, if X1 U X5 C I, then, as in the proof of (i) and (ii), it follows I" IFx
s —1 o ~q t. Secondly, if e € Xy, then as in the proof of (i) and (ii), it follows
I' kg s =9 o ~g t. Finally, if @ € X5, then as in the proof of (i) and (ii),
it follows I' IFg s —; o ~q t. Thus, in any case, I' IFg s —; o ~; t with
i+j < 2. (<) Suppose I' lFg s —; o ~; t with i+ j < 2. Then we have cases (a)
I'ktrs—=1ur~ot, (b) I'tr s =1 u~t,and (¢) I'lFg s =9 u ~g t. In case
(a), there exist Iy, Iy such that I' =11 U Ty, I kg s —1 wand Iy IFg u ~q t.
Then, as in the proof of (i) and (ii), s U for some for some X7 C I and
1
u 5 t for some for some Yy C I5. In case (b), similarly, we have s ;|1> u for

some for some Xy C I and u > t for some for some X5 C I L {e}. In case (c),
2

similarly, we have s o for some for some Xy C I} U {e}. and u o t for some
2

1
for some X9 C 5. Thus, the claim holds. O
Proof (of Theorem 8). Tt follows immediately from Lemma 9, by noting I IFx

s —1 t implies I' IFg s ~q t. O

C Some detailed proofs

Proof (of Lemma 7). We prove (i)—(iii) simultaneously by induction on the
derivation.

1. Case I'U{u =~ v} IFg u ~¢ v. The claim holds since u ~ v by asp.

{urv}



24

T. Aoto and Y. Toyama

Case I' lFx t ~g t The claim holds since t 5 t by refl.

Case I' IFg s ~; t is derived from I' Ik ¢t ~; s. By induction hypothesis,
t e for some A = I"" LI {e'} such that I” C I". Then s ~ t by sym, and

the claim holds.

Case I'U XY Ik s ~;q; uis derived from I' IFg s ~; t and X kg ¢t ~; u

By induction hypothesis, s x t for some A; = I'" LU {e'} such that " C I,
1

and t ~ u for some Ay = X’ I {e/} such that X’ C X. Take A = A; U A,.

Then s N u by trans. Furthermore, A = Aj U Ay = I U {e'} LU X U{el} =

I'"u X' U{eiti} and I U X' C I' U Y. Hence the claim holds.

Case I' g C[s] ~; C[t] is derived from I' Ik s ~; t By induction hypoth-

esis, s ~ t for some A = I'" LI {e’} such that I” C I". Then Cs] " C[t] by

cntxt, and the claim holds.

Case |_]j I lFr (w1, ... up) ~gk (V1,...,0,) is derived from I IFg ug ~y,

U1y I bR Uy~ v, where k = Zj ij. By induction hypothesis, for each

j=1...,n, uj I for some A; = I U {e%} such that I'7 C I. Since
J

LI, 4; =1, Iju{e*} and | |, I E ||, I, the claim holds.

Case I' IFg s ~; t is derived from I' IFg s —; t. By induction hypothesis,

s~ i for some A = I'"L1{e?~1} such that I” C I". Then s Al t by bullet
Li{e

and ALl {e} = I"" U {e}. Thus, the claim holds.

Case I' kg Cllo] =41 Clro] is derived from I' IFg (z10,...,2,0) ~;
(y10,...,yno) where | — r < 1 = y1,...,2Z, = Yy, € R. By induction
hypothesis, ;o ANJ- yjo (j =1,...,n) forsome Ay,..., A, such that |_|j A =
I'" L1 {e'} for some I C I'. Then, by rule, we have C[l6] ~> C[rf] where
A=|];4;. Thus, the claim holds. O

Proof (of Lemma 8). We prove (i)—(iii) simultaneously by induction on the
derivation.

1.

Case (asp). We have ¢ o s. Then A lFg ¢ ~¢ s for any A 3 {t = s} by

txs
definition.
Case (refl). We have ¢ 5 t. Then AlFg t ~¢ t for any A by definition.

Case (sym). Suppose s ~ t is derived from ¢ ~ s Let A 3 I'*?. Then

by induction hypothesis, A IFg t ~i s, where k = |I'®|. Then, it follows
AlFgr t ~ s by definition.

Case (trans). Suppose t S is derived from ¢ ~r and r ¥ s Let A O
(I" U X)¢4. Then, there exist Ay, Ay such that A = A; U Ay, A; 3 I'*? and
Ay J X°1. Then, by induction hypothesis, Ay IFg ¢ ~k, s where k; = |[I"*],
and As lFg ¢ ~p, s where ky = |X'®|. Then, it follows A kg ¢ ~g, 1%, S by
definition. As ky + ko = || + | X*| = [(I" U X)*|, the claim follows.
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5. Case (cntxt). Suppose C|[t] ~ C's] is derived from ¢ ~ s Let A 3 I'*?. Then

by induction hypothesis, A IFg t ~ s, where k = |I'*|. Then, it follows
Alrg C[t] ~k C[s] by definition.
6. Case (rule). Suppose C[l6] ~> C[r0] is derived from x4 60 ~ yib (i=1,...,n),

where I' = ITU---Ul, andl > r <21 R y1,...,&n XYy, € R. Let A D '
Then, there exist A;,..., A, such that A = |_|j Aj and A; 3 qu for each
1 < j < n. Hence, by induction hypothesis, A; IFr z;0 ~, y;0 where
kj = |I'?| for each 1 < j < n. Then, by definition, A lFg (z160,...,2,0) ~p
(10, ya0) where K= 5>,k = 3, |13 = (L], I;)*] = [T*]. Then, by
definition, A lFg C[10] ~g 41 C[ré).

7. Case (bullet). Suppose s e t is derived from ¢ > s. Let A 3 I'*4. Then

by induction hypothesis, A lFg s ~>j s, where k = |I"*| 4 1. Then, it follows
AR t ~ s by definition. O

D Additional examples and experiments on presented
examples

We here presents an additional example and the result of experiments on exam-
ples in the paper.

Ezample 8. Let

”_ {f(x,x) —a ¢ — hleg(c) }
W, g(x)) = fle,h(w,9(c))) k() = k(h(h(e,g(c)),9(c))) |~

In the Table 3, we show the result of experiments for the examples presented
in the paper. Here, R, show the TRS R in Example n. v shows success and
x shows failure. The experiment is performed on the same PC mentioned in
Section 6, with 60 sec. of timeout. The columns below the title ACP(direct) show
the results of ACP without using the decomposition methods. For Example Ro,
only Corollary 1 is effective. For Example R3, only Corollary 2 is effective.
Furthermore, CSI and FORT fail for all examples.
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without (rev)| (w) | (pel) | (sel) | (wd) | (sc) 1/2/3 | (dc) 1/2/3]| (rr) | (cp)
Ra2 X v X X X/ X [x X/ X /X X X
Rs X X v X X/ X [x X/ x [x X X
Rs X v v v X/ X [ X X/ X /X X X
Re X X X X X/ [V X[V [V X X
Rz X X X X X/ X [x X/ X /X X X
Rs X v v v X/ X [ X X/ X /X X X
with (rev) | (w) | (pcl) | (scl) | (wd) | (sc) 1/2/3|(dc) 1/2/3| (rr) | (cp)
Ra X v X X X/ X /X X/ X /X X X
Rs X X X X X/ X /% X/ X /X X X
Rs X X X X X/ X [x X/ X /X X X
Re X X X X X/ [V X[V IV X X
Rz X X X X X/ X /% X/ X /X X X
Rs X X X X X/ X /% X/ X /X X X
ACP | ACP(direct)| CSI |FORT

Ra v v X X

Rs Ve v timeout X

Rs v v X X

Re v v X X

R~ v timeout timeout X

Rs v v timeout | X

Table 3. Test for presented examples



